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MicroRNAs are important regulators of various developmental and
physiological processes. However, their roles in the CD8* T-cell
response are not well understood. Using an acute viral infection
model, we show that microRNAs of the miR-17-92 cluster are
strongly induced after T-cell activation, down-regulated after
clonal expansion, and further silenced during memory develop-
ment. miR-17-92 promotes cell-cycle progression of effector CD8*
T cells, and its expression is critical to the rapid expansion of these
cells. However, excessive miR-17-92 expression enhances mamma-
lian target of rapamycin (mTOR) signaling and strongly skews the
differentiation toward short-lived terminal effector cells. Failure to
down-regulate miR-17-92 leads to a gradual loss of memory cells
and defective central memory cell development. Therefore, our
results reveal a temporal expression pattern of miR-17-92 by anti-
gen-specific CD8" T cells during viral infection, the precise control
of which is critical to the effector expansion and memory differ-
entiation of CD8" T cells.

D8 T cells play a pivotal role in the control of numerous

intracellular infections and malignancies. Upon antigen en-
counter, a program triggers the few antigen-specific naive pre-
cursor cells to undergo extensive proliferation and differentiate
into effector cells, which are able to produce cytokines and cy-
tolytic proteins (1-3). In an acute infection, antigen clearance is
followed by a contraction phase during which the majority of
effector CD8% T cells undergo apoptosis. However, a small
fraction of effector cells manage to survive through this phase
and gradually differentiate into memory cells, which are capable
of long-term self-renewal and rapid response to antigen reen-
counter (2, 3).

It is now well established in several different infection models
that effector CD8" T cells comprise a heterogeneous popula-
tion consisting of at least two subsets: (i) CD127(IL-7Ra)"eh
killer cell lectin-like receptor G1 (KLRG1) " memory precursor
cells, which are more likely to survive the contraction phase and
differentiate into memory cells and (ii) CD127°*KLRG1"e"
terminal effectors, which are short-lived, more terminally dif-
ferentiated, and lack the capacity for antigen-independent ho-
meostatic proliferation (4-6). Additional features such as high
expression of CD27 as well as rapid reexpression of CD62L can
also be used to distinguish memory precursors from terminal
effectors (2, 6). Memory cells are also considered to be hetero-
geneous, consisting of central memory T cells (Tcym cells) and
effector memory T cells (Tgym cells) (7). Central memory T cells,
which express higher levels of lymph node homing receptors
(e.g., CD62L and CCR?7) and have better homeostatic turnover,
gradually dominate in the lymphoid organs, whereas effector
memory T cells preferentially reside in the peripheral organs (8).
High expression of CD27, secretion of IL-2 upon restimulation,
and greater proliferation potential upon antigen reencounter are
also hallmarks of central memory T cells.

T-cell differentiation is regulated by an orchestration of T-cell
receptor (TCR), costimulatory, and cytokine signals and is further
stabilized by lineage-specific transcription factors in response to
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these signals (1, 2, 9). It was recently shown that microRNA
(miRNA) is also a major regulator of the T-cell immune re-
sponse (10). miRNAs are small noncoding RNAs consisting of
~22 nt that bind to the 3" UTR of the target mRNA and suppress
the expression of the encoded protein by blocking translation
as well as promoting degradation of the transcript (11). Experi-
ments using mice deficient in enzymes critical to miRNA bio-
genesis have demonstrated an indispensable role of miRNAs in
T-cell development (12). A recent study has shown that Dicer,
an enzyme involved in miRNA synthesis, is indispensable for
CDS8™ T-cell responses (13). However, less is known about the
specific miRNAs regulating effector and memory CD8" T-cell
differentiation in the context of viral infection.

In this study, we profiled the miRNA expression of naive,
effector, and memory CD8* T cells by using the mouse model
of lymphocytic choriomeningitis virus (LCMV) infection and
demonstrated that multiple miRNAs in the miR-17-92 cluster
and its paralogs are highly expressed in proliferating effector
cells. We then showed that miR-17-92 is critical to maintain
a proliferative and terminally differentiated effector state and that
down-regulation of the cluster after viral clearance is necessary
for CD8™ T cells to transit into the quiescent memory phenotype.

