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Abstract
During the last decade, post-transcriptional gene silencing by microRNAs
(miRNAs) has been recognized as a major player in gene expression regulation and
miRNAs have been found to be crucial for the effective orchestration of the adaptive
immune response. In CD8 T cells, the absence of miRNAs mediated by deletion of the
Ribonuclease III (RNAse III) enzyme Dicer in naïve cells has been shown to cause
increased activation as well as defective accumulation, migration into the periphery, and
effector cytokine production. However, these studies did not take into account the
effects of defective activation on CD8 T cell differentiation and effector function that are
unrelated to the absence of miRNAs. In our study, we used a novel mouse model in
which only a subset of CD8 T cells in an otherwise WT environment lacks Dicer after
optimal activation. For this, we used dicerfl/fl granzyme B-cre mice in which dicer is only
deleted after successful activation and Granzyme B expression. Our study revealed that
the diminished peak effector size of dicer-/- CD8 T cells is due to lack of sustained
antigen-driven proliferation in the later stages of effector expansion and that lack of
miRNAs only after optimal activation does not lead to defective migration or effector
function as reported previously. Furthermore, we show that dicer-/- CD8 T cells exhibit
increased contraction resulting in a severely diminished memory pool, even though the
balance of terminal effector and memory CD8 T cells is skewed towards CD127Hi
memory precursor effector cells (MPECs). Overall, our study reveals a critical role for
miRNAs post-activation in driving terminal effector differentiation and the survival of
CD8 T cells during the formation of an optimal memory pool.
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Introduction
The adaptive immune system
The adaptive immune system as we know it – one that establishes receptor
diversity by V(D)J recombination – has only evolved in jawed vertebrates. Jawless
vertebrates, lampreys and hagfish, rely on recombination of different gene segments to
assemble a diverse lymphocyte compartment as part of their adaptive immune system.
All other organisms have an innate immune system only (1). T and B cells are the major
cell lineages in our adaptive immune system that recognize antigenic epitopes. T cells
primarily develop in the thymus and B cells primarily in the bone marrow from which
they derive their names, although both cell types at first originate from multipotent
progenitor cells in the bone marrow just as other blood cells. During their development,
T and B cells undergo somatic recombination (V(D)J recombination) by selecting one of
each of their many variable (V), diversity (D), and joining (J) segments in the
immunoglobulin variable region that is then combined with different constant regions,
which enables the production of a variety of unique T and B cell receptors. This
combinatorial diversity is further enhanced by junctional diversity – the addition and
subtraction of nucleotides at the junctions of the individual gene segments during
recombination (2, 3). Thus, each T and B cell is capable of producing one unique
receptor that recognizes a particular epitope. T and B cell receptor rearrangement uses
the same mechanisms with the main differences being in the constant regions since
immunoglobulin (Ig) secretions of B cells have different functions depending on their
type of constant region whereas T cells only produce cell surface bound Ig as their
1

receptor. To prevent B and T cell clones to mount an effector response against selfantigens and, thus, fighting against the host organism itself, various mechanisms for
elimination of self-reactive clones exist. Central tolerance describes the mechanism by
which T cells that are receiving strong signals during development are deleted before
they exit the central lymphoid organs. However, some autoreactive cells escape this
mechanism and are then regulated by peripheral tolerance either by anergy
(unresponsiveness), deletion (apoptosis), and suppression (by regulatory T cells) (4).
The initiation of the adaptive immune response
A mature, naïve T cell emigrates the thymus and circulates through peripheral
lymphoid organs (lymph nodes, spleen, mucosa-associated lymphoid tissues) to sample
antigens. The migration of T cells from the blood into the secondary lymphoid organs is
controlled by chemotactic cytokines and adhesion molecules. CCL21 bound to vascular
high endothelial cells in a chemical gradient on the way to the secondary lymphoid
tissues facilitates the migration of T cells towards them. L-selectin (CD62L)-mediated
rolling along the high endothelial venules is followed by activation of integrins on the T
cells and firm adhesion on endothelial cells via intercellular adhesion molecules
(ICAMs) resulting in subsequent diapedesis across endothelial cells into the secondary
lymphoid tissues. In the secondary lymphoid tissues, CCL21 expressed by stromal cells
of the T cell zones as well as CCL18 and CCL19 expressed by dendritic cells facilitate
extremely close and efficient contact between entering T cells and antigen presenting
cells such that rare, specific T cell clones can be exposed to their cognate antigen in
pursuit of defending an infection (5-8). Dendritic cells, macrophages, and B cells
present antigen to T cells with dendritic cells being the most capable of the APCs as
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they specialize in taking up antigens from the periphery and bringing it to the peripheral
lymphoid organs where T cells can get exposed to them. Dendritic cells get activated in
the periphery by TLR signals and inflammatory cytokines, which enables dendritic cells
to then activate T cells (9, 10). The antigenic peptide fragment needs to be presented to
a T cell in a peptide:MHC complex (MHC in mice, HLA in humans) and alone does not
result in full T cell activation. CD4 T cells only recognize MHC class II and CD8 T cells
only MHC class I. A second signal by co-stimulatory molecules B7.1 and B7.2 on the
APC, to signal survival, as well as a third signal by cytokines, to signal differentiation, is
necessary for proper T cell activation (11).
Activated CD4 T cells can differentiate into a multitude of specialized subsets. IL12 and IFN-γ signals result in TH1, IL-4 in TH2, TGF-β, IL-6, and IL-21 in TH17, TGF-β
alone in Treg, and IL-6 and IL-21 but not TGF-β signals result in TFH cells (12, 13). TH1
cell formation leads to the production of opsonizing antibodies by B cells (mostly IgG),
macrophage activation, and further activation of the cell-mediated immune response,
TH2 cells release B cell activating effector molecules resulting in activation of the
humoral immune response, TH17 cells recruit neutrophils, and Treg cells are important in
regulating the extent of the adaptive immune response to limit tissue damage. TFH cells
are particularly important for the humoral immune response as they help form germinal
centers for B cell differentiation during infections through expression of CXCR5, a B cell
homing marker. Once an interaction with their cognate B cell occurs, TFH cells produce
IL-21 and IL-4 and express CD40L (CD40 ligand) to form a germinal center (12, 14-16).
B cells can then differentiate into plasma cells and release antibodies against free
extracellular pathogens.
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The CD8 T cell response
CD4 T cells also help to activate CD8 T cells. CD8 T cells are essential for the
control of intracellular infections as they recognize peptide fragments presented to them
by infected host cells on MHC class I and then induce cell death. No co-stimulation is
required for CD8 T cells once they are activated. CD8 T cells also release effector
cytokines IFN-γ and TNF-α. IFN-γ helps to directly inhibit viral replication and increases
MHC class I expression by host cells such that CD8 T cells can more easily recognize
pathogenic epitopes. TNF-α can work together with IFN-γ to help activate macrophages
and recruit them to the site of infection (17-20). It is believed that because CD8 T cells
have such destructive effector capabilities, they require more co-stimulation than CD4 T
cells to become fully activated. In some instances where the antigen-presenting cell has
a very high co-stimulatory ability, CD8 T cells are activated solely by the APC. In most
cases, however, activation of a CD8 T cell requires CD4 T cell help in a way that an
effector CD4 T cell recognizes its cognate antigen on the same APC and induces higher
co-stimulation on the APC. CD40:CD40L interactions between the dendritic cell and the
CD4 T cell as well as the production of IL-2 (a critical proliferation and differentiation
cytokine for CD8 T cells) by the CD4 T cell until the CD8 T cell can produce autocrine
IL-2 are particularly important (21-23). The cytokine IL-12 and pro-inflammatory signals
from TLR ligands and type I interferons are also critical during CD8 T cell activation
(24). Upon successful activation, CD8 T cells proliferate and differentiate into effector
cells without the need for continued antigenic stimulation (25, 26).
During an acute infection, the first phase of the CD8 T cell response continues
with the clonal expansion of antigen-specific CD8 T cells (roughly 50,000 to 100,000-
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fold) (24). During the expansion, CD8 T cells acquire effector functions (expression of
effector cytokines IFN-γ and TNF-α as well as cytotoxic molecules perforin and
granzyme B (GzmB)) to clear the foreign antigen. Short-lived effector cells (SLECs)
upregulate KLRG-1 and downregulate CD127 (IL-7Rα) and CD62L (L-selectin) to
elaborate their cytotoxic capabilities in the periphery. Memory precursor effector cells
(MPECs) remain CD127+ (27). In the second phase of the adaptive immune response,
the contraction phase, 90-95% of the cells present at the peak of expansion die through
apoptotic elimination, as they are short-lived (28). However, 5-10% of the cells possess
the capabilities to remain throughout the contraction phase and homeostatically
proliferate as they downregulate their effector programming and differentiate into longlived memory CD8 T cells – the third phase of the adaptive immune response (29). The
memory CD8 T cell compartment consists of two different types of memory cells. Firstly,
central memory cells (TCM) reside in the lymphoid tissues mediated by high expression
of CD62L and CCR7 and possess the ability to rapidly expand and differentiate into
effector cells upon reencounter of their cognate antigen. Secondly, terminal effector
memory cells (TEM) reside in the periphery as they are CD62L- CCR7- and proliferate
less than TCM but can more readily elaborate their effector functions compared to TCM
cells (30-32). Memory CD8 T cells are quiescent, yet they are in a heightened state of
readiness to respond to secondary stimulation with their cognate antigen (33).
Understanding which regulatory networks result in CD8 T cells becoming either
SLECs or MPECs and how MPECs are then regulated to establish a long-lived memory
compartment is paramount for designing novel vaccines and immunotherapeutic
treatments. When, how, and which CD8 T cells become memory cells is still a hot topic
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of debate as new regulatory aspects are constantly investigated. In recent times,
microRNAs have been shown to be critical in the adaptive immune response as they
are either upregulated or downregulated from their naïve state in CD8 T cells and the
miR-17~92 cluster in particular is involved in the expansion of effector and memory CD8
T cell lineages (34-36).

