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We report here that the expression of the transcription factor T-bet, which is known to
be required for effector cytotoxic CD8* T lymphocytes (CTL) generation and effector
memory cell formation, is regulated in CTL by microRNA-155 (miR-155). Importantly,
we show that the proliferative effect of miR-155 on CD8* T cells is mediated by T-bet.
T-bet levels in CTL were controlled in vivo by miR-155 via SH2 (Src homology 2)-
containing inositol phosphatase-1 (SHIP-1), a known direct target of miR-155, and
SHIP-1 directly downregulated T-bet. Our studies reveal an important and unexpected
signaling axis between miR-155, T-bet, and SHIP-1 in in vivo CTL responses and sug-
gest an important signaling module that regulates effector CTL immunity.

Keywords: MicroRNAs, CD8* T cells, T-bet, influenza, Src homology 2-containing inositol phosphatase-1, miR-155

INTRODUCTION

Cytotoxic CD8* T cells (CTLs) are an essential component of the adaptive immune system,
responsible for the clearance or control of cells infected with viruses or intracellular bacteria and
tumors (1, 2). Identifying the mechanisms that control the formation of effector and memory CTL
is essential for rational vaccine design and immunotherapeutic approaches. Transcription factors
have been recognized as crucial elements that control and direct the fate of CTL toward effector or
memory differentiation states (3, 4). In particular, the transcription factors T-bet, Eomes, Blimp-1,
and Bcl-6 have been shown to regulate the differentiation and function of CTL (5). T-bet- and
Eomes-deficient mice have shown that the “graded expression” of these transcription factors regu-
late the early effector and memory phenotype of CTL in response to infection with lymphocytic
choriomeningitis virus (LCMV) (3). Specifically, T-bet has been linked to the generation of effector
and effector memory CD8* T cells (6-8) and the production of the pro-inflammatory cytokine
IFNy by CTL (6, 7). Therefore, understanding how T-bet expression is regulated in CTL is critical
for our understanding of the pathways that control effector and memory CTL formation.
MicroRNAs (miRNAs) are ~22 nucleotides small, single-stranded non-coding RNAs that
are important post-transcriptional regulators of gene expression and play essential roles in
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modulating key cellular processes (9-11). miRNAs have been
shown to control CD8* T cell formation, differentiation, and
function. In the absence of miRNAs, CD8* T cells fail to
develop normally (12) or aberrantly respond in vivo to Listeria
monocytogenes infection (13). However, the regulatory role of
specific miRNAs in generating effective CTL responses to viral
infection and tumors is only now being elucidated. Indeed, the
regulatory effect of miRNAs is not only cell-type specific, but
also context dependent and influenced by the activation state
of the cell and in vivo inflammatory environment (14). Thus,
miRNA expression is expected to change depending on the
differentiation and activation state of the CTL and this could
also be influenced by the milieu and location in which the CTL
response is elicited. Previous in vitro studies have indicated
that miRNA expression in CTL changes with differentiation
(15) and we have shown that in vivo miR-155 expression levels
dynamically change during differentiation from naive to effec-
tor to memory CTL (16).

We, and others, have demonstrated that, in the absence of
miR-155, effector CTL responses against acute infections with
influenza A virus or L. monocytogenes, and tumors are severely
diminished (16-19). Furthermore, in the absence of miR-155,
the generation of memory CTLisdecreased (16). Thissuggested
that overexpression of miR-155 could enhance CTL responses
to infections and cancer; indeed, we (16) and others (20) have
found that overexpressing miR-155 in CD8" T cells causes
significant expansion. Multiple mechanisms and targets by
which miR-155-deficiency can affect CTL responses have been
proposed including type-I IFN and STAT1/2 signaling (16),
yc chain cytokine signaling (20), and SOCS-1 (14, 17),
which suggests that miR-155 regulation of CTL is context
dependent (14). This also raises the question of whether the
overexpression of a specific miRNA targets the same mRNA as
steady-state endogenous miRNA. Because miRNA and target
mRNA availability is a dynamic process (21, 22), it is likely
that supranormal levels of a miRNA may allow the targeting
of additional mRNA which are normally outcompeted by other
targets.

Increasing miR-155 expression in CTL augmented anti-viral
effector CTL and skewed memory CD8* T cells toward an effector
memory phenotype. miR-155 overexpression induced enhanced
T-bet expression and downregulated the inhibitory phosphatase
SH2 (Src homology 2)-containing inositol phosphatase-1
(SHIP-1). T-bet upregulation was necessary for effector CTL
augmentation by miR-155. Importantly, we show that SHIP-1
regulated T-bet expression and promoted the effector responses
in miR-155-overexpressing CTL. Thus, T-bet expression can be
controlled by miR-155 via SHIP-1 signaling and we have revealed
anovel regulatory pathway for T-bet expression as well as effector
and memory CTL generation.

MATERIALS AND METHODS

Animals and Infections

C57BL/6 Tg(TcraTerb)1100Mjb/] (OT-I) were backcrossed
with B6.SJL-Ptprca Pepcb/Boy] (CD45.1*) mice (both from
the Jackson Laboratory) to generate OT-I CD45.1* mice on the

C57BL6/] background. C57BL/6] mice, miR-155-deficient OT-I
mice, and T-bet*~ OT-I mice (on the C57BL/6] background)
were kept in a barrier facility (certified by the Association
for the Assessment and Accreditation of Laboratory Animal
Care) at Drexel University College of Medicine, or in a bar-
rier facility at Erasmus University Medical Center. This study
was carried out in accordance with the recommendations of
the Institutional Animal Care and Use Committee (IACUC)
or the Instantie voor Dierenwelzijn (IvD). The protocols were
approved by the TACUC or IvD. Female mice 8-10 weeks old
were anesthetized with 2.5% isoflurane gas and were infected
intranasally with influenza virus strain A/WSN/33-expressing
OVA (2572600 (WSN-OVA, a gift from DJ Topham, University of
Rochester Medical Center).

Adoptive Transfer Experiments

Equal numbers of sorted Thyl.1* or GFP* OT-1 CD45.1* cells
(1 X 10*) were intravenously transferred into CD45.2* C57BL/6]
wild-type recipient mice. Three h later, the recipient mice were
anesthetized using 2.5% isoflurane gas and infected intranasally
with influenza virus WSN-OVA.

Retroviral Production

The miR-155-encoding region from the MigR1-miR-155-GFP
vector (16) was cloned into the MSCV-IRES-Thyl.l vector
(provided by P. Marrack, University of Colorado). A scrambled
control insert producing no functional miRNA was similarly
cloned into the MSCV-IRES-Thyl.1 vector. The PINCO-empty
vector-GFP, PINCO-SHIP-1-overexpressing-GFP, and PINCO-
D675A-SHIP-1 (SHIP-1 dominant negative) retroviral vectors
were a kind gift from Dr. M. Caligiuri (Ohio State University)
(23). Retroviruses were produced in the Platinum-E cell line (Cell
Biolabs, San Diego, CA, USA).