Results

miRNAs Are Crucial for CD8* Effector T-Cell Expansion During Acute
Viral Infection. We used Dicer conditional knockout mice to ex-
amine the role of miRNAs in regulating the effector CD8" T-cell
response to an acute viral infection. To avoid defective thymic
T-cell development caused by Dicer deficiency, we crossed mice
bearing floxed Dicer alleles (Dicer 1oxP/loxP) to a transgenic
strain expressing Cre recombinase driven by a truncated human
granzyme B promoter (GzB-cre) (14), which is only active among
mature T cells activated by TCR signal. In this study, Dicer loxP/
loxP;GzB-cre* (Dicer™™) mice were compared with their litter-
mate controls (Dicer loxP/loxP;GzB-cre™ or Dicer loxP/wt;GzB-
cre™). Although Dicer™~ mice had normal T-cell compartments
before infection (Fig. S14), they mounted a severely dampened
CD8* T-cell response compared with littermate controls (Fig.
S1B) on day 8 postinfection (p.i.) with LCMV Armstrong strain
(Arm). The overall numbers of LCMV-specific CD8* T cells for
the two main epitopes, DPGP33 4; and DPNP3og 404, Were ~20-
fold lower in the spleens of Dicer™~ mice than in those of
the littermate controls, as determined by both tetramer staining
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(Fig. S1C) and intracellular IFN-y staining (Fig. S1D). Accord-
ingly, the frequency and total number of CD44"£" effector CD8*
T cells were also significantly reduced in the knockout mice (Fig.
S1 E and F). Moreover, the defective expansion of Dicer™~ ef-
fector CD8" T cells was accompanied with impaired viral
clearance (Fig. S1G). Therefore, our results in the LCMV in-
fection model are consistent with the previous observation that
Dicer is essential for CD8* T-cell responses during Listeria
monocytogenes and vesicular stomatitis virus infections (13).

miR-17-92 Cluster and Its Paralogs Are Up-Regulated in Expanding
Effector CD8" T Cells. We next sought to identify the miRNAs
whose loss of function could account for the defective CD8*
T-cell expansion observed in Dicer™'~ mice by profiling miRNA
expression in LCMV-specific CD8* T cells at different stages of
the immune response. We used the P14 TCR transgenic system
(TCR specific to D°GP33_4; of LCMV) (5) and sorted naive, day 5
effector, day 8 effector, and memory (day >60) P14 cells. Effector
CD8* T cells are rapidly proliferating on day 5 p.i., and their
number reaches the peak on day 8 p.i., when proliferation largely
stops (Fig. S24). Therefore, miRNAs more highly expressed in
day 5 effectors than in the other three populations are more
likely to play a role in clonal expansion.

Unsupervised hierarchical analysis successfully segregated the
four groups representing four different stages of LCMV-specific
CD8* T-cell differentiation (Fig. S2B). A one-way ANOVA
analysis identified 160 miRNAs that were differentially regulated
among the four populations (Dataset S1). miRNAs that were up-
regulated in day 5 effectors by more than twofold (P < 0.05) rel-
ative to naive cells are shown in Fig. S2C. Remarkably, multiple
miRNAs in the miR-17-92 cluster and its paralogs, namely miR-
106a-363 and miR-106b-25, were up-regulated on day 5 p.i. but
down-regulated during the differentiation from effector to mem-
ory T cells. We identified 10 miRNAs up-regulated (fold change >
2; P <0.05) in day 5 effectors relative to all three other populations
(Fig. 14). Strikingly, six of those miRNAs belong to the miR-17-92
or miR-106a-363 cluster, suggesting a potential role of these
miRNAs in the expansion phase (Fig. 1B). The expression kinetics
of individual members in the miR-17-92 cluster were confirmed by
quantitative RT-PCR (QRT-PCR) (Fig. 1C).

miR-17-92 Deficiency Impairs Effector CD8" T-Cell Proliferation. The
observation that expression of miRNAs in the miR-17-92 cluster
positively correlates with the proliferation of effector CD8* T
cells prompted us to speculate that miR-17-92 may promote
CD8* T-cell expansion during the immune response. We bred
miR-17-92 loxP/loxP mutants (15) to GzB-cre transgenic mice
to generate miR-17-92 loxP/loxP;GzB-cre (miR-17-9277) mice.

