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MicroRNAs (miRNAs) are small, noncoding RNAs that regulate gene expression by targeting complementary 
sequences, referred to as miRNA recognition elements (MREs), typically located in the 3′ untranslated region of 
mRNAs. miR-181a is highly expressed in developing thymocytes and markedly downregulated in post-thymic 
T cells. We investigated whether endogenous miR-181a can be harnessed to segregate expression of chimeric 
antigen receptors (CARs) and TCRs between developing and mature T cells. Lentiviral-encoded antigen recep-
tors were tagged with a miR-181a–specific MRE and transduced into mouse BM cells that were used to generate 
hematopoietic chimeras. Expression of a CAR specific for human CD19 (hCD19) was selectively suppressed 
in late double-negative and double-positive thymocytes, coinciding with the peak in endogenous miR-181a  
expression. Receptor expression was fully restored in post-thymic resting and activated T cells, affording pro-
tection against a subsequent challenge with hCD19+ tumors. Hematopoietic mouse chimeras engrafted with a 
conalbumin-specific TCR prone to thymic clonal deletion acquired peptide-specific T cell responsiveness only 
when the vector-encoded TCR transcript was similarly engineered to be subject to regulation by miR-181a. 
These results demonstrate the potential of miRNA-regulated transgene expression in stem cell–based thera-
pies, including cancer immunotherapy.

Introduction
Stem cell engineering for research or therapeutic applications 
increasingly requires tight restriction of transgene expression to 
selected lineages at chosen differentiation stages (1–3). Current 
strategies rely on RNA polymerase II–dependent (pol II–depen-
dent) transcriptional regulation, which may be in some instances 
limited by promoter leakiness or the unavailability of promoter/
enhancer elements that afford complex expression patterns. Thus, 
a major limitation of T cell transgenesis is the difficulty in teas-
ing apart the postdevelopmental functions of genes from effects 
on T cell development, when transgenes are placed under the 
control of T lineage enhancer/promoters, such as those derived 
from the Lck, Cd4, or CD2 genes (4–6). Segregating thymic versus 
post-thymic effects of transgene expression would also be useful 
to target gene products such as tumor antigen–specific TCRs to 
post-thymic T cells without perturbing thymocyte development 
and selection, which could result from the expression of autoreac-
tive, high-affinity TCRs (7, 8).

Posttranscriptional gene repression mediated by microRNAs 
(miRNAs) has recently emerged as a fundamental physiologi-
cal mechanism for the modulation of gene expression. miRNAs 

constitute a phylogenetically conserved class of small (20–25 
nucleotides) noncoding RNAs that derive from endogenous hair-
pin-structured precursor transcripts (9–12). miRNAs function 
as guide molecules through base pairing with target sequences, 
referred to as miRNA recognition elements (MREs), typically 
residing in the 3′ untranslated region (3′ UTR) of native mRNAs 
(13, 14). This interaction recruits effector complexes mediat-
ing mRNA cleavage or translational repression (13, 15–19). The 
degree of complementarity between the miRNA and the coding 
mRNA is believed to be a major determinant of the outcome, 
resulting in mRNA degradation when targeted sequences are 
near-perfectly complementary (13, 20).

The vast majority of miRNA genes are transcribed by pol II 
(21, 22). Their expression patterns are therefore amenable to 
elaborate spatiotemporal control. Indeed, tissue- and/or devel-
opmental stage–specific expression has been documented for 
some miRNA species studied (23–26). Tagging MREs to report-
er genes, thus creating miRNA “sensors,” has proven helpful to 
track miRNA expression patterns in Drosophila melanogaster (23) 
and mouse embryos (27). The same strategy has been imple-
mented to restrict expression of vector-encoded transgenes in 
hepatic APCs following systemic administration of a viral vector 
as well as in hematopoietic and embryonic stem cells, demon-
strating the broad applicability of this mechanism of regulation 
(28, 29). Furthermore, regulation afforded by miR-223, a miRNA 
with a myeloid-specific expression pattern (30, 31), was shown 
to downregulate expression of a GFP transgene in myeloid cells 
in hematopoietic chimeras (29).
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Here, we sought to investigate whether miRNA-mediated gene 
regulation can be exploited to regulate transgenes during T cell 
development. We specifically investigated miR-181a, which is 
highly expressed in lymphoid tissues, particularly in the thymus, 
where it modulates T cell sensitivity to peptide antigens (30, 32, 
33). Using a chimeric antigen receptor specific for hCD19 (34), 
we demonstrated that expression could be selectively silenced 
in stages of thymocyte development where negative selection 
occurs and restored in post-thymic T cells, thus providing a level 
of developmental control that, to our knowledge, could not pre-
viously be attained through transcriptional regulation. We show 
that this strategy enables T lymphocytes expressing a self-reac-
tive TCR to evade thymic selection, which would be very useful 
in cancer immunotherapy.