The discovery of small interfering RNA and the RNAi mechanism
Before the discovery of RNA as a mediator in post-transcriptional gene silencing,
it was simply regarded as an intermediate message carrier from DNA to Protein. During
the past 3 decades, RNA has been shown to possess novel functions in the regulation
of gene expression. In the late 1980s, plant scientists discovered that transgene
insertion into plant genomes resulted in silencing of both the transgene and
homologous, endogenous genes (37). Antisense oligonucleotides, 13-25 nucleotides of
single-stranded (ss) DNA or RNA, were among the first to be probed for therapeutic
applications; the oligonucleotides hybridize with target RNA, which leads to degradation
by RNase H or steric hindrance during splicing of translation (38). In 1998, Formivirsen
by Isis Pharmaceuticals Inc. was the first antisense oligonucleotide drug that was
approved by the FDA. The drug is administered to AIDS patients suffering from
cytomegalovirus-induced retinitis (39).
Other features of RNA, such as ribozymes and aptamers, were also discovered
in the 1980s. Ribozymes were discovered by Thomas R. Cech, as he observed
autocatalytic rearrangements of RNA molecules during splicing of Tetrahymena
thermophila ribosomal RNA (40), and Sidney Altman, who discovered the nucleolytic
capabilities of M1 RNA in RNase P (41). Cech and Altman were awarded the Nobel
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Prize in Chemistry in 1989 for their discovery of catalytic properties of RNA. Aptamers,
25-40 nucleotide RNA sequences specific to a protein ligand, play an important role in
translation regulation. For instance, the transactivation response (TAR) aptamer targets
a viral transactivator of transcription protein during HIV-1 replication; overexpression of
TAR inhibits HIV-1 replication (42).
The field of RNA therapeutics was significantly advanced in the late 1990’s when
Fire and Mello were awarded the Nobel Prize in Physiology or Medicine in 2006 for their
discovery of the RNA interference (RNAi) pathway (43). It was demonstrated that the
injection of 300-1000 nucleotide long, double stranded (ds) RNAs that are
complementary to the target mRNA yields complete degradation of the mRNA. A few
years later, it was discovered that small interfering (si) RNA could be used to silence
target mRNA by transfection (44). Shortly thereafter, it was shown that expression of
short hairpin (sh) RNAs in cultured Drosophila and mammalian cells can be used for
sequence-specific gene silencing via the RNAi pathway by engineering siRNA
homologous to Dicer, which resulted in suppression of the silencing effects of other
shRNAs in the same system (45). These findings have founded the basis for studying
the highly specific, transient knock-down of virtually any gene and the use of siRNAs
and shRNAs as therapeutic agents.
RNAi is responsible for post-transcriptional gene silencing that is natively being
used as a defense against viruses and transposable genetic elements. For the use of
endogenous miRNAs for gene regulation, pri-miRNAs transcribed by RNA polymerase II
in the nucleus are cut by Drosha to yield pre-miRNAs, which are then exported into the
cytoplasm by exportin 5 (46, 47). From this point onwards, siRNAs and endogenous
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pre-miRNAs are processed in the same way by the RNAi mechanism. Figure 1
illustrates the RNAi mechanism (37, 48). Dicer, an RNase III-type enzyme, digests long
dsRNA or shRNA in the cytoplasm into 21-23 bp fragments. The resulting fragments,
siRNA, feature 5’ phosphate groups and a two-nucleotide 3’ overhang. Dicer contains
several domains – a helicase/ATPase domain, a Piwi-Argonaute-Zwille (PAZ) domain,
two RNase III-type domains, and a dsRNA-binding domain. The siRNA is transferred to
the RNA-induced silencing complex (RISC), which proceeds with an ATP-dependent
initiation of the unwinding of the siRNA. After separation of the siRNA strands, the guide
strand remains in the RISC and enables the complex to bind to complementary target
mRNA. Once the target mRNA has been bound, the Argonaute subunit of RISC
introduces a single-site break in the target mRNA; the mRNA fragments are
endogenously degraded due to their instability resulting in suppression of the translation
of the target mRNA. One RISC with an incorporated guide RNA strand is able to cleave
many thousand target mRNAs.