Although a previous study showed that conventional miR-17-92
knockout mice had normal T-cell development (15), we still
confirmed in our system that the miR-17-92~'~ mice showed no
obvious defect in the T-cell compartment (Fig. S34). We infec-
ted miR-17-927~ mice and their littermate controls (miR-17-92
loxP/loxP or miR-17-92 loxP/loxP;GzB-cre) with LCMV Arm.
The frequency and number of effector CD8" T cells were exam-
ined on day 8 p.i. As predicted, both D’GP33 4; and D’NP3gq 404
tetramer* CD8" T-cell frequencies in the spleens of miR-17-927~
mice were lower than those of the littermate controls (Fig. S3B).
The total numbers of D°GPs3 4;- or DbNP396_404-speciﬁc cells,
determined by either tetramer staining or intracellular IFN-y
staining after peptide stimulation, were three- to fourfold lower in
miR-17-92~'~ mice than in the littermate controls (Fig. 2 4 and B).
Also, fewer activated CD44"e" CD8* T cells were found in the
knockout mice (Fig. S3 C and D). miR-17-927'~ mice had slightly
higher frequencies of CD127"¢"KLRG1™" (memory precursor)
effector CD8" T cells, although not statistically significant, than
their littermate controls on day 8 p.i. (Fig. S3 E and F). The trend
toward higher frequencies of CD127"€"KLRG1"" LCMV-spe-
cific CD8™ T cells was also observed in the knockout mice on day
91 p.i. (Fig. S3 G and H).

The diminished expansion of effector CD8* T cells observed
in the miR-17-92~ mice is likely to be caused by impaired
proliferation. After stimulated for 48 h with anti-CD3 and anti-
CD28 antibodies in vitro, CD8* T cells from miR-17-92 1oxP/
loxP;CD4-cre (CD4-cre miR-17-927'7) mice proliferated less
than those from their littermate controls (miR-17-92 loxP/loxP or
miR-17-92 loxP/loxP;CD4-cre) (Fig. 2C) despite similar expres-
sion of TCR, CD3e, and CD28 (Fig. S3I). Our results indicate
that miR-17-92 is necessary for optimal proliferation of CD8*
effector T cells.

Overexpression of miR-17-92 Promotes Effector CD8* T-Cell Expansion.
To test whether miR-17-92 has an effect on cell-cycle progression
of effector CD8™ T cells, we overexpressed miR-17-92 in P14
CDS8™ T cells. P14 cells were infected by retrovirus packaged
with MSCV-IRES-Thyl.1 (MIT) vector with or without a miR-
17-92 insert. After infection, all P14 cells, both transduced
(Thy1.1™) and nontransduced (Thy1.17), were transferred into
C57BL/6 recipients, which were subsequently infected with LCMV
(Fig. 34). This procedure allows us to determine the effect of
a vector by directly comparing transduced to nontransduced cells
within the same mouse. Thus, any environmental factors can be
ruled out, and better sensitivity is achieved. BrdU was i.p. injected
into mice on day 6 or 7 after LCMV infection; 6 h later, mice were
killed, and cells were checked for BrdU incorporation. Although
the transduction with MIT empty vector showed little effect on the
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Fig. 1. miRNAs in the miR-17-92 cluster and its paralogs are up-regulated in the proliferating effector CD8* T cells. (A) Venn diagram of genes up-regulated by

more than twofold (P < 0.05) in the day 5 effector P14 CD8* T cells relative to the naive (red), day 8 effector (green), or memory P14 (blue) cells. (B) Heat map of
the expression of miRNAs that were up-regulated more than twofold (P < 0.05) in the day 5 effector P14 CD8" T cells relative to naive, day 8 effector, and
memory P14 cells. miRNAs belonging to the miR-17-92 or miR-106a-363 cluster are in bold. (C) QRT-PCR analysis of the expression of individual members in the
miR-17-92 cluster in naive, day 5 p.i., day 8 p.i., and memory P14 cells. Bars represent the fold changes relative to naive. Sno-142 was used as the loading control.
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Fig. 2. miR-17-92 deficiency reduces effector CD8* T-cell response by inhibiting proliferation. miR-17-927'~ mice and littermate controls were infected with
LCMV Arm and killed on day 8 p.i. (A and B) Numbers of tetramer* cells per spleen (A) and numbers of IFN-y* cells per spleen after 5-h stimulation with GP33_4;
or NP3g6_404 (B) were determined. Results are representative of at least three independent experiments with at least five mice per group. Student’s t test was
used. *P < 0.05, **P < 0.01. (C) Carboxyfluorescein succinimidyl ester (CFSE) dilution of purified CD4-cre miR-17-927'~ and WT CD8* T cells after culture with
plate-bound anti-CD3 and soluble anti-CD28 for 48 h. Results are representative of at least two experiments with n > 6.