Results
Transgene regulation by hematopoietic miRNAs enables lineage-restricted 
expression in murine BM chimeras. We initially wanted to assess the 
potential of miRNA-mediated gene regulation to impart lineage 
and developmental stage specificity upon transgene expression 
in hematopoietic mouse chimeras. We generated lentiviral vec-
tors encoding GFP under the transcriptional control of the con-
stitutive human elongation factor 1a (hEF1a) promoter, tagged 
with MREs specific for miR-223 and miR-181a (Figure 1A). These 
vectors were initially transduced in a panel of murine and human 
cell lines, which express miR-223 (K562), miR-181a (Jurkat), both 
(HL60), or neither (MEL and NIH3T3), as shown in Supplemen-
tal Figure 1A (supplemental material available online with this 
article; doi:10.1172/JCI37216DS1). Normalized GFP expression 
was the same for all vectors in MEL and NIH3T3 cells, which 
do not express any of the 2 miRNAs, whereas it was specifically 
repressed in cells expressing the MRE-complementary miRNA. 
GFP expression from the vector encoding 4 tandem miR-223–spe-
cific MREs (NG4×223) was reduced 6.3- ± 0.9-fold (n = 4 independent 

transduction experiments) and 13.1- ± 1.2-fold (n = 3) in K562 and 
HL60 cells, respectively, whereas expression from the vector encod-
ing the miR-181a–specific MRE (NG4×181a) decreased 18.1- ± 2.3-  
(n = 7) and 10.3- ± 0.9-fold (n = 5) in Jurkat and HL60 cells, respec-
tively (Supplemental Figure 1B). Similar results were obtained with 
reporter genes other than GFP (data not shown). Vector titers were 
not affected by inclusion of 4 copies of the miR-223–specific MRE, 
but were slightly decreased (2- to 2.5-fold) in the case of NG4×181a 
(data not shown). The MRE repeats in both vectors were faithfully 
maintained in most transcripts in both Jurkat and MEL cells (data 
not shown). This initial in vitro study showed that hematopoietic 
lineage-specific miRNAs afford potent and highly specific regula-
tion of transgene expression.

To test the potential of this strategy in vivo, we generated 
murine BM chimeras harboring the NG4×223 and NG4×181a vec-
tors. At 4–6 weeks after transplantation, we quantified the 
expression of miR-223 and miR-181 family miRNAs, as well as 
the expression of the vector-encoded GFP, in different hemato-
poietic lineages. Endogenous miRNA expression as well as vec-
tor-encoded GFP expression in different lineages of the BM and 
thymus was normalized to the respective expression in Ter119+ 
BM cells, which express miR-223 and miR-181a at very low levels 
(data not shown) and were thus used as a reference population. 
The levels of miRNAs miR-181b and miR-181c, which are highly 
homologous to miR-181a, were also quantified, because these are 
likely to additionally target a miR-181a–specific MRE. miR-223 
was exclusively expressed in myeloid cells (CD11b+ and Gr-1+), 
whereas miR-181a, miR-181b, and miR-181c were selectively 
expressed in B220+ B lymphocytes in BM and, most noticeably, in 
thymocytes (Figure 1B), corroborating previous reports (30–33). 
NG4×223-encoded GFP expression was markedly restricted from 
myeloid cells, as evidenced by a decrease in GFP expression of 
88% ± 7% and 86% ± 9% relative to NG0 vector in CD11b+ and  
Gr-1+ cells, respectively, whereas it remained unaltered in ery-
throid (Ter119+) and lymphoid progenitors and thymocytes (Fig-
ure 1, C and D). Reciprocally, NG4×181a-encoded expression was 
robust in myeloid and erythroid lineages, but greatly diminished 
in B220+ cells, and it decreased to almost undetectable levels in 
thymocytes (Figure 1, C and D). In contrast, mice reconstitut-
ed with cells transduced with the control vector NG0 exhibited 
similar levels of GFP expression in all hematopoietic lineages. 
The presence of the vector in all lineages was confirmed by vec-
tor copy number quantification in sorted CD11b+, Gr-1+, B220+, 
Ter119+, lin–, and CD90.2+ cells from BM and spleen and in total 
thymocytes from 8 mice (data not shown). These data demon-
strate the robustness of miRNA regulation to direct lineage-spe-
cific transgene regulation in vivo in hematopoietic chimeras.

To assess whether regulation by more than one miRNA could be 
harnessed, we constructed the NG4×181a+4×223 vector, which encodes 
a composite MRE composed of both miRNA target sequences 
(4× miR-223–targeted MRE in tandem with 4× miR-223– 
targeted MRE; Figure 1A). In K562 and Jurkat cells, which 
respectively express miR-223 and miR-181a, NG4×181a+4×223-
encoded GFP was knocked down to the same degree as in the 
NG4×223 or NG4×181a vectors, respectively (Supplemental Figure 
2). In HL60 cells, which express high levels of both miRNAs, the 
effect was additive, with NG4×223-encoded GFP being downreg-
ulated 13.1- ± 1.2-fold, NG4×181a-encoded GFP 10.3- ± 0.9-fold, 
and NG4×181a+4×223-encoded GFP 24.6- ± 1.2-fold (Supplemental 
Figure 2). In vivo, expression of NG4×181a+4×223-encoded GFP was 