8

Fig. 1. The RNAi pathway. Schematic depicting the RNA-mediated gene silencing via
Dicer and the RNA-induced silencing complex. dsRNA: double stranded RNA; shRNA:
short hairpin RNA; siRNA: small interfering RNA; RISC: RNA-induced silencing
complex; mRNA: messenger RNA.

MicroRNAs in CD8 T cells in the adaptive immune response
During the adaptive immune response CD8 T cells need to completely change
their physiological behavior from a naïve resting state into an active proliferating and
differentiating state to fight off the infection. In the last decade, microRNAs have been
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shown to act as key regulators of genome-wide post-transcriptional gene silencing. How
microRNAs are involved in gene regulation during the effector response and the lineage
commitment in CD8 T cells is an active area of investigation and several miRNAs have
been investigated in this regard (49-51).
MicroRNAs are crucial for the adaptive immune response of CD8 T cells, as their
absence resulting from deletion of Dicer has been reported to cause defective
activation, accumulation, migration into the periphery, and effector cytokine production
(36, 52, 53). However, these studies did not take into account the effects of defective
activation on the latter aspects and we will show in our results the key differences when
microRNAs are only deleted after optimal activation of CD8 T cells. Among the most
comprehensively investigated microRNAs in the immune response of CD8 T cells are
miR-155 and miR-17~92.
Mir-155
MiR-155 is upregulated after activation and its expression level correlates with
the TCR signal strength a T cell has received. MiR-155 targets the suppressor of
cytokine signaling 1 (SOCS1) and its loss results in defective Stat5 signaling (54).
Upregulation of miR-155 also promotes IFN-γ responses, a hallmark of CD8 T cells
during the effector response, via a mechanism involving Ship1 (55). Overall, sustained
expression of miR-155 correlates with effector cell differentiation as well as higher
proliferation and lower levels favor memory precursor differentiation – in the absence of
miR-155, differentiation is skewed towards MPECs (56, 57). CD8 T cells lacking miR155 show decreased proliferation and are not able to effectively clear an infection, as
they are more susceptible to anti-proliferative effects of IFN-β (56). MiR-155 is also
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involved in CD8 T cell activation. When miR-155 together with miR-21 and miR-30b was
ablated, increased levels of TCR signaling inhibitors SOCS1, DUSP10 and Bcl-6 were
present, leading to defective activation (58, 59).
Mir-17~92
The oncogenic miR-17~92 cluster has been shown to be upregulated in effector
cells and is critical for CD8 T cell expansion whereas it is downregulated in naïve and
memory cells and continued expression results in defective memory cell development
(36). During CD8 T cell expansion, miR-17~92 increases mTOR signaling, which drives
effector differentiation (60, 61). Our laboratory has recently shown the effects of miR17~92 on CD8 T cell differentiation via a dual model of conditional deletion and
overexpression of miR-17~92. Post-activation deletion of miR-17~92 results in effector
cell development skewed towards MPECs as the negative regulatory molecule PTEN is
no longer downregulated resulting in lower AKT and S6 signaling and thereby
decreased proliferation. Furthermore, anti-apoptotic molecules ID2, ID3, and Bcl-2 were
also found to be regulated by miR-17~92 and deletion of the miRNA cluster was
associated with faster acquisition of memory properties. Overexpression of miR-17~92,
however, resulted in reciprocal effects as considerably higher proliferation and skewing
towards SLEC differentiation was observed (34). Additionally, IFN-γ production was
observed to be enhanced upon overexpression of miR-17~92, correlating with our
results of increased SLEC differentiation upon overexpression of this miRNA cluster
(62). IFN-γ production is also regulated by miR-29, which decreases IFN-γ levels. MiR29 expression itself is downregulated by NF-κB upon T cell activation, enabling the
acquisition of effector properties of T cells (63). Apart from miR-17~92, PTEN is also
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regulated by miR-214, which directly targets PTEN and in the same way enhances T
cell proliferation (64).
Mir-146a and other miRNAs
The signaling in CD8 T cells is also regulated by another microRNA, miR-146a.
The expression of miR-146a is directed by the cytokine milieu (65) as well as TCR
signaling and directly induced by NF-κB to negatively regulate NF-κB signaling (66). In
the absence of miR-146a, regulation of TRAF6 and IRAK1, signal transducers for
NF-κB, is impaired and, thus, the negative feedback loop is interrupted, which results in
increased expansion, higher activation and effector cytokine production, as well as
increased survival during contraction for CD8 T cells. Ultimately, this leads to higher
antigen-specific cell numbers at memory that have a much greater recall response (66).
These findings support a role for miR-146a as a physiological break to prevent
overactivation of T lymphocytes during the adaptive immune response.
Recently, more microRNAs have been identified that are differentially expressed
in effector and memory CD8 T cells and control their effector functions as well as their
memory fate decisions. MiR-139 and miR-342 were shown to repress perforin and
eomes and consequently are expressed at lower levels in SLECs compared to MPECs
and might thereby contribute to an increased memory potential in MPECs due to
reduction in their cytotoxic functions. Furthermore, miR-150 was found to downregulate
CD25, the IL-2 receptor α-chain, presenting another way of regulation of proliferation
and activation by microRNAs in CD8 T cells (53). The miR-23a cluster (miR-23a, -24,
and -27a) has also recently been identified as a regulator of effector differentiation and
cytotoxicity in CD8 T cells. The well-known immunosuppressant TGF-β promotes the
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expression of the miR23a cluster, of which miR-24 and miR-27a then exert suppressive
effects on CD8 T cells by downregulating IFN-γ. MiR-23a also targets LAMP1, which is
critical for degranulation of CD8 T cells during their cytotoxic activity (67). Another study
found that miR-23a targets the transcription factor BLIMP-1 and thereby decreases
cytotoxicity and effector differentiation (68). Memory CD8 T cell differentiation into
central and effector memory cells was shown to be regulated by reciprocal expression
of two microRNAs, miR-150 and miR-155. High expression of miR-150 and low
expression of miR-155 correlated with differentiation into central memory cells, whereas
the opposite expression pattern was observed in effector memory cells. Furthermore,
self-renewal capabilities of central memory cells are proposed to be mediated by
decreased expression of let-7 microRNAs (69). One of the let-7 microRNAs, let-7b, is
also responsible for the regulation of T cell homing during the immune response, as it
regulates CD62L expression (53).
Overall, gene regulation drastically changes upon activation of CD8 T cells and
their subsequent differentiation into effector cells and acquisition of cytotoxic functions
stand in stark contrast to their resting phenotype in either the naïve or memory state.
Many microRNAs are downregulated in effector cells compared to naïve and memory
cells indicating that increased gene expression is necessary to enable a sufficient
effector response (35, 69). MiR-17~92, -21, and -155 are notable exceptions in this
regard as they are upregulated during effector differentiation to downregulate genes
responsible for homeostasis. Collectively, the studies of microRNAs show that they
affect the most critical functions during the immune response of CD8 T cells ranging
from activation and cytotoxicity to differentiation and memory lineage commitment.
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In this study, we sought to understand the role of miRNAs that are upregulated
following T cell activation in guiding effector and memory CTL differentiation. We
employed a unique mouse model in which the cytoplasmic RNAse III enzyme Dicer is
deleted specifically in early effector CD8 T cells after optimal stimulation to investigate
the miRNA regulation of cell fate determination post-activation. For this, we generated
TCR transgenic mice with a granzyme B (gzmb)-cre dicerfl/fl system so that dicer is only
deleted after GzmB is expressed (70). Using this system, we are able to avoid the
absence of Dicer during thymic development when it is critically required (71, 72). In a
model of acute infection using lymphocytic choriomeningitis virus (LCMV), we observed
drastically reduced numbers of antigen-specific CD8 T cells at the peak of the effector
response in wild-type (WT) and dicerfl/fl mice. To eliminate effects caused by impaired
pathogen clearance in dicerfl/fl mice, we next used an adoptive transfer setting in which
only a subset of CD8 T cells was lacking Dicer post-activation. Here, other antigenspecific CD8 T cells that are WT for the dicer locus can effectively expand and clear the
infection while permitting simultaneous investigations into the CD8 T cell-intrinsic
requirement of Dicer in a distinct subset. Even with controlled antigen clearance, CD8 T
cells lacking Dicer post-activation showed up to 10-fold lower expansion.
Interestingly, despite diminished expansion, dicer-/- and WT CD8 T cells
displayed a similar capacity to produce IFN-γ, TNF-α, and IL-2. Contrary to previous
reports of increased CD8 T cell activation and proliferation (52, 53) when dicer was
ablated prior to infection, we found no such differences when dicer was deleted postactivation. Notably, global ablation of miRNAs in CD8 T cells following optimal activation
was associated with loss of sustained antigen-driven proliferation and reduced survival
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potential into memory despite similar activation. Additionally, we found that miRNAs
constitute a cell-intrinsic requirement for the differentiation of SLECs – deletion of dicer
in early effectors led to increased proportions of CD127Hi memory precursor effector
cells (MPECs) than CD127Lo short-lived effector cells (SLECs) in the peak effector pool.
Collectively, as opposed to a largely suppressive role of miRNAs in T cell activation and
proliferation during priming (52), this study presents a distinct pro-proliferative, prosurvival role of miRNAs during post-activation stages of CD8 T cell responses to
regulate the differentiation of terminal effector and memory lineages.
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Materials and Methods
Ethics Statement
This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and Use Committee of the
Pennsylvania State University (Protocol Numbers: 43033 and 43444). All efforts were
made to minimize suffering.

