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Summary

Invariant natural killer T (iNKT) cells are adaptive T cells with innate-

like characteristics including rapid cytokine production and a prolifera-

tive response to stimulation. Development of these cells in the thymus

is dependent on expression of the microRNA (miRNA) processing

enzyme Dicer, indicating that iNKT cells probably have distinct miRNA

requirements for gene regulation during development. The miRNA miR-

155 has previously been shown to have numerous roles in T cells,

including regulation of proliferation and differentiation, and positive

modulation of interferon-c expression. We examined the role of miR-

155 in the development and function of iNKT cells. Using germline-defi-

cient miR-155 mice, we showed that loss of miR-155 resulted in

unchanged iNKT cell frequency and cell number. Although miR-155 was

up-regulated in iNKT cells upon activation with a-galactosylceramide,

loss of miR-155 did not affect cytokine production or proliferation by

iNKT cells. Hence, cytokine production occurs in iNKT cells indepen-

dently of miR-155 expression.

Keywords: cytokine; development; invariant natural killer T cells;

microRNAs.

Introduction

Invariant natural killer T (iNKT) cells are a versatile

T-cell population, expressing a semi-invariant T-cell

receptor (TCR) (Va14-Ja18 in mice) and the ability to

rapidly respond to their cognate glycolipid to produce an

array of cytokines and rapidly mobilize an immune

response.1 Although the unique microRNA (miRNA) pro-

file associated with iNKT cells during activation is cur-

rently unclear, there is precedence for studying the role of

miRNAs in iNKT cell development, lineage differentiation

and function. Conditional loss of Dicer (the RNAaseII

enzyme responsible for miRNA processing) led to a sig-

nificant reduction in iNKT cells during development and

in peripheral tissue, strongly indicating that miRNAs play

a role in iNKT cell development.2–4 Substantial evidence

also exists for a function for individual miRNAs in the

development of iNKT cells. Mir-150 is required for iNKT

cell maturation and its loss results in increased inter-

feron-c (IFN-c) production,5 miR-181 is essential for the

early development of iNKT cells6 and Let-7 miRNAs

specifically target Promyelocytic leukemia zinc finger pro-

tein (PLZF) expression during iNKT cell development in

the thymus.7 Recently, it was shown that the miRNA

cluster miR17~92 regulates iNKT cell development

through regulation of transforming growth factor-b.8

miR-155 was one of the first miRNAs discovered in

mammals and is expressed by multiple cells of the

immune system. In B cells, over-expression of miR-155

led to the transformation and development of lymphoma,

suggesting a role for miR-155 in regulating cell prolifera-

tion.9 In T cells, miR-155 appears to have multiple

unique functions. Initially, T cells from mice with germ-

line miR-155 deficiency were shown to skew toward the

T helper type 2 lineage, possibly due to loss of miR-155

negative regulation of the transcription factor c-Maf (a

positive regulator of interleukin-4).10,11 miR-155 has been

shown to regulate both the CD8+ effector T-cell response

and the natural killer cell response to viral infection,

through effects on the proliferation of these cells,

although miR-155 appears to target different mRNAs

during proliferation depending on cell type.12–15 In one

study, survival of CD8+ effector T cells was also impaired

in the absence of miR-155.12 miR-155 has been reported

to regulate cell lineage decisions, with central memory

CD8+ T cells expressing higher levels of miR-155 than
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effector memory subsets.16,17 A role for miR-155 in the

survival of regulatory T cells through its action on SOCS1

has also been observed.18,19 Aside from a function in pro-

liferation and survival, miR-155 can also influence cyto-

kine production by immune cells. Indeed, miR-155 can

positively regulate IFN-c production by CD4 and CD8 T

cells through its repression of the phosphatase SHIP1, a

negative regulator of IFN-c expression.20,21

We examined a role for miR-155 in the development

and function of iNKT cells. Using germline-deficient

miR-155 mice, we showed that loss of miR-155 subtly

affected the frequency of iNKT cells in the thymus but

not in peripheral tissues. Loss of miR-155 also resulted in

marginally more CD44+ NK1.1+ stage 3 cells in the thy-

mus. Although miR-155 functions to regulate conven-

tional T-cell proliferation and cytokine production in

peripheral tissue, these parameters were unaffected by the

loss of miR-155 in peripheral iNKT cells. We therefore

concluded that IFN-c production by iNKT cells is regu-

lated by a mechanism independent of miR-155.