Figure 1
miRNA-mediated regulation effectively restricts transgene expression 
in lymphoid and myeloid lineages in vivo. (A) Lentiviral vectors used 
in this study encode 2 reporters, GFP and NTP, bidirectionally driven 
by the ubiquitous EF1a and hPGK promoters, respectively. NG4×223 
through NG4×181a+4×223 harbor repeats of MREs in the 3′ UTR of GFP, so 
that GFP functions as the sensor of miRNA regulation. Each MRE con-
sists of a nucleotide sequence with perfect complementarity to miRNA 
miR-223 or miR-181a. Vectors NG2×181a and NG4×181a contain, respec-
tively, 2 and 4 tandem MREs complementary to mature miR-181a,  
and NG4×181a+4×223 contains a combination of 4 copies of both MREs. 
LTR, long-terminal repeat; RRE, Rev responsive element; cPPT, 
central polypurine tract; βG 3′ UTR, human β-globin 3′ UTR; WPRE, 
Woodchuck hepatitis virus posttranscriptional regulatory element. (B) 
Expression of miR-223, miR-181a, miR-181b, and miR-181c in highly 
purified BM CD11b+, Gr-1+, and B220+ cells and thymocytes derived 
from hematopoietic mouse chimeras 4–6 weeks after transplantation. 
Expression levels are normalized to those measured in Ter119+ BM 
cells of the same mouse. Error bars denote SD. (C) GFP expression 
in different cell lineages in BM and thymus, normalized to the expres-
sion in Ter119+ BM cells. Data are averaged from 9 mice for NG0, 9 for 
NG4×223, 6 for NG4×181a, and 5 for NG4×181a+4×223. Error bars denote SEM. 
*P < 0.001 versus respective NG0 value. (D) Representative FACS 
analysis of BM cells and thymocytes from mouse chimeras reconsti-
tuted with BM cells transduced with vectors NG0, NG4×223, NG4×181a, or 
NG4×181a+4×223. Numbers within plots denote percentage of cells in the 
respective quadrants. UT, untransduced.
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Figure 2
miR-181a MRE restricts tumor antigen–specific receptor expression in developing thymocytes. (A) Lentiviral vectors bidirectionally expressing 
EGFP (as the neutral reporter) and the 19z1 CAR under posttranscriptional regulation by miR-181a. (B) Gating example of flow cytometry 
analysis of thymocyte subpopulations: DN (CD4–CD8–), DN1 (CD4–CD8–CD44+CD25–), DN2 (CD4–CD8–CD44+CD25+), DN3 (CD4–CD8–

CD44–CD25+), DN4 (CD4–CD8–CD44–CD25–), DP (CD4+CD8+), CD4SP (CD4+CD8–), and CD8SP (CD4–CD8+). (C) Expression of miR-181 
family miRNAs in sorted murine thymocyte subsets relative to expression in Ter119+ BM cells. ISP, intermediate SP. Error bars denote SD. 
(D) Representative FACS profile of thymocytes from 2 mice harboring the miR-181a–regulated vector G19z14×181a, 1 mouse harboring the 
control vector G19z10, and 1 nontransplanted mouse. Shown are cells gated on subpopulations exemplified in B. Numbers within plots 
denote percentage of cells in the respective quadrants. (E) Average 19z1 expression, quantified by FACS analysis, at different stages of 
thymocyte development relative to expression in DN1 stage in mouse chimeras reconstituted with BM cells transduced with vectors G19z10 
and G19z14×181a. Data are mean ± SEM from 20 mice.
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profoundly repressed in both the myeloid and lymphoid lineages 
(decreased by 95% ± 9% in CD11b+ cells, 97% ± 6% in Gr-1+ cells, 
99% ± 0.5% in B220+ cells, and 99% ± 2% in CD90.2+ thymocytes) 
but preserved in the erythroid lineage (Figure 1, C and D). These 
data indicate that collinear MREs function additively, thus offer-
ing the potential to further refine developmental regulation or 
tissue restriction if needed.

miR-181a–mediated regulation restricts antigen receptor expression in 
developing thymocytes. Expression of miRNA miR-181a is dynami-
cally regulated during T cell development (32, 33). To closely 
decipher the expression pattern afforded by the miR-181a MRE, 
we quantified expression of miR-181a miRNA in sorted cell sub-
populations in all stages of thymocyte development, as well as 
in post-thymic T lymphocytes. We found that miR-181 miRNAs 
progressively accumulated in CD4/CD8 double-negative (DN) 
thymocytes at stages DN1–DN4, peaked at the double-positive 
(DP) stage, and were subsequently downmodulated in CD4+ sin-
gle-positive (CD4SP) or CD8SP cells before markedly decreasing 

in resting post-thymic T cells (Figure 2C and see below). This 
pattern suggested that miR-181a–specific MREs could be used 
to specifically restrict transgene expression in developing T 
cells but yet allow transgene expression in post-thymic, mature 
T lymphocytes. This possibility was investigated with vectors 
encoding 19z1, a chimeric antigen receptor (CAR) specific for 
hCD19, which is currently used in clinical studies to target T 
cells against B cell malignancies (34). We placed 19z1 under post-
transcriptional control of miR-181a using the lentiviral vectors 
shown in Figure 2A. Expression of the 19z1 receptor was assessed 
in the thymus and other hematopoietic tissues of murine BM 
chimeras. In contrast to mice bearing the control G19z10 vec-
tor, cell surface expression of 19z1 was diminished to almost 
undetectable levels in DN and DP cells of mice harboring the 
G19z14×181a vector (Figure 2, B, D, and E). In 2 of 10 mice harbor-
ing the G19z14×181a vector, a small number of 19z1dull cells was 
detectable, predominantly falling within the CD4SP and CD8SP 
populations (data not shown). The same profound suppression 

