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SUMMARY

MicroRNA (miR)-150 is a developmental regulator of
several immune-cell types, but its role in CD8+ T cells
is largely unexplored. Here, we show that miR-150
regulates the generation of memory CD8+ T cells.
After acute virus infection, miR-150 knockout (KO)
mice exhibited an accelerated differentiation of
CD8+ T cells into memory cells and improved pro-
duction of effector cytokines. Additionally, miR-150
KO CD8+ T cells displayed an enhanced recall res-
ponse and improved protection against infections
with another virus and bacteria. We found that fork-
head box O1 (Foxo1) and T cell-specific transcription
factor 1 (TCF1) are upregulated during the early acti-
vation phase in miR-150 KO CD8+ T cells and that
miR-150 directly targets and suppresses Foxo1.
These results suggest that miR-150-mediated sup-
pression of Foxo1 regulates the balance between
effector and memory cell differentiation, which might
aid in the development of improved vaccines and
T cell therapeutics.
INTRODUCTION

Memory CD8+ T cells are critical for protecting the host from re-

infection with intracellular pathogens, because they can rapidly

and robustly respond due to their enhanced proliferative capacity

and acquired functional properties. Moreover, memory CD8+

T cells are long lived and maintained independently of antigen

stimulation/persistence through homeostatic proliferation (Roch-

man et al., 2009; Sprent and Surh, 2011; Surh and Sprent,

2008). Recent advances have allowed the characterization of

bulk populations of antigen-specific CD8+ T cells, resulting in the

identification of multiple signaling pathways and transcriptional

networks of CD8+ T cells (Chang et al., 2014; Gray et al., 2014;

Kaech and Cui, 2012).

The precise mechanisms that control the differentiation of an-

tigen-specific T cells remain incompletely understood; however,
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it is clear that several non-mutually exclusive factors contribute

to the process. Several studies identified complex transcrip-

tional-programming networks regulating cell-fate determination

between short-lived effector and long-lived memory CD8+

T cells. Although initial determinants of CD8+ T cell differentiation

are the strength and duration of signals from T cell receptors

(TCRs), co-stimulation, and cytokines (Chang et al., 2014; Joshi

et al., 2007; Kaech and Cui, 2012; Lanzavecchia and Sallusto,

2002; Tubo et al., 2013), the exact ordered process of their

downstream signaling pathway remains less characterized. It is

evident that T-box expressed in T cells (T-bet), B lymphocyte-

induced maturation protein 1 (Blimp-1), inhibitor of DNA binding

(Id)2, and signal transducer and activator of transcription (STAT)

4 drive effector-prone differentiation, whereas eomesodermin

(Eomes), B cell lymphoma (Bcl)-6, Id3, and STAT3 promote

memory-like differentiation (Chang et al., 2014; Kaech and Cui,

2012).

It was recently reported that Dicer-defective global microRNA

(miRNA) malignancy affects the accumulation, migration, and

survival of CD8+ T cells at the peak of immune response (Trifari

et al., 2013; Zhang and Bevan, 2010). Subsequently, several

groups reported the existence of memory CD8+ T cell regulatory

circuitry among miRNAs, including the miRNA (miR)-17-92 clus-

ter, miR-146a, and miR-155 (Dudda et al., 2013; Gracias et al.,

2013; Lind et al., 2013; Tsai et al., 2013; Wu et al., 2012; Yang

et al., 2012). These achievements allowed the extension of

miRNA biology into CD8+ T cell physiological activities. Although

the roles of miR-150 in controlling immunity have been demon-

strated in different types of immune cells, its role in CD8+ T cell

differentiation remains unknown. In humans and mice, miR-150

is highly conserved and controls the maturation of B, thymic T,

natural killer (NK), and NK T (NKT) cells (Bezman et al., 2011;

He et al., 2014; Lu et al., 2008; Mittelstadt and Ashwell, 1999;

Tano et al., 2011; Xiao et al., 2007; Zhang et al., 2010; Zheng

et al., 2012; Zhou et al., 2007). miR-150 is also expressed in

CD8+ T cells, according to both in vitro and in vivo studies (Trifari

et al., 2013; Wu et al., 2007, 2012).

Here, we used an in vivo approach to identifying the crucial

role of miR-150 in the direct targeting of Foxo1, thereby leading

to the balanced differentiation of antigen-specific CD8+ T cells.

The miR-150-deficient mice exhibited higher populations of
uthors.
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memory precursors upon acute viral infections. Additionally, dur-

ing recall response, miR-150-deficient memory CD8+ T cells

showed a better effector function, stronger recall response,

and exhibited enhanced protection against heterologous bacte-

rial or viral infection. Given that Foxo1 is a potential target of

miR-150, our findings suggest that miR-150 directly targeted

and repressed Foxo1 expression, which subsequently in-

hibited TCF1 expression and regulated memory CD8+ T cell

differentiation.

RESULTS

miR-150 Deficiency Facilitates the Generation of
Memory Precursor CD8+ T Cells after Acute Viral
Infection
To determine miR-150 expression in antigen-specific CD8+

T cells, we transferred P14 TCR transgenic CD8+ T cells, specific

for lymphocytic choriomeningitis virus (LCMV)-glycoprotein (GP)

33, into naive mice. These mice were then infected with LCMV

Armstrong (Arm), and miR-150-5p expression was measured in

the P14 cells at multiple points post-infection. miR-150-5p was

already expressed at high levels in naive cells but was quickly

downregulated in effector cells (Figure 1A). In memory CD8+

T cells, miR-150-5p levels appeared to recover, which was

consistent with previous reports (Trifari et al., 2013; Wu et al.,

2012). These results suggest that miR-150-dependent downre-

gulation of target genes might occur during early activation

and in memory cells.

Next, we determined the in vivo role of miR-150 during CD8+

T cell differentiation upon acute viral infection. We infected

both wild-type (WT) andmiR-150-knockout (KO) mice andmoni-

tored CD8+ T cell frequency and phenotype in the blood. The

percentages of total CD8+ and CD4+ T cells in peripheral blood

mononuclear cells (PBMCs) changed dynamically, and their fre-

quency was slightly lower in KOmice as compared withWTmice

from 8 days post-infection (d.p.i.) and 15 d.p.i., respectively, to

30 d.p.i., but the differences were not significant (Figure S1A).

To analyze the differentiation of antigen-specific CD8+ T cells

in detail, the PBMCs were also stained with tetramer specific

for GP33–41 (GP33) and GP276–286 (GP276), along with antibodies

against CD127 and CD62L. The frequency and absolute number

of GP33- or GP276-specific CD8+ T cells did not differ signifi-

cantly between WT and KOmice until 30 d.p.i. (Figure 1B). How-

ever, there was a significantly higher frequency of GP33-specific

CD127+ or CD62L+ CD8+ T cells in the KO mice (Figure 1C).

Further analysis of the GP33-specific CD8+ T cells showed that

miR-150 KO mice produced higher numbers of central memory

cell (TCM) (CD127+CD62L+) and effector memory cell (TEM)

(CD127+CD62L�) populations, but lower effector cell (TE)

(CD127�CD62L�) populations (Figure 1D), suggesting that

miR-150 deficiency induced ameliorated memory CD8+ T cell

differentiation.

To determine whether miR-150 deficiency directed memory-

prone differentiation of CD8+ T cells during infection with other

acute pathogens, we infected mice with vaccinia virus (VV)-

GP33 or Listeria monocytogenes (LM)-GP33. Similar to the

LCMV Arm infection, miR-150 KOmice exhibited faster differen-

tiation of CD8+ T cells into memory subsets, including TCM and
TEM, relative to WT mice in both cases of infection with VV-

GP33 or LM-GP33 (Figures S1B and S1C). Collectively, these re-

sults indicated that miR-150 deficiency was favorable tomemory

CD8+ T cell differentiation, regardless of the pathogens.

miR-150 Deficiency Accelerates Differentiation into
Memory CD8+ T Cells Exhibiting Enhanced Functional
Capability in Peripheral Tissues
We then determined whether the accelerated memory CD8+

T cell differentiation observed in blood from miR-150-KO mice

was also present in peripheral tissues, particularly during the

late phase of infection (1month post-infection [p.i.]). We included

another tetramer specific to GP276 to exclude the possibility that

phenotypic changes were virus-epitope-specific phenomena.