CD8* T-Cell Isolation and Retroviral

Transduction

Retroviral transduction of primary OT-I CD8* T cells was
completed as previously described (16). Splenic CD8* T cells
were isolated by negative selection with magnetic beads
(EasySep; Stemcell Technologies) from uninfected OT-I
CD45.1* female mice 8-10 weeks old. The purity of CD8*
T cells was >90% as determined by flow cytometry. Isolated
CD8* T cells were activated for 48 h using solid-phase a-CD3
(0.25 ug/mL, clone: 17A2; eBioscience, San Diego, CA, USA)
and a-CD28 antibodies (5 pg/mL, clone: 37.51; eBioscience)
in 10% RPMI medium with 20 U/mL recombinant human
IL-2 (Roche, Switzerland), 5 ng/mL of recombinant murine
IL-7 and 5 ng/mL recombinant murine IL-15 (both from
PeproTech, Rocky Hill, NJ, USA). Cells were collected and
plated at a density of 3 X 10° cells per 2 mL in poly-D-lysine
plates (ThermoFisher, Waltham, MA, USA) coated with
20 ug/mL of Retronectin (Takara, Japan) and pre-loaded with
retroviral supernatants. Cells were incubated for an additional
48 h. Transduction efficiency was determined by expression
of GFP or Thyl.1. Transduced cells were sorted with an
FACS Aria III sorter (BD Biosciences, San Jose, CA, USA).
Overexpression of miR-155 was confirmed by TagMan miRNA
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gene expression quantitative real-time polymerase chain reac-
tion (qQRT-PCR) (ThermoFisher) and was determined to be
~5-fold increased over control-transduced cells (Figure S1G
in Supplementary Material).

Flow Cytometry

Cells were stained as previously described (24). In all stains,
cells were pretreated with anti-CD16/32 (Fc Block; 2.4G2;
BioLegend, San Diego, CA, USA) for 15 min before continu-
ing with surface staining. For surface stains, cells were stained
for 20 min on ice. Cells were stained with the following
fluorochrome conjugated monoclonal antibodies: CD8a (clone
53-6.7), CD45.1 (clone A20), CD45.2 (clone 104), Thyl.1 (clone
HIS51) (all from eBioscience), CD25 (clone PC61), CD69
(clone H1.2F3), CD44 (clone 1M7), CD62L (clone MEL-14)
(all from BD Bioscience, San Jose, CA, USA), KLRG1 (clone
2F1/KLRG1), IL-7R/CD127 (clone A7R34), and PD-1 (clone
29F-1AI2) (all from BioLegend). Cells were also stained with
Cy5.5-labeled Annexin V (BD Biosciences) and APC-labeled
tetramers of H-2" major histocompatibility complex class I
loaded with OVA(:s57-261). After staining, cells were washed two
times with HBSS containing 3% FBS and 0.02% sodium azide
and fixed with 1% PFA. For Annexin V staining, all buffers
contained 2.5 mM CaCl,. For staining of intracellular cytokines,
cells were stimulated with SIINFEKL peptide for 6 h at 37°C,
5% CO; in the presence of GolgiPlug (BD Biosciences) and
monoclonal antibody against CD107a (clone ID4B) or isotype
control. Cells were surface stained as above including fluoro-
chrome conjugated monoclonal antibody against CD107a (clone
ID4B) or the appropriate isotype control (both BioLegend),
then fixed overnight at 4°C with IC Fixation Buffer, washed
using Perm/Wash buffer (eBioscience) and stained for intracel-
lular cytokines for 45 min at 4°C. Fluorochrome-conjugated
anti-IFNy monoclonal antibody (clone XMG1.2), anti-TNF-a
monoclonal antibody (clone MP6-XT22), or the appropriate
isotype controls (all from eBioscience) were used for intracel-
lular stains. After staining, cells were washed twice with Perm/
Wash buffer (eBioscience) and fixed with 1% PFA. For staining
of transcription factors, cells were surface stained as above then
fixed for 1 h at 4°C with FoxP3 Fixation Buffer, washed using
Perm/Wash buffer (eBioscience), and stained for transcription
factors for 1 h at 4°C. The following antibodies were used in
combination with intracellular flow cytometry: anti-T-bet
antibody (clone 4B10, BioLegend), anti-Eomes antibody (clone
DANI11MAG, eBioscience), or the appropriate isotype controls.
After staining, cells were washed twice with Perm/Wash buffer
(eBioscience) and fixed with 1% PFA. Anti-T-bet antibody
staining was titrated using wild-type (T-bet**) and T-bet*~
splenocytes to achieve clear distinction between heterozygote
and homozygote T-bet expression (Figure S3 in Supplementary
Material). For staining of SHIP-1, cells were surface stained as
above, then fixed using Fixation Buffer (BioLegend) for 20 min
at RT, washed with Perm/Wash Buffer (BioLegend), and stained
for 20 min at RT. The following antibodies were used in combi-
nation with intracellular flow cytometry: anti-SHIP-1 antibody
(clone P1C1-A5). After staining, cells were washed twice with
Perm/Wash buffer (BioLegend) and fixed with 1% PFA. All

samples were collected with an LSR-Fortessa (BD Biosciences)
and analyzed with FlowJo software (Treestar, Ashland, OR,
USA).

Quantitative Real-time PCR

For ex vivo measurement of miR-155, SHIP-1 (Inpp5d), T-bet
(Tbx21), Eomes (Eomes), Blimp-1 (Prdml), Bcl-6, (Bcl6)
Granzyme B (gzmb) and PD-1 (PdcdlI), donor OT-1 CD8* T cells
were sorted from the lungs or spleens of influenza virus-infected
animals at the indicated time points. Total RNA, including
miRNA, was extracted using the miRNeasy mini kit (Qiagen,
Germantown, MD, USA) as per manufacturer’s instructions.
cDNA was synthesized from 100-ng RNA with the high-capacity
cDNA Reverse Transcription Assay (ThermoFisher). The expres-
sion of miR-155 was measured by qRT-PCR with the TagMan
mmu-miR-155-5p miRNA Assay (ThermoFisher). The expres-
sion of snoRNA-429 served as endogenous control. Primers for
Inpp5d, Tbx21, Eomes, Prdm1, Bcl6, gzmb, and Pdcdl (TagMan
gene expression assays all from ThermoFisher) were used to
detect expression of these genes by qRT-PCR. Expression was
normalized to GAPDH expression. All assays were run using
a 7900 HT RT-PCR System. Expression was evaluated by the
comparative cycling threshold (AACr) method.

Western Blot

Donor OT-1 CD8* T cells were sorted from the lungs of wild-
type recipient mice 9 days post-influenza virus infection, washed
two times with 1X phosphate-buffered saline (PBS) and cell
pellets were stored at —20°C in RIPA buffer (150-mM sodium
chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 50 mM Tris, pH 8.0). Samples were freeze-
thawed three times and then heated to 99°C on a heat block for
10 min. Samples were loaded into a 4-12% Mini-PROTEAN
TGX Gel (Bio-Rad, Hercules, CA, USA), then transferred at 4°C
to PVDF membrane (EMD Millipore, Darmstadt, Germany).
Membranes were blocked at room temperature for 1 h in 5%
BSA in Tris-buffered saline with tween (TBST), then incubated
overnight at 4°C with primary antibodies in TBST as follows:
Mouse IgG1l SHIP-1 (clone: P1C1) (Santa Cruz, Dallas, TX,
USA); Rabbit Granzyme B (cell signaling, Danvers, MA, USA);
and Mouse p-Actin (8H10D10) (cell signaling). Membranes
were washed, then incubated with LI-COR IRDye 800CW
Donkey Anti-Rabbit IgG (H + L) and LI-COR IRDye 680RD
Donkey Anti-Mouse IgG (H + L) in 1% milk/TBST for 1 h
at room temperature, and imaged using an Odyssey imaging
system.