Mice
C57BL/6 mice (Thy1.2+, Thy1.1+) were purchased from the Jackson Laboratory
(Bar Harbor, ME). Thy1.1+ P14 mice bearing the DbGP33-specific T-cell receptor (TCR)
were fully backcrossed to C57BL/6 mice and were maintained in our animal colony.
Floxed mice for conditional deletion of dicer (B6.Cg-Dicer1tm1Bdh/J) were purchased from
the Jackson Laboratory (stock number: 006366). These were then crossed with gzmbcre mice (70) (a generous gift from Dr. J. Jacob, Emory University) to generate
conditional knockout mice in which Cre recombinase is expressed under control of the
human gzmb promoter. DbGP33-specific CD8 T cell Dicer conditional knockout mice
were also generated by crossing Thy1.1+ P14 gzmb-cre mice bearing the DbGP33specific T-cell receptor with dicerfl/fl mice.
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Virus and infections
The Armstrong strain of lymphocytic choriomeningitis virus (LCMV) was
propagated, titered, and used as previously described (27, 73). Mice were infected with
2x105 LCMV intraperitoneally.

Antibodies, flow cytometry, and intracellular cytokine staining
All antibodies were purchased from Biolegend (San Diego, CA). Cells were
stained for surface or intracellular proteins and cytokines as previously described (27,
73). For analysis of intracellular cytokines, 106 lymphocytes were stimulated with 0.2
µg/mL GP33-41 peptide in the presence of brefeldin A for 5 hours, followed by surface
staining for CD8, Thy1.1, or Thy1.2, and intracellular staining for IFN-γ, TNF-α, and IL-2.
For caspase staining, the FAM-FLICA Apoptosis Detection Kit (Caspase 3 & 7 Assay
Kit, green) was used (Neuromics, Minneapolis, MN). Cells were stained according to the
manufacturers protocol in a 96-well plate with the following alteration: Cells were
incubated for 20 min at 37 °C together with CD8 PE-Cy7, Thy1.1 Alexa 700, and Thy1.2
Pac Blue antibodies.

Isolation of T cells and proliferation analyses
T cells were isolated from indicated tissues as previously described (27, 73).
Donor cells were distinguished by Thy1.1 and Thy1.2 mAbs. For proliferation analysis
using carboxyfluorescein succinimidyl ester (CFSE), naïve P14 transgenic CD8 T cells
were labeled with CFSE (Molecular Probes, Eugene, OR) and 106 antigen-specific cells
were adoptively transferred per mouse, before infection with LCMV. For in vitro T cell
stimulation, CFSE-labeled wild-type or dicerfl/fl P14 cells were plated at 4x105 cells per
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well in a 96-well flat-bottom plate and stimulated with plate bound and soluble antiCD28 antibody (clone PV-1) (5 µg/mL) and anti-CD3ε (Clone 145-2C11) (5 µg/mL).
Alternatively, stimulation was achieved by stimulation with soluble GP33 peptide (0.27
µg/mL) and anti-CD28 antibody (clone PV-1) (5 µg/mL). Proliferation analysis platform
in FlowJo (Treestar) was used to analyze cell division. In vitro BrdU (Sigma-Aldrich, St.
Louis, MO) was administered at 3.1 µg/well for a period of two hours before the end of
the stimulation period, and proliferation was determined by intranuclear staining of BrdU
according to BD Biosciences’ (San Jose, CA) protocol.