Although the percentages of CD8+ T cells and their absolute

numbers in both the spleen and lungs did not differ between

WT and KO mice (Figures S2A and S2B), CD127+ or CD62L+

populations among GP33- and GP276-specific CD8+ T cells

were significantly higher in both tissues from miR-150-KO mice

than those fromWTmice (Figure 2A). In particular, the frequency

of the TCM population was obviously higher in both tissues from

miR-150-KO mice (Figure 2B).

Previous studies demonstrated that TCM cells exhibited an

enhanced ability to produce effector cytokines, such as inter-

feron (IFN)-g, tumor necrosis factor (TNF)-a, and interleukin

(IL)-2, relative to abilities observed in TEM or TE cells (Wherry

et al., 2003). Because a higher population of TCM cells was

observed in miR-150-KO mice than in WT mice, we questioned

whether antigen-specific CD8+ T cells in miR-150-KO mice dis-

played improved production of effector cytokines upon in vitro

re-stimulation by the same antigen as compared with that

observed in WT mice. As expected, levels of IFN-g, TNF-a,

and IL-2 expression were higher in antigen-specific CD8+

T cells in miR-150-KO mice relative to levels observed in WT

mice (Figures 2C and S2C). Specifically, the proportion of IL-2-

producing cells was significantly higher in miR-150-KO mice as

compared with that observed in WT mice.

To demonstrate that mounted memory phenotypes correlated

with markers involved in enhanced survival and decreased cyto-

toxicity, we assessed the expression of Bcl-2 and granzyme B in

GP33- and GP276-specific CD8+ T cells (Figure 2D). Correlating

with the memory phenotype, Bcl-2 expression increased,

whereas granzyme B expression was lower in miR-150-KO

mice as compared with these levels in WT mice. Collectively,

these data suggested that miR-150 deficiency accelerated

memory phenotypes and endowed them with strong effector

function in peripheral tissues.

miR-150 Regulates CD8+ T Cell Differentiation in an
Intrinsic Manner
Given that miR-150 likely has several targets in different cell

types, preferential memory differentiation of CD8+ T cells in

miR-150-KOmicemight derive from intrinsic factors. To address

this question,weperformedadoptive transfer of P14CD8+ T cells

with or without miR-150 into either WT or miR-150-KO mice. In

this experiment, we used different congenic markers on WT

P14 cells (Thy1.1+/1.1+) and miR-150-KO P14 cells (Thy1.1+/

1.2+) to discriminate donor P14 cells from WT and miR-150-KO
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Figure 1. miR-150 Deficiency Accelerates the Differentiation of Antigen-Specific CD8+ T Cells into Memory Cells after Acute Virus Infection

(A) Expression kinetics of miR-150 in antigen-specific CD8+ T cells. The frequency of P14 cells among CD8+ T cells was measured by flow cytometry. miR-150

expression in donor P14 cells was assessed by real-time qPCR. miR-150-5p was relatively normalized by U6 expression.

(B) Frequency of LCMV GP33-specific CD8+ T cells in WT and miR-150 KO mice at the indicated time points p.i. Frequency and phenotype of LCMV GP33-

specific CD8+ T cells were determined longitudinally in the blood by flow cytometry.

(C) Kinetics of CD127 and CD62L expressions on LCMVGP33-specific CD8+ T cells of WT and miR-150 KOmice. Number in the plot indicates the percentage of

population in each quadrant. Numbers in parentheses indicate the percentages of population expressing CD127 or CD62L among the GP33+ cells.

(D) Co-expression of CD62L and CD127 on the GP33+ CD8+ T cells. Line graphs summarize the data obtained at each time point.

Data points in the line graphs are shown asmean ±SEM. Data are representative of three independent experiments. n = 5mice per group in each experiment. *p <

0.05; **p < 0.01; ***p < 0.001.
recipients.We co-transferred bothWTP14 andmiR-150-KOP14

at a 1:1 ratio into either WT or KO recipient mice (Thy1.2+/1.2+),

followed by infection with LCMV Arm (Figure 3A). To compare

the frequency and phenotype of each donor-P14 population,

we measured the proportion of each donor-cell population

among total CD8+ T cells in the blood at different time points

p.i. (Figure 3B). Donor WT and miR-150-KO P14 cells showed

similar kinetics, even though the percentage of miR-150-KO

P14 cells was slightly lower than that of WT P14 cells in both

WT and miR-150-KO recipient mice at each time point p.i. (Fig-

ure 3B). However, CD127 conversion was profoundly acceler-

ated in miR-150-KO P14 cells as compared with that observed
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in WT P14 cells in both WT and miR-150-KO recipient mice (Fig-

ure 3C). To confirm that the promoted CD127 conversion consis-

tently affected the enhancement of TEM and TCM formation, we

analyzed additional CD62L expression. Compared with WT P14

cells, miR-150-KO P14 cells gave rise to a significantly higher

proportion of TEM and TCM populations in both WT and miR-

150-KO recipients (Figure 3D).

To exclude the possibility of donor-cell-derived effects across

the donor cells in the same recipient, we transferred either WT

P14 or miR-150-KO P14 cells separately into WT or miR-150-KO

mice (Figure S3A). Compared with WT P14 cells, miR-150-KO

P14 cells showed enhanced TEM and TCM formation similar to
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Figure 2. Increased Accumulation of Antigen-SpecificMemory CD8+ T Cells with Enhanced Functional Capacity in Both Lymphoid and Non-

lymphoid Tissues of miR-150 KO Mice

(A) Conversion of CD127 or CD62L on GP33- and GP276-specific CD8+ T cells in the spleen and lung. SP, spleen; LG, lung.

(B) Co-expression of CD62L and CD127 on GP33- and GP276-specific CD8+ T cells in the spleen and lung. Number in the plot indicates the percentage of

population in each quadrant.

(C) Production levels of effector cytokines from virus-specific CD8+ T cells. Expressions of IFN-g, TNF-a, and IL-2 in virus-specific CD8+ T cells were measured

after re-stimulation of splenocytes with GP33 or GP276 peptide in vitro for 5 hr. IFN-g+ CD8+ T cells were gated, and cytokine-producing cells were depicted as

histograms. Number in each histogram indicates mean fluorescence intensity (MFI) (top) and percentage of positive population (bottom).

(D) Expression levels of Bcl-2 and granzyme B on virus-specific CD8+ T cells. Number in each histogram indicates MFI of Bcl-2 and percentage of granzyme B+

cells on virus-specific CD8+ T cells.

Data in the bar graphs are shown as mean ± SEM. Data are representative of four to five independent experiments. n = 5 mice per group in each experiment. *p <

0.05; **p < 0.01; ***p < 0.001.
that observed in both WT and miR-150-KO recipient mice, con-

firming the intrinsic role of miR-150 in antigen-specific CD8+

T cells during their differentiation (Figures S3B and S3C).