BrdU™ frequency, the transduction with miR-17-92-MIT clearly
increased BrdU incorporation in the P14 cells (Fig. 3B). There-
fore, increasing the expression of miR-17-92 promotes cell-cycle
progression of effector CD8" T cells.

To test whether miR-17-92 overexpression enhances clonal ex-
pansion, we transduced purified P14 CD8* cells with MSCV-Puro-
IRES-GFP (MSCV-PIG) vector with or without a miR-17-92 insert,
cultured the cells with IL-2 for 2-3 d, sorted for GFP*-transduced
cells, and adoptively transferred the GFP* T cells to C57BL/6
recipients (Fig. S4 B and C). The chimeras were subsequently
infected with LCMV and killed on day 5 p.i. As shown in Fig. S4 D
and E, the P14 cells transduced with the miR-17-92 overexpression
vector accumulated approximately threefold more on day 5 p.i. than
the P14 cells transduced with the empty MSCV-PIG.

Overexpression of miR-17-92 Skews Effector CD8* T Cells to CD127 (IL-
7Ra)'°“KLRG1"9" Terminal Effectors. As described above, the ex-
pression of miRNAs in the miR-17-92 cluster peaks when the
CD8™ T cells are rapidly proliferating, decreases by day 8 p.i.
when the proliferation nearly stops, and further decreases during
memory development (Fig. 1 B and C). Therefore, we reasoned
that maintaining the high expression of miR-17-92 by over-
expression might affect the differentiation of LCMV-specific
effector and memory CD8" T cells. We first examined the im-
pact of miR-17-92 overexpression on effector CD8* T-cell dif-
ferentiation by comparing the day 8 P14 cells transduced with
miR-17-92-MIT to the nontransduced P14 cells in the same mice
as well as the empty MIT-transduced P14 cells. The nontrans-
duced P14 cells in both the MIT and miR-17-92-MIT groups, as
well as the empty MIT-transduced P14 cells, showed similar
expression patterns of CD127 and KLRG1 (Fig. 44 and Fig. S5
A and B). In striking contrast, the P14 cells transduced with miR-
17-92-MIT were almost exclusively CD127°VKLRG1"", a pat-
tern associated with short-lived terminal effector cells (4, 6).
Moreover, miR-17-92-MIT-transduced P14 cells also expressed
lower levels of CD62L (L-selectin), CD27, and Bcl2, but higher
levels of granzyme B, all consistent with a more terminally dif-
ferentiated effector phenotype (Fig. 4B and Fig. S5 C-E). In-
terestingly, miR-17-92-MIT-transduced P14 cells also showed
heightened expression of 2B4 (Fig. 4C and Fig. S5F), which is
highly expressed in exhausted CD8" T cells (16). In addition,
consistent with a previous report that miR-19 directly targets
TNF-a mRNA (17), the TNF-o production after restimulation by
GP;53 41 was lower with miR-17-92 overexpression (Fig. S5G).
We examined the mRNA profiles of miR-17-92-MIT-trans-
duced and nontransduced P14 cells by microarray analysis. Stu-
dent’s ¢ test identified 350 probes down-regulated by more than
1.5-fold (P < 0.05) and 546 probes up-regulated by more than
1.5-fold (P < 0.05) in the transduced P14 cells relative to the
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nontransduced P14 cells (Dataset S2). Consistent with our FACS
data, 1171, Sell (CD62L), and Bcl2 were lower and Cd244 (2B4)
was higher at the transcript level in the cells transduced with
miR-17-92-MIT (Fig. 4D). Notably, Tcf7, a transcription factor
essential for central memory T-cell development (18), as well as
Trafl and serpina3g, which facilitate memory CD8" T-cell sur-
vival by suppressing Bim or cathepsin B, respectively (19, 20),
were also down-regulated when miR-17-92 was overexpressed.
To determine whether the overall gene expression pattern of
miR-17-92-overexpressing cells resembles that of terminal ef-
fector cells, we compared our data with published microarray
data of terminal effector cells and memory precursors (4). Gene-
set enrichment analysis (GSEA) showed that the gene signature
of CD127"% effectors was overrepresented in the miR-17-92-
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Fig. 3. Overexpression of miR-17-92 promotes cell-cycle progression of ef-
fector CD8* T cells. (4) Splenocytes from Thy1.1~ P14 mice were transduced
with MIT or miR-17-92-MIT and transferred to C57BL/6 mice, which were
subsequently infected with LCMV Arm and pulse-labeled with BrdU on day 6
or 7 p.i. (B Left) Gating of transduced (Thy1.1*; red) and nontransduced
(Thy1.17; blue) P14 cells. (Right) Frequencies of BrdU™ cells within transduced
and nontransduced P14 T cells in the spleens of each group (MIT or miR-17-
92-MIT) on days 6 and 7 p.i. Each line represents data from one individual
mouse. Results are representative of at least two experiments with n > 3.
Paired Student's t test was used. *P < 0.05, **P < 0.01, ***P < 0.001.
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MIT-transduced P14 cells were generated and infected as described in Fig. 3. Phenotypic analysis of transduced (Thy1.1*) or nontransduced (Thy1.17) P14 cells
in the spleens on day 8 p.i. was performed. (A) Representative plots and statistics of CD127 and KLRG1 expression on transduced (red) and nontransduced
(blue) P14 CD8* T cells from each group (MIT or miR-17-92-MIT). Paired Student’'s t test was performed. Each line represents the frequencies of
CD127"9PKLRG 1'% cells in the transduced and nontransduced P14 from one individual mouse. (B and C) The same statistical analysis was performed on the
expression of granzyme B, and 2B4. Experiments were repeated at least three times with n > 3. (D) Relative gene expression values of I17r (CD127), Sell
(CD62L), Tcf7, Traf1, Bcl2, serpina3g, and Cd244 (2B4) in the miR-17-92-MIT-transduced (Thy1.1%; red) or nontransduced (Thy1.17; blue) P14 cells. Student'’s t
test was used. (F) Gene signature of CD127'°" effector CD8* T cells is overrepresented in miR-17-92-MIT-transduced P14 on day 8 p.i., as determined by GSEA.
*P < 0.05, **P < 0.01, ***P < 0.001.

