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Introduction
Owing to their unique abilities for specific tumor antigen recogni-
tion and efficient cytolysis, CD8+ cytotoxic T lymphocytes (CTLs) 
represent the primary leukocyte population used for adoptive cell 
transfer (ACT) cancer treatment. ACT relies on isolation, followed 
by extensive ex vivo expansion of tumor-infiltrating CTLs (TILs) 
in the presence of copious amounts of growth factors (e.g., IL-2) 
in vitro, followed by autologous reinfusion into the patient (1, 2). 
Recent advances in CTL engineering have allowed the enforced 
expression of high-affinity and tumor-specific T cell receptors 
(TCRs) or chimeric antigen receptors, thereby mitigating part of 
the difficulties in CTL isolation and expansion, and the efficacy of 
tumor antigen targeting (2–4). Paradoxically, although these strate-
gies are capable of generating highly cytotoxic tumor-specific CTLs 
in vitro, the clinical success of ACT using ex vivo IL-2–conditioned 
and TCR-redirected CTLs has been partial at best — the majority 
of patients fail to respond with complete tumor regressions (5–7).

This apparent discrepancy between the in vitro and in vivo 
functionality of CTLs in ACT is largely attributed to the pres-
ence of immunosuppressive barriers within the tumor micro-
environment, which are co-opted by tumors to evade the host 
immune system (8–11). Of these, TGF-β is a key cytokine during 
tumor pathogenesis secreted and upregulated by a wide variety 
of tumors, including melanoma and lung cancer (12–15). In mel-
anoma and lung cancer patients, high plasma TGF-β levels are a 

negative prognostic indicator of tumor progression, because of 
their association with increased metastasis and relapse rates, as 
well as decreased overall patient survival (16–18). Moreover, local 
expression of TGF-β is further elevated within metastatic mela-
noma lesions, compared with their primary tumors (19). TGF-β 
promotes tumor outgrowth and metastasis in various avenues, a 
critical one of which is to hamper productive antitumor immune 
responses. Specifically, TGF-β–induced SMAD signaling in both 
naive and full-fledged effector CTLs represses their expression of 
key cytotoxic mediators, including granzyme B and IFN-γ, result-
ing in CTL dysfunction and impaired tumor rejection (20, 21). 
Engineering tumor-specific CTLs to overcome TGF-β–mediated 
immune suppression and preserve their cytotoxicity within the 
tumor microenvironment therefore remains one of the holy grails 
in the field of cancer intervention.

CTL function and cytotoxicity are governed by several key 
transcription regulators, including T-bet, EOMES, and BLIMP-1. 
In effector CTLs, T-bet and EOMES are compensatory and essen-
tial transcriptional factors enforcing a type 1 program that instructs 
their differentiation into highly potent killer CTLs — T-bet and 
EOMES drive the expression of type 1 cytotoxic mediators (e.g., 
granzyme B, perforin, and IFN-γ) for the eradication of malig-
nant cells, while simultaneously repressing the acquisition of an 
unproductive type 17 program that targets extracellular pathogens 
(22–25). Unsurprisingly, T-bet and EOMES double-deficient CTLs 
have severely impaired cytotoxicity and antitumor responses (24, 
26). Likewise, by repressing the quiescent transcriptional pro-
gram characteristic of memory CTLs, the transcriptional regula-
tor BLIMP-1 is also essential for promoting CTL cytotoxicity and 
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toxicity induced by DCs and B cells indicate that these 2 priming 
conditions elicit distinct cytotoxic transcriptomes in CTLs; there-
fore, as unphysiological as it may be, our in vitro priming system 
provides us with a comparative platform for discovering master 
regulator(s) of cytotoxicity.

As miRNAs can simultaneously regulate the expression of mul-
tiple genes post-transcriptionally (31, 45), miRNA-based immuno- 
therapy holds the potential to bypass the need for complex tran-
scriptional reprogramming of effector CTLs. We therefore sought 
to identify miRNAs that modulate cytotoxicity using our in vitro 
priming system. After 3 days of priming with either DCs or B cells, 
we isolated the differentially primed CTLs for miRNA expression 
profiling (46). Among the 350 miRNAs screened, 18 were signifi-
cantly differentially expressed: 13 miRNAs were downregulated 
and 5 were upregulated in DC-primed CTLs (Figure 1C, Supple-
mental Figure 2A, and Supplemental Table 1). To determine wheth-
er these miRNA candidates directly impacted CTL cytotoxicity, we 
assessed granzyme B expression in pMel-1 CTLs overexpressing 
either the respective miRNAs, or a mock-GFP control vector. Only 
miR-23a was able to inhibit both granzyme B and T-bet expression 
in CTLs (Supplemental Figure 2C and data not shown). Interesting-
ly, although miR-23b — a paralog of miR-23a — was similarly sup-
pressed in DC-primed CTLs (Figure 1C and Supplemental Table 1), 
miR-23b overexpression did not affect granzyme B levels (Supple-
mental Figure 2E). Further validation experiments corroborated 
that miR-23a expression in CTLs was dramatically suppressed dur-
ing DC priming (Figure 1D). While miR-23a did not affect CTL pro-
liferation (Supplemental Figure 2F) and AICD (Supplemental Fig-
ure 2G), overexpression of miR-23a (~3.4 ± 1.0–fold increase from 
3.5 × 104 ± 0.6 × 104 copies per cell; Supplemental Figure 2, B–D) 
blunted the expression of multiple key CTL effector molecules and 
transcription factors in vitro (Figure 1E). These data suggest that 
miR-23a may negatively regulate CTL cytotoxicity.

Forced miR-23a expression compromises antitumor CTL effec-
tor responses in vivo. To investigate the impact of miR-23a on CTL 
antitumor efficacy in vivo, we made use of the poorly immuno-
genic B16/F10 melanoma tumor model (40). Equal numbers 
(i.e., 0.6 × 106) of mock pMel-1 CTLs, miR-23a–overexpressing 
pMel-1 CTLs, or PBS vehicle control were infused into B16/F10 
tumor-bearing mice. As previously reported (47, 48), pMel-1 CTLs 
expressing the mock vector retarded tumor growth substantially. 
However, this protection was completely abrogated by the forced 
expression of miR-23a — mice receiving miR-23a–overexpressing 
CTLs exhibited accelerated tumor progression and higher tumor 
burdens, comparable to those of untreated (PBS) tumor-bearing 
mice (Figure 2, A and B). Although miR-23a did not affect CTL 
accumulation within the tumor (Figure 2, C and D), miR-23a 
significantly undermined the expression of several key effector 
molecules in pMel-1 TILs (Figure 2E), and in peripheral pMel-1 
CTLs (Figure 2F). Taken together, these results functionally vali-
date that forced miR-23a expression antagonizes antitumor CTL 
effector responses in vivo.

Functional blockade of miR-23a in CTLs augments their antitumor 
function in vitro. Having identified miR-23a as a repressor of CTL 
cytotoxicity, we developed 2 strategies for blocking miR-23a func-
tion: treatment with an anti–miR-23a locked nucleic acid (LNA) (39) 
and retroviral transduction of a miR-23a decoy vector (49).

effector differentiation (27–29). Notably, BLIMP-1–deficient effec-
tor CTLs have impaired cytotoxicity, and show reduced expres-
sion of multiple type 1 cytotoxic mediators (27, 28).

To enhance the efficacy of current tumor immunotherapy, we 
became interested in a novel microRNA-based (miRNA-based) 
approach to augment the cytotoxic capacity of tumor-specific 
CTLs ex vivo. miRNAs are a group of small noncoding RNAs 
that have emerged as key regulators of gene expression in plants 
and animals (30). Importantly, mounting evidence indicates that 
miRNAs are integral and effective regulatory elements of the 
adaptive immune system (31–35), making the manipulation of 
miRNA levels in CTLs an attractive means of enhancing antitu-
mor adaptive responses. In addition, miRNA-based therapy offers 
two advantages over conventional protein-target-based immune 
modulation — it is far more straightforward to engineer antisense 
miRNA inhibitors, and miRNA-based gene therapy can be readily 
incorporated into conventional ACT (36–39). Unfortunately, little 
is known of the therapeutic miRNA targets, which are capable of 
sustaining effector CTL function particularly in the face of tumor-
induced immunosuppression.