Figure 3
CAR expression and function in peripheral T lymphocytes is fully restored by 2-MRE copy regulation. (A) Lentiviral vectors used in these experi-
ments express 19z1 CAR driven by hPGK promoter under regulation by either no (19z10), 2 (19z12), or 4 (19z14) copies of miR-181a–specific 
MRE. (B) Mean fluorescence intensity (MFI) expression of 19z1 in DN, DP, CD4SP, and CD8SP thymocytes as well as CD4+ and CD8+ sple-
nocytes normalized to expression in CD4–CD8– splenocytes for each mouse. Data are averaged from 4 mice harboring each of vectors 19z10, 
19z12, and 19z14 analyzed 3–4 months after BM transplantation. Error bars denote SEM. (C) Expression of 19z1 in peripheral blood 19z1+CD3+ 
T cells in a total of 23 mouse chimeras harboring vectors 19z10, 19z12, and 19z14 analyzed 4 weeks after BM transplantation. Expression levels 
in CD3– cells indicate comparable levels of gene transfer. Error bars denote SD. Repeated analysis at week 10 after BM transplantation (not 
shown) corroborated the data presented here. (D) T cells expressing a miR-181–regulated 19z1 receptor specifically lysed a hCD19+ tumor cell 
line. 51Cr-release assays of T cells isolated from spleens of mouse chimeras harboring vectors 19z10, 19z12, and 19z14 targeting EL4-hCD19+ 
tumor cells or unmodified EL4 (hCD19–) tumor cells, as well as T cells from a mouse reconstituted with untransduced BM cells. E/T ratio, effec-
tor-to-target ratio of CD8+19z1+ T cells to tumor cells.
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of expression compared with control vector was observed in 5 
mouse chimeras bearing a GFP sensor encoded by vector NG4×181a 
(data not shown). These data demonstrate that miR-181a–medi-
ated regulation can be effectively harnessed to silence transgene 
expression in developing thymocytes.

miR-181–regulated antigen receptor expression is restored in resting 
and activated T lymphocytes. Because miR-181a expression persists 
in post-thymic T lymphocytes, albeit at greatly reduced levels 
compared with thymocytes (Figure 2C and see below), we inves-
tigated whether miR-181a–regulated expression of an antigen 
receptor can be restored in resting or activated mature T cells. We 
further hypothesized that altering the number of MRE repeats 
in the 3′ UTR of the receptor transcript may be exploited to dose 
antigen receptor expression. We therefore quantified receptor 
repression mediated by either 2 or 4 copies of the miR-181a–spe-
cific MRE. An initial in vitro study using vectors NG2×181a and 
NG4×181a (Figure 1A) showed that increasing the number of MRE 
repeats from 2 to 4 approximately doubled the level of miRNA-
dependent downregulation in HL60 (from 7.6- to 13.1-fold) and 
Jurkat cells (from 7.2- to 18.1-fold; Supplemental Figure 3). In 
vivo, murine BM chimeras harboring 19z1-encoding vectors 
19z12 and 19z14 (Figure 3A), with 2 and 4 MRE copies, respec-

tively, showed similarly potent repression of receptor expression 
in thymocytes (Figure 3B). In peripheral T cells, however, expres-
sion from 19z14 greatly increased compared with thymocyte 
levels, but did not reach the same levels as did 19z12-encoded 
expression (Figure 3C).

These disparate expression levels resulted in functional differ-
ences: cytotoxic activity of T lymphocytes expressing 19z1 under 
regulation by 4 MRE repeats was lower than that of T lympho-
cytes expressing the receptor tagged with a 2-copy MRE (Figure 
3D). Regulation by 2 miR-181a–specific MRE copies allowed 
restoration of both expression and function of the receptor to 
levels similar to the control (non–miR-181–regulated) vector 
19z10 (Figure 3, C and D). In addition, miR-181–regulated recep-
tor expression was not diminished throughout ex vivo activation 
of T lymphocytes (Figure 4, A and B). Furthermore, secondary 
BM recipients exhibited similar segregation of miR-181–regu-
lated 19z1 receptor, demonstrating efficient miR-181a–mediated 
transgene regulation in long-term repopulating hematopoietic 
stem cells (Supplemental Figure 4).

miR-181–regulated antigen receptor expression confers protection 
against a CD19+ tumor. The function of a miR-181a–regulated 
19z1 receptor was tested in a tumor challenge experiment, using 

Figure 4
miR-181a–regulated 19z1 expression is maintained 
in activated T lymphocytes and mediates antitumor 
response. (A) FACS profile of CD4SP and CD8SP 
thymocytes (left) and CD4+ and CD8+ splenocytes 
polyclonally activated in vitro for 48 hours (right) from 1 
mouse harboring vector 19z14 and 1 mouse harboring 
the control vector 19z10. Numbers within plots denote 
percentage of cells in the respective quadrants. (B) 
miR-181–regulated antigen receptor expression was 
maintained throughout activation of T lymphocytes. 
Relative expression of miR-181 miRNA family mem-
bers (bars; left axis) and relative 19z1 expression 
(lines; right axis) in CD4+ and CD8+ T cells from LNs 
of murine BM chimeras harboring vectors 19z10 and 
19z14 stimulated in vitro for 3, 6, and 24 hours, nor-
malized to unstimulated T cells. Error bars denote SD. 
(C) miR-181–regulated 19z1 receptor prevents tumor 
formation in mouse chimeras challenged with hCD19+ 
EL4 tumor cells. Outcome of systemic tumor challenge 
of chimeras reconstituted with BM cells harboring 
either no vector or vectors 19z10 and 19z14 with EL4 
or EL4-hCD19+ tumor cells.
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syngeneic EL4 tumor cells that express hCD19 (34). Mouse chi-
meras reconstituted with BM cells harboring either no vector 
or vectors 19z10 and 19z14 were intravenously injected with 
EL4 or EL4-hCD19+ tumor cells. The mice that received the 
unmodified EL4 tumors rapidly developed hind-limb paralysis 
and died within 2 weeks. The mice that received EL4-hCD19+ 
tumor cells survived longer, probably owing to the antigenicity 
of hCD19, and were sacrificed 40 days after tumor challenge. 
Cell suspensions from the BM, liver, and spleen were analyzed 
by flow cytometry for the presence of hCD19+ cells. None of the 
chimeras reconstituted with vectors expressing 19z1 were found 
to have detectable tumors, whereas half of the mice harboring 
no vector had established tumors (Figure 4C). The results pre-
sented thus far collectively demonstrated that subjecting a len-
tiviral-encoded antigen receptor to endogenous miR-181a regu-
lation enabled specific receptor downregulation in developing 
thymocytes as well as restoration of its expression and function 
in mature and activated T lymphocytes.