MIT—tranSduced P14 cells whereas the gene signature of  miR-17-92 Enhances Mammalian Target of Rapamycin (mTOR) Signaling
CD127"&" effectors was underrepresented in these cells (Fig. 4E  in Effector CD8* T Cells. Our previous work demonstrated that
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Fig. 5. miR-17-92 enhances mTOR signaling by suppressing multiple negative regulators up-stream of mTOR. (A) Relative expression values of Pten, Pdcd1
(PD1), Btla, and Fcgr2b in miR-17-92-MIT-transduced and nontransduced P14 cells on day 8 p.i., as determined by microarray. (B and C) Protein levels of PTEN
(B) as well as PD1 and BTLA (C) on day 4.5 p.i. were measured by Western blotting or FACS, respectively. p-Actin was used as loading control for Western blots.
(D) Representative histogram of S6 phosphorylation in MIT- or miR-17-92-MIT-transduced P14 cells on day 4.5 p.i. (Left) and statistical analysis of the effect of
MIT or miR-17-92-MIT transduction on S6 phosphorylation (Right). The results shown, except the microarray data, were representative of at least two in-
dependent experiments with n > 4. Paired t test (C and D) and unpaired t test (A) were used. *P < 0.05, **P < 0.01, ***P < 0.001.
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differentiation into memory precursors and increases the genera-
tion of central memory T cells (21). Interestingly, our microarray
data showed that the transcripts of multiple negative regulators
of the PI3K-Akt-mTOR axis, namely phosphatase and tensin
homolog (Pten), programmed cell death 1 (Pdcdl; PD1), B-
and T-lymphocyte associated (Btla), and Fc fragment of IgG,
low affinity IIb, receptor (Fcgr2b), were significantly lower
in the miR-17-92-MIT-transduced P14 cells (Fig. 54). The
results of Western blots and FACS confirmed that the protein
levels of PTEN, PD1, and BTLA were lowered by miR-17-92
overexpression on day 4.5 p.i. (Fig. 5 B and C), when mTOR
signaling is high. Notably, the 3’ UTR of Pten mRNA contains
target sites for five of the six miRNAs in the cluster (miR-17,
miR-19a, miR-19b, miR-20a, and miR-92a), suggesting that
miR-17-92 can directly suppress PTEN expression by inter-
acting with its mRNA (22, 23). To determine mTOR pathway
activity in the P14 cells, we stained for the phosphorylated
ribosome protein S6 (Ser235/236) on day 4.5 p.i. As shown in
Fig. 5D, miR-17-92 overexpression increased the phosphory-
lation of S6, indicating heightened mTOR signaling. Therefore,
miR-17-92 relieves the suppression on the PI3K-Akt-mTOR
axis and enhances mTOR activity. Strengthened mTOR sig-
naling by miR-17-92 overexpression may explain the absence
of memory precursor cells and indicates a potential defect in
memory differentiation.