Next, we determined whether the preferential determination of

memory CD8+ T cells consequentially gave rise to a greater fre-

quency of long-lived memory cells. We longitudinally tracked the

frequency of WT P14 and miR-150-KO P14 cells among CD8+

T cells in the blood following co-transfer of two different donor

cells into WT recipient mice. The frequency of miR-150-KO

P14 cells was slightly lower than that of WT P14 cells prior to

30 d.p.i.; however, from that point forward, this trend was

reversed, and the frequency was subsequently maintained at a
higher level. This result indicated that the memory-prone pheno-

type was an intrinsic effect of miR-150 and led to their subse-

quent long-term maintenance (Figure 3E).

miR-150-Mediated Intrinsic Regulation in CD8+ T Cells
Controls Their Differentiation and Function in
Peripheral Tissues
We then examined whether miR-150-mediated intrinsic control

of CD8+ T cell differentiation also affects the phenotype and

function of CD8+ T cells in peripheral tissues following late-phase

infection. We examined CD8+ T cell response with respect to

their frequency, phenotype, and cytokine production in the
Cell Reports 20, 2598–2611, September 12, 2017 2601
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Figure 3. miR-150 Intrinsically Controls Memory CD8+ T Cell Differentiation

(A) Schematic representation of the experiment for analyzing the intrinsic role of miR-150 in the regulation of memory CD8+ T cell differentiation.

(B) Frequency of donor P14 CD8+ T cells in the blood of recipientmice after virus infection. Numbers in the plots indicate the percentage of donor P14 cells (upper,

KO; lower, WT).

(C) CD127 expression on donor P14 CD8+ T cells in the blood.WT P14 andmiR-150 KO P14 are discriminated by Thy1.2 expression, respectively, after gating on

Thy1.1 (miR-150 KO P14: Thy1.2+; WT P14: Thy1.2�). Numbers in the plots indicate the percentage of population in each quadrant. Numbers in parentheses

indicate the percentage of CD127+ cells on each donor population.

(D) Co-expression of CD62L and CD127 on each donor P14 population in the blood. The line graphs show the percentage of each subset (TCM, TEM, and TE).

(E) Long-term longitudinal tracking of each donor P14 population in the blood at the indicated time points p.i.

All the line graphs summarize the data obtained at each time point. Data points in the line graph are shown asmean ±SEM. Data are representative of two to three

independent experiments. n = 5 mice per group in each experiment. *p < 0.05; **p < 0.01; ***p < 0.001.
spleen and lungs at 30 d.p.i. In this experiment, we usedWT P14

andmiR-150-KOP14 cell co-transfermodels (similar to Figure 3).

As expected, the frequencies of donor WT P14 and miR-150-KO

P14 cells among CD8+ T cells appeared similar between both

spleen and lungs, regardless of recipients (Figure 4A). However,

in both tissues, the ratio of CD127+ cells in each donor popula-

tion was significantly higher in miR-150-KO P14 cells relative

to levels in WT P14 cells, a result also observed in both types

of recipient (Figure 4B). The generation of TCM and TEM popula-

tions in the peripheral tissues of miR-150-KO P14 mice was

also superior to that of WT P14 mice and similar to results ob-

tained from the blood (data not shown).

We previously showed that miR-150-KOmemory CD8+ T cells

more rapidly acquired the ability to produce effector cytokines

than WT memory cells (Figure 2C). Therefore, we investigated
2602 Cell Reports 20, 2598–2611, September 12, 2017
whether CD8+ T cell-specific deletion of miR-150 yielded similar

results in terms of CD8+ T cell effector function as that observed

in whole-body deletion of miR-150. Although the frequency of

IFN-g-producing cells among donor P14 cells and their expres-

sion level of IFN-g did not differ between WT P14 and miR-150-

KO P14 cells, TNF-a expression on donor P14 cells was sub-

stantially higher in miR-150-KO P14 cells relative toWT P14 cells

(Figure 4C). In particular, the frequency of IL-2-producing P14

cells and their IL-2 expression increased dramatically in miR-

150-KO P14 cells as compared with those in WT P14 cells. A

comparison of multifunctional CD8+ T cells—which simulta-

neously produce multiple cytokines, such as IFN-g, TNF-a,

and IL-2—indicated that miR-150-KO P14 cells were superior

to WT P14 cells in both WT and KO recipients (Figure 4D). These

results reflected changes in memory phenotype derived from
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Figure 4. Loss of miR-150 in Antigen-Specific CD8+ T Cells Augments CD127 Conversion and Effector Cytokine Production

(A) Frequency of donor P14 CD8+ T cells in the tissues of recipient mice. Numbers in the plots indicate the percentage of donor P14 cells (upper, KO; below, WT).

(B) CD127 expression on donor P14 cells in the tissues. Numbers in the plots indicate the percentage of population in each quadrant. Number in parentheses

indicates the percentage of CD127+ cells on each donor population.

(C) Production levels of effector cytokines from donor P14 CD8+ T cells. Expressions of IFN-g, TNF-a, and IL-2 in donor P14 CD8+ T cells were measured after re-

stimulation of splenocytes with GP33 peptide in vitro for 5 hr. The bar graphs depict the percentage (top) and MFI (bottom) of cytokine-expressing cells.

(D) Multi-functionality of donor P14 CD8+ T cells. Pie charts show the composition of single, double, or triple cytokine producers among the donor P14 cells. Each

wedge indicates the percentage of cytokine producers indexed by the box on the right.

Data in the bar graphs are shown as mean ± SEM. Data are representative of two to three independent experiments. n = 5 mice per group in each experiment.

*p < 0.05; **p < 0.01.
miR-150 deficiency. Taken together, these data suggest that

miR-150 deficiency promotes the generation of memory CD8+

T cells endowed with enhanced functionalities.

miR-150-Deficient Memory CD8+ T Cells Exhibit
Enhanced Recall Response and Protection against
Pathogens and Cancer
To demonstrate that the preferential memory cell differentiation of

miR-150-KO CD8+ T cells promotes ameliorated recall response

against a previously exposed antigen, we generated mice that

were simultaneously administered WT P14 and miR-150-KO

P14 cells and subsequently infected with LCMV Arm, followed

by isolation of both types of P14 cells at 30 d.p.i. Each set ofmem-

ory P14 cells was transferred into individual naive mice, which

were challenged with the same virus and bled at 7 d.p.i. and 15

d.p.i. (Figure 5A). Surprisingly, miR-150-KO memory P14 cells

showed an �9-fold higher expansion relative to WT memory

P14 cells at 7 d.p.i. and 15 d.p.i., with miR-150-KO memory
P14 cells showing a stronger proliferative capability as compared

with that of WT memory P14 cells (Figure 5B).

To compare their ability to protect hosts against pathogen

infection, mice were administered either WT memory P14 cells

or miR-150 memory P14 cells and challenged with VV-GP33 or

LM-GP33 (Figure 5C). miR-150-KO memory P14 cells showed a

significantly higher frequency in the spleen than WT memory

P14 cells at 5 d.p.i. with VV-GP33 (Figure 5D). Additionally, the

titer of vaccinia viruses in the ovary was lower in mice that

received miR-150-KO memory P14 cells relative to those that

received WT memory P14 cells, although the difference was not

significant (Figure 5E). In the case of LM-GP33 challenge, more

significant reductions in bacterial titer were observed at 3 d.p.i.

in the spleen and liver of mice harboring miR-150-KO memory

P14 cells (Figure 5F). Given the functional advantages of miR-

150-KOmemory CD8+ T cells, our results suggested that qualita-

tively and quantitatively enhanced memory cells contributed to

effective protection against viral and bacterial pathogens.
Cell Reports 20, 2598–2611, September 12, 2017 2603
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Figure 5. miR-150-Deficient Memory CD8+ T Cells Exhibit an Enhanced Recall and Protection Ability upon Secondary Pathogen Challenge

and an Augmented Anti-tumor Activity

(A) Scheme for comparison of in vivo recall response between miR-150 KO and WT memory CD8+ T cells.

(B) Proliferation capacity of memory P14 CD8+ T cells upon LCMV Arm infection. The percentages of miR-150 KO and WT P14 CD8+ T cells among donor P14

cells in the blood at the indicated d.p.i. are depicted in the plot.

(C) Scheme for comparison of in vivo protection ability.

(D) Recalled expansion of donor memory P14 CD8+ T cells upon VV-GP33 infection. The percentages of miR-150WT (top) and KO (bottom) P14 cells among total

CD8+ T cells in the spleen at 5 d.p.i. are depicted in the plots.