miR-181 regulation enables peripheral T cell expression and antigen 
responsiveness of a self-reactive αβ TCR targeted to hematopoietic stem 
cells. In view of the above findings, we hypothesized that miR-181a  
regulation could allow peripheral T cell expression of an αβ 
TCR normally deleted during thymic development. We there-
fore constructed vectors encoding miR-181–regulated α and 
β chains linked by a 2A peptide (Figure 5A) of a TCR derived 
from the D10.G4.1 (referred to herein as D10) T cell clone, 
which responds to a peptide derived from chicken conalbumin 
(CA-wt) bound to the MHC class II allele I-Ak and I-Ad (35). We 
used these vectors to generate hematopoietic mouse chimeras 
of the B10.D2 strain harboring the I-Ad allele, which induces 
negative selection of thymocytes expressing the D10 TCR (34). 
As expected, the number of EGFP+ T cells was severely reduced 
in chimeras repopulated by cells transduced with the control 
GD100 vector, consistent with clonal deletion of these autoreac-
tive cells (Figure 5B). Cells transduced with the miR-181–reg-
ulated vector, however, gave rise to CD4+ and CD8+ T cells in 
peripheral blood and spleen, which were present in similar frac-
tions in the transduced (EGFP+) and nontransduced (EGFP–) 
cells present in the same mouse (Figure 5B). T cells expressing 
the D10 TCR were detected in the peripheral blood and spleen 
of these chimeras, were detected at low levels in resting T cells, 
and were markedly upregulated after T cell activation (Figure 
5C). Functional responsiveness to the cognate peptide–MHC 
complex was demonstrated by mixed cultures of T cells isolated 
from the spleens of these mice with irradiated I-Ak APCs loaded 
with titrated amounts of CA-wt peptide (Figure 5D). These data 
demonstrate that cells harboring the miR-181–regulated D10 
TCR, but not those harboring the non–miR-181a–regulated vec-
tor, evade negative selection and acquire peripheral responsive-
ness to the antigen-MHC complex.

pol II–driven MREs borne on lentiviral vectors do not detectably dereg-
ulate miRNA target repression. Although we found that hemato-
poietic lineage distribution was largely unperturbed in mouse 
chimeras harboring miRNA-regulated vectors NG4×181a and 
NG4×223 (Supplemental Figure 5), we sought to investigate the 
safety of using vectors harboring MREs for hematopoietic stem 
cell–based therapies. It has recently been reported that exoge-
nously expressed MREs can function as competitive inhibitors 
of endogenous miRNAs in cultured animal cells (36). In these 
studies, miRNA inhibition was achieved by transient expression 

systems that drive very high levels of expression from very high 
copy numbers of the MRE-bearing transcripts (36). We wished 
to investigate the potential saturation of miRNA function in a 
more physiologically relevant setting, whereby endogenously 
expressed MREs compete with exogenous MREs expressed from 
a low number of copies of stably integrated vectors for bind-
ing of endogenously expressed miRNAs. We set a competitive 
reporter assay in a system where endogenous miRNAs are physi-
ologically induced during a developmental process, namely 
terminal erythroid differentiation of the murine erythroleu-
kemia cell line MEL. Following chemically induced MEL cell 
differentiation, expression of miRNAs miR-144 and miR-451 
was upregulated from almost undetectable levels up to 60-fold 
(ref. 37 and data not shown), mediating repression of a fluo-
rescent red reporter (DsRed) harboring MREs complementary 
to miR-144 or miR-451 (Figure 6A, left, and data not shown). 
Superinfection of the cells with high MOI of a vector harboring 
4 copies of an MRE complementary to miR-144 driven by hEF1a 
promoter did not derepress DsRed upon differentiation (Fig-
ure 6A, right), although pol III–driven MREs specific for either 
miR-144 or miR-451 did cause some degree of derepression of 
DsRed tagged with the respective MRE (Figure 6B). The average 
vector copy number was between 12 and 39 (data not shown). 
These data suggest that MREs harbored by lentiviral vectors, 
even at high copy numbers and driven by a strong constitutive 
pol II promoter, are not likely to interfere with normal miRNA 
function and repression of physiological targets. These findings 
support the further investigation of MRE-regulated vectors to 
regulate transgene expression in the hematopoietic system.

Discussion
The genetic targeting of gene products to T cells, but not their 
thymic precursors, is a lingering challenge in animal transgen-
esis and stem cell therapies. We therefore sought to modulate 
expression from a constitutive promoter by subjecting it to 
endogenous miR-181a regulation. We show here that lentiviral 
vector–encoded antigen receptor expression that is regulated by 
miR-181a enabled robust segregation between developing thy-
mocytes and mature T cells. miR-181a–targeted transcripts were 
maximally repressed in late DN and DP cells (Figure 2, D and E), 
as expected from our miR-181a expression studies (Figure 2C) 
and the previous studies of Neilson et al. (33) and Li et al. (32). 
Our functional analyses show that antigen receptor expression 
was fully repressed in DP cells (Figure 2, D and E), a developmen-
tal stage in which miR-181a, which downregulates phosphatase 
expression, renders DP thymocytes exceptionally sensitive to 
TCR signaling (32). The profound downregulation of the CAR 
19z1 demonstrated that miR-181–mediated silencing of a rela-
tively highly expressed transcript driven by the hEF1a promoter 
was sufficient to functionally prevent expression at the stages of 
positive and negative selection. Our studies with the D10 TCR 
further compound that antigen receptor is profoundly sup-
pressed in all stages of thymocyte development in which nega-
tive selection occurs (including DN, DP, and the DP-to-SP transi-
tion; ref. 38), averting the deletion of D10 TCR+ T cells in B10.D2 
recipient mice (Figure 5 and ref. 35).