Statistics

For flow cytometry and qRT-PCR data analysis, the normality of
the population distribution was assessed using the D’Agostino-
Pearson (n = ~8 mice per group) or Shapiro-Wilk (n = <8 mice
per group) normality test by GraphPad Prism 7. Significant
differences between normally distributed populations were
assessed using a two-tailed, unpaired ¢-test; significant differences
between non-normally distributed populations were assessed
using a two-tailed Mann-Whitney exact test. The subsequent
p-values are denoted in each figure.
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RESULTS

Overexpression of miR-155 Promoting
Enhanced CD8* T-Cell Responses

Previously, we demonstrated that the adoptive transfer of low
numbers of miR-155-overexpressing OT-1 cells resulted in
increased expansion and increased viral clearance (16). To
further understand the molecular basis of miR-155’s impact on
CTL, we retrovirally transduced CD45.1* OT-I CD8* T cells
to overexpress miR-155 (miR-155-OE OT-I). As a control, a
retrovirus expressing a scrambled insert was used (scrambled
ctrl OT-I). Transduced OT-I cells were sorted and then 10*
cells were adoptively transferred into CD45.2* recipient mice
that were then infected with WSN-OVA influenza virus. We
observed a significant increase in the expansion of miR-155-OE
OT-I donor cells at day 10 post-infection in the lungs of infected
animals in both frequency (Figure 1A) and absolute numbers
(Figure 1B), with a 2.8-fold increase in miR-155-OE OT-I donor
cells by day 10 (2.1 # 0.4 X 10° versus 8.6 + 2.3 X 10°, mean + SE
scrambled ctrl OT-I versus miR-155-OE OT-I, respectively,
p = 0.017). Increased expansion of miR-155-OE OT-I CD8*
T cells was also observed in the spleen (1.8 + 0.3 X 10° versus
5.3 + 1.4 x 105, scrambled ctrl OT-I versus miR-155 OE OT-I,
respectively, p = 0.023) and the mediastinal lymph nodes
(MLNSs) (0.2 + 0.4 X 10° versus 0.8 + 0.3 X 10°, scrambled ctrl
OT-I versus miR-155 OE OT-I, respectively, p = 0.029) 10 days
post-infection (Figures 1C,D). We similarly observed a signifi-
cant increase in the frequency and number of miR-155-OE donor
OT-I cells in the lungs, but not in the spleen or MLN, at an earlier
day 8 timepoint (Figures S1A,B in Supplementary Material). We
did not observe any differences in the frequency or numbers of
donor scrambled ctrl OT-I versus miR-155-OF OT-I cells in the
MLN at days 5-6 post-infection indicating similar engraftment
of donor cells (Figure S1C in Supplementary Material).

We did not observe any differences in the activation state
(as assessed by CD25 and CD69 expression frequency and MFI)
of donor OT-I when miR-155 was overexpressed (Figure S1D
in Supplementary Material). Ki-67 staining of donor OT-I cells
in the lungs at day 10 post-influenza virus infection showed
that a greater frequency of miR-155-OE OT-I cells were Ki-67*
compared with scrambled ctrl OT-I cells, indicating that miR-
155 overexpression enhanced the proliferation of anti-viral CD8*
T cells (p = 0.022) (Figures 1E,F). A higher frequency of miR-
155-OE OT-I donor cells produced the effector cytokines IFNy
(60.3 +2.0% versus 67.7 & 1.6%, mean + SE donor scrambled ctrl
OT-Iversus miR-155-OF OT-, respectively, p = 0.008) and TNF«
(19.4 + 2.5% versus 31.9 + 4.4%, for donor scrambled ctrl OT-I
versus miR-155-OE OT-I, respectively, p = 0.02) after peptide
stimulation for 6 h (Figures 1G,H). No significant difference was
observed in the MFI of cytokine production (data not shown).
qRT-PCR analysis of the cytotoxic molecules granzyme A,
granzyme B, and perforin assessed in lung donor OT-I cells
9 days post-influenza virus infection showed no difference
between scrambled ctrl OT-I and miR-155-OF OT-I (Figure S1E
in Supplementary Material). Furthermore, western blot analysis
of granzyme B protein levels confirmed no difference (Figure SI1F
in Supplementary Material). These findings demonstrate that

increased miR-155 expression is sufficient to promote significant
expansion and increased effector cytokine production of CTL
during an acute influenza virus infection.

Overexpression of miR-155 Skewing CD8*
T Cells Toward an Effector Memory
Phenotype

Because miR-155 affected effector CTL responses, we also
assessed its effect on memory CTL formation. We did not observe
any differences in the frequencies of SLEC (short-lived effector
cell) or MPEC (memory precursor effector cell) populations in
donor OT-I cells in the lung or spleen 10 days post-infection
(Figures 2A,B). We also did not observe differences in the
frequencies or absolute numbers of donor memory OT-I CD8*
T cellsin thelungs, spleens, or MLN (Figure S2A in Supplementary
Material) when comparing miR-155-OF OT-I1 CD8* T cells to
scrambled ctrl OT-I CD8* T cells. However, upon examina-
tion of the memory phenotype, there was skewing of spleen
and MLN memory miR-155-OE OT-I CD8" T cells toward the
effector memory (Tem) phenotype (CD44" CD62L") compared
with the central memory (Tcwm) phenotype (CD44* CD62LY)
(Figure 2C). The ratios of the numbers of Tgm/Tcy donor OT-1
CD8" T cells in the spleen (p = 0.02) and MLN (p = 0.005) were
skewed to the Teu phenotype (Figure 2D) and a significantly
lower frequency of Tcy donor cells in the spleen was observed
(p=0.004) (Figure S2B in Supplementary Material). We observed
no difference in the frequency of CD44* CD62L-CD69+ CD103*
tissue resident memory (Try) OT-I populations in the lungs of
recipient mice 60 days post-influenza infection (Figure S2C in
Supplementary Material). Unlike at day 10, we did not observe any
difference in the frequency of IFNy- or TNFa-producing donor
memory miR-155-OF OT-1 CD8* T cells at day 60 (Figure S2D in
Supplementary Material). However, we did observe an increased
expression of CD107a (LAMP-1) (Figure S2D in Supplementary
Material), which indicated increased degranulation of memory
miR-155-OF OT-1 CD8* T cells.

T-Bet Expression in CTL Regulated by
miR-155

The transcription factor T-bet has previously been associated
with IFNy production, and effector and effector memory cell
generation in T cells during LCMV or L. monocytogenes infection
(6, 25). We therefore examined whether miR-155 overexpression
in CD8* T cells affected T-bet levels. Tbx21 (T-bet) mRNA
levels were assessed by qRT-PCR in total RNA from scrambled
ctrl OT-T and miR-155-OE OT-I cells sorted from the lungs on
day 9 post-infection. This demonstrated a trending increase in
relative T-bet mRNA levels in miR-155-OE OT-1 CD8* T cells
(Figure 3A). To assess T-bet expression at the protein level, T-bet
expression was measured using intracellular flow cytometry that
was first validated by staining T-bet™* and T-bet~ OT-I CD8*
T cells, which as expected (3) demonstrated half of the amount of
T-bet after both in vitro (Figure S3A in Supplementary Material)
and in vivo activation (Figures S3B,C in Supplementary Material).
We found that day 10 in vivo miR-155-OE OT-I CD8" T cells
express more T-bet protein compared with scrambled ctrl OT-I
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FIGURE 1 | Continued