Materials and methods

Mice

All experiments were approved by the University of Pitts-

burgh Institutional Animal Care and Use Committee. The

miR-155 knockout (KO) mice were purchased from Jack-

son Laboratories (Bar Harbor, ME, USA) and bred to

C57BL/6 mice to generate wild-type (WT) littermate con-

trols. Mice were bred and housed in specific pathogen-

free conditions in accordance with the Institutional Ani-

mal Care and Use Guidelines of the University of Pitts-

burgh. aGalCer (2 lg, Avanti Polar Lipids, Alabaster, AL)
was administered intraperitoneally.

Flow cytometry

Single-cell suspensions were prepared from thymus and

spleen. Bone marrow was prepared by isolating

lymphocytes from the femurs of mice and preparing a

single-cell suspension. Liver single-cell suspensions and

adipose single-cell suspensions were prepared as previ-

ously described.22,23 Lung single-cell suspensions were

prepared by mincing lung, incubating minced tissue with

collagenase IV at 37° before filtration. The following anti-

bodies were used: anti-TCR-b FITC (clone H57-597),

anti-CD4 FITC (L3T4), anti-CD24 (M1/69), CD1d Tetra-

mer Alexa 488 [NIH Tetramer Core Facility, Atlanta, GA

(mCD1d/PBS57)], CD1d Tetramer phycoerythrin (PE)

[NIH Tetramer Core Facility (mCD1d/PBS57)], anti-

TCR-b PE (H57-597), anti-PLZF PE (Mags.21F7),

anti-NK1.1 Peridinin chlorophyll protein-Cy5.5 (PK136),

anti-NK1.1 allophycocyanin (APC) (PK136), anti-TCR-b
APC (H57-597), anti-TBET APC (4B10), CD1d Tetramer

Alexa 647 [NIH Tetramer Core Facility (mCD1d/

PBS57)], Ki-67 Pacific Blue (SolA15) and Annexin V PE

(BD Pharmingen, San Diego, CA, USA). All antibodies

were purchased from eBioscience (San Diego, CA, USA)

unless otherwise specified. Samples were collected on a

FACS LSRII, FACS Fortessa or FACS Aria (BD Bio-

sciences, San Jose, CA, USA) and were analysed with

FLOWJO software (TreeStar, Ashland, OR, USA). TCR-

b+ CD1d Tetramer+ iNKT cells were sorted with a FACS

Aria to at least 98% purity.

Quantitative PCR

For miR-155, samples were reverse transcribed using a

TaqManTM MicroRNA Reverse Transcription Kit (P/N

4366597; Applied Biosystems, Foster City, CA, USA).

Mouse MiR155 TaqManTM MicroRNA assays were pur-

chased from Applied Biosystems (P/N 4427975). Sno202

was used to normalize.

Statistical analysis

Two-group comparisons were assessed with an unpaired

Student’s t-test. GRAPH-PAD PRISM software (version 5;

GraphPad, San Diego, CA, USA) was used for statistical

Figure 1. Loss of miR-155 promotes maturation of thymic invariant natural killer T (iNKT) cells. T cells from the thymus of wild-type (WT)

and miR-155 germline-deficient (miR-155 KO) mice were characterized. (a) Graphs indicating frequency and total thymocytes from WT and

miR-155 KO (KO) mice. (b) Flow cytometric analysis of iNKT cell frequency in WT and miR-155 KO gated lymphocytes from the thymus.

Numbers indicate percentage of cells within the drawn gate. Graphs indicate the average frequency and absolute number (� SEM) of CD1d-

tet+ TCR-b+ gated iNKT cells from the indicated genotype. (c) Flow cytometry plots indicating CD24 expression on gated iNKT cells in the thy-

mus. Graphs indicate the average frequency and absolute number (� SEM) of CD24+ gated iNKT cells from the indicated genotype. (d) Flow

cytometric analysis of CD44+ and NK1.1+ expression by gated iNKT lymphocytes from the indicated genotype. Graphs indicate average frequency

and absolute number (� SD) of maturation stages as defined by CD44 and NK1.1 expression on CD1d-tet+ TCR-b+ gated iNKT cells from the

indicated genotype. (e) Histograms showing TBET, PLZF, RORct, CD122, PD1 and CD69 expression by gated iNKT cells from WT and miR-155

KO mice. Numbers indicate the median fluorescence intensity (MFI) from the indicated genotype with WT shown in black and miR-155 KO

shown in grey. The dotted line indicates expression by conventional T cells for comparison. Flow cytometry plots indicate TBET versus PLZF

and PLZF versus RORct expression by gated iNKT cells in the thymus from the indicated genotype. Data are representative of three independent

experiments with two to four mice per group per experiment. Statistical significance was evaluated with unpaired Student’s t-test, where n.s., not

significant, *P < 0�05, **P < 0�01 and ***P < 0�001.
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analyses. P-values of less than 0�05 were considered signif-

icant.