Gene deletion analysis
CD8 T cells from naïve mice and mice on day 8 post LCMV-infection were
purified by magnetic bead purification using a negative CD8 T cell isolation kit along
with a Thy1.2 positive isolation kit to remove Thy1.2 CD8 T cells (Stem Cell
Technologies, Vancouver, BC, Canada). Purified CD8 T cells were resuspended in
250µL lysis buffer (50mM Tris, 2.5mM EDTA, 50mM KCl, 0.45% NP40, 0.45% Tween20, pH 8) supplemented with 4 units Proteinase K (New England Biolabs, Ipswich, MA)
and incubated at 55 °C for 12h. PCR was then performed using the following primers:
dicer-/- PCR (74): For: 5’-CCT GAC AGT GAC GGT CCA AAG-3’ Rev: 5’- CAT GAC
TCT TCA ACT CAA ACT-3’. Gzmb-cre PCR: Tg1: 5’- GCG GTC TGG CAG TAA AAA
CTA TC-3’, Tg2: 5’-GTG AAA CAG CAT TGC TGT CAC TT-3’, IPC For: 5’-CTA GGC
CAC AGA ATT GAA AGA TCT-3’, IPC Rev: 5’-GTA GGT GGA AAT TCT AGC ATC
ATC C-3’. PCR products were then analyzed by agarose gel electrophoresis (1.5%).
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Statistical analysis
Paired or unpaired Student t-test was used as indicated to evaluate differences
between sample means of two groups. Mixed ANOVA was performed when analyzing
effects of dicer ablation over time. When a statistically significant interaction occurred,
the difference between groups at each level of time (simple main effect for group) was
determined using a general linear model univariate analysis with a Tukey post hoc test.
Mixed ANOVA was performed using IBM SPSS 22. All other statistical analyses were
performed using Prism 5 and P values of statistical significance are depicted by asterisk
per the Michelin guide scale: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001) and (P > 0.05)
was considered not significant (ns).
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Results
Diminished CD8 T cell expansion in the absence of Dicer
MicroRNAs have been shown to exert a critical role in CD8 T cell activation and
proliferation (52, 53), and are proposed to be primarily expressed in naïve cells to
suppress activation, effector program and proliferation. To distinguish between the
functional requirements of miRNAs during priming versus post-priming stages, we
employed novel conditional dicer-/- mice. In these mice, dicer is flanked by LoxP sites;
Deletion of dicer is achieved after CD8 T cell priming and activation of gzmb promoterdriven expression of Cre recombinase. Dicer expression is required during T cell
development in the thymus (72); thus, we checked for T cell development in our
conditional knockout mice. Consistent with the fact that dicer is ablated specifically in
mature T cells after activation of the gzmb promoter, naïve, uninfected mice exhibited
normal thymic development of CD4 and CD8 T cells, and ratios of CD4 and CD8 T cells
in the periphery were similar to wild-type (WT) mice (data not shown). After both in vitro
stimulation of CD8 T cells or in vivo infection of mice with LCMV, dicerfl/fl CD8 T cells
expressed similar levels of GzmB (Fig. 2A), and effectively deleted dicer, as confirmed
by PCR of purified CD8 T cells (90% purity) from naïve dicerfl/fl P14 or LCMV-infected
chimeric mice (Fig. 2B); only naïve dicerfl/fl CD8 T cells showed a band for the floxed
dicer gene and purified dicer-/- P14 effector CD8 T cells on day 7 showed no such band
confirming the complete and uniform deletion of dicer in all dicerfl/fl effector cells. The
only band appearing in the dicer-/- sample is the WT band stemming from the 10%
impurity of WT cells after the magnetic purification. A gzmb-cre PCR of the naïve
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samples confirmed the presence of cre in the dicerfl/fl mouse (Fig. 2C). Expression
levels of GzmB remained similar in WT and Dicer ablated CD8 T cells at the peak of
CD8 T cell expansion, indicating that miRNAs do not regulate effector differentiation
post-activation (Fig. 2A). However, we found significantly lower numbers of dicer-/- CD8
T cells compared to WT cells at the peak of effector expansion – three distinct LCMV
epitope-specificities of CD8 T cells were markedly reduced following ablation of dicer
(Fig. 2D). Consistent with decreased frequencies of tetramer+ CD8 T cells, absolute
numbers of antigen-specific DbGP33+, DbGP276+ and DbNP396+ CD8 T cells were
diminished by 10-20 fold in most lymphoid and non-lymphoid organs analyzed (Fig. 2E).
Likewise, the composite LCMV-specific pool of effector cells, as identified by CD44Hi
expression (75), was also reduced in the absence of microRNAs post-activation. The
same trend was observed at memory time points; dicer-/- memory CD8 T cells were
reduced both in frequency and in numbers across lymphoid and non-lymphoid tissues
(Fig. 2F-G). These data indicate that miRNAs likely do not regulate effector
differentiation during the post-activation stages. However, they exert an important effect
on the magnitude of the effector CD8 T cell response.
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Fig. 2. Defective CD8 T cell expansion in the absence of Dicer. (A) Granzyme B
histograms of dicerfl/fl and C57BL/6 CD8 T cells on day 2.5 post-in vitro stimulation with
αCD3ε and αCD28 as well as on day 7 post-infection with LCMV in P14 chimeric mice
containing 5x104 DbGP33-specific WT P14 as well as dicerfl/fl gzmb-cre P14 CD8 T cells.
Naïve control is shown as a grey histogram. Numbers in plots represent MFI. (B-C) Gel
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PCR analysis for presence of dicer-flox pre- and post-infection (B) and gzmb-cre preinfection (C) in purified CD8 T cells. For samples from day 7, WT P14 and dicerfl/fl P14
splenocytes were adoptively transferred into C57BL/6 recipients and infected with
LCMV. Lanes were rearranged for clarity for the gzmb-cre PCR. C57BL/6 and dicerfl/fl
gzmb-cre mice were infected with LCMV and sacrificed on day 8 (D-E) or at memory
(day>60) (F-G) post-infection. FACS plots show representative data of splenocytes
stained for DbGP33-, DbNP396-, and DbGP276-specific CD8 T cells. CD8 T cell
frequencies were obtained using MHC-I tetramer staining. Frequencies show percent of
total splenocytes. Bar graphs depict total numbers of antigen-specific CD8 T cells in
spleen, inguinal lymph nodes, lung, and liver. Bar graphs display mean and SEM.
Unpaired Student t-test was used with statistical significance in difference of means
represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). Experiments are
representative of 2 experiments with 3 mice per group.