Overexpression of microRNA-155 enhancing anti-viral CD8* T-cell effector expansion. (A) Representative flow cytometry of lungs of CD45.2+ wild-type mice that
received CD45.1+ scrambled ctrl OT-1 or miR-155-OE OT-I cells. Day 10 post-influenza virus infection shown. Percentages in plots indicate percent of CD45.1+
donor OT-I cells among lymphocytes. (B) Numbers of lung CD45.1+ donor OT-I cells for day 10 post-infection shown. Each dot represents an individual mouse,

n = 12-13 mice per group from at least three independent experiments. Data are normally distributed (D’Agostino-Pearson) and significance was assessed using an
unpaired t-test. Numbers of spleen (C) and MLN (D) CD45.1+ donor OT-I cells for day 10 post-infection shown. Each dot represents an individual mouse, n = 13-15
mice per group from at least three independent experiments. Data are normally distributed (D’Agostino-Pearson) and significance was assessed using an unpaired
t-test. (E) Representative flow cytometry of donor OT-I cells in the lungs of influenza virus-infected animals 10 days post-infection showing gating of Ki-67- and
Ki-67+ cells. (F) Dot plot of the frequency of Ki-67+ donor OT-I cells. Each dot represents an individual mouse, n = 4 mice per group from one experiment. Data are
normally distributed (Shapiro-Wilk) and significance was assessed using an unpaired t-test. (G) Representative IFNy and TNFa intracellular cytokine stains of donor
OT-I shown on days 8 and 10 post-influenza virus infection. Numbers in top right corner indicate percent cells in each quadrant. (H) Frequency of IFNy- and
TNFa-producing donor OT-I cells shown. Each dot represents an individual mouse, n = 15-16 mice per group from at least three independent experiments. Data are
normally distributed (D’Agostino-Pearson) and significance was assessed using an unpaired t-test.
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FIGURE 2 | Continued
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FIGURE 2 | Continued

Overexpression of microRNA-155 promoting effector memory formation. (A) Representative flow cytometry of CD45.1+ donor OT-I cells from lungs or spleens of
CD45.2* wild-type mice that received CD45.1+ scrambled ctrl OT-l or miR-155-OE OT-I cells showing SLEC (KLRG1*IL-7R") and MPEC (KLRG1-IL-7R¥)
populations. Numbers in plots indicate percent of CD45.1+ donor OT-I cells in those populations. (B) Frequency of SLEC, MPEC, and DPEC (double-positive
effector cells) donor OT-I cells 10 days post-infection in the lungs (top) or spleen (bottom) of recipient mice. Each dot represents an individual mouse, n = 7-8 mice
per group from two independent experiments. Data are normally distributed (D’Agostino-Pearson) and significance was assessed using an unpaired t-test.

(C) Representative flow cytometry of CD45.1+ donor OT-I cells from spleens or MLN of CD45.2+ wild-type mice that received CD45.1+ scrambled ctrl OT-I or
miR-155-0OE OT-I cells day 60 after infection with influenza virus. Numbers in plots indicate percent of CD45.1* donor OT-I cells in the Tem (CD44+ CD62L") and Tew
(CD44+ CD62L*) compartments. (D) Ratio of the absolute number of Tew/Tew donor OT-I cells in the spleen (top) and MLN (bottom) shown. Each dot represents an
individual mouse, n = 8-9 mice per group from two independent experiments. Data are normally distributed (D’Agostino-Pearson) and significance was assessed
using an unpaired t-test.
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FIGURE 3 | The transcription factor T-bet upregulated in miR-155-overexpressing anti-viral CD8* T cells. (A) RT-PCR analysis of T-bet expression in donor OT-I cells
sorted from lungs of WSN-OVA influenza virus-infected mice 9 days post-infection; results were normalized to GAPDH RNA expression and are presented relative to
scrambled ctrl OT-I levels. Each dot represents an individual mouse, n = 4-7 mice per group from two independent experiments. Data are not normally distributed
(Shapiro-Wilk) and significance was assessed using an unpaired Mann-Whitney exact test. (B) T-bet intracellular flow cytometry of donor cells from lungs of
wild-type mice that received scrambled ctrl OT-I or miR-155-OE OT-I cells and assessed at day 10 after infection with influenza virus. Histogram of T-bet expression
in donor OT-I cells shown is representative of at least three independent experiments. (C) Dot plot of T-bet expression in miR-155-OE OT-I cells relative to scrambled
ctrl OT-I expression in donor cells from lungs of influenza virus-infected animals 9-10 days post-infection. Data are not normally distributed (D’Agostino-Pearson)
and significance was assessed using an unpaired Mann-Whitney exact test. (D) Dot plot of T-bet expression in miR-155-OE OT-I cells relative to scrambled ctrl OT-I
expression in donor cells in the spleen of influenza virus-infected animals 9-10 days post-infection. Data are normally distributed (D’Agostino-Pearson) and
significance was assessed using an unpaired t-test. (E) Representative intracellular T-bet flow cytometry of OT-I, miR-155-~ OT-I, or T-bet*~ OT-I cells activated for
7 days in vitro. (F) T-bet MFI levels in in vitro activated OT-I, miR-155-~ OT-I, or T-bet*~ OT-I cells relative to OT-I control cells. Each dot represents an individual
mouse, n = 4-7 mice per group from three independent experiments. Data are normally distributed (Shapiro-Wilk) and significance was assessed using an unpaired
t-test. (G) Representative histogram and (H) dot plots of T-bet expression in donor OT-I and miR-155-~ OT-I cells in the lungs of wild-type mice 10 days after
infection with influenza virus. Data from two independent experiments, n = 5 animals per group. Data are normally distributed (Shapiro-Wilk) and significance was
assessed using an unpaired t-test.
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in the lungs (p = 0.01) (Figures 3B,C) and spleen (p = 0.005)
(Figure 3D), indicating that T-bet expression in miR-155-OE
OT-I CD8* T cells may be regulated at the translational level as a
significant difference was observed only at the protein level and
not at the level of mRNA.

Since miR-155-overexpressing CTLs have increased amounts
of T-bet, we reasoned that conversely miR-155-deficient CD8*
T cells would express decreased levels of T-bet. To assess this,
splenic miR-1557~ OT-I CD8* T cells were isolated and activated
in vitro with plate-bound a-CD3 and a-CD28 antibodies and
cultured for 7 days. In parallel, wild-type T-bet-sufficient OT-I
CD8" T cells and T-bet heterozygote (T-bet*-) OT-I CD8*
T cells were similarly cultured. We found that T-bet*~ OT-I cells
exhibited a gene-dosage effect and expressed half the amount
of T-bet compared with wild-type OT-I cells (Figures 3E,F).
T-bet staining of miR-1557"~ OT-I CD8* T cells revealed a 40%
(p = 0.0001) reduction in T-bet expression relative to wild-type
OT-1 CD8* T cells (Figure 3F). Adoptively transferred miR-
1557~ OT-I cells exhibited significantly decreased T-bet levels
compared with wild-type OT-I cells 10 days post-influenza virus
infection (p = 0.008) (Figures 3E,G,H). These data provide the
first evidence that miR-155 regulates T-bet expression in CTL.
Furthermore, miR-155-overexpressing anti-viral CD8* T cells
demonstrate increased levels of T-bet, and thus enhanced

T-bet expression may be responsible for the augmented effector
generation and effector memory phenotype observed.

To directly test if increased T-bet in miR-155-OF OT-I cells
was responsible for augmenting effector generation of anti-viral
CTL, T-bet*~ OT-I or wild-type T-bet** OT-I CD8* T cells were
retrovirally transduced to overexpress miR-155 or the scrambled
sequence. Transduced cells were then adoptively transferred into
host mice followed by infection with WSN-OVA influenza virus.
miR-155-overexpressing T-bet”~ OT-I CD8" T cells (T-bet*-
miR-155-OE OT-I) were incapable of expanding to the same
capacity as miR-155-OF OT-I at day 10 post-infection in the lungs
of influenza virus-infected animals (p = 0.012) (Figures 4A,B).
A similar effect was observed in the spleen (p = 0.006), but not the
MLN (Figures 4C,D). These data demonstrate that T-bet is essen-
tial to drive the increased expansion of miR-155-overexpressing
CD8* T cells during influenza virus infection.

