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INTRODUCTION

Antitumor adoptive cell therapy (ACT) involves expanding patient-
derived T cells ex vivo and then reinfusing them to treat disease. It is
a particularly exciting treatment for cancer because it provides avenues for enhancing the specificity of the therapeutic response (1, 2).
T cells that recognize tumor antigens can be expanded selectively,
or T cells can be transduced with chimeric antigen receptors (CARs)
that target tumor antigens. CAR therapy, in particular, has yielded
remarkable results against certain B cell leukemias (3). It has been very
challenging, however, to apply ACT to other malignancies, particularly solid tumors (4). At least some of this difficulty arises from cell-
intrinsic regulatory programs that limit the scope of T cell function.
The ability to mount potent cytotoxic and inflammatory responses is
largely restricted to short-lived effector T cells, which can neither survive nor self-renew over prolonged periods (5). In addition, T cells become functionally exhausted after sustained antigen exposure, placing
strict constraints on their activity (6). Under homeostatic conditions
or when the immune system is battling transient infections, this behavior is appropriate. It is counterproductive, however, in the context of cellular immunotherapy, where T cells must mount vigorous
responses against established tumors for extended periods of time.
The importance of sustained T cell activity for ACT (7–10) has
generated a great deal of interest in methods that increase the effective
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size of the therapeutic T cell population and prolong its functionality. Patients are typically subjected to conditioning chemotherapy
or ablative radiation before infusion to reduce competition between
transferred T cells and endogenous lymphocytes for homeostatic
cytokines (11). Although these approaches increase engraftment efficiency, a large fraction of infused T cells still perish within days
(12, 13), and strategies for mitigating this death are poorly developed. Maintaining functional persistence after engraftment is also
of critical importance. Much recent excitement in this area has focused on the HMG family transcription factor T cell factor 1 (TCF1),
a critical regulator of T cell survival and pluripotency in vivo. TCF1
and its homolog, Lef1, are both required for the formation of memory T cells capable of long-term self-renewal (14–16), and during
chronic infection, TCF1 drives the formation of a progenitor-like
population that mediates sustained responses by continuously generating new effector cells (17–19). TCF/Lef family proteins form
activating transcriptional complexes with the Wnt signaling adaptor,
-catenin (20), which is constitutively degraded in T cells (21, 22).
Accordingly, efforts to enhance persistence via TCF1 have concentrated on stabilizing -catenin expression by either genetic or pharmacological means (21–23). Although these strategies prolong T cell
survival, they also attenuate antigen-induced proliferation and cytokine secretion, further emphasizing the reciprocal relationship between
persistence and functional capacity that seems to be hardwired into
T cell physiology.
As an alternative to modulating signaling networks within the
established framework of T cell homeostasis, one strategy could be
to introduce molecular perturbations that shift T cells into phenotypes where they are less constrained by evolved control mechanisms. Using unbiased screening, we have identified such a strategy,
which is based on the ectopic expression of the epithelial cell markers, microRNA-200c (miR-200c) and EpCAM (for epithelial cell
adhesion molecule). Both molecules prolonged the engraftment efficiency and persistence of T cells in tumor-bearing mice without
1 of 14

Downloaded from https://www.science.org at Princeton University on November 01, 2021

Adoptive T cell therapy (ACT) is a promising strategy for treating cancer, but it often fails because of cell intrinsic
regulatory programs that limit the degree or duration of T cell function. In this study, we found that ectopic expression of microRNA-200c (miR-200c) markedly enhanced the antitumor activity of CD8+ cytotoxic T lymphocytes (CTLs) during ACT in multiple mouse models. CTLs transduced with miR-200c exhibited reduced apoptosis
during engraftment and enhanced in vivo persistence, accompanied by up-regulation of the transcriptional regulator T cell factor 1 (TCF1) and the inflammatory cytokine tumor necrosis factor (TNF). miR-200c elicited these
changes by suppressing the transcription factor Zeb1 and thereby inducing genes characteristic of epithelial cells.
Overexpression of one of these genes, Epcam, was sufficient to augment therapeutic T cell responses against both
solid and liquid tumors. These results identify the miR-200c–EpCAM axis as an avenue for improving ACT and
demonstrate that select genetic perturbations can produce phenotypically distinct T cells with advantageous
therapeutic properties.
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compromising antigen-driven proliferation and cytokine secretion.
Consequently, T cells overexpressing miR-200c or EpCAM displayed
notably enhanced antitumor activity in both T cell receptor (TCR)–
and CAR-driven models of ACT. In addition to providing methods for enhancing ACT, our results highlight the value of looking
beyond naturally occurring immune cell lineages for therapeutic
applications.
RESULTS

enhanced by miR-16 and suppressed by miR-200c (Fig. 1, E and F),
consistent with the observed cytotoxicity phenotypes.