To address this knowledge gap, we compared the miRNA 
expression profiles of poorly and highly cytotoxic CTLs generated 
under different priming conditions, and identified miR-23a as a 
key inhibitor of antitumor responses in mouse and human CTLs. 
We demonstrate that miR-23a downregulates its mRNA target 
BLIMP-1, and simultaneously inhibits the expression of multiple 
key CTL effector molecules and transcriptional regulators. Addi-
tionally, we establish cMYC and tumor-associated TGF-β as key 
determinants of miR-23a abundance in effector CTLs.

Results
Identification of miR-23a expression as a negative correlate of cyto-
toxicity of effector CTLs. To screen for key miRNA regulators of 
CTL effector responses, we used different in vitro systems that 
are well known for generating CTLs with different killing capaci-
ties. Naive murine pMel-1 CTLs were primed in vitro with either 
mature bone marrow–derived DCs (Supplemental Figure 1, A 
and B; supplemental material available online with this article; 
doi:10.1172/JCI76561DS1), or splenic B cells pulsed with the 
melanoma tumor–associated antigen hgp100 (40). pMel-1 CTLs 
expanded with peptide-loaded syngeneic B cells displayed very 
poor cytotoxic capacity at an effector/target (E/T) ratio of 5:1; 
in contrast, CTLs expanded with DCs exhibited 5-fold higher 
cytotoxic potency (Figure 1A). Accordingly, we found that DC-
primed CTLs expressed higher levels of key cytotoxic mediators 
(granzyme B and IFN-γ), and upstream master regulators (T-bet, 
EOMES, and BLIMP-1) (Figure 1B). Killing deficiencies observed 
in B cell priming were previously reported to result from impaired 
granzyme B expression and increased activation-induced T cell 
death (AICD) (41, 42), which could be overcome by IL-15 and 
IL-21 (43, 44). Consistent with earlier reports (41–44), the addi-
tion of exogenous IL-15 and IL-21 during B cell priming partially 
rescued granzyme B expression (Supplemental Figure 1C) and 
AICD (Supplemental Figure 1D) in CTLs. However, when chal-
lenged with a high ratio of antigen-pulsed target cells (E/T = 5:1), 
these cytokines enhanced their in vitro cytotoxicity insignificant-
ly (Supplemental Figure 1E). Qualitative differences in CTL cyto-
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antagomir (Supplemental Figure 3B), or an antagomir against 
the unrelated miR-122 (Supplemental Figure 3C). However, 
neither antagomir was able to augment CTL effector molecule 
expression. In spite of this functional enhancement, chemically 
modified oligonucleotides, such as LNAs, cannot be permanent-
ly retained in activated T cells in vivo (data not shown and ref. 
39). The short-lived effects of LNA treatment in T cells therefore 
make it difficult to investigate the long-term antitumor efficacy 
of miR-23a–inhibited CTLs in vivo.

Aimed at achieving long-lasting miR-23a inhibition, we devel-
oped a second approach. We retrovirally transduced CTLs with a 

In the first approach, a 6-fluorescein (FAM) fluorescent label 
conjugated to the 5′-end of the LNA facilitates monitoring the 
transfection efficiency, enables CTLs that have taken up the 
LNA to be distinguished as an FAM+ population (Figure 3A), and 
provides LNA-treated FAM– CTLs as an internal control for the 
specificity of LNA-mediated miR-23a inhibition. In comparison 
with the FAM– pMel-1 CTLs, the expression of EOMES, T-bet, 
and granzyme B was augmented in the miR-23a–inhibited FAM+ 
population (Figure 3, B and C). To ensure that these observed 
changes are specific to miR-23a, CTLs were also treated with 
saturating amounts (Supplemental Figure 3A) of a scrambled 

Figure 1. Identification of miR-23a as a negative correlate of CTL effector function. (A and B) pMel-1 CTLs primed with splenic B cells or LPS-matured 
bone marrow–derived DCs for 4–6 days were assessed for (A) in vitro cytotoxicity at an E/T ratio of 5:1 and (B) expression of CTL effector molecules. His-
tograms are representative of n = 3 independent experiments, and the bar graph represents the mean ± SEM of n = 3 independent experiments. (C) After 
3 days of in vitro priming by DCs or B cells, pMel-1 CTLs were isolated for miRNA expression profiling. Heat map of miRNAs differentially expressed by 
DC- and B cell–primed CTLs from n = 3 independent miRNA profiling experiments. Asterisks with miRNAs refer to the passenger strands of the respective 
miRNA species. (D) Validation of differential miR-23a expression in CTLs under the respective priming conditions with 3 additional batches of samples. 
Numbers and bar graph represent the mean ± SEM miR-23a expression relative to that of naive CD8+ T cells. (E) DC-primed pMel-1 CTLs were retrovirally 
transduced with either an empty mock vector or a miR-23a overexpression vector. Three days after transduction, CD8+GFP+ CTL effector molecule expres-
sion was assessed by flow cytometry.
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pression, the miR-23a decoy augmented the expression of cytotox-
ic modulators and effectors in CTLs (Figure 3F), and significantly 
enhanced their in vitro cytotoxicity over a wide range of E/T ratios 
(Figure 3G), reiterating our findings that miR-23a inhibition effec-
tively augments CTL functional capacity on a per-cell basis.

miR-23a blunts CTL effector responses by targeting BLIMP-1. 
We next sought to investigate the molecular mechanism through 
which miR-23a modulates CTL effector function. Since glutamine 
metabolism is central for appropriate T cell activation (52), and 
miR-23a has previously been shown to directly target glutaminase 
(GLS) in cancer cell lines (53), we examined the impact of miR-23a 
on GLS expression in pMel-1 CTLs. However, inhibiting miR-23a 
by means of the miR-23a decoy failed to upregulate Gls mRNA lev-

miR-23a decoy vector capable of sequestering endogenous miR-
23a (49). To simultaneously allow the selection of engineered 
cells, we constructed a bicistronic viral backbone, in which the 
expression of a selectable marker (iRFP, ref. 50, or puromycin 
resistance) and the expression of a GFP decoy/reporter are driven 
independently by the viral 5′-LTR and PGK promoters, respec-
tively (Figure 3D). To maximize their independent expression, we 
inserted an insulator sequence (51) between the selectable marker 
and decoy cassettes. A vector omitting miR-23a target sites serves 
as a mock control. In CTLs transduced with the miR-23a decoy, 
GFP expression was substantially quenched by 85%, indicating 
that endogenous miR-23a had been sequestered by our synthetic 
3-UTR (Figure 3E). Consistent with LNA-mediated miR-23a sup-