(E) Titers of vaccinia virus in the ovary of the recipient mice at 5 d.p.i.

(F) Counts of Listeria monocytogenes in the spleen and liver of the recipient mice at 3 d.p.i.

Data in the graphs are shown as mean ± SEM. Data are representative of two independent experiments. n = 4–6 mice per group in each experiment. *p < 0.05;

***p < 0.001.
Next, to determine whether miR-150-KOmemory CD8+ T cells

also contribute to the prevention of tumor progression in mice,

we used an FBL-Gag leukemia-tumor model. Naive mice were

inoculated with FBL-Gag tumor cells, and, after 5 days, mice

were pre-treated with cytoxan. After 12 hr, tumor-cell-inoculated

mice received memory CD8+ T cells generated from an in vitro

culture (Figure S4A). The mice immunized with miR-150-KO

memory CD8+ T cells exhibited prolonged survival in a dose-

dependent manner as compared with those immunized with

WT memory CD8+ T cells (Figure S4B). These data suggested

that advantageous memory CD8+ T cell differentiation induced

bymiR-150 deficiency elicited an effective recall of antitumor im-

mune response, thereby resulting in the efficient protection of

mice from tumor progression.

miR-150 Is Associated with Foxo1 Downregulation in
CD8+ T Cells during the Early Phase of Differentiation
In previous experiments, we observed that miR-150 deficiency

induced preferential memory-prone CD8+ T cell differentiation

regardless of expansion. Based on this, we hypothesized that
2604 Cell Reports 20, 2598–2611, September 12, 2017
miR-150might regulate components contributing to cell-fate de-

cision in CD8+ T cells. We screened miR-150-target genes

involved in memory cell differentiation by using several miR-

target prediction programs and validated the possible target

genes by comparing their expression in CD8+ T cells in the pres-

ence or absence of miR-150 during early activation. Because

miR-150 is progressively downregulated in CD8+ T cells after

both in vitro (Wu et al., 2007) and in vivo stimulation (Trifari

et al., 2013; Wu et al., 2012), the expression of genes targeted

by miR-150 is likely decreased during the early stage of stimula-

tion. Following in vitro polyclonal TCR stimulation of naive CD8+

T cells, we found that the expression of Foxo1 protein was pro-

gressively downregulated in WT CD8+ T cells, whereas, surpris-

ingly, this level rapidly increased in miR-150p-KO CD8+ T cells

up to 3 days after in vitro activation (Figure 6A). We then ad-

dressed whether miR-150-deficiency-mediated Foxo1 upregu-

lation is also observed in vivo. To analyze Foxo1 expression

in vivo, we infected WT P14 and miR-150-KO P14 mice with

LCMV Arm and measured Foxo1 expression in P14 cells at

different time points. Consistent with our in vitro results, the
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Figure 6. Foxo1-Mediated TCF1 Induction Is Increased in miR-150 KO CD8+ T Cells during T Cell Activation

(A) Foxo1 kinetics in CD8+ T during activation in vitro. Foxo1 expression was measured by western blot in miR-150 KO andWT CD8+ T cells at the indicated time

points after in vitro stimulation.

(B) Kinetics of Foxo1 protein expression in P14 CD8+ T cells. The expressions of Foxo1 and GAPDH as a control were measured by western blot analysis.

(C) Schematic representation for the measurement of Foxo1 and TCF1 expression kinetics on donor P14 CD8+ T cells in the early stage of CD8+ T cell activation.

The mice that received CTV-labeled miR-150 KO and WT P14 CD8+ T cells were infected with LCMV Arm and sacrificed at 3.5 d.p.i. for analysis.

(D) Expression levels of Foxo1 and TCF1 on donor P14 CD8+ T cells. Expressions of Foxo1 and TCF1 onmiR-150 KO andWT P14CD8+ T cells are depicted in the

plot (left). Numbers in the plots indicate the percentage of population in each quadrant. The expressions are also represented as histogram (right). The percentage

and MFI (in parentheses) of Foxo1 or TCF1 expression on donor P14 cells are described in the histogram.

Data in the bar graphs are shown as mean ± SEM. Data are representative of two to three independent experiments. ***p < 0.001.
expression of Foxo1 protein was significantly higher in miR-150-

KO P14 cells as compared with levels observed in WT P14 cells

at 2 d.p.i., which was possibly due to miR-150 downregulation

during the early activation phase, as previously shown in Fig-

ure 1A. After this, Foxo1 expression was downregulated in

miR-150-KO and WT P14 cells from 5 d.p.i. (Figure 6B).

To more closely monitor and compare the dynamics of Foxo1

expression in the presence or absence of miR-150, we infected

naive mice with LCMV Arm after adoptive transfer of WT P14 or

miR-150-KO P14 cells labeled with dye to enable the tracking of

cell proliferation. Because in vivo Foxo1 expression peaked prior

to 5 d.p.i. (Figure 6B), we analyzed Foxo1 expression along with

cell proliferation at 3.5 d.p.i. (Figure 6C). We also examined TCF1

protein level, because its expression is directly regulated by

Foxo1 (Hess Michelini et al., 2013; Kim et al., 2013; Rao et al.,

2012). Foxo1 and TCF1 levels in the undivided population ap-

peared higher in miR-150-KO P14 cells as compared with levels

in WT P14 cells. More strikingly, when monitored following indi-

vidual cell division, Foxo1 levels increased slightly and main-

tained these levels in miR-150-KO P14 cells relative to levels

observed in WT P14 cells (Figure 6D). Foxo1 appeared to be
downregulated during the peak of the effector phase, even in

miR-150-KO P14 cells and WT P14 cells (Figure 6B). However,

Foxo1 and TCF1 levels appeared to recover during the memory

phase in miR-150-KO P14 cells, but not in WT P14 cells (Fig-

ure S6), suggesting another role for miR-150 in established

memory CD8+ T cells.

miR-150-Dependent Foxo1 Regulation Is Mediated by
the Direct Binding of miR-150 to the Foxo1 30 UTR
To confirm whether Foxo1 and TCF1 suppression during the

early phase of CD8+ T cell differentiation is mediated by miR-

150, we performed in vitro retroviral transduction of miR-150

into miR-150-KO CD8+ T cells (Figure 7A). We observed that

miR-150 restoration resulted in the downregulation of Foxo1

protein levels (Figure 7B). To determine whether Foxo1 suppres-

sion mediated by miR-150 affected TCF1 expression, we trans-

duced miR-150-KO CD8+ T cells with retroviral Foxo1 short

hairpin RNA (shRNA) (Figure 7C). Consistent with previous re-

ports (Hess Michelini et al., 2013; Kim et al., 2013; Rao et al.,

2012), Foxo1 knockdown appeared to slightly suppress Foxo1

and TCF1 expression (Figure 7D).
Cell Reports 20, 2598–2611, September 12, 2017 2605



E F

A C

B D

G

H I

Figure 7. miR-150 Represses Foxo1 Protein Expression by Binding to the 30 UTR of Foxo1a, which Controls CD8+ T Cell Differentiation
(A) Experimental scheme for the measurement of Foxo1 expression after miR-150 rescue in miR-150 KO CD8+ T cells.

(B) Foxo1 expression with retroviral rescue of miR-150 in miR-150 KO CD8+ T cells.

(C) Experimental scheme of retroviral transduction of Foxo1 shRNA on miR-150 KO CD8+ T cells.

(D) Expression of Foxo1 and TCF1 with retroviral transduction of Foxo1 shRNA on miR-150 KO CD8+ T cells.

(E) miR-150 binding sequence of Foxo1a 30 UTR is depicted. miR-150-5p-WT and -MT were designed as mimics of miR-150. Foxo1a 30 UTR-WT and -MT were

also designed as miR-150 targets.

(F) Plasmid map of pcNAT Foxo1 30 UTR vector.