A functional screen for miR modulators of CTL cytotoxicity
To identify strategies for improving antitumor ACT, we performed
an unbiased screen for genetic modifications that alter cytotoxic T
lymphocyte (CTL) functionality. We chose to focus this screen on
miRs (table S1), rather than small hairpin RNA or clustered regularly interspaced short palindromic repeat (CRISPR) libraries, because
miRs regulate suites of genes (24) and therefore seemed more likely
to drive unexpected changes in differentiation state. CTL-mediated
killing is often accompanied by the exchange of cell surface material between the CTL and the target cell, a process known as trogocytosis (25). As trogocytosis scales with cytotoxic activity (26, 27), we
used it as a proxy for identifying the most
lethal CTLs in a population (fig. S1A).
Murine CTLs bearing the OT1 TCR, which A
B
C
is specific for the ovalbumin257–264 (OVA)
peptide presented by the major histocompatibility complex class I molecule,
H-2Kb, were retrovirally transduced with
one of five miR pools and then incubated
with OVA-loaded EL4 target cells bearing
one of three different membrane stains. After 2 hours, CTLs bearing fluorescent label
from all three kinds of targets (trogocytosishi)
and CTLs that had not acquired any stain
(trogocytosislo) were sorted and subjected
to deep sequencing to identify miRs that
D
E
F
were enriched in either the trogocytosishi
or the trogocytosislo subsets.
In this manner, we were able to identify miRs that reproducibly altered cytotoxic responses in vitro. Two candidates,
miR-16 (trogocytosishi) and miR-200c
(trogocytosislo), generated the most notable functional phenotypes in validatory cytotoxicity assays and were selected
for further analysis (Fig. 1, A and B). CTLs
transduced with miR-16 (miR-16 CTLs) Fig. 1. miRs that alter in vitro T cell cytotoxicity identified by a trogocytosis screen. (A) miRs conferring high
killed both adherent (B16 melanoma) (blue) or low (red) trogocytosis in the trogocytosis screen were transduced, along with miR-Scr, into OT1 CTLs. The
and nonadherent (EL4 lymphoma) tar- cytotoxicity of the resulting CTLs was then evaluated using OVA-loaded EL4 cells as targets. Data points denote the
get cells more effectively than control killing index, defined as the fraction of target cells lysed by CTLs expressing a miR of interest divided by the fraction
CTLs expressing a scrambled miR (miR- of target cells lysed by CTLs expressing miR-Scr. miR-200c and miR-16 are highlighted. (B and C) OT1 CTLs expressing
Scr CTLs), whereas CTLs overexpressing the indicated miRs were incubated with EL4 target cells loaded with the indicated concentrations of OVA. (B) TrogomiR-200c (miR-200c CTLs) exhibited re- cytosis was quantified by flow cytometry after 2 hours. (C) Specific lysis of target cells was assessed after 4 hours.
(D) OT1 CTLs expressing the indicated miRs were incubated with B16OVA target cells at various effector:target (E:T)
duced cytotoxicity in both assays (Fig. 1,
ratios, and target cell lysis was assessed after 4 hours. (E and F) OT1 CTLs expressing the indicated miRs were incuC and D). We also examined two biolog- bated with EL4 target cells loaded with the indicated concentrations of OVA as in (B) and (C). (E) CTL–target cell
ical events associated with killing, the for- conjugate formation was assessed by flow cytometry after 20 min. (F) CTL degranulation was assessed by surface
mation of CTL–target cell conjugates exposure of Lamp1 after 2 hours. All error bars denote SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001,
and the release of cytotoxic proteins, also calculated by Student’s t test. Significance calculations compared miR-200c (red asterisks) or miR-16 (blue asterisks)
called degranulation. Both responses were CTLs with miR-Scr CTLs. All data are representative of at least two independent experiments.
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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miR-200c enhances CTL antitumor activity in vivo
Having determined that miR-16 and miR-200c altered CTL-mediated
killing in vitro, we used an established ACT model to examine
their effects on CTL function in vivo. B16 melanoma cells expressing OVA (B16OVA) were implanted subcutaneously in C57BL/6
recipient mice and allowed to form tumors. A week later, the mice
were sublethally irradiated to facillitate T cell engraftment. In vitro
differentiated OT1 CTLs overexpressing miR-16, miR-200c, or
miR-Scr were then adoptively transferred (Fig. 2A). OT1 CTLs typically delay, but do not prevent, tumor outgrowth in this model. Unexpectedly, overexpression of miR-16, which induced strong cancer
cell killing in vitro, failed to improve antitumor responses relative to
miR-Scr (Fig. 2A). Conversely, miR-200c profoundly enhanced tumor suppression (Fig. 2A), in stark contrast to its inhibitory effects
on cytotoxicity in vitro (Fig. 1, C and D). To assess the specificity of
this unexpected antitumor phenotype, we developed a “sponge” RNA
construct that abrogated the activity of miR-200c (fig. S1, B and C).
Coexpression of this sponge reversed the effects of miR-200c on
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Fig. 2. miR-200c enhances CTL persistence and antitumor function in vivo. (A to C) Mice bearing subcutaneous
B16OVA (A), B16 (B), or EL4 (C) tumors received transfers of OT1 (A) or Pmel1 (B) CTLs expressing the indicated miRs
or OT1 CTLs expressing the indicated miRs together with GD2CAR (C). An additional group received vehicle control
[phosphate-buffered saline (PBS)]. Top: Schematic diagrams of each model are shown. Middle: Mean tumor volume
is plotted against time. Bottom: Kaplan-Meier plots show overall survival. n = 5 per group for (A) and n = 10 per group
for (B) and (C). (D) Mice bearing subcutaneous B16OVA tumors received adoptive transfer of OT1 CTLs expressing the
indicated miRs and were treated with either anti–PD-1 antibody (PD-1) or isotype control. Mean tumor volume is plotted
on the left, with survival on the right. n = 10 per group. All error bars denote SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
and ****P ≤ 0.0001, calculated by two-way ANOVA for tumor growth curves and log-rank test for survival plots. In (A)
to (C), significance calculations compared the miR-200c and miR-Scr groups, whereas in (D), significance calculation
compared the miR-200c + PD-1 and miR-200c groups (maroon asterisks) or the miR-Scr + PD-1 and miR-Scr groups
(aqua asterisks). All data are representative of at least two independent experiments.