Figure 2. Forced expression of miR-23a inhibits CTL antitumor responses in vivo. Three days after s.c. inoculation of 0.2 × 106 B16/F10 melanoma cells, 
C57BL/6 tumor-bearing mice received adoptive transfers of 0.6 × 106 mock or miR-23a–overexpressing Thy1.1+ pMel-1 CTLs. Tumor progression was moni-
tored and effector responses of Thy1.1+ pMel-1 CTLs were analyzed. (A) Tumor volumes of untreated mice (PBS), and mice adoptively transferred with mock 
or miR-23a–overexpressing Thy1.1+ pMel-1 CTLs. Graph represents mean ± SEM with n = 9 mice per group, pooled from 2 independent experiments.  
*P < 0.05 and ***P < 0.001 for mock vs. miR-23a; #P < 0.05 and ###P < 0.001 for mock vs. PBS by 2-way ANOVA and Bonferroni post-test. (B–F) Eleven 
days after T cell transfer, tumors were excised and Thy1.1+ pMel-1 CTL numbers and effector function were assessed by flow cytometry. Data shown are 
from 1 representative experiment. (B) Tumor sizes from mice in A. (C) Percentages and (D) densities of tumor-infiltrating mock and miR-23a–overexpress-
ing pMel-1 CTLs. (E and F) Effector molecule expression in (E) tumor-infiltrating and (F) splenic and miR-23a–overexpressing pMel-1 CTLs. Normalized MFI 
was calculated by division of the MFI of each sample by the average MFIs of the mock group for each experiment.
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To assess direct binding of miR-23a to the 3′-UTR of these pre-
dicted targets, we constructed luciferase reporters containing the 
full-length 3′-UTR of the Prdm1, Tbet, or Eomes gene. Each of these 
luciferase reporters was then cotransfected into Jurkat T cells, 
together with either a mock vector or the miR-23a overexpression 
vector. Luciferase activity controlled by the Prdm1 3′-UTR, but not 
the Tbet or Eomes 3′-UTR, was significantly suppressed by miR-23a 

els (Supplemental Figure 4A), indicating that miR-23a was unlike-
ly to target GLS in primary effector CTLs. Therefore, we went 
on to search for miR-23a targets using miRecords (54). miR-23a  
was computationally predicted to target BLIMP-1 (encoded by the 
Prdm1 gene) at a highly evolutionarily conserved site (Figure 4A), 
and to target T-bet and EOMES at weakly conserved sites (Supple-
mental Figure 4B).

Figure 3. Functional blockade of miR-23a enhances CTL effector responses ex vivo. (A–C) Purified naive pMel-1 CTLs were activated with anti-CD3/
anti-CD28 for 48 hours in vitro, with or without 50 nM FAM-tagged anti–miR-23a LNA. (A) Gating strategy to identify CTLs that have taken up the anti–
miR-23a LNA. (B) CTL effector molecule expression in untreated (0 nM LNA), FAM– LNA-treated (50 nM LNA; FAM–), and FAM+ LNA-treated (50 nM LNA; 
FAM+) CTLs. Representative histograms of n = 6 independent experiments. (C) MFI of CTL effector molecules in FAM– and FAM+ CTLs treated with 50 nM 
anti–miR-23a LNA; n = 7. P values were determined by 2-tailed paired t test. (D) Schematic of the mock decoy and miR-23a decoy retroviral expression vec-
tors. iRFP was the internal marker for monitoring transfection efficiency; puromycin resistance (PuroR) was the selection marker for enriching engineered 
cells; GFP was a reporter for miR-23a sequestration and decoy function. The iRFP and GFP decoy expression cassettes were separated by an insulator (51) 
(black oval). (E) Left: Representative dot plots of iRFP and GFP expression in pMel-1 CTLs transduced with the miR-23a decoy, where iRFP was used as 
the internal marker. Right: Quenching of GFP intensity by the miR-23a decoy in CD8+iRFP+ CTLs. Bar graph represents mean ± SEM; n = 6. (F) pMel-1 CTLs 
retrovirally transduced with a mock decoy vector or the miR-23a decoy vector were assessed for CTL effector molecule expression in vitro. P values were 
determined by 2-tailed paired t test. (G) In vitro cytotoxicity of sorted iRFP+ mock and miR-23a decoy–expressing OT-I CTLs. Representative data of n = 3 
independent experiments.
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(Figure 4B). When the Prdm1 3′-UTR site predicted to interact with 
the miR-23a seed region was mutated (Supplemental Figure 4C), 
luciferase reporter activity was no longer controlled by miR-23a 
(Supplemental Figure 4D). Consistent with this, the miR-23a decoy 
rescued Prdm1 mRNA (Figure 4C) and protein (Figure 4D) expres-
sion in pMel-1 effector CTLs. Interestingly, although T-bet is not a 
direct target of miR-23a, Tbet mRNA levels were modestly, albeit 
significantly, increased in miR-23a–inhibited CTLs. Mirroring ear-
lier findings that Tbet transcription is downregulated in Prdm1–/– 
effector CTLs (28), the observed augmentation in T-bet expression 
is likely a secondary effect of increased BLIMP-1 abundance in 
miR-23a–inhibited CTLs. Taken together, these results show that 
by directly regulating BLIMP-1 expression, silencing miR-23a in 
CTLs increases their antitumor responses and cytotoxic potency.

In effector CTLs, TCR activation and TGF-β signaling differen-
tially regulate miR-23a expression. Next, we sought to elucidate how 
signals received during priming, and within the tumor microenvi-
ronment, may reprogram effector CTLs through the alteration of 

miR-23a levels. We initially identified miR-23a to be differentially 
regulated in effector CTLs induced by different APCs (Figure 1C), 
indicating that miR-23a expression in CTLs can be modulated by 
cell-extrinsic signals. Therefore, we explored multiple pathways 
known to be differentially influenced by DCs versus B cells. We 
first explored differences arising from the T/APC interface: TCR 
signaling strength, coreceptor signals, and NOTCH signaling. 
Although TCR activation effectively suppressed miR-23a expres-
sion in CTLs, increasing the avidity of TCR signaling by varying 
plate-bound anti-CD3 antibody concentrations from 10 ng/ml 
to 10 μg/ml did not further alter miR-23a levels (Figure 5A). This 
10-ng/ml anti-CD3 threshold indicates that while miR-23a expres-
sion is highly sensitive to TCR activation, alteration of TCR sig-
naling strength is not involved in fine-tuning miR-23a abundance 
in CTLs. Costimulatory signals from CD28 and CD40L, too, had 
no effect on miR-23a expression (Supplemental Figure 5, A and 
B). We also investigated the involvement of PD-1, an inhibitory 
checkpoint molecule exploited by immune-subversive tumors (8, 

Figure 4. BLIMP-1 is a direct target of miR-23a in CTLs. (A) Schematic representation of the putative miR-23a binding site within the Prdm1 3′-UTR that 
is conserved across species. (B) Luciferase assays, in which Jurkat T cells were cotransfected with reporter constructs containing full-length 3′-UTRs of the 
indicated genes, together with the mock or miR-23a overexpression vector. Graph represents mean ± SEM; n = 5. (C and D) iRFP+ mock and miR-23a decoy–
expressing pMel-1 CTLs were sorted for miR-23a target studies. (C) Relative mRNA expression of the predicted miR-23a targets Prdm1, Eomes, and Tbet, as 
well as other CTL effector molecules. Graph represents mean ± SEM; n = 3. (D) BLIMP-1 protein expression, with relative band intensities normalized to β-actin. 
Left: Representative Western blot. Right: Pooled data from n = 3 independent experiments. P values in B–D were determined by 2-tailed paired t test.
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Prdm1. This indicates that the suppression of CTL cytotoxicity by 
TGF-β is, in part, post-transcriptionally mediated by miR-23a and 
its consequent suppression of the master regulator BLIMP-1.

To investigate whether tumors are capable of driving up  
miR-23a expression in CTLs, we activated CTLs in the presence 
of tumor cell–conditioned media. We additionally blocked TGF-β 
function with an antibody to directly assess the contribution from 
TGF-β. miR-23a was significantly upregulated in CTLs treated 
with tumor cell–conditioned media; however, this increase 
was dampened upon neutralization of TGF-β (Figure 5D).  
These results demonstrate that in the context of the tumor 
microenvironment, TGF-β is a primary modulator of miR-23a 
expression in antitumor CTLs.