Transgene expression was readily detectable in peripheral T cells, 
as found with the 19z1 CAR (Figures 3 and 4) and the D10 TCR 
(Figure 5). Expression was reinstated in peripheral T cells, consis-
tent with the major decrease of miR-181a levels in post-thymic T 
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cells (Figure 4B). Expression of both antigen receptors was func-
tional, enabling mice harboring the 19z1 receptor to kill CD19+ 
tumors in vitro (Figure 3D) and resist challenge with CD19+ 
tumor cells (Figure 4C). Similarly, B10.D2 mice engrafted with 
the GD102 vector acquired the ability to respond to the cognate 
peptide, which was precluded in mice harboring the GD100 vector 
(Figure 5D). These results demonstrate the ability of the miR-181a 
MRE to developmentally regulate receptor expression within the T 
cell lineage, preserving receptor functionality.

Our findings also underscore the importance of MRE copy num-
ber to achieving desirable levels of transgene expression. Whereas 
vector-encoded transcripts bearing either 2 or 4 miR-181a MRE 
copies under the transcriptional control of either a human phos-
phoglycerate kinase (hPGK; vectors 19z12 and 19z14) or a hEF1a 
(vector G19z14×181a) promoter were similarly downregulated in 
thymocytes, the presence of either 2 or 4 copies yielded different 
outcomes in peripheral T cells (Figure 3). Expression of 19z1 was 
lower in T cells expressing transcripts encoding 4 MRE copies, 
resulting in diminished cytolytic activity. This functional differ-
ence is consistent with the known importance of antigen receptor 
levels for T cell responsiveness. Higher expression of TCR chains 
may also be important for the transgenic TCR to successfully com-
pete with endogenous TCR chains for rate-limiting amounts of 
CD3 to achieve cell surface expression (39, 40). miR-181a expres-
sion did not increase upon T cell activation (Figure 4B), whereas 
cell surface expression of the 19z1 (Figure 4B) and D10 (Figure 5C) 
receptors increased within 24 hours of mitogen activation, consis-
tent with promoter activation (41).

MRE-mediated repression may also vary in developing thymo-
cytes. Whereas 19z1 expression was profoundly repressed in SP 
cells (Figure 2, D and E), the receptor was detected at very low 
levels in 2 of 10 mice, which also expressed low 19z1 levels in DP-
stage cells (data not shown). The latter expressed reduced levels 
of both CD4 and CD8 (DPdull), a phenotype corresponding to 
the immediate progeny of positive selection (42), which possess 
reduced sensitivity to TCR signaling, potentially owing to reduced 

levels of expression of miR-181a (43). Our in vitro and in vivo find-
ings support the notion of MRE dose dependence of knockdown 
efficiency, corroborating data from transient reporter assays (44) 
and stably integrated miRNA target sites in cell lines (29).

MRE-regulated transgene expression is poised to find applica-
tions in basic biology as well as in therapeutic stem cell engineering. 
Posttranscriptional control superimposed onto classic transcrip-
tional regulation is highly valuable to correct undesirable expres-
sion patterns or fine-tune developmentally regulated or inducible 
gene expression. Preventing transgene expression in professional 
APCs may attenuate the immunogenicity of foreign antigens (28). 
As we showed here, miR-181–regulated transgene expression was 
effective in allowing temporal transgene regulation throughout 
lymphopoiesis, which to our knowledge was previously unattain-
able through pol II–mediated transcriptional regulation.

A major challenge of cancer immunotherapy is the generation 
of large numbers of T cells with the desired antitumor specificities 
that can persist long-term in vivo. Delivery of tumor-specific TCR 
genes into hematopoietic stem cells constitutes a recent promising 
strategy in this direction (7, 8). Antigen-specific T cells may also be 
provided by infusion of lymphoid progenitors that are educated 
and tolerized according to the recipient’s genetic background 
(45). A predictable problem of this approach is negative selection 
of T lymphocytes recognizing self tumor antigens (46) as a con-
sequence of clonal deletion of developing thymocytes expressing 
autoreactive receptors. miR-181a regulation of transgenic TCRs 
targeted to either the hematopoietic stem cell or the lymphoid 
progenitor compartment may thus be very useful to circumvent 
negative selection of tumor-reactive T lymphocytes and afford 
durable immune surveillance.

Methods
Plasmid construction and vector production. Vector NG0 was derived from 

T9.FIX (47) by placing the GFP cDNA in reverse orientation upstream 

of the β-globin 3′ UTR, under the transcriptional control of the hEF1a 

promoter, and adding the hPGK-NTP-WPRE cassette. NTP is an inactive 

human low-affinity nerve growth factor receptor (48). NG2×181a and the 

intermediate vector NG2×223 were constructed by annealing oligonucle-

otides O3, O4 and O1, O2, respectively (Supplemental Table 1), which con-

sist of 2 repeats of a sequence perfectly complementary to the respective 

mature miRNA separated by 4 nucleotides (49). These adapters were insert-

ed into XmaI and AvrII sites in a linker previously inserted downstream of 

GFP cDNA. NG4×181a and NG4×223 were derived from NG2×181a and NG2×223 

by inserting annealed oligonucleotides O7, O8 and O5, O6, respectively 

(Supplemental Table 1), and NG4×181a+4×223 was derived from NG4×181a after 

insertion of annealed oligonucleotides O9 and O10 (Supplemental Table 

1). Vectors G19z10 and G19z14×181a were derived from NG0 and NG4×181a, 

respectively, by replacing NTP with EGFP and GFP with 19z1. For the con-

struction of vectors GD100 and GD102, the D10 TCR α and β chain cDNAs 

(35) were inserted in G19z10 and G19z14×181a, respectively, in place of the 

19z1 cDNA linked by the P2A peptide preceded by a Gly-Ser-Gly linker (50). 