(G) Post-transcriptional regulation of miR-150 by targeting the 30 UTR of Foxo1a.

(H) Schematic representation of the experiment for analyzing the effect of Foxo1 overexpression on memory cell differentiation.

(I) Co-expression of CD62L and CD127 on each donor population transduced with retrovirus in the blood. Numbers in the plots indicate the percentage of

population in each quadrant. The line graphs show the percentage of TCM among retrovirally transduced donor CD8+ T cells (Ly5.1+/Thy1.1+).

n = 5 mice per group in each experiment. *p < 0.05; **p < 0.01; ***p < 0.001. Data are representative of two independent experiments.
To determine whether suppression of Foxo1 protein levels re-

sulted from miR-150 binding the 30 UTR of Foxo1 mRNA (Fig-

ure 7E), we used an aralkylamine N-acetyltransferase (AANAT)-

reporter system, in which AANAT can be utilized as a reporter

protein based on the conjugation of the sequence encoding

the 30 UTR of the target mRNA (Figure 7F). Because the half-

life of the AANAT protein is very short, we can use AANAT protein

for tracking by excluding its protein accumulation as part of the

reporter system. We designed an miR-150-5p mimic (miR-150-

5p WT) and its mutated form (miR-150-5p MT) and also con-

structed an AANAT vector incorporating the sequence encoding

the WT Foxo1 30 UTR (Foxo1a 30UTR-WT) or its mutated

sequence (Foxo1a 30UTR-MT) (Figures 7E and 7F). Our results
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showed that only the combination of miR-150-5p WT and

Foxo1a 30UTR-WT suppressed AANAT protein expression, indi-

cating that miR-150-5p was able to suppress the Foxo1 expres-

sion at the protein level (Figure 7G). Notably, Foxo1mRNA levels

appeared unchanged based on the levels of AANATmRNAbeing

similar among all of the combinatorial experiments (Figure S5).

We then examined the in vivo functional relevance of Foxo1.

To mimic miR-150-KO CD8+ T cells, we attempted to overex-

press Foxo1 in WT CD8+ T cells (Ly5.1+). For this purpose, WT

P14 CD8+ T cells, which were activated by infection with

LCMV Arm in vivo, were transduced with retrovirus containing

either murine stem cell virus (MSCV)-Foxo1-Thy1.1 or MSCV-

Thy1.1. Each group of the transduced WT P14 CD8+ T cells



was then individually transferred into infection-matched mice

(Figure 7H). We longitudinally monitored changes in differentia-

tion phenotype on retrovirus-transduced populations (Thy1.1+)

among donor P14 CD8+ T cells in the blood (Figure 7I). As ex-

pected, the CD8+ T cells that overexpressed Foxo1 accelerated

CD127 and CD62L conversion, resulting in their preferential dif-

ferentiation into TCM and TEM rather than TE (Figures 7I and S7A).

Increased frequency of memory CD8+ T cells by Foxo1 overex-

pression was also observed in the spleen and lung at 25 d.p.i.

(Figure S7B). It is noteworthy that the accelerated memory

phenotype inWT CD8+ T cells overexpressing Foxo1 was similar

to that in miR-150-KO CD8+ T cells. Taken together, our results

suggested that miR-150-mediated Foxo1 regulation during the

early phase of CD8+ T cell activation could be a factor that reg-

ulates CD8+ T cell differentiation.

DISCUSSION

This study elucidated the mechanisms by which miR-150 regu-

latesmemory CD8+ T cell formation via repressed Foxo1 expres-

sion. Previous studies reported decreases in miR-150 levels dur-

ing the effector phase of CD8+ T cell differentiation following

LCMV infection (Wu et al., 2007, 2012). In agreement with this

observation, we confirmed that miR-150 levels were diminished

in effector CD8+ T cells; however, we also observed that these

levels partially recovered following CD8+ T cell expansion (Fig-

ure 1A). Because miR-150 levels in naive and memory cells

differed from those in effector cells, miR-150 might be involved

in regulating certain factors at discrete stages. Notably, miR-

150-KO memory CD8+ T cells proliferated more rapidly than

WT memory CD8+ T cells (Figures 5B and 5D); however, this

was not observed in the primary response of naive CD8+

T cells (Figure 1B). Therefore, further investigation is required

to elucidate the underlying mechanism by which miR-150 con-

trols memory CD8+ T cell functions.

Several reports revealed that miRs, such as miR17-92, miR-

146a, and miR-155, are involved in CD8+ T cell response (Dudda

et al., 2013; Gracias et al., 2013; Lind et al., 2013; Tsai et al., 2013;

Wu et al., 2012; Yang et al., 2012). These miRs are upregulated

following T cell activation and play a positive role in the expansion

of CD8+ T cells. Additionally, the enhanced proliferation and func-

tion mediated by these miRs were comparable to the phenotype

of Dicer-KO CD8+ T cells (Zhang and Bevan, 2010). Interestingly,

the phenotype of miR-150-KO CD8+ T cells differed from that of

Dicer-KO CD8+ T cells. The discrepancy in expression patterns

and functions between miR-150 and other miRs might be attrib-

uted to differences in miR processing or transcription, as well

as their targeted mRNAs (Dudda et al., 2013; Gracias et al.,

2013; Wu et al., 2012; Yang et al., 2012).

Little was previously known about miR modulation in CD8+

T cells. Previous studies reported that miR-155 expression

was induced by TCR strength or CD28 signaling in CD8+

T cells. In our preliminary data, in vitro TCR stimulation induced

downregulation of miR-150 expression in CD8+ T cells (data not

shown). These data suggested that TCR and CD28 signaling

might control biogenesis and assembly of miRs in CD8+

T cells. Because CD8+ T cell responses are closely associated

withmechanistic target of rapamycin (mTOR) signaling, which is
downstream of TCR and CD28 signals, it is possible that these

signals are engaged in modulating miR expression. Further in-

vestigations are needed to define which signaling pathways,

such as the phosphatidylinositide 3-kinase (PI3K)-Akt-mTOR

axis, are involved in modulating miR-150 expression in CD8+

T cells. Therefore, future studies can be pursued based on

mechanisms associated with miR-150 regulation in CD8+

T cell response.

According to phenotype results,miR-150deficiency enhanced

memory precursor differentiation, although proliferation was not

influenced. Therefore,wehypothesized thatmiR-150might regu-

late molecules controlling the quality of CD8+ T cell differentia-

tion. Previous studies demonstrated that Foxo1 inducesmemory

cell differentiation (HessMichelini et al., 2013; Kim et al., 2013). In

these reports, Foxo1-deficient CD8+ T cells exhibited normal

expansion and defective memory differentiation. Here, we vali-

dated miR-150-target genes and considered memory-prone

genes screened from an online database (http://microrna.org).

Regarding the high-throughput sequencing of RNA isolated by

crosslinking immunoprecipitation (HITS-CLIP) database pub-

lished by the Alexander Rudensky lab (of the Memorial Sloan

Kettering Cancer Center), miR-150 directly binds to Foxo1 and

offers additional evidence that Foxo1 is an miR-150 target

(Loeb et al., 2012). As expected, we discovered that the Foxo1a

30 UTR was conserved in the seeding region of miR-150-5p. We

then found that Foxo1 was highly expressed in miR-150-KO

CD8+ T cells (Figures 6A and 6B). Additionally, TCF1 expression

was correlated with Foxo1-expression patterns.

Moreover, miR-150 restoration diminished Foxo1 expression,

and retroviral transduction of Foxo1 shRNA diminished the

expression of both Foxo1 and TCF1 in miR-150-KO CD8+

T cells, suggesting that elevated TCF1 expression was due to

the loss of miR-150-mediated Foxo1 repression. We also

showed that in vivo overexpression of Foxol in CD8+ T cells

enhanced their differentiation into memory precursors (Figures

7I, S7A, and S7B). Taken together, these data suggested that

miR-150 regulates Foxo1-mediated memory cell differentiation.