Dicer functions in a CD8 T cell-intrinsic manner to drive CD8 T cell
expansion
In the above experiments, we used straight dicerfl/fl mice. Since NK cells and CD4
T cells also express GzmB (76) after activation, it is possible that defective CD8 T cell
expansion observed in these mice could result indirectly from defective CD4 T cells (24,
77) or NK cells (78, 79) lacking Dicer post-activation. Additionally, due to defective NK,
CD4 T cell, and CD8 T cell responses, pathogen clearance is also compromised in
these mice (data not shown and (36)). Thus, we next sought to investigate the CD8 T
cell-intrinsic requirement of Dicer in promoting robust CD8 T cell expansion in an
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experimental setup that guarantees normal viral clearance and specific miRNA deletion
only in a subset of antigen-specific CD8 T cells. For this, we adoptively co-transferred
congenically mismatched, TCR transgenic WT and dicerfl/fl gzmb-cre P14 CD8 T cells in
a 1:1 ratio into C57BL/6 recipients. Despite similar proportions prior to infection, deletion
of dicer after infection and activation led to significantly reduced proportions and
absolute numbers of DbGP33-specific CD8 T cells in all lymphoid and non-lymphoid
organs analyzed (Fig. 3A); dicer-/- donor CD8 T cells were about 5-fold lower in spleen,
2-fold lower in inguinal lymph nodes, and 5-3-fold lower in liver and lungs, (Fig. 3A).
Consistent with the straight infection data (Fig. 2A), GzmB expression was unaltered in
the absence of Dicer (Fig. 3B), suggesting that miRNAs are dispensable for regulating
effector differentiation during post-activation stages of CD8 T cell responses. To further
confirm this notion, we compared the functional capabilities of WT and dicer-/- effector
CD8 T cells to co-produce effector cytokines such as IFN-γ and TNF-α along with
common γ-chain cytokine IL-2, known to drive effector differentiation. Contrary to
deletion of dicer prior to priming, which resulted in markedly reduced IFN-γ and TNF-α
production by CD8 T cells (52), we observed no such differences between WT and
dicer-/- CD8 T cells when dicer was ablated post-activation (Fig. 3C). These data
demonstrate that while miRNAs do not regulate effector molecule expression during
post-activation stages, they exert a critical CD8 T cell-intrinsic role in promoting
expansion of effector CD8 T cells following optimal activation.
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Fig. 3. Decreased numbers of dicer-/- P14 effector cells demonstrate an intrinsic
role of Dicer during CD8 T cell expansion. P14 chimeric mice containing 5x104
DbGP33-specific WT P14 as well as dicerfl/fl gzmb-cre P14 CD8 T cells were infected
with LCMV and sacrificed at day 7 post-infection. (A) FACS plots depict WT and KO
frequencies of donor antigen-specific CD8 T cells. Bar graphs show total numbers of

25

WT and KO donor antigen-specific CD8 T cells in spleen, inguinal lymph nodes, lung,
and liver. (B) Histogram shows GzmB expression in naïve (grey), WT (black line), and
KO (dashed line) CD8 T cells on day 7 post-infection in spleen. Bar graphs shows
GzmB mean fluorescence intensity (MFI) in spleen, lymph node, lung, liver, and blood.
(C) Antigen-specific CD8 T cells were analyzed via 5 hour direct ex vivo peptide restimulation. IFN-γ, TNF-α, and IL-2 production was analyzed using intracellular cytokine
staining. Flow plots show donor WT or KO IFN-γ+ CD8 T cells. Bar graphs depict
percent of TNF-α+ or IL-2+ of IFN-γ+ CD8 T cells of WT or KO donor antigen-specific T
cells. Bar graphs display mean and SEM. Paired Student t-test was used with statistical
significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤
0.001). Experiments are representative of 2 experiments with 3 mice per group.

MicroRNAs promote TCR-driven proliferation for robust CD8 T cell
expansion
Decreased numbers of dicer-/- effector CD8 T cells at the peak of expansion
could result from either decreased proliferation or reduced survival of donor cells due to
loss of miRNAs. Thus, we next measured the extent and rate of proliferation of WT and
dicerfl/fl donor CD8 T cells using the cell permeant fluorescent dye CFSE, which gets
equally divided between daughter cells with each cell division. We adoptively cotransferred CFSE labeled DbGP33-specific WT and gzmb-cre dicerfl/fl mice into WT
recipients and analyzed their proliferation 2.75 days post LCMV-infection. At this early
stage, shortly after priming when dicer had just been deleted, both WT and dicer-/- CD8
T cells were present in equal numbers in the donor mice (Fig. 4A). Moreover, WT and
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dicer-/- CD8 T cells proliferated equally with the same frequency of cells detectable in
each round of cell division 2.75 days post LCMV-infection (Fig. 4B). These data contrast
the suppressive role of miRNAs reported during priming, and are further supported by
similar proliferation after in vitro TCR stimulation (Fig. 5A) as well as similar
upregulation of markers of early activation (CD69 and the IL-2Rα chain, CD25) on WT
and dicer-/- CD8 T cells (Fig. 4C). On day 7 post-infection, CD69 and CD25 were
expressed at marginally higher levels on dicer-/- CD8 T cells compared to their WT
counterparts in spleen as well as other tissues such as blood (CD25), lymph node and
liver (CD69) (Fig. 4C, Fig. 5B), indicating that miRNAs may be involved in the
downregulation of these markers during later stages of infection. The slightly increased
expression of CD69, however, did not impair migration of CD8 T cells into the periphery
as dicer-/- CD8 T cells were present in spleen, lymph node, lung, and liver at the same
ratios compared to WT CD8 T cells (Fig. 3A). Despite similar proliferation during early
stages after activation, reduced BrdU incorporation by dicer-/- CD8 T cells in the 58-60h
window post-stimulation (Fig. 4D) indicate that sustenance of antigen-driven
proliferation is dependent on the presence of miRNAs during later stages. Consistent
with this, dicer-/- CD8 T cells were less responsive to TCR stimulation compared to WT
CD8 T cells (Fig. 5C) – at lower concentrations of stimulating peptide lesser BrdU
incorporation was observed. To explore the possibility of increased death in dicer-/- CD8
T cells, we performed a caspase assay after in vitro stimulation (Fig. 5D); both WT and
dicer-/- CD8 T cells expressed the same amount of caspases 3 and 7 post-activation
suggesting that dicer-/- CD8 T cells do not exhibit increased cell death during the
effector phase. These data illustrate that WT and dicerfl/fl gzmb-cre CD8 T cells are
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activated equally and proliferate identically early after LCMV infection. In the later
stages of the effector response, however, the dominantly pro-proliferative role of
miRNAs becomes apparent, as proliferation is impaired upon dicer deletion, which
ultimately results in reduced total numbers of antigen-specific CD8 T cells at the peak of
expansion.
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Fig. 4. Comparable early proliferation, but compromised sustenance of
proliferation between dicer-/- and WT CD8 T cells. WT and dicerfl/fl CD8 T cells were
labeled with CFSE and adoptively transferred into C57BL/6 recipients. Mice were
infected with LCMV and sacrificed 2.75 days later. (A) FACS plots show WT and KO
donor CD8 T cells. Bar graphs show the total number of WT and KO donor CD8 T cells.
(B) Histograms show cell proliferation indicated by CFSE dilution. Bar graphs show
frequency of cells per round of cell division at day 2.75 post-infection. (C)
Representative histogram plots show WT and KO donor CD8 T cells from P14 chimeras
on day 2.75 and day 7 post-infection. Black numbers in histograms represent MFI. Grey
histograms represent a naïve control. (D) WT and KO P14 splenocytes were stimulated
with GP33 and αCD28 in vitro for 60h. BrdU was administered 2h prior to the end of the
incubation period. Numbers in histograms show percent of BrdU incorporating cells.
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Fig. 5. In vitro analysis of early expansion and survival of dicer-/- CD8 T cells. WT
P14 as well as dicerfl/fl gzmb-cre P14 CD8 T cells were labeled with CFSE and
stimulated with αCD3ε and αCD28 antibodies or GP33 peptide and αCD28. (A) CFSE
histograms on day 2.5 after in vitro stimulation. Numbers show percent of proliferated
cells. Grey histograms show naïve control. (B) CD25 and CD69 expression of naïve as
well as WT and KO donor CD8 T cells on day 7 post LCMV-infection in spleen, lymph
node, lung, liver, and blood. Asterisks show statistical significance between WT and KO
groups. (C) WT and KO splenocytes were stimulated with constant amounts of αCD28
but varying amounts of GP33 peptide. Indicated dilutions are based on a stock solution
of GP33 at 0.4 mg/mL. BrdU was administered 2h prior to the end of the incubation
period. Numbers in histograms show percent of BrdU incorporating cells. Line graphs
show and percent BrdU+ CD8 T cells for each dilution. (D) WT and KO splenocytes
were stimulated in vitro and presence of caspases 3 and 7 was assessed via the FAMFLICA Apoptosis Detection Kit from Neuromics. Cells were stained for 20 min at 37 °C.
Histograms show combined levels of caspases 3 and 7 after 60h of stimulation.
Numbers in histograms represent MFI. Bar graphs display mean and SEM. Unpaired
Student t-test was used with statistical significance in difference of means represented
as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). Experiments are representative of 2
experiments with 3 mice per group.
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MicroRNAs promote survival of antigen-specific CD8 T cells during
contraction
About 90-95% of effector CD8 T cells present at the peak of expansion are shortlived and die through apoptotic elimination in the contraction phase whereas 5-10% of
the remaining cells downregulate their effector program and differentiate into quiescent
memory cells (27). To determine if in addition to regulating CD8 T cell expansion,
miRNAs also exert an impact on contraction and memory formation, we enumerated the
numbers of WT and dicer-/- antigen-specific CD8 T cells at memory and calculated the
extent of contraction in both subsets from peak to memory. At memory, we observed
more than 10-fold lower numbers of dicer-/- CD8 T cells compared to WT cells in both
lymphoid as well as non-lymphoid organs albeit dicer-/- CD8 T cells showed no
difference in localization throughout lymphoid and non-lymphoid tissues (Fig. 6A).
Further reduced numbers of dicer-/- CD8 T cells at memory compared to day 7 after
infection suggested enhanced contraction in the absence of miRNAs. This prediction
was validated by greater % contraction/death values of antigen-specific dicer-/- CD8 T
cells in all organs relative to WT donor cells (Fig. 6A). An assessment of the
polyfunctionality of WT and dicer-/- donor CD8 T cells revealed similar functional potency
(Fig. 6B); WT and dicer-/- CD8 T cells co-produced similar levels of IFN-γ and TNF-α, or
IFN-γ and IL-2 on a per cell basis. Memory dicer-/- CD8 T cells, however, showed
modestly higher expression of GzmB, CD69, CD25 and PD-1, likely due to defects in
their turnover in the absence of miRNAs (Fig. 6C). Together, these data indicate that
complete loss of mature miRNAs during the CD8 T cell expansion phase does not
impact the ability of memory cells to elaborate potent polyfunctionality with respect to
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cytokine production or their ability to localize throughout lymphoid and non-lymphoid
tissues; only memory numbers are diminished due to dampened expansion and
increased contraction following antigen clearance.