TCR and TGF-β signaling converge on cMYC to differentially 
modulate miR-23a expression in effector CTLs. We next investigated 
the signal integration from TCR activation and TGF-β stimulation 
that controls miR-23a expression. cMYC is one such convergent 
node impacted by both TCR (52, 62) and TGF-β receptor signaling 
(63, 64). We examined whether cMYC plays a critical role in regu-
lating pri-miR-23a expression in effector CTLs. Indeed, within  
24 hours of activation, naive pMel-1 CTLs rapidly upregulate cMYC 
expression (Figure 5E), which coincides with a 6.7-fold decrease 
in pri-miR-23a transcription (Figure 5F). By contrast, during CTL 
priming, TGF-β repressed Myc mRNA expression (Figure 5G), 
while augmenting transcription of the cMyc antagonists Mad1 and 
Mad4 (Figure 5H). This finding in primary T cells parallels an ear-
lier report that cMYC transcriptionally represses the precursor of 
miR-23a (pri-miR-23a) in cancer cell lines (53). To interrogate the 
causal relationship between cMYC activity and miR-23a expres-
sion, we activated naive pMel-1 CTLs in vitro in the presence of 
10058-F4, a specific inhibitor that blocks MYC-MAX dimerization 
(65). In TCR-activated CTLs, cMYC inhibition increased mature 
miR-23a expression (Figure 5I), but only resulted in a partial res-
cue (~50%) of pri-miR-23a transcripts (Figure 5F). At least 2 expla-
nations may account for this incomplete rescue: one possibility 
is that other inhibitory mechanisms, in parallel to cMYC, may be 
involved in suppressing pri-miR-23a transcription; alternatively, 
transcribed pri-miR-23a may have undergone active miRNA pro-
cessing, which prevents the accumulation and detection of pri-
miR-23a transcripts. With Dicer-deleted CTLs, in which miRNA 
biogenesis was largely blocked, pri-miR-23a transcripts were fully 
rescued to levels of their naive counterparts (Figure 5J), support-
ing the latter possibility. Taken together, these results suggested 
that cMYC is the major repressor of pri-miR-23a transcription in 
primed CTLs. Our findings thus identified cMYC as a key signal-
ing node that integrates signals transduced through the TCR and 
TGF-β receptor to consequently govern miR-23a expression levels 
in effector CTLs. Interestingly, we noted that even with strong 
TCR signals, exposure of CTLs to TGF-β could effectively over-
ride TCR-induced cMYC activation (Figure 5G) and upregulate 
miR-23a (Figure 5B). Therefore, despite converging on the same 
signaling node, a TGF-β–enriched tumor microenvironment, but 
not tumor antigen–elicited TCR signaling, is the dominant regula-
tor of miR-23a expression in CTLs.

Neutralizing miR-23a in CTLs mitigates TGF-β–induced immu-
nosuppression. The secretion of TGF-β by malignant tumor cells 
poses a key hurdle to effective CTL antitumor responses (66, 

55–57). Blocking the PD-1 ligands expressed on DCs (Supplemen-
tal Figure 5C) had no effect on miR-23a abundance (Supplemental 
Figure 5D). Conversely, inhibiting miR-23a in CTLs did not alter 
their surface expression of PD-1 (Supplemental Figure 5E).

Since NOTCH signaling is known to promote CTL antitumor 
responses (58, 59), and Notch ligands are differentially expressed 
on the surface of DCs and B cells (60, 61), we speculated that 
NOTCH activation may repress miR-23a expression. However, 
constitutively activating NOTCH in CTLs by forced expression of 
the NOTCH1 intracellular domain (Supplemental Figure 5F) failed 
to impact miR-23a expression in CTLs (Supplemental Figure 5G). 
In reciprocal loss-of-function studies, inhibiting NOTCH signaling 
with a γ-secretase inhibitor (Supplemental Figure 5H) similarly had 
no effect on miR-23a expression in CTLs (Supplemental Figure 5I).

In addition to cell/cell interactions, soluble cytokines gener-
ated during CTL priming may also influence miR-23a abundance. 
Therefore, we activated purified naive CTLs in the presence of 
various DC-derived cytokines for 3 days, before assessing miR-23a 
expression. Among the panel of cytokines tested, which included 
type 1 cytokines (IL-2, IL-12, IFN-γ, and TNF-α), inflammasome-
derived cytokines (IL-1β and IL-18), and type 1 interferon (IFN-β), 
none were able to consistently or appreciably regulate miR-23a 
expression in CTLs (Supplemental Figure 6A).

Finally, we explored the hypothesis that cytokines usually 
found within the tumor microenvironment — IL-6, IL-10, and 
TGF-β (57) — may promote miR-23a expression in CTLs. Within 
this group, IL-6 and IL-10 failed to appreciably impact miR-23a 
expression (Supplemental Figure 6B). In contrast, TGF-β upregu-
lated miR-23a levels (Figure 5B) and inhibited Prdm1 expression 
(Figure 5C) in a dose-dependent manner. Importantly, the regula-
tion of Prdm1 by TGF-β closely mirrored that of miR-23a: 1 ng/ml  
TGF-β altered neither miR-23a nor Prdm1 levels; however, a satu-
rating dose of 10 ng/ml TGF-β significantly stimulated miR-23a 
expression, while concurrently inhibiting the miR-23a target, 

Figure 5. TCR and TGF-β signaling converge on cMYC to differentially 
regulate miR-23a expression in CTLs. (A) TCR activation, but not stimu-
lation strength, suppresses miR-23a expression in CTLs. miR-23a expres-
sion in purified naive CTLs activated in vitro with the indicated concen-
trations of anti-CD3 (μg/ml) and 5 μg/ml anti-CD28 for 3 days. Data 
represent mean ± SEM; n = 4. *P < 0.05 by 1-way ANOVA and Bonferroni 
post-test. (B–D) TGF-β promotes miR-23a expression in CTLs. (B) Mature 
miR-23a and (C) Prdm1 expression in purified pMel-1 CTLs activated 
in vitro with varying concentrations of TGF-β for 72 hours. *P < 0.05 
by 1-way ANOVA and Bonferroni post-test. (D) miR-23a expression in 
CTLs activated in vitro with tumor cell–conditioned media (25% in total 
medium) and neutralizing anti–TGF-β antibody. Data shown in B–D repre-
sent mean ± SEM; n = 3. Sup, supernatant from tumor cell–conditioned 
medium. (E–J) cMYC transcriptionally represses miR-23a in activated 
CTLs. (E) cMYC protein induction in purified CTLs upon 24 hours of TCR 
activation. (F) Pri-miR-23a and (I) mature miR-23a expression in purified 
pMel-1 CTLs treated with or without the cMyc inhibitor 10058-F4. Data 
in F and I represent mean ± SEM; n = 3 and n = 5, respectively. (G and 
H) mRNA expression of (G) cMYC and (H) regulators of cMYC activity in 
activated CTLs upon TGF-β treatment. Data shown in G and H represent 
mean ± SEM; n = 3. (J) Pri-miR-23a expression in Dicer-deficient CTLs 
upon cMyc inhibition, expressed as mean ± SEM; n = 3, and this repre-
sents 2 independent experiments. Red dashed lines represent expression 
levels in activated CTLs (control groups) that were set as 1.0, from which 
relative expression in experimental groups was calculated.
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we isolated TILs from pMel-1 mice bearing various burdens of B16/
F10 melanoma. We found a strong positive correlation between 
tumor burden and miR-23a expression in TILs (Figure 7A).

To assess whether miR-23a–mediated CTL suppression is 
associated with the clinical pathology of human cancers, we 
explored the relationship between miR-23a expression and TIL 
cytotoxic potential in a cohort of advanced lung cancer patients. 
In these patients, pleural effusion CTLs are a good reflection 
of TILs, as they have received similar conditioning in the tumor 
microenvironment (e.g., by IL-10 and TGF-β; ref. 68) and are 
known to be functionally reminiscent of TILs (69, 70). As a control 
for basal gene expression outside the tumor and to normalize for 
interindividual variations, we also isolated CTLs obtained from 
the peripheral blood (PBMCs) of each patient for paired-sample 
analysis. As compared with CTLs in the periphery, miR-23a in 
TILs was elevated by a mean of 5.45 ± 1.70–fold (Figure 7B). This 
upregulation of miR-23a corresponded with a downregulation of 
PRDM1 mRNA levels in TILs (Figure 7C); additionally, we found 
an inverse correlation between miR-23a and PRDM1 mRNA 
expression (Figure 7D). These observations reiterate our findings 
that miR-23a directly targets BLIMP-1 in CTLs (Figure 4). We also 
analyzed IFNG mRNA and granzyme B protein expression as more 
direct readouts of antitumor potential. In these patient samples, 
IFNG expression was significantly downregulated in TILs (Fig-
ure 7E), and correlated inversely with miR-23a levels (Figure 7F);  
moreover, granzyme B expression on a population level and on a 
per-cell basis (Figure 7, G and H) was sharply diminished in TILs. 
Additionally, human PBMCs treated with the anti–miR-23a LNA 
showed enhanced granzyme B expression (Figure 7I), indicat-
ing that functional blockade of miR-23a can boost the cytotoxic-
ity of human CTLs. Taken together, these results demonstrated 
that miR-23a is a clinically relevant and translatable target for the 
immunotherapy of human cancers.