In the early phase of T cell activation, two different arms are

involved in Akt-mediated CD8+ T cell differentiation. One is

mTOR-mediated T-bet activation, which governs effector T cell

differentiation (Araki et al., 2009; Rao et al., 2010; Wullschleger

et al., 2006). The other is the inactivation of Foxo1, which inhibits

memory T cell differentiation (Hess Michelini et al., 2013; Kim

et al., 2013; Rao et al., 2012). TCF1 enforces memory cell forma-

tion by directly inducing the expression of Eomes (Zhou et al.,

2010), which reciprocally suppresses T-bet expression (In-

tlekofer et al., 2005). Interestingly, in the nucleus, Foxo1 can

be phosphorylated and inhibited by mammalian target of rapa-

mycin complex (mTORC)1-mediated Akt phosphorylation at

Ser473 (Rao et al., 2012). Recently, another study revealed

that mTORC2 regulates Foxo1 through Akt phosphorylation at

Ser473 (Zhang et al., 2016). Given that phosphorylated Akt at

Thr308 activates mTORC1, an upstream regulator of T-bet,

PI3K can also indirectly induce Foxo1 instability. These findings

allowed us to predict possible pathways involved in Foxo1 inhi-

bition, including mTORC1 derived from PI3K-Akt (Thr308)

signaling activating mTORC2, followed by Akt phosphorylation

at Ser473 and resulting in attenuated Foxo1 stability.
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The relationship between miR-150 targeting and Akt phos-

phorylation might constitute a novel paradigm in the Foxo1-

degradation pathway. In this regard, we can account for Foxo1

dynamics by explaining the kinetics of Foxo1 expression. In

our study, flow cytometric and western blot analyses showed

slightly increased Foxo1 levels during early activation (Figure 6).

The contraction of Foxo1 expression might be explained by Akt

phosphorylation; however, the mechanisms associated with in-

creases in Foxo1 expression during early activation remain to

be elucidated. Our findings suggested that downregulation of

miR-150 expression during early activation might induce finely

tuned restoration of Foxo1 levels. Taken together, these results

implied that miR-150 controlled thresholds of memory potentials

prior to CD8+ T cell activation.

Recent studies demonstrated roles of miR-150 in other cell

types. miR-150 controls hematopoiesis of B cells, NK cells,

megakaryocytes, and erythrocytes by targeting c-Myb (HessMi-

chelini et al., 2013; Xiao et al., 2007). Additionally, miR-150 reg-

ulates the cytotoxicity of NK cells by targeting perforin-1 (Kim

et al., 2014). In CD8+ T cells, miR-150 controls differentiation

and effector functions (Smith et al., 2015); however, the media-

tors regulated bymiR-150 were not reported. Interestingly, these

studies mentioned that expression of c-Myb transcripts was not

associated with miR-150 expression. However, Chen et al.

(2017) (this issue of Cell Reports) demonstrated that c-Myb in

CD8+ T cells is regulated by miR-150 at the mRNA level and af-

fects memory CD8+ T cell differentiation by inducing Bcl-2 and

Bcl-xl expression. Here, we showed that Foxo1 mRNA was un-

affected according to an AANAT-reporter assay (Figure S5), sug-

gesting that miR-150 might regulate Foxo1 expression at the

translational level. Another group reported that CD25 is regu-

lated by miR-150 in CD8+ T cells (Trifari et al., 2013). However,

in our study, CD25 expression was lower in miR-150-KO CD8+

T cells than levels in WT CD8+ T cells upon TCR stimulation

with either epitope peptide or aCD3/CD28 beads (data not

shown). Therefore, it remains unclear whether CD25 regulation

is a direct effect of miR-150. Another report showed that miR-

150 targets Notch3 and modulates human CD8+ T cell develop-

ment (Ghisi et al., 2011); however, another group reported that

Notch3 did not play a role in CD8+ T cell differentiation according

to amousemodel (Backer et al., 2014). Based on these perspec-

tives, further study of miR-150 targets is required to understand

their roles in CD8+ T cell functions.

Our results provided valuable insights into potential applica-

tions that might benefit CD8+ T cell biology. General memory

emergence against bacteria and other virus types can be utilized

for memory CD8+ T cell vaccinations. Moreover, our findings

indicate potentials for providing more qualitatively controlled

vaccinations that minimize generation of effector cells and maxi-

mize memory cells without pathological cytotoxicity.

EXPERIMENTAL PROCEDURES

Ethics of Animal Research

All animal experiments were conducted in accordance with Korean Food

and Drug Administration guidelines. All protocols were reviewed and

approved by the Institutional Animal Care and Use Committee of Yonsei Uni-

versity (institutional permit number: 2013-0015, IACUC oversight number:

201507-327-02).
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Animals and Infections

All mice had been backcrossed to the C57BL/6J strain for at least 10 genera-

tions. All animals were used and kept in a specific pathogen-free facility at the

Yonsei Laboratory Animal Research Center. P14 transgenic, Thy1.1 or Ly5.1

congenic, and miR-150-KO mice were donated from the Emory Vaccine Cen-

ter (Atlanta, GA, USA), POSTECH (Pohang, South Korea), and the Korea

Research Institute of Bioscience and Biotechnology (Daejeon, South Korea),

respectively. All C57BL/6J mice were purchased from the Institute of Medical

Science at the University of Tokyo (Tokyo, Japan). Five- to 6-week-old male

mice were used for all of the experiments. For primary infection, male mice

from 5 to 8 weeks old were infected intravenously with LCMV Arm (23 105 pla-

que-forming units [PFUs]), LM-GP33 [5,000 colony-forming units [CFUs]), or

VV-GP33 (2 3 107 PFUs). For inducing recall response, recipients receiving

memory cells were infected with LCMV Arm (2 3 105 PFUs) or VV-GP33

(2 3 107 PFUs). For experiments on memory protection capacity, mice

harboring memory cells were infected with VV-GP33 (2 3 107 PFUs) or LM-

GP33 (5,000 CFUs). Mice were anesthetized by isoflurane inhalation prelimi-

narily to reduce stress associated with eye bleeding or sacrifice.

Flow Cytometry and Cell Staining

PBMCs and lymphocytes isolated from tissues were harvested, and cell stain-

ing was performed as described previously (Barber et al., 2006) using the

following monoclonal antibodies: anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-

CD44 (IM7), anti-CD90.2 (53-2.1), anti-CD127 (A7R34), anti-Bcl-2 (3F11),

anti-IFN-g (XMG1.2), anti-TNF-a (MP6-XT22), and anti-IL-2 (JES6-5H4), which

were purchased from BD Biosciences (San Jose, CA, USA); anti-CD90.1

(OX-7), anti-CD45.1 (A20) and anti-CD62L (MEL-14), which were purchased

from BioLegend (San Diego, CA, USA); and anti-Gzmb (MHGB04) and a

LIVE/DEAD fixable dead cell stain kit, which were purchased from Invitrogen

(Carlsbad, CA, USA). MHC class I tetramers of H-2Db conjugated with

LCMV GP33 and GP276 peptides were used for detecting antigen-specific

CD8+ T cell populations using methods described previously (Murali-Krishna

et al., 1998). Intracellular cytokine staining was conducted using a Cytofix Fix-

ation/Permeabilization Kit (BD Biosciences), according to the manufacturer’s

instructions. Prior to staining the cytokines, splenocytes were stimulated

with GP33 or GP276 peptide in the presence of BD GolgiStop or BD GolgiPlug

solution (BD Biosciences) for 5 hr. For staining anti-Foxo1 (L27) and anti-TCF1

(C63D9), a fixation/permeabilization kit purchased from eBioscience (San

Diego, CA, USA) was used. Flow cytometry was conducted using the CANTO

II System (BD Biosciences), and FlowJo software (LowJo; Ashland, OR, USA)

was used for analyzing data obtained from flow cytometry.