Fig. 6. Ablation of Dicer in CD8 T cells results in a pronounced difference in
memory CD8 T cell numbers. P14 chimeric mice containing 5x104 DbGP33-specific
WT P14 as well as dicerfl/fl gzmb-cre P14 CD8 T cells were infected with LCMV and
sacrificed at memory (D44). (A) FACS plots depict WT and KO frequencies of donor
antigen-specific CD8 T cells. Bar graphs show total numbers as well as percent
contraction between effector and memory time points of WT and KO donor antigenspecific CD8 T cells in spleen, inguinal lymph nodes, lung, and liver. (B) Antigenspecific CD8 T cells were analyzed via direct ex vivo re-stimulation as described before

32

and production of IFN-γ, TNF-α, and IL-2 is presented. FACS plots show donor WT or
KO IFN-γ+ CD8 T cells. Bar graphs depict percent of TNF-α+ or IL-2+ of IFN-γ+ CD8 T
cells of WT or KO donor antigen-specific T cells. (C) P14 chimeric mice containing
5x104 DbGP33-specific WT P14 as well as dicerfl/fl gzmb-cre P14 CD8 T cells were
infected with LCMV and sacrificed at memory. Marker expression of naïve as well as
WT and KO donor CD8 T cells on day 70 post LCMV-infection in spleen, lymph node,
lung, liver, and blood is shown. Asterisks show statistical significance between WT and
KO groups. Bar graphs display mean and SEM. Paired Student t-test was used with
statistical significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01),
*** (P ≤ 0.001). Experiments are representative of 2 experiments with 3 mice per group.