Overexpression of miR-155 Altering the
Transcription Factor Profile of Memory
CD8* T Cells Enhancing the Expression of
T-Bet and Blimp-1

Since transcription factors such as T-bet, Eomes, Blimp-1,
and Bcl-6 are important regulators of CD8" T-cell memory
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FIGURE 4 | MicroRNA-155-mediated expansion of anti-viral CTL mediated by T-bet. (A) Representative flow cytometry of lungs of CD45.2* wild-type mice that
received CD45.1+ scrambled ctrl or miR-155-OE transduced T-bet*~ or wild-type OT-I cells. Day 10 post-influenza virus infection shown. Percentages in plots
indicate percent of CD45.1+ donor OT-I cells among lymphocytes. Dot plot showing fold-change in donor OT-I cell numbers relative to scrambled ctrl OT-I cell
numbers in the lungs (B), spleen (C), or MLN (D) of recipient mice 10 days post-infection with influenza virus. Data are normally distributed (D’Agostino-Pearson)
and significance was assessed using an unpaired t-test.
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generation (4) and miR-155 overexpression promoted effector
memory CTL formation, we examined the transcription factor
profile of miR-155-overexpressing memory CTL. To assess this,
Tem and Tey donor cell compartments were sorted 60 days post-
influenza virus infection and mRNA expression levels of Thx21
(encoding T-bet), Eomes, Prdm1 (encoding Blimp-1), and Bcl6
were measured. We observed that Blimp-1 mRNA expression was
modestly increased in miR-155-OFE Ty OT-I cells, while Bcl-6
mRNA expression was decreased in miR-155-OF Tgy OT-I cells

compared with scrambled ctrl OT-I CD8* T cells (Figure 5A,
top). Interestingly, we observed in both Tey and Tcu compart-
ments an increase in T-bet mRNA expression when miR-155
was overexpressed, with the greatest increase observed in the
Tem compartment (Figure 5A, bottom). We did not observe any
differences in Eomes mRNA expression. Intracellular staining
and flow cytometry confirmed increased T-bet expression when
miR-155 was overexpressed in both Tgy and Tey compartments
in the spleen (Figures 5B,C).
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FIGURE 5 | Overexpression of microRNA-155 altering the transcription factor profile of memory anti-viral CTL. (A) RT-PCR analysis of Blimp-1, Bcl-6, T-bet, and
Eomes expression in Tew (CD44+ CD62L*) or Tew (CD44+ CD62L-) CD45.1+ CD8* OT-I donor cells sorted from the spleens of CD45.2+ wild-type mice 60 days
post-infection with WSN-OVA influenza virus. Expression levels are represented relative to the scrambled ctrl OT-I expression level within each subset. Data from two
independent experiments, n = 2-3 mice per group. (B) Representative histograms and (C) dot plots of intracellular T-bet flow cytometry of CD44+ CD62L* Tow and
CD44+ CDB2L- Tem cells in spleens of wild-type mice that received scrambled ctrl OT-I or miR-155-OE OT-I cells. Day 60 after infection with influenza virus shown.
Data from two independent experiments, n = 4-5 animals per group. T-bet expression is shown relative to scrambled ctrl OT-1.
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miR-155 Regulating SHIP-1 Expression in
Anti-Viral CD8* T Cells Modulating T-Bet

Levels

As T-bet is not predicted to be a direct target of miR-155, we
reasoned that miR-155 was regulating T-bet expression indi-
rectly. SHIP-1 has previously been identified as a direct target of
miR-155 and has been reported to be affected by miR-155 in CTL
(16, 20, 26). We assessed SHIP-1 expression at both the mRNA
and protein levels when miR-155 is overexpressed in CTL. qRT-
PCR of sorted day 9 post-influenza virus infection miR-155-OE
OT-I cells showed a 25% decrease in SHIP-1 (Inpp5d) mRNA
expression levels (Figure 6A) compared with controls. Western
blot analysis (Figure 6B) and intracellular flow cytometry stain-
ing (Figures 6C,D) of miR-155-OE OT-1 CD8* T cells revealed
that miR-155 overexpression resulted in significantly decreased
(p < 0.0001) SHIP-1 protein expression in anti-viral CTL on
days 9-10 post-influenza virus infection, demonstrating that like
T-bet, SHIP-1 expression is modulated at the translational level
in miR-155-OE CD8* T cells. As miR-155 overexpression led to
decreased SHIP-1 protein expression and microarray analysis
had previously identified a modest (1.20-fold, p = 0.01)
upregulation of SHIP-1 mRNA in miR-155-deficient CTL after
3 days of in vitro activation (16), we sought to assess SHIP-1
protein expression in miR-155-deficient CTL. Intracellular flow
cytometry confirmed that miR-155~~ OT-I cells cultured in vitro
for 7 days expressed significantly more SHIP-1 compared with
wild-type control cells (1.45-fold increase of MFI, p = 0.005)
(Figures 7A,B). Adoptively transferred miR-155~/~ OT-I cells also
demonstrated significantly increased SHIP-1levels compared with
wild-type OT-I cells 10 days post-infection with influenza virus

(p = 0.032) (Figures 7C,D). Finally, we tested if SHIP-1 directly
mediates the effect of miR-155 on T-bet expression. OT-I cells
were transduced with either an SHIP-1-overexpressing retrovirus
(SHIP-1-OE OT-I) or a dominant-negative SHIP-1 resulting in
the inhibition of SHIP-1 signaling (23) (SHIP-1DN OT-I) and
adoptive transfers were performed. We show that SHIP-1 over-
expression alone is sufficient to decrease T-bet relative to control
levels (Figures 7E,F), while SHIP-1-DN results in significantly
increased T-bet expression levels in donor OT-I cells (p = 0.013)
(Figure 7G). Taken together, these data provide further support
that miR-155 modulates T-bet expression via SHIP-1.

DISCUSSION

The importance of miRNA in T cells, particularly CD8" T cells,
has been demonstrated with Dicer-deficient animals (12, 13,
27), where the lack of mature miRNA has profound effects
on the differentiation and function of T cells. Since miR-155
is upregulated in effector CTL and we have previously shown
that the absence of miR-155 significantly reduces effective
CTL responses to infection (16), we argued that its forced
overexpression would enhance the CTL response. Indeed,
overexpression of miR-155 in CTL augmented the response,
in agreement with previous reports from us and others (16, 17,
20). In exploring the mechanistic underpinnings of the effect of
miR-155 overexpression, we have revealed an unexpected con-
nection between miR-155 and T-bet expression in virus-specific
CD8* T cells, mediated through the SHIP-1-signaling pathway.
miR-155 has been shown, by us and others, to control the CTL
immune response (14, 16-20), while the direct targets by which
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FIGURE 7 | T-bet expression regulated by SHIP-1 in anti-viral CTL. (A) Representative histogram of intracellular SHIP-1 flow cytometry of OT-I or miR-155-- OT-I
cells activated for 7 days in vitro with solid plate-bound a-CD3/a-CD28 antibodies. (B) SHIP-1 MFI levels in in vitro activated OT-I or miR-155-~ OT-I cells relative to
OT-I control cells. Each dot represents an individual mouse, n = 10 mice per group from four independent experiments. Data are normally distributed (D’Agostino-
Pearson) and significance was assessed using an unpaired t-test. (C) Representative histogram and (D) dot plots of intracellular SHIP-1 flow cytometry of lung donor
OT-l or miR-155-= OT-I cells on day 10 post-infection with influenza virus. Data from n = 5-7 mice per group and two independent experiments shown. Data are
normally distributed (Shapiro-Wilk) and significance was assessed using an unpaired t-test. (E) Representative histograms and (F) dot plots of intracellular T-bet flow
cytometry of lung vector ctrl OT-I or SHIP-1-OE OT-I cells on day 10 post-influenza virus infection. T-bet MFI expression levels relative to vector ctrl OT-I expression
levels. Each dot represents an individual mouse, n = 3-4 mice per group from two independent experiments. Data are normally distributed (Shapiro-Wilk) and
significance was assessed using an unpaired t-test. (G) T-bet MFI expression levels in SHIP-1DN or vector-transduced donor OT-I CD8* T cells 10 days post-
infection with WSN-OVA influenza virus in the spleen. Expression is shown relative to vector ctrl OT-I expression levels. Each dot represents an individual mouse,