Adoptive transfer of miR-23a–inhibited CTLs robustly retards 
tumor progression. In view of the clinical relevance of miR-23a, we 
went on to examine the efficacy of our miR-23a targeted therapeu-
tic strategy for cancer intervention. As a novel gene therapy tool, 
our bicistronic, dual-reporter retroviral construct (Figure 3D) pos-
es several advantages for CTL programming: (a) it can be readily 
incorporated into conventional ACT, as ex vivo–expanded tumor-
specific CTLs can be simultaneously transduced with the retro-
virus; (b) the selectable marker enables successfully engineered 
and functionally robust CTLs to be selected/enriched for reinfu-
sion; (c) GFP reporter activity allows the effectiveness of miR-23a  
inhibition to be conveniently monitored. With this tool, we mimic 
human cancer therapy by using 2 mouse models of established 
tumors: B16/F10 melanoma (Figure 8, A–C) and Lewis lung can-
cer overexpressing ovalbumin (LLC-OVA) (Figure 8, D–F). When 
tumor masses reached palpable growth, we sublethally irradiated 
the tumor-bearing mice, and injected either 0.2 × 106 miR-23a 
decoy–expressing pMel-1 or OT-I CTLs intratumorally. Compared 
with equal numbers of mock cells, treatment with miR-23a–inhib-
ited CTLs dramatically retarded tumor progression (Figure 8,  
A and D), and significantly reduced tumor burdens (Figure 8,  
B, C, E, and F). Upon examining tumor pathology 10 days after 
CTL transfer, we found that although CTL persistence within the 
tumor mass was unaffected (Figure 8F), miR-23a–inhibited CTLs 

67). Having unveiled a novel regulatory pathway between TGF-β,  
miR-23a, and BLIMP-1 expression in CTLs, we hypothesized 
that this may be another mechanism by which TGF-β facilitates 
immune evasion; and that, by functionally neutralizing this 
TGF-β–induced accumulation of miR-23a, we can preserve CTL 
immunocompetence. To directly validate this hypothesis, we 
interrogated the resilience of CTLs to TGF-β challenge upon LNA- 
and decoy-mediated miR-23a functional blockade. In CTLs, IFN-γ 
and granzyme B are known to be suppressed by TGF-β (21), and are 
also cytotoxic effectors regulated by the miR-23a target BLIMP-1 
(27, 28). Therefore, we used these 2 parameters as functional 
readouts of BLIMP-1 rescue and cytotoxicity. Consistent with an 
earlier report (21), TGF-β dramatically repressed the acquisition 
of granzyme B (Figure 6A) and IFN-γ (Supplemental Figure 7) 
by naive CTLs; however, treatment with the anti–miR-23a LNA 
partially rescued the expression of these CTL effector molecules, 
even at high concentrations of TGF-β (Figure 6A and Supplemen-
tal Figure 7). As ACT uses activated rather than naive T cells for 
tumor immunotherapy, we also sought to evaluate the functional 
competence of effector CTLs expressing the miR-23a decoy upon 
TGF-β exposure. In agreement with earlier reports (20, 21), TGF-β 
treatment blocked IFN-γ production in both mock- and miR-23a 
decoy–transduced CTLs (Figure 6B). Again, even after a 48-hour 
TGF-β conditioning, miR-23a decoy–transduced CTLs still main-
tained IFN-γ production at a level similar to TGF-β–untreated 
mock CTLs. This indicates that miR-23a elevation is a major post-
transcriptional mechanism through which TGF-β blunts CTL 
cytotoxicity; importantly, inhibition of miR-23a in effector CTLs 
relieves TGF-β–mediated functional suppression.

miR-23a expression correlates inversely with antitumor potential of 
mouse and human TILs. To understand the preclinical relevance of 
miR-23a expression in CTLs within the tumor microenvironment, 

Figure 6. Neutralizing miR-23a in CTLs mitigates TGF-β–induced immu-
nosuppression. (A) Purified naive pMel-1 CTLs were activated with anti-
CD3/anti-CD28 and the indicated concentrations of TGF-β for 48 hours in 
vitro, in the presence or absence of 50 nM FAM-tagged anti–miR-23a  
LNA. The percentage of granzyme B–expressing TCRβ+CD8+FAM– and 
TCRβ+CD8+FAM+ cells was assessed by flow cytometry. Data shown rep-
resent mean ± SEM; n = 8. ***P < 0.001 by 2-way ANOVA and Bonferroni 
post-test. (B) Mock- and miR-23a decoy–transduced pMel-1 CTLs were 
cultured with IL-2 for the first 48 hours, then washed and treated with the 
indicated concentrations of TGF-β for the next 48 hours. CTLs were restim-
ulated with anti-CD3/anti-CD28 (1 μg/ml each) for the final 24 hours, and 
the percentage of IFN-γ–producing CD8+iRFP+GFP+ cells was assessed by 
flow cytometry. Data shown represent mean ± SEM; n = 4. *P < 0.05 and 
**P < 0.01 by 2-way ANOVA and Bonferroni post-test.
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es their cytotoxic potency within the tumor microenvironment, 
thereby attaining optimal tumor eradication.

Discussion
CTL-based immunotherapy is a promising means of achiev-
ing durable control over tumor progression. However, its wide-
spread use has been limited by the cost and effort in generating 
large numbers of antitumor CTLs ex vivo and by the incompe-
tence induced by the tumor microenvironment. In this study, 

showed augmented expression of the transcription factors T-bet 
and EOMES (Figure 8, H and I), and the cytolytic molecules IFN-γ 
and granzyme B (Figure 8, J and K). Additionally, inhibiting gran-
zyme B accelerated tumor progression in vivo, and completely 
abrogated the antitumor advantage conferred by the miR-23a 
decoy (Supplemental Figure 8). Therefore, augmented granzyme 
B expression afforded by miR-23a–inhibited CTLs was function-
ally essential for enhanced melanoma clearance. Taken together, 
these results indicated that suppressing miR-23a in CTLs enhanc-