MicroRNAs regulate MPEC and SLEC lineages
Based on increased contraction of dicer-/- CD8 T cells that leads to a further
diminished memory compartment, we next investigated whether miRNAs regulate the
commitment of antigen-specific CD8 T cells to memory and terminal effector lineages
during the expansion phase following optimal activation. Memory precursor effector cell
(MPEC) and short-lived effector cell (SLEC) lineages are distinguishable during the CD8
T cell expansion phase by differential expression of cell surface markers such as IL-7Rα
(80, 81) and KLRG-1 (27, 82). MPECs selectively express higher levels of IL-7Rα
(CD127), whereas SLECs are distinguished by a CD127LoKLRG-1Hi phenotype. To our
surprise, we found that despite lower numbers of antigen-specific CD8 T cells at
memory, dicer-/- CD8 T cells were enriched in CD127Hi MPECs at the effector peak as
well as in memory in lymphoid and non-lymphoid tissues (Fig. 7A) compared to WT
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CD8 T cells. Additionally, dicer-/- CD8 T cells contained relatively lower proportions of
CD127LoKLRG-1Hi SLECs compared to WT donor counterparts (Fig. 7A). We also
analyzed terminal effector and memory populations in WT and dicer-/- P14 donor cells
longitudinally. Over time, CD127Hi CD8 T cells remained higher in dicer-/- than WT donor
cells (Fig. 7B). Within the MPEC pool of CD127Hi cells, we found that the
CD127HiKLRG-1Lo subset that primarily gives rise to central memory (TCM) was similar,
whereas the CD127HiKLRG-1Hi subset that largely differentiates into effector memory
(TEM) was increased in dicer-/- CD8 T cells (Fig. 7B). Conversely, CD127LoKLRG-1Hi
SLECs were reduced in dicer-/- CD8 T cells at the peak of expansion and decreased in
numbers much more rapidly after viral clearance than their WT counterparts (Figure
7B). Notably, changes in the balance between MPECs and SLECs were not due to
lower amounts of the pro-survival molecule Bcl-2, as it was expressed at higher levels in
dicer-/- CD8 T cells during both the effector and memory phase (Fig. 7C-D). Taken
together, these findings show miRNAs are essential in regulating terminal effector and
memory fates during the exponential expansion of CD8 T cells in an adaptive immune
response – only when miRNAs are present can SLECs and MPECs form in correct
proportions to provide an adequate effector response as well as an optimal memory T
cell compartment that are both hallmarks of the adaptive immune system.
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Fig. 7. Characterization of effector and memory lineage differentiation of dicer-/CD8 T cells. P14 chimeric mice containing 5x104 DbGP33-specific WT P14 as well as
dicerfl/fl gzmb-cre P14 CD8 T cells were infected with LCMV and sacrificed at the peak of
effector expansion and memory. (A) FACS plots show CD127 and KLRG-1 expression
of WT and KO donor CD8 T cells on day 7 and 44 post-LCMV infection in spleen, lymph
node, lung, liver, and blood. (B) Line graphs show the longitudinal frequency of WT and
KO CD8 T cell subsets in blood based on their expression of CD127 and KLRG-1. (C)
Histogram shows Bcl-2 expression of splenocytes in naïve (grey), WT (black line), and
KO (dashed line) CD8 T cells on day 70 post-infection. Bar graph shows Bcl-2 MFI in
spleen at the peak of expansion (D7) and memory stages (D44, D70). (D) Bcl-2
expression of naïve as well as WT and KO donor CD8 T cells on day 7 and day 70 post
LCMV-infection in spleen, lymph node, lung, liver, and blood is presented. Asterisks
show statistical significance between WT and KO groups. Line and bar graphs display
mean and SEM. Mixed ANOVA was used to compare longitudinal PBMC data (B).
Otherwise paired Student t-test was used. Statistical significance in difference of means
is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). Experiments are
representative of 2 experiments with 3 mice per group.
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Discussion
There is increasing interest in understanding how microRNAs regulate immune
responses as the varieties of cell types and functions known to be regulated by miRNAs
is continuously expanding (51, 83-86). In this study, we investigated the effect of global
loss of miRNAs on CD8 T cell effector and memory differentiation by selectively deleting
dicer during the expansion phase. Here, we show that expansion and balance between
terminal effector and memory precursor CD8 T cell fates as well as contraction after
antigen clearance is regulated by microRNAs in the post-priming stages of the effector
response. By focusing on post-activation stages, these studies highlight a novel and
distinct role of miRNAs in effector and memory development, which was missed thus far
due to severe defects in CD8 T cell activation when dicer was deleted prior to activation.
We investigate for the first time the effects of global loss of miRNAs in only a subset of
CD8 T cells in an otherwise WT environment in vivo.
Contrary to previous reports of (i) decreased ability of dicer-/- CD8 T cells to
produce IFN-γ and TNF-α, (ii) defective migration into the periphery, and (iii) increased
proliferation when dicer was deleted prior to activation (52), our studies show no such
effects of dicer deletion post-activation. Upon global loss of miRNAs only after optimal
activation of CD8 T cells, we observed that the diminished peak effector size of dicer-/CD8 T cells previously reported (52, 53) is due to lack of sustained antigen-driven
proliferation in the later stages of effector expansion while the functional capabilities of
the effector cells is not perturbed. The loss of sustained antigen-driven proliferation is
indicated by decreased BrdU incorporation 2.5 days after activation and similar
proliferation up to this point in effector differentiation compared to WT cells. We found

37

that this decreased expansion in dicer-/- CD8 T cells was likely due to lower TCR
sensitivity in the absence of mature miRNAs post-activation. Our results using the
adoptive co-transfer model of dicerfl/fl P14 and WT P14 CD8 T cells showed drastically
lower numbers of memory CD8 T cells that we observed only partially in our straight
infections, which is likely caused by impaired viral clearance in dicerfl/fl mice, a
phenomenon we fully avoided in our adoptive transfer setting. Our observations of
decreased expansion are consistent with previous reports analyzing the deletion of
specific miRNAs such as miR-17~92 and miR-155 (34, 36, 54, 56, 57, 87).
We have previously shown that loss of miR-17~92 post-activation results in
decreased expansion and enhanced MPEC proportions (34), similar to our observations
with conditional deletion of dicer post-activation. However, instead of decreased
proportions of effector memory CD8 T cells observed upon specific loss of miR-17~92,
complete global loss of mature miRNAs resulted in an increase of TEM and decrease of
SLEC proportions at effector and memory stages. Furthermore, ablation of dicer led to a
more pronounced loss of SLECs during contraction. In addition to an altered MPEC to
SLEC balance, our observations of normal early proliferation following global loss of
miRNAs were unlike those when only miR-17~92 was deleted – there we observed
impaired proliferation in the early stages of infection. Additionally, global loss of miRNAs
did not alter functional properties of effector and memory CD8 T cells, whereas loss of
miR-17~92 led to enhanced polyfunctionality. The differences in effector properties and
differentiation of CD8 T cells caused by either global or specific miRNA ablation postactivation illustrate the need for tight rheostatic control through multiple miRNAs to
successfully orchestrate the adaptive immune response in CD8 T cells.

38

As proposed (88, 89), these data suggest that the microRNA repertoire of CD8 T
cells is rapidly remodeled following activation, such that a net physiological effect that
allows for the logarithmic expansion and acquisition of effector functions of CD8 T cells
is achieved by the downregulation of microRNAs regulating CD8 T cell activation and
the simultaneous changes in expression levels of microRNAs regulating survival and
proliferation.
In conclusion, our study identifies distinct effects of miRNAs during different
stages of CD8 T cell expansion as well as effector and memory differentiation. This data
highlights the dynamic nature of miRNA expression and presents the important role of
miRNAs in regulating physiological processes in CD8 T cells during an adaptive
immune response. Our TCR transgenic model system of gzmb-cre dicerfl/fl mice
provides a foundation for future investigations into miRNA regulation of CTL immunity
as it affords a system to dissect the functions of individual mRNAs in the post-priming
stages of effector and memory CTL differentiation by change-of-phenotype/function
experiments following miRNA transfection. Owing to the use of the murine model of
acute infection with lymphocytic choriomeningitis virus (LCMV), a well-regarded system
for studying fundamental mechanisms of CD8 T cell immunity, our findings have broad
applicability to a variety of acute infections and miRNA regulation of CTL immunity.
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