Down-Regulation of miR-17-92 Is Necessary for Optimal Memory CD8*
T-Cell Development. Normally, during the CD8* T-cell response to
acute LCMV infection, the proportions of CD127"¢" and
CDG62L"e" cells gradually increase after day 8 during the contrac-
tion and memory development. Meanwhile, the expression of miR-
17-92 decreases to a level similar to that in naive T cells (Fig. 1 B and
C). However, when ectopically overexpressing miR-17-92, the
reexpression of CD127 and CD62L in the P14 cells was strongly
delayed, suggesting a defective memory differentiation pro-
gram (Fig. 6 A and B). As a result, although the frequency of
the empty MIT-transduced cells within the donor P14 cell pool
was largely unchanged over time, the miR-17-92-MIT—-trans-
duced P14 cells were outcompeted by the nontransduced cells

in the same mice (Fig. 6C). The remaining miR-17-92-MIT-
transduced cells displayed a phenotype closer to what seen in
effector T cells or effector memory T cells: The majority of the
cells were CD127'°"KLRG1"#" with limited expression of
CD62L and high levels of granzyme B (Fig. 6 D-F and Fig. S6
A-E). The impaired central memory T-cell development was
further supported by the observation that the miR-17-92-MIT-
transduced memory P14 cells expressed lower CD27 and Bcl2 and
produced less IL-2 upon restimulation than the control P14 cells
did (Fig. 6 G-I and Fig. S6 F-H).

Discussion

In this study, we determined the miRNA profiles of LCMV-
specific CD8* T cells during and after an acute viral infection
and demonstrated that a group of miRNAs, predominantly
members of the miR-17-92 cluster or its paralogs, are more
expressed in rapidly proliferating effectors than in naive, mem-
ory, or nonproliferating effector cells. The miR-17-92 cluster
encodes precursors for six miRNAs (miR-17, miR-18a, miR-19a,
miR-20a, miR-19b, and miR-92a) and has two paralogs (miR-
106b-25 and miR-106a-363) generated by ancient genomic du-
plication (24). miR-17-92 is frequently involved in genomic
translocation and amplification and is overexpressed in various
hematopoietic malignancies and solid tumors (24). Studies on
CD4™ T cells showed that overexpressing the miR-17-92 cluster
overrides the need for costimulatory signals (22) and that several
miRNAs in the cluster can enhance proliferation and inhibit
activation-induced cell death of T-helper cells after in vitro an-
tigen stimulation (22, 25, 26). Accordingly, using the in vivo
LCMV acute infection model, we showed that knocking out
miR-17-92 with GzB-cre reduced the number of LCMV-specific
CD8* T cells and thus demonstrated that the loss of miR-17-92
at least partially accounts for the phenotype observed in Dicer
knockout mice. In addition to the loss-of-function experiments,
we found that overexpressing miR-17-92 promotes the expansion
of effector cells. Altogether, our data reveal a proproliferative
role of miR-17-92 in effector CD8" T cells. Although the ef-
fector CD8" T-cell response to LCMYV infection is largely in-
dependent of CD4™ T-cell help (27), it is worth pointing out that
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Fig. 6. Overexpression of miR-17-92 impairs the development of LCMV-specific memory CD8* T cells. (A-C) Frequencies of CD127"9" (A) and CD62L"9" (B)
cells within transduced P14 cells as well as the portion of transduced cell (Thy1.1*) within donor P14 cells in the peripheral blood mononuclear cells (PBMC) of
each group (MIT or miR-17-92-MIT) (C) were tracked longitudinally starting from day 8 p.i. (D-/) Phenotypic analysis of transduced (Thy1.1*) or nontransduced
(Thy1.17) P14 cells in the spleens on day 66 p.i. was performed. Experiments were repeated at least three times with n > 3. Unpaired t test (A-C) and paired t
test (D-/) were used. *P < 0.05, **P < 0.01, ***P < 0.001.
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GzB-cre can also induce recombination in effector CD4* T cells
that express granzyme B and potentially delete miR-17-92 in this
subset of CD4™ T cells (14). Whether this process has any effect
on the differentiation of memory CD8* T cells needs to be de-
termined in future studies.