Figure 7. miR-23a expression correlates inversely with antitumor potential of mouse and human TILs. (A) miR-23a expression in TILs isolated from 
C57BL/6 mice bearing B16/F10 tumors. miR-23a expression in TILs was normalized to basal expression of splenic CTLs in each individual mouse. Linear 
regression was conducted and the R2 coefficient is shown. (B–I) CD3+CD8+ CTLs from the pleural aspirates (TIL) and peripheral blood (PBMC) of advanced 
lung cancer patients were assessed for miR-23a and CTL effector molecules. Relative (B) miR-23a (n = 23), (C) PRDM1 (n = 10), and (E) IFNG mRNA (n = 10) 
expression in patient TILs, expressed as a fold change compared with patient-matched CD3+CD8+ PBMCs. miR-23a was normalized to the average ΔCt of 
U6 and RNY3 endogenous controls, while mRNA was normalized to the average ΔCt of 18S RNA and RPLP0 endogenous controls (details in Methods). 
Scatterplots of miR-23a versus (D) PRDM1 (n = 11) or (F) IFNG mRNA (n = 10) expression in CD3+CD8+ T cells from lung cancer patients. The miR-23a ΔCt 
from each PBMC or TIL sample is plotted against its corresponding mRNA ΔCt. The Pearson correlation coefficients (R) and 2-tailed P values are shown. 
(G) Representative granzyme B histograms of CD3+CD8+ PBMCs and TILs. (H) Percentage granzyme B+ and granzyme B MFI from CD3+CD8+ PBMCs and TILs 
(n = 23). (I) Granzyme B expression in untreated (0 nM) or LNA-treated (50 nM) activated human CD3+CD8+ T cells from healthy donor PBMCs. Numbers 
indicate granzyme B MFI. Histogram is representative of n = 3 independent experiments. P values in B–D were determined by 2-tailed paired t test.
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Figure 8. Adoptive transfer therapy with miR-23a–inhibited CTLs in mouse models of established tumors. Seven days after s.c. inoculation of 0.2 × 106 
B16/F10 melanoma or LLC-OVA cells, C57BL/6 tumor-bearing mice were sublethally irradiated and left untreated (PBS), or treated with intratumoral injec-
tions of 0.2 × 106 sorted iRFP+GFP+ mock or miR-23a decoy–expressing pMel-1 or OT-I CTLs. Tumors were excised 10 days after T cell transfer, and mock and 
miR-23a decoy–expressing Thy1.1+ pMel-1 CTLs within the tumor masses were analyzed by flow cytometry. (A) B16/F10 and (D) LLC-OVA tumor progres-
sion after the initiation of CTL therapy. Data represent mean ± SEM, from n = 6 mice per group in 1 representative of 3 independent experiments in A, and 
from n = 10 mice per group in D. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate mock vs. miR-23a decoy; #P < 0.05, ##P < 0.01, and ###P < 0.001 indicate 
mock vs. PBS by 2-way ANOVA and Bonferroni post-test. (B and C) B16/F10 and (E and F) LLC-OVA tumor sizes and weight 10 days after CTL therapy. (G) 
Absolute numbers of Thy1.1+ pMel-1 CTLs present in tumors. (H–K) Expression of the CTL master regulators and effector molecules (H) T-bet, (I) EOMES, (J) 
IFN-γ, and (K) granzyme B in Thy1.1+ pMel-1 CTLs isolated from B16/F10 tumors. Data represent mean ± SEM.
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While earlier mechanistic studies focused on SMAD2/3 residing 
on the cis-elements within regulatory regions of the Ifng and Gzmb 
genes (21), our data revealed that even after SMAD activation, 
there still exists a pathway of rescue to preserve cytotoxicity (Fig-
ure 9). By targeting miR-23a, our in vitro and in vivo data demon-
strated the robustness of this preservation, and we attribute the 
robustness of miR-23a–mediated suppression to the strength of 
its target, BLIMP-1. BLIMP-1 is an essential master regulator that 
turns on the cytotoxic transcriptional program in activated CTLs. 
Notably, BLIMP-1–deficient CTLs fail to differentiate into cytotox-
ic effectors, owing to their impaired expression of multiple cardi-
nal cytotoxic molecules, including granzyme B and IFN-γ, as well 
as the transcription factor T-bet (27, 28). We showed, for the first 
time to our knowledge, that TGF-β can control BLIMP-1 expres-
sion through a miRNA-mediated post-transcriptional mechanism; 
moreover, abrogating miR-23a ameliorates TGF-β–induced CTL 
suppression, by rescuing the BLIMP-1 downstream targets gran-
zyme B and IFN-γ (Figure 6, A and B). Our findings identify miR-23a  
as a TGF-β–responsive rheostat that fine-tunes BLIMP-1 levels 
in activated CTLs, and highlight the TGF-β/miR-23a/BLIMP-1 
axis as a key post-transcriptional determinant controlling CTL 
cytotoxicity in an immunosuppressive environment. Therefore, 
TGF-β–mediated immunosuppression is supported by at least 2 
pillars: direct SMAD-mediated transcriptional repression on effec-
tor molecules, and indirect miR-23a–mediated post-transcription-
al controls on the BLIMP-1. Most importantly from the therapeutic 

we attempted to redirect the focus of CTL engineering from 
amplifying the quantity to improving the quality of individual 
CTLs, which could help to overcome both limitations. We ini-
tially identified miR-23a as a hurdle to effector CTL responses by 
differential priming with B cells or mature DCs. Clearly, this in 
vitro priming system was not designed to recapitulate the com-
plexities of CTL responses within the tumor microenvironment; 
however, further investigation into factors that control miR-23a 
expression in CTLs led to our discovery that miR-23a was in fact 
a target of the immune-subversive tumor microenvironment. 
That miR-23a inhibition imparts functional resilience to CTLs, 
particularly when challenged with immunosuppressive condi-
tions, is supported by 2 pieces of evidence. Firstly, we observed 
that the enhancement in cytotoxicity provided by CTL-specific 
miR-23a blockade was consistently more profound in vivo (Fig-
ure 8, A and D) than in vitro (Figure 3G). We speculated that in 
vivo, the susceptibility of WT CTLs to TGF-β–induced suppres-
sion might have magnified the functional advantage of miR-23a–
inhibited CTLs. Secondly, our in vitro TGF-β challenge experi-
ments directly illustrated that inhibiting miR-23a in CTLs could, 
at least partially, preserve their immunocompetence in spite of 
high TGF-β concentrations (Figure 6, A and B).

Our mechanistic studies on miR-23a regulation uncovered 
a novel mechanism of TGF-β–induced immunosuppression on 
CTLs: the TGF-β/miR-23a/BLIMP-1 axis. The immunosuppres-
sive effects of TGF-β on CTLs are well established (20, 21, 67). 

Figure 9. Model of CTL immune modulation by targeting miR-23a. (A) Under immune-activating conditions, TCR signaling upregulates cMYC in CTLs. 
Transcriptional repression of pri-miR-23a by cMYC permits accumulation of BLIMP-1, resulting in increased expression of its cytotoxic target genes, gran-
zyme B, and IFN-γ. (B) In the tumor microenvironment, TGF-β suppresses CTL activity via 2 mechanisms — SMAD-mediated transcriptional reprogramming 
and miRNA-mediated post-transcriptional control. In the former, TGF-β–induced SMADs are recruited to the Gzmb and Ifng gene regulatory regions to 
repress the transcription of these cytotoxic mediators directly. In the latter, TGF-β antagonizes cMYC activity, thereby derepressing pri-miR-23a transcrip-
tion. Elevated miR-23a levels in CTLs downregulate BLIMP-1, and consequently its downstream cytotoxic effectors.
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miRNA expression profiling and miRNA quantitative PCR. Naive 
pMel-1 CTLs were primed by mature DCs or splenic B cells in vitro, 
as described above. After 3 days of priming, TCRβ+ pMel-1 CTLs were 
sorted and lysed using the RNAqueous Micro-kit (for samples con-
taining 105 to 0.5 × 106 cells) or the mirVana miRNA Isolation kit (for 
samples containing ≥ 0.5 × 106 cells) (both from Ambion) according to 
the manufacturer’s instructions. To quantify the expression of mature 
miRNA expression, E. coli poly A polymerase (Epicentre) was first 
used to generate polyadenylated tails at the 3′-end of all RNA mole-
cules. After annealing oligo-dT primers, cDNA was synthesized using 
the qScript Flex cDNA synthesis kit (Quanta Biosciences) according to 
the manufacturer’s instructions for gene-specific priming, with 1 mod-
ification: a universal tag that would extend from the 3′-end of cDNA 
molecules was added during reverse transcription. With the addition 
of this universal tag, individual miRNAs were detected with miRNA-
specific forward primers and a reverse universal primer mix. A SYBR 
Green–based real-time PCR method was used to quantify the relative 
expression of mature miRNAs. In the miRNA expression profiling 
array, a total of 355 mature miRNAs were evaluated in DC- and B cell–
primed CTLs (n = 3 independent experiments). miRNA expression 
was normalized by geometric mean–based global normalization using 
the Realtime StatMiner (Integromics) analysis software. Differential 
miRNA expression was determined by paired t test, with significance 
level set at 0.05. The complete set of miRNA expression profiling data 
is available on the NCBI Gene Expression Omnibus database under 
the accession number GSE60884.