Results

miR-155 deficiency results in increased iNKT cell
frequency in the thymus

Using miR-155 germline-deficient (miR-155 KO) mice,

we first characterized conventional T-cell development in

the thymus of these animals. We observed that total thy-

mocyte frequency and cell number were not significantly

different between WT and miR-155 KO mice (Fig. 1a).

To characterize the functional importance of miR-155 in

the development of iNKT cells, we determined the fre-

quency and absolute number of iNKT cells in the thymus

of WT and miR-155 KO mice. Although the frequency of

iNKT cells was significantly increased in the absence of

miR-155, we observed no substantial difference in abso-

lute iNKT cell number in the thymus between WT and

miR-155 KO mice (Fig. 1b).

Similar to conventional T cells, iNKT cells go though

sequential stages of development in the thymus. The first,

stage 0, is characterized by high CD24 expression. Gating

on CD1d Tetramer+ CD24+ iNKT cells, we noted no dif-

ference in the frequency of absolute number of iNKT cells

expressing CD24 in the thymus. We concluded that pro-

genitor stage 0 iNKT cells were unaffected by the absence

of miR-155 (Fig. 1c). After stage 0, iNKT cells down-reg-

ulate CD24 becoming CD44� NK1.1� stage 1 iNKT cells

before up-regulation of CD44 (stage 2) and NK1.1 (stage

3). Closer analysis of iNKT cell stage development in the

thymus revealed that loss of miR-155 resulted in margin-

ally decreased stage 2 (CD44+ NK1.1�) and increased

stage 3 (CD44+ NK1.1+) iNKT cells (Fig. 1d). Stage 1

(CD44� NK.1�) cells were unaffected by loss of miR-155

expression (Fig. 1d). We conclude that miR-155 defi-

ciency results in increased frequency of stage 3

CD44+ NK1.1+ iNKT cells in the thymus.

Recent reports have indicated that transcription factor

expression can define iNKT cell subsets.24 Gating on

iNKT cells and examining TBET, PLZF and RORct
expression, we could determine no substantial difference

in expression of these transcription factors by WT and

miR-155 KO cells (Fig. 1e). Additionally, cell surface pro-

teins expressed by iNKT cells including CD122, PD1 and

CD69, were not differentially expressed by miR-155 KO

cells (Fig. 1e). Gating on thymic iNKT cells and examina-

tion of NKT1, NKT2 and NKT17 cells by transcription

factor expression, we noted a slight decrease in NKT2

cells and an increase in NKT1 cells (Fig. 1e) consistent

with the subtle decrease we observed in stage 2 and

increase in stage 3 cells (Fig. 1d). NKT17 cell frequency

remained unchanged in the absence of miR-155 expres-

sion (Fig. 1e).

Loss of miR-155 does not affect peripheral iNKT cells

We next determined whether the modest increase in the

frequency of stage 3 iNKT cells that we observed in miR-

155 KO thymocytes was consistent in peripheral iNKT

cells. We compared the frequency and absolute number

of iNKT cells in the spleens of WT and miR-155 KO

mice. Here we observed there was no difference in the

frequency and absolute number of iNKT cells in the

spleen between WT mice and those with germline loss of

miR-155 expression (Fig. 2a). When we examined iNKT

cell stages, we also noted that there was no significant dif-

ference between stage 1 (CD44lo NK1.1lo), 2

(CD44hi NK1.1lo) and 3 (CD44hi NK1.1hi) cells in the

periphery of WT and miR-155 KO mice (Fig. 2b). To

investigate cell death, we examined Annexin V and 7-

AAD expression by WT and miR-155 KO iNKT cells and

could determine no difference in expression (Fig. 2c). As

in the thymus, the expression of the transcription factors

TBET, PLZF and RORc was unaffected by loss of

miR-155 (Fig. 2d). Finally, in other peripheral lymphoid

tissues such as the liver, bone marrow, lung and adipose

tissue, we did not observe a significant difference in the

frequency of iNKT cells (Fig. 2e). Hence, we concluded

that the increased frequency of iNKT cells, and specifi-

cally stage 3 iNKT cells, that we observed in the thymus

was lost as the cells migrated from the thymus and

matured in peripheral tissue.