Western Blot

Cells were lysed in protein lysis M buffer (Roche, Basel, Switzerland), and cell

lysates were subjected to 10% SDS-PAGE (30% acrylamide-Bis solution,

10% SDS solution, 1.5 M Tris-HCl [pH 8.8], 1 M Tris HCl [pH 6.8], and 10%

ammonium persulfate; Sigma-Aldrich; St. Louis, MO, USA) and transferred

to a 0.45-mM polyvinylidene fluoride transfer membrane (Millipore; Billerica,

MA, USA). The membranes were incubated with each antibody, followed by

anti-rabbit or anti-mouse immunoglobulin G (IgG) conjugated to horseradish

peroxidase. Protein bands were detected using stable peroxide solution

and luminal/enhancer solution (Thermo Fisher Scientific; Waltham, MA,

USA). Antibodies, including polyclonal anti-AANAT (Abcam; Cambridge, UK),

anti-b-actin (C4; Santa Cruz Biotechnology; Dallas, TX, USA), peroxidase-con-

jugated goat anti-rabbit IgG (Thermo Fisher Scientific), and anti-Foxo1

(C29H4; Cell Signaling Technology; Danvers, MA, USA) were used for detect-

ing proteins.

Real-Time qPCR

Formeasurement ofmiRandmRNAexpression inCD8+ T cells, total RNAswere

extracted by TRIzol RNA isolation reagents (Ambion; Thermo Fisher Scientific).

miRs and cDNAswere synthesized using the TaqManMicroRNA Reverse Tran-

scription Kit (Applied Biosystems, Foster City, CA, USA) and the Transcriptor

First-Strand cDNA Synthesis Kit (Roche), respectively. Expression of mmu-

miR-150-5p was measured using the TaqMan MicroRNA Assay (Applied Bio-

systems) and normalized by expression of U6, which served as endogenous

control. mRNA expression was assessed using iQ SYBR Green Supermix



(Bio-Rad; Hercules, CA, USA). All real-time qPCRs were conducted using a

CFX96 PCR machine (Bio-Rad), and expression values were evaluated by

comparative analysis using the cycling threshold (�2DDCt) method.

Cell Isolation and Adoptive Transfer

For enriching CD8+ T cells or P14 cells using in vitro or in vivo assays, CD8+

T cells or P14 cells sourced from spleens were isolated by negative selection

with magnet-associated magnetic-activated cell sorting (MACS) technology

(Miltenyi Biotec; Bergisch Gladbach, Germany). To analyze the intrinsic roles

of miR-150, equal numbers (5,000) of miR-150-KO P14 cells (Thy1.1+/1.2+)

and WT P14 cells (Thy1.1+/1.1+) were injected into miR-150-KO or WT recip-

ient mice (Thy1.2+/1.2+) together or separately. For measuring Foxo1 and

TCF1 expression in vivo, equal numbers of 3 3 106 CD8+ T cells from miR-

150-KO and WT P14 mice were intravenously injected into individual recipient

mice. To analyze recall response to LCMV and VV-GP33 infection, individual

recipient mice received 5,000 or 5 3 104 memory P14 cells, respectively. To

assay the protective capacity of memory P14 cells, equal numbers (5 3 104)

of memory P14 cells were intravenously injected into recipient mice. To

examine the in vivo intrinsic function of Foxo1 in CD8+ T cell differentiation,

WT P14 CD8+ T cells (Ly5.1+) were isolated from WT P14 mice infected with

LCMV Arm 12 hr prior to isolation. For the exogenous overexpression of

Foxo1 in pre-activated WT P14 CD8+ T cells, the cells were transduced

in vitro with retrovirus either containing Foxo1 and Thy1.1 genes (MSCV-

Foxo1-IRES-Thy1.1) or containing the Thy1.1 gene alone (MSCV-Thy1.1).

Cells (5 3 104) in each group of the transduced CD8+ T cells were adoptively

transferred into infection-matched recipient mice (Thy1.2+).

Memory CD8+ T Cell Generation

To establishmemory CD8+ T cells in vivo, an equal number (5,000) of naive P14

cells from miR-150-KO or WT mice were injected together intravenously into

WT or miR-150-KO recipient mice, followed by infection with LCMV Arm

(23 105 PFUs). After 30 days, we first isolated total CD8+ T cells byMACS (Mil-

tenyi Biotec), followed by sorting of the memory cells from the bulk CD8+

T cells using the BD LSR II sorting system (BD Biosciences). The purities of

each cell population were determined at >90% by fluorescence-activated

cell sorting. Memory P14 cells were used in various assays.

AANAT-Reporter Assay

HEK293ft cells (33 105) were seeded into 12-well plates with DMEM (Welgene

Biotech; Seoul, South Korea) and grown overnight. Upon reaching 70%

confluence, cells were co-transfected with 1 mg AANAT plasmids containing

the Foxo1a 30 UTR combined with either miR-150 mimics, miR-150 mutants,

or a negative control with Opti-MEM solution (GIBCO; Thermo Fisher Scienti-

fic) by using the TransIT-X2 Dynamic Delivery System (Catalog #MIR6000;

Mirus Bio; Madison, WI, USA) according to the manufacturer’s protocol.

Retrovirus Preparation and Cell Transduction

For overexpression of miR-150 and Foxo1 shRNA, MSCV-IRES-Thy1.1 and

pMKO.1-Thy1.1 retroviral vectors were provided by Rafi Ahmed (Emory Vac-

cine Center). pMKO.1 Thy1.1 was cloned with Foxo1 shRNA as described pre-

viously (Harada et al., 2010). MSCV-IRES-Thy1.1 was cloned with miR-150

containing the flanking UTR (200 bp) or the Foxo1-coding sequence from

the vector purchased from Addgene (Cambridge, MA, USA). For transduction

of retroviral genes, isolated CD8+ T cells from WT, miR-150-KO, or WT P14

mice were stimulated with CD3/28 Dynabeads and infected with LCMV Arm

(GIBCO; Thermo Fisher Scientific) for 6 hr or 12 hr, respectively. Activated

CD8+ T cells were treated with recombinant retrovirus and mixed thoroughly

by pipetting with polybrene reagent (8 mg/mL; Sigma-Aldrich). Cells were

centrifuged at 1,800 3 g for 90 min at 37�C to transduce CD8+ T cells. After

centrifugation, the supernatant was removed, and cells were washed with

RPMI 1640 medium supplemented with 2% fetal bovine serum (FBS). Cells

were suspended and used for various applications.

Titration

For conducting tissue titrations, small pieces of tissue were obtained from

mice infected with LM-GP33 or VV-GP33. Spleens and livers from LM-

GP33-infected mice were immediately prepared as a single-cell suspen-
sion, with an NH4Cl lysis step using 1% Triton X-100 solution in a Tekmar

Lab bag (Seward; Worthing, UK). Each dilution of the suspensions was

plated onto prepared agar plates and incubated overnight at 37�C. Bacte-
rial colonies were counted, and titers were calculated as CFUs per weight

(in grams) of resected tissue. Ovaries from VV-GP33-infected mice

were immediately stored in DMEM containing 1% FBS, followed by com-

plete homogenization of tissues using a homogenizer (Kinematica; Luzern,

Switzerland). Each diluent from the ovaries was added to Vero cells and

plated, and the plates were gently tilted left and right. Infected Vero cells

were overlaid by agarose gels, and, following a 72-hr incubation, agar over-

lays were removed, and the Vero cells were stained with crystal violet

solution. Plaques were counted, and titers were calculated as PFUs per

weight (in grams) of resected tissue.