GD102 was derived from an intermediate GD104 vector after removal of 2 

MRE copies as a ClaI fragment. Vectors R144, R451, and R223 were derived 

from NG0 after replacing GFP with the DsRed monomer cDNA (Clontech) 

and inserting annealed oligonucleotides O11, O12 (for R144) and O13, 

O14 (for R451) downstream of DsRed. For R223, a XmaI/AvrII fragment 

containing 4 copies of miR-223 MRE derived from NG4×223 was inserted in 

the respective sites in the 3′ end of DsRed cDNA. G144 was derived from 

NG0 after removing the hPGK-NTP-WPRE cassette and inserting annealed 

oligos O11, O12 downstream of GFP. For GU6-144 and GU6-451, U6 pro-

Figure 5
Lymphocytes harboring a miR-181a–regulated self-reactive D10 TCR 
evade negative selection. (A) Vectors used in this study encode the 
α and β chain of the D10 TCR linked by the P2A peptide (49) that 
allows stoichiometric expression of both genes. In vector GD102, the 
D10 TCR is subject to regulation by 2 copies of the miR-181a–specific 
MRE. (B) Top: Percentage of CD4+ cells in the EGFP+ and EGFP– cell 
subsets of PBMCs of mouse chimeras reconstituted with BM cells 
transduced with either GD100 or GD102 vectors 5 weeks after BM 
transplantation. Boxes denote interquartile range; lines within boxes 
indicate mean; whiskers define the fifth and ninety-fifth percen-
tiles. Bottom: CD4/CD8 T cell distribution in EGFP+ gated PBMCs 
in 1 mouse harboring vector GD100 (left) and 1 mouse with vector 
GD102 (right). Numbers within plots denote percentages of cells in 
the respective quadrants. (C) Expression of D10 TCR in gated EGFP+ 
or EGFP– CD4+ splenocytes, either resting or activated for 48 hours, 
from 1 mouse chimera with vector GD100 and 1 mouse with vector 
GD102. Numbers within histograms denote percentage of cells within 
the indicated gate. (D) T cells expressing the miR-181–regulated D10 
TCR specifically responded to CA-wt peptide presented on MHC I-Ak 
allele. T cells were isolated from the spleens of mouse chimeras har-
boring vectors GD100 and GD102 stimulated on APCs expressing the 
I-Ak allele loaded with the indicated amounts of peptide and analyzed 
by flow cytometry for IFN-γ production. Numbers within plots denote 
percentage of cells in the respective quadrants.
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moter was amplified from human genomic DNA and inserted in a NheI 

site in the U3 region of the 3′ long-terminal repeat, followed by insertion 

of oligonucleotides O11, O12 and O13, O14, respectively, in a downstream 

ClaI site. All oligonucleotide sequences are provided in Supplemental Table 

1. Vector production was performed by triple transfection of the plasmid 

DNA encoding the vector pCMVΔR8.91 and pUCMD.G into 293T cells, as 

previously described (51).

Analysis of miRNA expression. RNA was isolated from cell lines and pri-

mary murine cells with TRIZOL reagent (Invitrogen). Quantitative RT-PCR 

for the detection of mature miRNAs miR-223, miR-181a, miR-181b, and 

miR-181c was performed with the mirVana qRT-PCR miRNA detection kit 

(Ambion). Reactions were carried out in triplicate in an ABI 7500 system 

(Applied Biosystems). Quantification was performed with the relative stan-

dard curve method using serial dilutions of RNA isolated from HL60 cells 

as standards and U6 snRNA as endogenous control.

Cell purification. Cell suspensions were prepared from BM (extracted from 

femurs and tibias), thymus, spleen, and LNs and filtered through a 40-μm  

nylon cell strainer. Positive or negative selection of lin–, Sca1–, Ter119+, 

CD11b+, Gr-1+, B220+, CD4+, and CD8+ cells was carried out by immuno-

magnetic separation (Miltenyi Biotec) according to the manufacturer’s 

instructions. Purity in all cases was between 91% and 99%.

Generation of murine BM chimeras. C57BL/6 and B10.D2 mice were pur-

chased from The Jackson Laboratory. lin– cells isolated from 8- to 10-week-old 

Ly5.1 C57BL/6 or B10.D2 mice were prestimulated for 12 hours in X-VIVO  

10 medium (BioWhittaker) supplemented with L-glutamine (2 mM), penicillin  

(100 IU/ml), streptomycin (100 μg/ml), b-mercaptoethanol (0.5 mM; 

Invitrogen), 100 ng/ml recombinant mouse stem cell factor, and 100 ng/ml 

recombinant mouse thrombopoietin (rmSCF and rmTPO, respectively; R&D 

Systems). Transduction with viral supernatants was performed in retronec-

tin-coated (TAKARA) 24-well plates in 400 μl total volume at MOI between 

20 and 30 for 8 hours. After the end of transduction, 6 × 104 cells were mixed 

with 4 × 105 supportive Sca-1–depleted cells per recipient mouse and were 

injected via the retroorbital route into lethally irradiated Ly5.2 C57BL/6 or 

B10.D2 mice. All animal work was approved by and in compliance with the 

Institutional Animal Care and Use Committee guidelines of MSKCC.