Loss of miR-155 does not affect iNKT cell cytokine
production

Previous data have indicated that miR-155 can indirectly

positively regulate IFN-c expression in conventional T

cells, through targeting of the src homology 2 domain-

containing inositol phosphatase 1 (SHIP1) for degrada-

tion. Therefore, we determined whether miR-155 could

affect cytokine production by peripheral iNKT cells.

Interferon-c and interleukin-4 production can be detected

by iNKT cells 1–3 hr after activation with their cognate

ligand a-galactosylceramide (a-GC). First, we analysed

expression of miR-155 in WT iNKT cells after a-GC
treatment. Sorting iNKT cells from WT mice after in vivo

activation, we observed up-regulation of miR-155 ~2-fold
after 3 hr and ~30-fold after 3 days of activation relative

to naive iNKT cells (Fig. 3a). Activating WT and miR-

155 KO mice with a-GC for 3 hr, we could detect no dif-

ference in frequency or absolute number of splenic iNKT

cells (Fig. 3b). When we examined IFN-c and interleukin-

4 production by WT and miR-155 KO iNKT cells at 3 hr

after activation in vivo using intracellular staining, we

observed no difference in production of these cytokines

between the WT and miR-155 KO iNKT cells (Fig. 3c).

Hence, we conclude that miR-155, despite its increased

expression within 3 hr after iNKT cell activation, is
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dispensable for production of canonical cytokines by

iNKT cells.

miR-155 is dispensable for the iNKT cell response at
day 3 after activation

miR-155 was previously reported to affect proliferation of

conventional CD8+ effector T cells.12–14 Furthermore, we

observed ~30-fold increase in miR-155 expression in

iNKT cells upon activation with a-GC at 3 days after

activation (Fig. 3a). To determine a role for miR-155 in

iNKT cells 3 days after activation, we compared WT and

miR-155 KO iNKT cells at this time-point. We examined

iNKT cells in the spleen, liver and bone marrow and all

trended towards reduced frequency of iNKT cells in the

absence of miR-155 (Fig. 4a). However, iNKT cell abso-

lute number in these tissues was unaffected by loss of

miR-155 expression (Fig. 4a). Moreover, we could

Figure 2. miR-155 expression is dispensable for invariant natural killer T (iNKT) cell homeostasis in peripheral tissue. Wild-type (WT) and

miR-155 germline-deficient (miR-155 KO) mice were characterized. (a) Flow cytometric analysis of iNKT cell frequency in WT and miR-155 KO

lymphocytes from the spleen. Numbers indicate percentage of cells within the drawn gate. Graphs indicate the average frequency and absolute

number (� SEM) of CD1d-tet+ TCR-b+ gated iNKT cells from the indicated genotype. (b) Flow cytometric analysis of CD44+ and NK1.1+

expression by gated iNKT lymphocytes from the indicated genotype. Graphs indicate average frequency and absolute number (� SEM) of matu-

ration stages as defined CD44 and NK1.1 expression on CD1d-tet+ TCR-b+ gated iNKT cells from the indicated genotype. Graphs are the average

of 10 mice from three independent experiments. (c) Flow cytometry plots indicating Annexin V and 7-AAD expression on gated iNKT lympho-

cytes from the indicated genotype. (d) Histograms showing TBET, PLZF and RORct expression by gated iNKT cells from WT and miR-155 KO

mice. Numbers indicate the median fluorescence intensity (MFI) from the indicated genotype. (e) Graphs indicating the frequency of iNKT cells

from WT and miR-155 KO (KO) mice from the indicated lymphoid organ. Statistical significance was evaluated with unpaired Student’s t-test,

where n.s., not significant.
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determine no differences in NK1.1 and CD44 expression

in iNKT cells from miR155 KO mice relative to WT,

although as previously reported, NK1.1 down-regulation

after activation with a-GC was observed in both WT and

miR-155 KO iNKT cells (Fig. 4b). Previous reports have

indicated that PD1 is up-regulated on activated iNKT

cells.25 Therefore, we examined PD1 expression on WT

and miR155 KO iNKT cells 3 days after activation. As

with overall iNKT cell frequency and stages, we observed

no differences in PD1 expression on day 3 activated iNKT

cells in the absence of miR-155 (Fig. 4c). To determine

proliferation, we examined Ki-67 expression in WT and

miR-155 KO iNKT cells 3 days after activation with

a-GC. In all tissues examined, a subset of iNKT cells were

dividing (Ki-67+) (Fig. 4d). Importantly, loss of miR-155

in iNKT cells did not affect cell division by these cells in

peripheral tissue after activation (Fig. 4d). Finally, we

examined transcription factor expression and could detect

no difference in expression of TBET, PLZF or RORc in

WT or miR-155 KO iNKT cells after activation (Fig. 4e).