mRNA and pri-miRNA quantitative PCR. Total RNA from cells was 
isolated using the RNAqueous Micro-kit (for samples containing 105 to 
0.5 × 106 cells) or the mirVana miRNA Isolation kit (for samples contain-
ing ≥ 0.5 × 106 cells) (both from Ambion) according to the manufactur-
er’s instructions. cDNA was reverse-transcribed from total RNA using a 
mixed priming strategy (oligo-dT and random primers) with the qScript 
Flex cDNA synthesis kit (Quanta Biosciences) according to the manu-
facturer’s instructions. A SYBR Green–based real-time PCR method 
was used to quantify the relative expression of mRNAs and pri-miRNAs.

miR-23a decoy construct design and retroviral transduction. The  
miR-23a decoy vector is a bicistronic retroviral backbone that encodes 
2 independent expression cassettes: the 5′-LTR drives the expres-
sion of the selectable marker (either iRFP, ref. 50, or puromycin 
resistance), whereas the PGK promoter drives the expression of a 
GFP decoy/reporter. The GFP reporter contains an insertion of 8 
tandem miR-23a binding sites (GGAAATCCCTGcgAATGTGATc-
gttGGAAATCCCTccCAATGTGATactcGGAAATCCCacGCAAT-
GTGATgtacGGAAATCCCaccCAATGTGATccgaGGAAATCCCTc-
c g A AT G T G ATa c g c G G A A AT C C C T c c C A AT G T G ATc c t a G -
GAAATCCCaccCAATGTGATagctGGAAATCCgacGCAATGTGAT) 
in its 3′-UTR to monitor the sponge effect of decoy targeting sites. 
Between these 2 cassettes, we additionally inserted an insula-
tor sequence comprising 2 tandem repeats of the chicken β-globin 
FII/FIIIΔspacer insulator fragment (FII/FIIIΔspacer: aggcgc-
gcccccagggatgtaattacgtccctcccccgctagggggccggccagcaccggtccggc-
gctccccccgcatccccgagccggggcgcgcct) (51) to maximize their indepen-
dent expression. As a control, a mock decoy vector lacking miR-23a 
binding sites in its GFP 3′-UTR was also generated.

On day 0, cells from the lymph nodes of pMel-1 and OT-I mice 
were harvested and seeded into 24-well plates. Non-T cells in the 
lymph nodes served as APCs, and CTLs were primed in vitro by the 

point of view, taking down just 1 pillar by blocking miR-23a func-
tion is sufficient to maintain CTLs’ cytotoxicity machinery at an 
adequate level for tumor intervention.

Within the tumor microenvironment, TGF-β is a key mediator 
of tumor immune evasion. Blocking TGF-β signaling in CTLs — 
by TGF-β neutralization or enforced expression of the dominant-
negative TGF-βRII — can reverse their immune-tolerant state to 
promote tumor regression in vivo (21, 67, 71, 72), making TGF-β 
and molecules in the TGFBR-mediated signaling pathway drug-
gable targets for tumor therapy (73). However, current preclinical 
and clinical data indicate that, because of its profound impact on 
immunosuppression and a wide range of physiological functions, 
systemic administration of anti–TGF-β reagents can cause severe 
inflammatory damage and other adverse off-target pathologies 
(74). By contrast, during the process of ex vivo expansion, ACT 
provides a window of opportunity to program tumor-specific 
CTLs with immunocompetence against TGF-β suppression. Nota-
bly, this reprogramming is restricted specifically to CTLs before 
reinfusion. Our findings highlight miR-23a as a clinically relevant 
target for this purpose, whose functional blockade presents two 
significant advantages for ACT: it not only augments the cyto-
toxic potency of tumor-specific CTLs, but also mitigates TGF-β–
induced immunosuppression.

Methods
Mice. pMel-1 mice carrying a transgenic TCR specific for the B16 mela-
noma antigen gp100 (C57BL/6-Tg(TcraTcrb)8Rest/J) and OT-I mice 
(C57BL/6-Tg(TcraTcrb)1100Mjb/J) were purchased from The Jackson 
Laboratory. All mice were housed under pathogen-free conditions, 
and used between 6 and 10 weeks of age for experimental procedures.

Cell culture. T cells and EL4 thymoma cells were cultured in 
RPMI 1640 media supplemented with 10% FBS, 100 U/ml penicil-
lin, 100 U/ml streptomycin, 2 mM l-glutamine, 1 mM sodium pyru-
vate, 0.1 mM nonessential amino acids, and 50 μM 2-mercaptoetha-
nol (henceforth referred to as complete RPMI) in a humidified 37°C 
incubator with 7% CO2.

Bone marrow–derived DCs were generated as previously 
described (75). Briefly, total bone marrow cells were harvested from 
the femurs of C57BL/6 mice, and cultured in complete RPMI supple-
mented with 1:30 J558L conditioned media. The J558L cell line, a gift 
from David Baltimore (California Institute of Technology, Pasadena, 
CA), had been stably transfected with the murine GM-CSF cDNA, 
and its cell culture supernatant was used as a source of GM-CSF (76). 
From day 3 to day 9, cells were fed every other day. Nonadherent cells 
were collected on day 9 and treated with 1 μg/ml LPS (Sigma-Aldrich) 
overnight. On day 10, nonadherent mature DCs were collected, and 
subjected to density gradient centrifugation over Histopaque (Sigma-
Aldrich). The viable mature DCs isolated were washed 3 times in com-
plete RPMI before coculture with naive T cells.

Naive T cells were isolated from lymph nodes and/or spleens using 
the Dynal mouse CD8 negative isolation kit (Invitrogen) according to 
the manufacturer’s instructions. For T cell priming by APCs, naive 
pMel-1 CD8+ T cells were cocultured with either mature DCs or sorted 
immature B220+ splenic B cells at a 1:1 ratio, in the presence of 5 μM 
hgp10025–33 peptide. For T cell activation by antibodies, naive pMel-1 
CD8+ T cells were seeded onto plate-bound anti-CD3 and anti-CD28 
antibodies (5 μg/ml each, unless otherwise indicated; Biolegend).
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Anti-mouse Alexa Fluor 680, anti-rabbit Alexa Fluor 680, and anti-
goat Alexa Fluor 680 (all from Invitrogen) were used as secondary 
antibodies. Fluorescence intensity was measured on an Odyssey 
imaging system (LI-COR Biosciences).

In vitro cytotoxicity assays. EL4 cells were pulsed with 10 μM hgp-
10025–33 or 10 μM OVA257–264 overnight. Peptide-pulsed and unpulsed 
EL4 cells were labeled with 5 μM and 0.5 μM Cell Tracker Orange 
(Invitrogen), respectively, and mixed in a 1:1 ratio before coculture 
with CTLs. After 6 days of in vitro culture, viable pMel-1 CTLs were 
isolated by density gradient centrifugation over Histopaque (Sigma- 
Aldrich), and cocultured with labeled EL4 target cells at an E/T 
ratio of 5:1 for 6 hours in a humidified 37°C incubator. iRFP+ and/or 
GFP+ OT-I CTLs expressing the MSCV-iRFP-2Xins-mG-mock or the 
MSCV-iRFP-2Xins-mG-miR-23a decoy vector were sorted 48 hours 
after retroviral transduction, and cocultured with EL4 target cells at 
the indicated E/T ratios for 6 hours in a humidified 37°C incubator. 
After 6 hours of coculture, samples were harvested and stained with 
the Live/Dead Violet viability kit (Invitrogen) and anti-CD8α-FITC 
(Biolegend). CountBright Absolute counting beads (Invitrogen) were 
added to samples before acquisition on the FACSCanto II flow cytom-
eter (BD), and data were analyzed using FlowJo software.