n =7 mice per group from two independent experiments. Data are normally distributed (Shapiro-Wilk) and significance was assessed using an unpaired t-test.

miR-155 affects CTL responses have been suggested to be con-
text dependent (14). Previous studies have indicated that miR-
155 in CD8* T cells may regulate SOCS-1 and STATS5 in acute
and chronic LCMYV infection (17) and tumors (17, 20), STAT1/
STAT?2 and type I IFN signaling in influenza virus infection (16),
and c-maf in CD4" T cells (28) depending on the cell type and
the environment in which the response is taking place. To the
best of our knowledge, this is the first report that miR-155 can
regulate T-bet expression in CTL and miR-155 overexpression

leads to increased numbers of effector CTL and a skewing of
CTL memory to an effector memory phenotype. This is consist-
ent with T-bet’s well-known capacity to promote effector CTL
expansion and effector memory CD8* T-cell generation. Indeed,
we find that the increased effector CTL expansion is induced
by miR-155 overexpression and is mediated by T-bet as miR-
155-overexpressing T-bet*~ CTL fail to expand.

In CD8" T cells, T-bet promotes the differentiation of effector
CTL and is associated with Tey CD8* T cells (3). In the absence
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of T-bet during a viral infection such as LCMV, CTL differentia-
tion was skewed toward a KLRG1°CD127" memory precursor
phenotype with less formation of terminally differentiated
effector cells (3), and memory CD8" T cells are maintained (29).
Overexpression of T-bet sustains effector CTL during chronic
LCMV infection (30). Because T-bet mRNA 3'UTR lacks a
miR-155 seeding sequence and is not a known or predicted
target of miR-155, we postulated that this is an indirect effect.
Indeed, we report that the modulation of T-bet levels by miR-155
is mediated by miR-155’s direct target SHIP-1. The relationship
between SHIP-1 and T-bet has been previously demonstrated by
Tarasenko et al. who observed that SHIP-1-deficient CD8* T cells
expressed 60% more T-bet than control CD8" T cells (31). This
raises the question of how SHIP-1 signaling negatively affects
T-bet levels. One pathway that is well established to control
T-bet expression is mTOR signaling (8), which is downstream
of phosphatidylinositol-3-kinase (PI3K) signaling (32). SHIP-1
is known to inhibit PI3K signaling (33), which would result in
reduced mTOR activity and decreased T-bet. miR-155, by sup-
pressing SHIP-1 levels, may amplify PI3K and mTOR signaling,
thus resulting in more T-bet. Future studies examining the PI3K
pathway when miR-155 is modulated could address this question.

Here, we report that SHIP-1 can be downregulated in CTL
as a result of miR-155 overexpression, while miR-155 deficiency
leads to increased SHIP-1 levels. SHIP-1 is a bona fide direct
target of miR-155 and this downregulation has been shown to
play an important functional role in many immune cell subsets
including macrophages (26), NK cells (34), and dendritic cells
(35) and SHIP-1 levels have been reported to be modulated in
CTL by miR-155 overexpression (20). In our current study, we
demonstrate that this intrinsic SHIP-1 modulation impacts CTL
responses. Although the role of SHIP-1 in immune cells has been
extensively studied, the role of SHIP-1in T cells is less clear. There
is conflicting data regarding how SHIP-1 expression impacts
the ratio of peripheral CD4* and CD8* T-lymphocyte popula-
tions (31, 36), and the role of SHIP-1 in in vivo CTL responses
is questionable. In a previous study by Tarasenko et al., the role
of SHIP-1 in T cells was explored using a CD4 SHIP"" mice
in which all T cells lacked SHIP-1 expression. Although a Thl
skewing of CD4" T cells was observed, no differences were found
in the in vivo expansion of SHIP-deficient CD4* or CD8* T cells
in mice immunized with ovalbumin (31). However, SHIP-1
may play an important role in CTL in the inflammatory milieu
of a viral infection, where dampening inflammatory signaling
pathways may be critical for the CTL responses. Alternatively,
the effect of SHIP-1 on CTL that overexpress miR-155 may be due
to additional miR-155-mediated perturbations in other signaling
pathways that change the balance between signaling pathways
and raise SHIP-1 to a more prominent functional role.

We find that miR-155 overexpression also affects memory
CTL responses. We found that Tey CTL formation was favored
by miR-155 overexpression. Indeed, we previously observed
that miR-155 was more highly expressed in anti-viral Tem versus
Tem (16). This most likely is due to miR-155 overexpression
increasing T-bet expression as T-bet is known to promote Teu
CTL formation (8, 37). However, miR-155 overexpression also
increased Blimp-1 and decreased Bcl-6 in memory cells. Thus,

the promotion of Try CTL formation could be due to changes in
several transcriptional factors that affect Tem CTL. Interestingly,
we found that miR-155-overexpressing Tcw CTL also increased
T-bet expression in the spleen. Since the numbers of Try and Tem
CTL were not increased in spleens, it is possible that increased
T-bet levels in Tcu promotes their conversion to Tey, a dynamic
process previously observed in vesicular stomatitis virus (VSV)-
specific and L. monocytogenes-specific memory CTL (38, 39), and
leads to their preferential migration to sites of inflammation such
as the lung or MLN. This is consistent with T-bet’s ability to drive
Tewm formation but also suggests that miR-155 overexpression
could regulate plasticity of CTL memory phenotypes.

We report here that miR-155 overexpression leads to increased
effector CTL responses and a skewing of memory CTL toward an
effector memory phenotype. To the best of our knowledge, our
studies conclusively show for the first time a novel connection
between miR-155 and T-bet in CD8* T cells. The link between
miR-155 overexpression and T-bet upregulation is essential for
the expansion of effector CTL. We show that T-bet is indirectly
targeted by miR-155 via miR-155’ repression of its direct target
SHIP-1. Our studies reveal an unexpected miR-155/SHIP-1/T-
bet axis in CTL immunity to viral infection that may play a pivotal
role in CTL immunity in the context of infection and cancer.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of the Institutional Animal Care and Use Committee
(IACUC), Drexel University College of Medicine or the Instantie
voor Dierenwelzijn (IvD), Erasmus University Medical Center.
The protocols were approved by IACUC or IvD.