Hence, we have established that despite high miR-155

expression in iNKT cells at day 3 after activation, miR-

155 is dispensable for the proliferation of iNKT cells in

peripheral tissue.

Discussion

We show that miR-155 has a minor role in the develop-

ment of iNKT cells in the thymus. We demonstrate how

loss of miR-155 resulted in increased stage 3 cells with a

corresponding decrease in stage 2 cells. Although thymic

development of iNKT cells was slightly perturbed in the

absence of miR-155, this defect was not apparent in

peripheral tissue. Loss of miR-155 resulted in normal

development and cytokine production by iNKT cells in

the periphery and activation was unaffected by loss of

miR-155 expression. Moreover, miR-155 expression,

although high in iNKT cells at day 3 after activation, was

dispensable for their proliferation at this time-point.

Importantly, our data are largely consistent with a pre-

viously published report in which miR-155 was over-

expressed using an Lck-miR-155 transgene.26 Here it was

shown that over-expression of miR-155 resulted in an

increase in stage 2 cells.26 In this miR-155 over-expression

study, peripheral iNKT cell frequency and cell number

were perturbed,26 in contrast to our findings here in

which peripheral iNKT cells lacking expression of miR-

155 were unaffected. It is possible that loss of miR-155

expression is compensated for by other microRNAs or

even by other proteins in peripheral iNKT cells, which

would account for normal iNKT cell homeostasis and

activation observed in the periphery in the absence of

miR-155.

Previous work has also indicated that miR-155 can

indirectly regulate IFN-c expression, mediated in part

through its repression of SHIP1, in conventional CD4+

and CD8+ T cells.20 Invariant NKT cells can produce

IFN-c within a matter of hours after activation, a process

that was unaffected by loss of miR-155, indicating that

activation-induced IFN-c production is independent of

miR-155 in these cells upon activation. Overall, we find

that miR-155 has a moderate effect on the development

Figure 3. miR-155 is up-regulated in activated invariant natural killer T (iNKT) cells. (a) Quantitative PCR indicating relative expression of

miR-155 by sorted CD1d-tet+ TCR-b+ iNKT cells from naive mice or mice injected with 2 lg a-galactosylceramide (a-GC) for 3 hr or 3 days.

(b) Flow cytometric analysis of iNKT cell frequency in the spleen after intraperitoneal injection with 2 lg a-GC for 3 hr. Graphs indicate the

average frequency and absolute number (� SEM) of gated iNKT cells from the indicated genotype. (c) Flow cytometry and bar graphs indicate

frequency and cell number of interferon-c (IFN-c) and interleukin-4 (IL-4) expression by gated splenic iNKT lymphocytes from the indicated

genotype. DP, double positive for IFN-c and IL-4. Graphs are representative of two experiments with two mice per group.
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Figure 4. Loss of miR-155 does not affect invariant natural killer T (iNKT) cells at 3 days after activation. (a) Flow cytometric analysis of iNKT

cell frequency in the spleen, liver and bone marrow (BM) at 3 days post intraperitoneal injection with 2 lg a-galactosylceramide (a-GC). Bar
graphs indicate iNKT cell frequency and absolute number (� SEM) in the indicated tissue. (b) Flow cytometric analysis of CD44+ and NK1.1+

expression by gated iNKT lymphocytes from the indicated genotype and tissue. Graphs indicate average frequency (� SEM) of NK1.1� CD44+

or NK1.1+ CD44+ CD1d-tet+ TCR-b+ gated iNKT cells from the indicated genotype and tissue. (c) Flow cytometric analysis and median fluores-

cence intensity (MFI) of PD1 expression by gated iNKT lymphocytes from the indicated genotype and tissue. Black line indicates wild-type

(WT), grey line indicates miR-155-deficient (miR-155 KO) and dotted line indicates conventional T-cell control for comparison. (d) Histograms

indicating Ki-67 expression in iNKT cells from the indicated genotype and tissue at day 3 after activation. Graphs indicate average frequency

(� SEM) of Ki-67+ CD1d-tet+ TCR-b+ gated iNKT cells from the indicated genotype and tissue. (e) Graphs showing TBET, PLZF and RORct
MFI by gated iNKT cells from WT and miR-155 KO mice after 3 days activation with a-GC. Graphs are representative of four to six mice from

two independent experiments.
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of iNKT cells in the thymus but that loss of miR-155

does not affect peripheral homeostasis, cytokine produc-

tion or activation of iNKT cells in peripheral tissues.
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