In vivo tumor models. The B16/F10 melanoma and LLC-OVA 
lung cancer cell lines were gifts from Thomas Tedder (Duke Uni-
versity) and Eckhard Podack (University of Miami, Miami, Florida, 
USA), respectively. Tumor cells were harvested by trypsinization, 
and cell viabilities greater than 95% were confirmed by trypan blue 
exclusion. To study the in vivo antitumor effects of miR-23a–over-
expressing pMel-1 CTLs, 0.2 × 106 B16/F10 cells in 200 μl PBS 
were inoculated s.c. into the shaved right lateral flanks of C57BL/6 
recipient mice on day –3. Three days after tumor inoculation, each 
recipient mouse received an i.v. adoptive transfer of either 0.6 × 106 
sorted GFP+7AAD– mock or miR-23a–overexpressing pMel-1 CTLs 
in 200 μl PBS on day 0. Control mice not treated with CTLs received 
i.v. injections of 200 μl PBS alone. To study the in vivo therapeutic 
potential of miR-23a–inhibited pMel-1 and OT-I CTLs, 1 × 106 LLC-
OVA cells in 200 μl PBS were inoculated s.c. into the shaved right 
lateral flanks of C57BL/6 recipient mice on day –7. On days 0 and 
5, each recipient mouse received 2 intratumoral injections of either 
0.2 × 106 sorted mock or miR-23a decoy–expressing CTLs in 50 μl 
PBS. Tumor progression was monitored closely, and tumor volumes 
were calculated using the equation V = 4π (L1 × L2)/3, where V = 
volume (mm3), L1 = longest radius (mm), and L2 = shortest radius 
(mm). Mice were sacrificed at the experimental end points and 
their spleens, draining lymph nodes, and tumors harvested. Tumors 
were digested using the Papain Dissociation System (Worthington 
Biochemical) to liberate tumor-infiltrating cells. Effector functions 
of the transferred pMel-1 or OT-I CTLs were then analyzed by flow 
cytometry. For granzyme B inhibition studies, transduced pMel-1  
CTLs were pretreated with 12.5 μM of the granzyme B inhibitor 
zAAD-CMK (Enzo Life Sciences) or DMSO vehicle control for 48 
hours in vitro, before intratumoral injection. Three days after the 
transfer of granzyme B–inhibited CTLs, an additional 10 μg zAAD-
CMK or DMSO (both solubilized in PBS) was intratumorally admin-
istered to sustain granzyme B inhibition in vivo.

Target prediction and luciferase reporter assays. Candidate targets 
of miR-23a were derived from the integrated miRNA target predic-
tion resource miRecords (http://mirecords.biolead.org/). The full-

addition of 5 μM hgp10025–33 or OVA257–264, respectively. On day 1,  
50 U/ml murine IL-2 was added. Six hours later, cells were spin-infect-
ed with retroviral supernatants at 1,250 g for 90 minutes at 37°C. CTLs 
from days 4–6 were used in experiments.

Lymphocyte isolation and miR-23a quantification from lung cancer 
patients. Pleural effusion samples were collected from newly diag-
nosed lung cancer patients with malignant pleural effusion (MPE). 
Patients included in this study neither underwent any invasive pro-
cedures directed into the pleural cavity, nor suffered chest trauma 
within the 3 months prior to hospitalization. At the time of sample 
collection, none of the patients had received any anticancer therapy, 
corticosteroids, or other NSAIDs. Pleural fluid samples were collected 
in heparin-treated tubes from each subject, using a standard thoraco-
centesis technique. Twenty milliliters of peripheral blood was drawn 
simultaneously. MPE and peripheral blood lymphocytes were iso-
lated by density centrifugation using human lymphocyte separation 
medium (TBD) according to the manufacturer’s instructions. Total 
RNA extraction, as well as miRNA and mRNA quantitative PCR, was 
performed as described above. For candidate endogenous controls, 
hsa-RNY3, hsa-U6, and hsa-U1 were included for miRNA quantitative 
PCR, while 18S RNA, RPLP0, and RPL13A were included for mRNA 
quantitative PCR. Using the Realtime StatMiner (Integromics) analy-
sis software, geNorm analysis was performed, and the mean Ct val-
ues of RNY3 and U6 were chosen as internal controls for miRNA Ct 
normalization, while the mean Ct values of 18S RNA and RPLP0 were 
chosen as internal controls for mRNA Ct normalization. For each 
patient, the ΔΔCt of miR-23a and PRDM1 was then calculated from 
the difference between ΔCt values in TIL and PBMC samples, and 
transformed into a fold change. The relative expression of miR-23a 
and PRDM1 in PBMCs of each patient was arbitrarily set to 1.0. The 
ΔΔCt of IFNG mRNA was calculated from the difference between the 
ΔCt values of each sample and the TIL sample with the lowest ΔCt 
value, and transformed into a fold change.

Protein quantification by flow cytometry and Western blot. For cyto-
kine staining, mouse pMel-1 CD8+ T cells and human lymphocytes 
were restimulated for 4 hours with 0.9 nM PDBu (Sigma-Aldrich) 
and 0.5 μg/ml ionomycin (Sigma-Aldrich), in the presence of 5 μg/ml 
brefeldin A (eBioscience) and 2 μM monensin A (eBioscience). Viable 
cells were stained using the Live/Dead Violet viability kit (Invitro-
gen) according to the manufacturer’s instructions before intracellular 
staining. Intracellular staining for cytokines, granzyme B, and tran-
scription factors was performed by fixing of cells in 2% paraformal-
dehyde, followed by membrane permeabilization in 0.1% saponin. Fc 
receptors were blocked before incubation with the following staining 
antibodies: anti–T-bet–PE, anti–granzyme B–Alexa Fluor 647, and 
anti–IFN-γ–PE (all from Biolegend); and anti-EOMES-Alexa Fluor 
647 and anti–granzyme B–PE (both from eBioscience). Samples were 
acquired on the FACSCanto II flow cytometer (BD), and data were 
analyzed using FlowJo software.

For Western blot analysis of protein expression, CTLs cultured for 
the indicated times were lysed in radioimmunoprecipitation assay buf-
fer containing protease inhibitor (Roche) and phosphatase inhibitor 
cocktails 1 and 2 (Sigma-Aldrich). Samples were run on 10% polyacryl-
amide gels (BioRad) and transferred onto PVDF membranes. Proteins 
of interest were probed with the following primary antibodies: mouse 
anti–BLIMP-1 (Biolegend), rabbit anti-pSMAD2, rabbit anti-SMAD2/3 
(both from Cell Signaling), and goat anti–β-actin (Sigma-Aldrich). 
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length 3′-UTRs of mouse Prdm1, Eomes, and Tbet were amplified 
from a 3′-RACE-ready cDNA library generated from total mouse T 
cell RNA, and cloned into the pmirGLO dual-luciferase vector (Pro-
mega) downstream of firefly luciferase. Each dual-luciferase reporter 
vector, together with a mock or miR-23a overexpression vector, was 
cotransfected into Jurkat T cells using the Amaxa Cell Line Nucleofac-
tor kit (Lonza). Forty-eight hours after transfection, cells were lysed 
and luciferase reporter activities were determined in a dual-luciferase 
reporter assay (Promega).

Statistics. Two-tailed unpaired or paired Student’s t tests were 
applied for the comparison of 2 means. For multiple comparisons, 
1-way or 2-way ANOVA with Bonferroni post-test was performed as 
indicated. To assess the correlation between miR-23a and mRNA 
expression in CD8+ T cell samples from lung cancer patients, the Pear-
son’s correlation coefficient was calculated. P values less than 0.05 
were considered statistically significant.

Study approval. The human study protocol was approved by the 
Institutional Review Board for human studies of Xinqiao Hospital 
(Third Military Medical University, Chongqing, China), and written 
informed consent was obtained from all subjects. All animal stud-
ies were performed in accordance with guidelines and protocols 
approved by the Institutional Animal Care and Use Committee of 
Duke University.
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