AUTHOR CONTRIBUTIONS

JH performed infections, adoptive transfers, retroviral transduc-
tion, and flow cytometry. CS, PS, AC, DG, AE, MM, IB-H, LR,
and JF performed infections, flow cytometry, RT-PCR, in vitro
assays, retroviral production, and mouse breeding. RK and SE
cloned and designed vectors. YM performed adoptive transfers
and cell sorting. ES, EW, JH, and PK designed and performed
T-bet experiments. JH and PK were responsible for study design,
data analysis, and manuscript authorship. All authors discussed
the results and commented on manuscript.

FUNDING

This work was supported in part by NIH (grant number RO1
ATI117718, grant number AI105343, grant number P01 A1108545,
grant number U19 AI082630, and grant number U19 AI117950 to
EW), the Parker Institute (to EW), Worldwide Cancer Research,
and Erasmus University Medical Center (to PK).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://www.frontiersin.org/article/10.3389/fimmu.2017.01696/
full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

December 2017 | Volume 8 | Article 1696


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01696/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01696/full#supplementary-material

Hope et al.

miRNA-155 Regulating T-Bet in CTL

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Doherty PC, Topham DJ, Tripp RA, Cardin RD, Brooks JW, Stevenson PG.
Effector CD4+ and CD8+ T-cell mechanisms in the control of respiratory
virus infections. Immunol Rev (1997) 159:105-17. doi:10.1111/j.1600-
065X.1997.tb01010.x

Tscharke DC, Croft NP, Doherty PC, La Gruta NL. Sizing up the key determi-
nants of the CD8(+) T cell response. Nat Rev Immunol (2015) 15(11):705-16.
do0i:10.1038/nri3905

Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al. Inflammation
directs memory precursor and short-lived effector CD8(+) T cell fates via
the graded expression of T-bet transcription factor. Immunity (2007)
27(2):281-95. d0i:10.1016/j.immuni.2007.07.010

Kaech SM, Cui W. Transcriptional control of effector and memory CD8+
T cell differentiation. Nat Rev Immunol (2012) 12(11):749-61. doi:10.1038/
nri3307

Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector
and memory T cell differentiation. Nat Immunol (2014) 15(12):1104-15.
do0i:10.1038/ni.3031

Sullivan BM, Juedes A, Szabo SJ], von Herrath M, Glimcher LH. Antigen-
driven effector CD8 T cell function regulated by T-bet. Proc Natl Acad Sci
U S A (2003) 100(26):15818-23. doi:10.1073/pnas.2636938100

. Cruz-Guilloty E, Pipkin ME, Djuretic IM, Levanon D, Lotem J, Lichtenheld MG,

et al. Runx3 and T-box proteins cooperate to establish the transcriptional
program of effector CTLs. JExp Med (2009) 206(1):51-9. doi:10.1084/
jem.20081242

Lazarevic V, Glimcher LH, Lord GM. T-bet: a bridge between innate and
adaptive immunity. Nat Rev Immunol (2013) 13(11):777-89. doi:10.1038/
nri3536

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116(2):281-97. doi:10.1016/S0092-8674(04)00045-5

Baek D, Villen J, Shin C, Camargo FD, Gygi SP, Bartel DP. The impact of
microRNAs on protein output. Nature (2008) 455(7209):64-71. doi:10.1038/
nature07242

Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature (2010)
466(7308):835-40. doi:10.1038/nature09267

Muljo SA, Ansel KM, Kanellopoulou C, Livingston DM, Rao A,
Rajewsky K. Aberrant T cell differentiation in the absence of Dicer. ] Exp Med
(2005) 202(2):261-9. doi:10.1084/jem.20050678

Zhang N, Bevan M]J. Dicer controls CD8+ T-cell activation, migration, and
survival. Proc Natl Acad Sci U S A (2010) 107(50):21629-34. doi:10.1073/
pnas.1016299107

Lu LE Gasteiger G, Yu IS, Chaudhry A, Hsin JP, Lu Y, et al. A single
miRNA-mRNA interaction affects the immune response in a context- and
cell-type-specific manner. Immunity (2015) 43(1):52-64. doi:10.1016/j.
immuni.2015.04.022

Wu H, Neilson JR, Kumar P, Manocha M, Shankar P, Sharp PA, et al. miRNA
profiling of naive, effector and memory CD8 T cells. PLoS One (2007)
2(10):1020. doi:10.1371/journal.pone.0001020

Gracias DT, Stelekati E, Hope JL, Boesteanu AC, Doering TA, Norton J, et al.
The microRNA miR-155 controls CD8(+) T cell responses by regulating
interferon signaling. Nat Immunol (2013) 14(6):593-602. doi:10.1038/
ni.2576

DuddaJC, Salaun B, Ji Y, Palmer DC, Monnot GC, Merck E, et al. MicroRNA-155
is required for effector CD8+ T cell responses to virus infection and
cancer. Immunity (2013) 38(4):742-53. doi:10.1016/j.immuni.2012.12.006
Lind EE Elford AR, Ohashi PS. Micro-RNA 155 is required for optimal
CD8+ T cell responses to acute viral and intracellular bacterial challenges.
J Immunol (2013) 190(3):1210-6. doi:10.4049/jimmunol.1202700

Tsai CY, Allie SR, Zhang W, Usherwood EJ. MicroRNA miR-155 affects anti-
viral effector and effector Memory CD8 T cell differentiation. J Virol (2013)
87(4):2348-51. doi:10.1128/JV1.01742-12

Ji Y, Wrzesinski C, Yu Z, Hu J, Gautam S, Hawk NV, et al. miR-155 augments
CD8+ T-cell antitumor activity in lymphoreplete hosts by enhancing respon-
siveness to homeostatic gammac cytokines. Proc Natl Acad Sci U S A (2015)
112(2):476-81. doi:10.1073/pnas.1422916112

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pasquinelli AE, Ruvkun G. Control of developmental timing by micrornas
and their targets. Annu Rev Cell Dev Biol (2002) 18:495-513. doi:10.1146/
annurev.cellbio.18.012502.105832

Blevins R, Bruno L, Carroll T, Elliott ], Marcais A, Loh C, et al. microRNAs
regulate cell-to-cell variability of endogenous target gene expression in devel-
oping mouse thymocytes. PLoS Genet (2015) 11(2):e1005020. doi:10.1371/
journal.pgen.1005020

Trotta R, Parihar R, Yu J, Becknell B, Allard ] II, Wen J, et al. Differential
expression of SHIP1 in CD56bright and CD56dim NK cells provides a molec-
ular basis for distinct functional responses to monokine costimulation. Blood
(2005) 105(8):3011-8. doi:10.1182/blood-2004-10-4072

Dolfi DV, Duttagupta PA, Boesteanu AC, Mueller YM, Oliai CH,
Borowski AB, et al. Dendritic cells and CD28 costimulation are required
to sustain virus-specific CD8+ T cell responses during the effector phase
in vivo. JImmunol (2011) 186(8):4599-608. doi:10.4049/jimmunol.
1001972

Way SS, Wilson CB. Cutting edge: immunity and IFN-gamma production
during Listeria monocytogenes infection in the absence of T-bet. J Immunol
(2004) 173(10):5918-22. d0i:10.4049/jimmunol.173.10.5918

O’Connell RM, Chaudhuri AA, Rao DS, Baltimore D. Inositol phosphatase
SHIP1 is a primary target of miR-155. Proc Natl Acad Sci U S A (2009)
106(17):7113-8. doi:10.1073/pnas.0902636106

Trifari S, Pipkin ME, Bandukwala HS, Aijo T, Bassein J, Chen R, et al.
MicroRNA-directed program of cytotoxic CD8+ T-cell differentiation.
Proc Natl Acad Sci U S A (2013) 110(46):18608-13. doi:10.1073/pnas.
1317191110