Flow cytometry and cell sorting. A PE-conjugated anti–low-affinity nerve 

growth factor receptor antibody (anti-LNGFR; BD Biosciences — Pharmin-

gen) was used for FACS analysis of cell lines. Mouse BM cells and thy-

mocytes were blocked in 1% mouse serum, stained with the antibodies 

anti-Ter119, anti-B220, anti–Gr-1, anti-CD11b, and anti-CD90.2 (all 

allophycocyanin-conjugated) as well as with 19E3-PE, an anti-idiotypic 

monoclonal antibody specific for the 19z1 receptor (provided by I. Riv-

iere, MSKCC) and analyzed on a FACSCalibur cytometer (BD Biosciences). 

Analysis of DN, DP, and SP thymocyte subpopulations, as well as CD4+ and 

CD8+ lymphocytes, was performed as previously described (52). Briefly, lin-

age-negative cells were detected by staining with anti-Ter119, anti–Gr-1,  

anti-NK1.1, anti-CD11b, anti-γδTCR, and anti–B220-biotin followed by 

PE-Cy7–conjugated streptavidin. The following antibody combinations 

were used: PE-conjugated 19E3 or Ly5.1, PerCP5.5-conjugated anti-CD8, 

allophycocyanin-conjugated anti-CD4, allophycocyanin-Cy7–conjugated 

anti-CD25, AF700-conjugated anti-TCRβ, and FITC- or Pacific Blue–con-

jugated anti-CD44. Dead cells were excluded by DAPI staining. Antibodies 

were purchased from BD Biosciences. Detection of the D10 TCR was done 

with a clonotypic antibody (3D3) (35). Detection of intracellular IFN-γ was 

performed with an allophycocyanin-conjugated antibody after fixation and 

permeabilization (Cytofix/Cytoperm; BD). FACS analysis was performed 

in a LSRII cytometer (BD Biosciences) and analyzed using FlowJo software 

(version 8.5.3; Tree Star). For cell sorting, DN thymocytes were enriched by 

depletion of DP and CD8SP thymocytes with rat anti-CD8 (TIB210) fol-

lowed by magnetic depletion with Biomag anti-rat IgG (Polysciences Inc.). 

Cell sorting was performed on a MoFlo cell sorter (DakoCytomation).

T cell activation and cytotoxicity assay. In vitro stimulation of T lympho-

cytes for FACS analysis was performed with cell suspensions prepared 

from spleens or LNs of mice in the presence of soluble anti-CD3 (2 μg/ml) 

and soluble anti-CD28 (2 μg/ml). For miRNA expression analysis, CD4+ 

and CD8+ cells were negatively selected by immunomagnetic separation 

(Miltenyi Biotec) and cultured in anti-CD3–coated plates with soluble anti-

CD28. For peptide-specific stimulation, T cells were immunomagnetically 

negatively selected from splenocytes and mixed with Dynabeads CD3/

CD28 (Invitrogen) in a 1:1 ratio in the presence of 100 U/ml recombinant 

IL-2. After 5 days, cells were restimulated on APCs prepared from irradi-

ated splenocytes of B10.BR animals (expressing the I-Ak allele) pulsed with 

titrated amounts of CA-wt peptide. Brefeldin A (BD GolgiPlug) was added 

2 hours later, and FACS analysis was performed 6 hours after the beginning 

of stimulation. The cytotoxic activity of T cells isolated from the spleens of 

the chimeras was determined by standard 51Cr-release assays (34).

Statistics. Statistical analysis was done by 2-tailed Student’s t test using 

Prism software (version 5.0a; GraphPad). A P value less than 0.05 was con-

sidered significant.
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Figure 6
MREs driven by pol II do not cause derepression of a miRNA target.  
(A) hEF1a-driven MREs did not deregulate a heterologous miRNA 
target. Left: MEL clones harboring DsRed reporters encoded by 
vectors R144 or R223 were generated. Upon induction of differ-
entiation with hexamethylene bisacetamide (HMBA), miR-144 was 
upregulated, resulting in specific repression of DsRed tagged with 
the miR-144–specific MRE (R144), but not with control miR-223– 
specific MRE (R223). Right: Superinfection at high MOI of the same 
clones with a lentiviral vector encoding 4 copies of the miR-144–
specific MRE tagged to GFP (G144) did not detectably alter DsRed 
repression (compare bottom overlays). Shown are the results of 3 
independent induction experiments (induced 1–induced 3). Num-
bers in parentheses indicate mean fluorescence intensity of DsRed 
expression. (B) MREs driven by U6 promoter mediated derepres-
sion of the respective miRNA target. MEL clones harboring DsRed 
sensors regulated by either miR-144 or miR-451 (top left) were 
superinfected at high MOI with vectors harboring 4 copies of the 
respective MREs driven by the strong pol III U6 promoter (top right). 
Transduction with both vectors mediated derepression of DsRed tar-
geted by the respective miRNA, from 2.3-fold to 1.7-fold in the case of 
the miR-144–specific MRE (left overlays) and from 2-fold to 1.4-fold  
in the case of the miR-451–specific MRE (right overlays). Num-
bers in parentheses indicate mean fluorescence intensity of DsRed 
expression. Fold DsRed repression is expressed as ratio of mean 
fluorescence intensities before and after induction.
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