Our data demonstrated that miR-17-92 expression is down-
regulated when clonal expansion approaches the end and further
reduced to levels seen in naive cells during the contraction
phase. Given the prosurvival role of miR-17-92 in malignancies
as well as primary lymphocytes in the autoimmune model (22,
28), one might have predicted that maintaining high levels of
miR-17-92 would make effector CD8" T cells less vulnerable to
apoptosis and favor the accumulation of memory cells. In sharp
contrast, instead of surviving better, the P14 cells ectopically
expressing miR-17-92 contracted more than the control P14
cells did. Memory development was also impaired, manifested by
the loss of markers usually associated with memory or central
memory cells. Phenotypic analysis of miR-17-92-overexpressing
effector cells provides a logical link between the enhanced clonal
expansion and increased contraction of these cells. Our data
demonstrated that the enhanced cell-cycle progression driven by
miR-17-92 overexpression is accompanied by a strong tendency
toward terminal effector differentiation. In fact, the miR-17-92—
overex%)ressing P14 cells on day 8 p.i. were almost exclusively
CD127°"KLRG1"&", The expression pattern of other markers
such as CD62L and CD27 as well as the global transcription
signature assessed by GSEA further support the idea that these
cells resemble short-lived terminal effectors. However, knocking
out miR-17-92 only slightly increased the frequencies of
CD127"Me"KLRG1'°" LCMV-specific CD8* T cells at effector
and memory time points. One likely explanation of the lesser
impact on CD8" T-cell differentiation caused by loss of function
than gain of function of miR-17-92 is that the miR-106a-363 and
miR-106b-25 may compensate for the loss of miR-17-92, given
that the two share extensive targets with miR-17-92. In addition,
the reduced CD8* T-cell response in miR-17-92~'~ mice may
result in delayed antigen clearance or prolonged proinflammatory
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cytokine stimulation, which may impair the generation of memory
precursor cells.

Interestingly, previous studies in our laboratory showed that
extending antigen stimulation leads to more proliferation to-
ward the tail end of clonal expansion, drives effectors toward
terminal differentiation, and impedes the conversion from
effector memory cells to central memory cells (6), which closely
resembles our observation in miR-17-92-overexpressing CD8* T
cells. Therefore, miR-17-92 may be an intracellular signaling
component that promotes proliferation and effector differ-
entiation in response to antigen stimulation. In support of this
hypothesis, NF-kB, a transcription factor downstream of TCR,
was shown to bind to the human miR-17-92 promoter (29).
Additional transcription factors such as STAT3 and E2Fs are
also involved in the transcriptional regulation of miR-17-92 in
human cell lines (30, 31), indicating that cytokine signals and
proliferation itself may also regulate miR-17-92 expression.

In conclusion, we showed that miRNA expression patterns
undergo dramatic changes in the course of a CD8% T-cell re-
sponse, and we identified the high expression of miR-17-92
cluster and its paralogs as a miRNA signature of proliferating
effectors. We then dissected the role of miR-17-92 in clonal
expansion and effector/memory differentiation. Our results may
provide useful insights for the development of vaccines and
therapies that target to enhance CD8* T-cell effector function or
maximize memory cell formation by modulating miR-17-92.

Materials and Methods

Standard procedures and methods such as mouse handling, plaque assay,
in vitro T-cell activation, lymphocyte isolation, flow cytometry, retroviral
transduction, BrdU labeling, RNA isolation, microarray analysis, QRT-PCR, and
statistical analysis are described in SI Materials and Methods.
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