Banerjee A, Schambach E DeJong CS, Hammond SM, Reiner SL. Micro-
RNA-155 inhibits IFN-gamma signaling in CD4+ T cells. Eur ] Immunol
(2010) 40(1):225-31. doi:10.1002/€ji.200939381

Intlekofer AM, Takemoto N, Kao C, Banerjee A, Schambach F, Northrop JK,
et al. Requirement for T-bet in the aberrant differentiation of unhelped
memory CD8+ T cells. JExp Med (2007) 204(9):2015-21. doi:10.1084/
jem.20070841

Kao C, Oestreich KJ, Paley MA, Crawford A, Angelosanto JM, Ali MA,
et al. Transcription factor T-bet represses expression of the inhibitory receptor
PD-1 and sustains virus-specific CD8+ T cell responses during chronic
infection. Nat Immunol (2011) 12(7):663-71. d0i:10.1038/ni.2046

Tarasenko T, Kole HK, Chi AW, Mentink-Kane MM, Wynn TA, Bolland S.
T cell-specific deletion of the inositol phosphatase SHIP reveals its role in
regulating Th1/Th2 and cytotoxic responses. Proc Natl Acad Sci U S A (2007)
104(27):11382-7. doi:10.1073/pnas.0704853104

Chi H. Regulation and function of mTOR signalling in T cell fate decisions.
Nat Rev Immunol (2012) 12(5):325-38. doi:10.1038/nri3198

Ganesan LP, Joshi T, Fang H, Kutala VK, Roda J, Trotta R, et al. FcgammaR-
induced production of superoxide and inflammatory cytokines is differ-
entially regulated by SHIP through its influence on PI3K and/or Ras/Erk
pathways. Blood (2006) 108(2):718-25. doi:10.1182/blood-2005-09-3889
Trotta R, Chen L, Ciarlariello D, Josyula S, Mao C, Costinean S, et al. miR-
155 regulates IFN-gamma production in natural killer cells. Blood (2012)
119(15):3478-85. doi:10.1182/blood-2011-12-398099

Lind EE, Millar DG, Dissanayake D, Savage JC, Grimshaw NK, Kerr WG,
et al. miR-155 upregulation in dendritic cells is sufficient to break tolerance
in vivo by negatively regulating SHIP1. ] Immunol (2015) 195(10):4632-40.
doi:10.4049/jimmunol. 1302941

Kashiwada M, Cattoretti G, McKeag L, Rouse T, Showalter BM, Al-Alem U,
et al. Downstream of tyrosine kinases-1 and Src homology 2-containing
inositol 5’-phosphatase are required for regulation of CD44+CD25+ T cell
development. ] Immunol (2006) 176(7):3958-65. doi:10.4049/jimmunol.
176.7.3958

Banerjee A, Gordon SM, Intlekofer AM, Paley MA, Mooney EC,
Lindsten T, et al. Cutting edge: the transcription factor eomesodermin enables
CD8+ T cells to compete for the memory cell niche. JImmunol (2010)
185(9):4988-92. doi:10.4049/jimmunol.1002042

Huster KM, Koffler M, Stemberger C, Schiemann M, Wagner H, Busch DH.
Unidirectional development of CD8+ central memory T cells into protective
Listeria-specific effector memory T cells. Eur ] Immunol (2006) 36(6):1453-64.
doi:10.1002/¢ji.200635874

Frontiers in Immunology | www.frontiersin.org

13

December 2017 | Volume 8 | Article 1696


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1600-065X.1997.tb01010.x
https://doi.org/10.1111/j.1600-065X.1997.tb01010.x
https://doi.org/10.1038/nri3905
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.1038/nri3307
https://doi.org/10.1038/nri3307
https://doi.org/10.1038/ni.3031
https://doi.org/10.1073/pnas.2636938100
https://doi.org/10.1084/jem.20081242
https://doi.org/10.1084/jem.20081242
https://doi.org/10.1038/
nri3536
https://doi.org/10.1038/
nri3536
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1038/nature07242
https://doi.org/10.1038/nature07242
https://doi.org/10.1038/nature09267
https://doi.org/10.1084/jem.20050678
https://doi.org/10.1073/pnas.1016299107
https://doi.org/10.1073/pnas.1016299107
https://doi.org/10.1016/j.immuni.2015.04.022
https://doi.org/10.1016/j.immuni.2015.04.022
https://doi.org/10.1371/journal.pone.0001020
https://doi.org/10.1038/
ni.2576
https://doi.org/10.1038/
ni.2576
https://doi.org/10.1016/j.immuni.2012.12.006
https://doi.org/10.4049/jimmunol.1202700
https://doi.org/10.1128/JVI.01742-12
https://doi.org/10.1073/pnas.1422916112
https://doi.org/10.1146/annurev.cellbio.18.012502.105832
https://doi.org/10.1146/annurev.cellbio.18.012502.105832
https://doi.org/10.1371/journal.pgen.1005020
https://doi.org/10.1371/journal.pgen.1005020
https://doi.org/10.1182/blood-2004-10-4072
https://doi.org/10.4049/jimmunol.
1001972
https://doi.org/10.4049/jimmunol.
1001972
https://doi.org/10.4049/jimmunol.173.10.5918
https://doi.org/10.1073/pnas.0902636106
https://doi.org/10.1073/pnas.
1317191110
https://doi.org/10.1073/pnas.
1317191110
https://doi.org/10.1002/eji.200939381
https://doi.org/10.1084/jem.20070841
https://doi.org/10.1084/jem.20070841
https://doi.org/10.1038/ni.2046
https://doi.org/10.1073/pnas.0704853104
https://doi.org/10.1038/nri3198
https://doi.org/10.1182/blood-2005-09-3889
https://doi.org/10.1182/blood-2011-12-398099
https://doi.org/10.4049/jimmunol.1302941
https://doi.org/10.4049/jimmunol.
176.7.3958
https://doi.org/10.4049/jimmunol.
176.7.3958
https://doi.org/10.4049/jimmunol.1002042
https://doi.org/10.1002/eji.200635874

Hope et al.

miRNA-155 Regulating T-Bet in CTL

39. Marzo AL, Yagita H, Lefrancois L. Cutting edge: migration to nonlymphoid
tissues results in functional conversion of central to effector memory CD8
T cells. J Immunol (2007) 179(1):36-40. doi:10.4049/jimmunol.179.1.36

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Hope, Stairiker, Spantidea, Gracias, Carey, Fike, van Meurs, Brouwers-
Haspels, Rijsbergen, Fraietta, Mueller, Klop, Stelekati, Wherry, Erkeland and Katsikis.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

December 2017 | Volume 8 | Article 1696


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.179.1.36
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Transcription Factor T-Bet Is Regulated by MicroRNA-155 in Murine Anti-Viral CD8+ T Cells via SHIP-1
	Introduction
	Materials and Methods
	Animals and Infections
	Adoptive Transfer Experiments
	Retroviral Production
	CD8+ T-Cell Isolation and Retroviral Transduction
	Flow Cytometry
	Quantitative Real-time PCR
	Western Blot
	Statistics

	Results
	Overexpression of miR-155 Promoting Enhanced CD8+ T-Cell Responses
	Overexpression of miR-155 Skewing CD8+ T Cells Toward an Effector Memory Phenotype
	T-Bet Expression in CTL Regulated by miR-155
	Overexpression of miR-155 Altering the Transcription Factor Profile of Memory CD8+ T Cells Enhancing the Expression of T-Bet and Blimp-1
	miR-155 Regulating SHIP-1 Expression in Anti-Viral CD8+ T Cells Modulating T-Bet Levels

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