Adoptive Immunotherapy of FBL Leukemia

The strategy for tumor immunotherapy was conducted as described previ-

ously (Stromnes et al., 2010). Briefly, tumor-bearing mice were generated

with intraperitoneal inoculation of FBL-Gag leukemia (5 3 106 cells). After

5 days, mice were treated with cyclophosphamide (cytoxan: 180 mg/kg),

and 12 hr later, in vitro-derived memory CD8+ T cells (high dose: 23 105 cells;

low dose: 13 105 cells) were transferred into recipientmice, and survivalmoni-

toring was performed. For in vitromemory CD8+ T cell generation, CD8+ T cells

were isolated from TCRgag transgenic mice. TCRgag CD8+ T cells were incu-

bated with irradiated feeder cells and irradiated FBL leukemia in complete me-

dia (RPMI 1640 supplementedwith 100 U/mL penicillin/streptomycin, 10mL of

2 mM L-glutamine, and 30 mM 2-meraptoethanol). Every 7 days, CD8+ T cells

were stimulated with identical conditions. After the third cycle of stimulation

and 5 days, in vitro-generated CD8+ T cells were adoptively transferred into

tumor-bearing mice for immunotherapy.

Statistical Analysis

Most of the data were analyzed using an unpaired Student’s t test with a two-

tailed distribution using GraphPad Prism 5 software (GraphPad Software, La

Jolla, CA, USA). A p < 0.05 was considered significant regarding changes in

experiments excluding the survival graph. The survival graph was analyzed

using a log-rank test (Mantel-Cox).
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Wherry, E.J., Teichgräber, V., Becker, T.C., Masopust, D., Kaech, S.M., Antia,

R., von Andrian, U.H., and Ahmed, R. (2003). Lineage relationship and protec-

tive immunity of memory CD8 T cell subsets. Nat. Immunol. 4, 225–234.

Wu, H., Neilson, J.R., Kumar, P., Manocha, M., Shankar, P., Sharp, P.A., and

Manjunath, N. (2007). miRNA profiling of naı̈ve, effector and memory CD8

T cells. PLoS ONE 2, e1020.

Wu, T., Wieland, A., Araki, K., Davis, C.W., Ye, L., Hale, J.S., and Ahmed, R.

(2012). Temporal expression of microRNA cluster miR-17-92 regulates

effector and memory CD8+ T-cell differentiation. Proc. Natl. Acad. Sci. USA

109, 9965–9970.

Wullschleger, S., Loewith, R., and Hall, M.N. (2006). TOR signaling in growth

and metabolism. Cell 124, 471–484.

http://refhub.elsevier.com/S2211-1247(17)31190-7/sref1
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref1
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref1
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref2
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref2
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref2
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref2
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref3
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref3
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref3
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref4
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref4
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref5
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref5
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref6
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref6
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref6
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref7
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref7
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref7
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref7
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref8
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref8
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref8
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref8
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref9
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref9
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref9
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref9
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref10
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref10
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref10
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref10
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref11
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref11
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref11
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref11
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref12
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref12
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref13
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref13
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref13
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref14
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref14
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref14
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref14
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref15
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref15
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref15
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref15
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref16
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref16
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref17
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref17
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref17
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref18
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref18
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref18
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref19
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref19
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref20
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref20
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref20
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref21
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref21
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref21
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref21
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref22
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref22
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref22
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref23
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref23
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref23
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref24
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref24
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref24
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref24
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref25
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref25
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref25
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref26
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref26
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref26
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref27
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref27
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref27
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref28
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref28
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref28
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref29
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref29
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref30
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref30
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref30
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref31
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref31
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref32
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref32
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref32
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref33
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref33
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref33
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref34
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref34
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref34
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref35
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref35
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref35
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref35
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref36
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref36
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref36
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref37
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref37
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref37
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref38
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref38
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref38
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref38
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref39
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref39


Xiao, C., Calado, D.P., Galler, G., Thai, T.H., Patterson, H.C., Wang, J., Rajew-

sky, N., Bender, T.P., and Rajewsky, K. (2007). MiR-150 controls B cell differ-

entiation by targeting the transcription factor c-Myb. Cell 131, 146–159.

Yang, L., Boldin, M.P., Yu, Y., Liu, C.S., Ea, C.K., Ramakrishnan, P., Taganov,

K.D., Zhao, J.L., and Baltimore, D. (2012). miR-146a controls the resolution of

T cell responses in mice. J. Exp. Med. 209, 1655–1670.

Zhang, N., and Bevan, M.J. (2010). Dicer controls CD8+ T-cell activation,

migration, and survival. Proc. Natl. Acad. Sci. USA 107, 21629–21634.

Zhang, Y., Liu, D., Chen, X., Li, J., Li, L., Bian, Z., Sun, F., Lu, J., Yin, Y., Cai, X.,

et al. (2010). Secreted monocytic miR-150 enhances targeted endothelial cell

migration. Mol. Cell 39, 133–144.

Zhang, L., Tschumi, B.O., Lopez-Mejia, I.C., Oberle, S.G., Meyer, M., Samson,

G., R€uegg, M.A., Hall, M.N., Fajas, L., Zehn, D., et al. (2016). Mammalian target
of rapamycin complex 2 controls CD8 T cell memory differentiation in a Foxo1-

dependent manner. Cell Rep. 14, 1206–1217.

Zheng, Q., Zhou, L., and Mi, Q.-S. (2012). MicroRNA miR-150 is involved in

Va14 invariant NKT cell development and function. J. Immunol. 188, 2118–

2126.

Zhou, B., Wang, S., Mayr, C., Bartel, D.P., and Lodish, H.F. (2007). miR-150,

a microRNA expressed in mature B and T cells, blocks early B cell develop-

ment when expressed prematurely. Proc. Natl. Acad. Sci. USA 104, 7080–

7085.

Zhou, X., Yu, S., Zhao, D.M., Harty, J.T., Badovinac, V.P., and Xue, H.H. (2010).

Differentiation and persistence of memory CD8(+) T cells depend on T cell

factor 1. Immunity 33, 229–240.
Cell Reports 20, 2598–2611, September 12, 2017 2611

http://refhub.elsevier.com/S2211-1247(17)31190-7/sref40
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref40
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref40
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref41
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref41
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref41
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref42
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref42
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref43
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref43
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref43
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref44
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref44
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref44
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref44
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref44
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref45
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref45
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref45
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref46
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref46
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref46
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref46
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref47
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref47
http://refhub.elsevier.com/S2211-1247(17)31190-7/sref47

	miR-150-Mediated Foxo1 Regulation Programs CD8+ T Cell Differentiation
	Introduction
	Results
	miR-150 Deficiency Facilitates the Generation of Memory Precursor CD8+ T Cells after Acute Viral Infection
	miR-150 Deficiency Accelerates Differentiation into Memory CD8+ T Cells Exhibiting Enhanced Functional Capability in Periph ...
	miR-150 Regulates CD8+ T Cell Differentiation in an Intrinsic Manner
	miR-150-Mediated Intrinsic Regulation in CD8+ T Cells Controls Their Differentiation and Function in Peripheral Tissues
	miR-150-Deficient Memory CD8+ T Cells Exhibit Enhanced Recall Response and Protection against Pathogens and Cancer
	miR-150 Is Associated with Foxo1 Downregulation in CD8+ T Cells during the Early Phase of Differentiation
	miR-150-Dependent Foxo1 Regulation Is Mediated by the Direct Binding of miR-150 to the Foxo1 3′ UTR

	Discussion
	Experimental Procedures
	Ethics of Animal Research
	Animals and Infections
	Flow Cytometry and Cell Staining
	Western Blot
	Real-Time qPCR
	Cell Isolation and Adoptive Transfer
	Memory CD8+ T Cell Generation
	AANAT-Reporter Assay
	Retrovirus Preparation and Cell Transduction
	Titration
	Adoptive Immunotherapy of FBL Leukemia
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References