in vitro cytotoxicity and in vivo B16OVA tumor growth (fig. S1, D
and E), indicating that these phenotypes did result from miR-200c–
dependent gene regulation.
The OT1 TCR binds its cognate antigen with unusually high affinity, raising the possibility that the effects of miR-200c on ACT
might not apply to T cells with more typical TCRs. To address this
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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miR-200c augments CTL engraftment
and persistence in vivo
The reduced killing potential of miR200c CTLs implied that their enhanced
in vivo functionality resulted from phenotypic changes unrelated to cytotoxicity.
Accordingly, we examined the persistence
of miR-expressing CTLs after transfer
into tumor-bearing mice. OT1 CTLs expressing either miR-200c or miR-16 were
mixed 1:1 with OT1 miR-Scr controls
and then transferred into irradiated, congenically marked recipients
bearing B16OVA tumors (Fig. 3A). After 1 week, OT1 T cells were
quantified in the tumor, blood, spleen, lymph nodes, and peripheral
organs. miR-200c, but not miR-16, increased CTL persistence in all
locations (Fig. 3A and fig. S2A). This phenotype did not depend entirely on antigen, as miR-200c OT1 CTLs also outcompeted controls
3 of 14
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issue, we applied ectopic miR-200c and
miR-16 expression to a second ACT system in which B16 tumor-bearing mice
were treated with CTLs expressing the
Pmel1 TCR, which recognizes an endogenous melanoma antigen (Fig. 2B). miR-
200c, but not miR-16, improved antitumor
responses in this model, demonstrating
that the capacity of miR-200c to augment
ACT was not restricted to the OT1 TCR. We
also investigated whether miR-200c could
improve CAR-driven ACT, using a model
where CTLs expressing a CAR against
the glycolipid tumor antigen, GD2 (28),
were used to treat mice bearing subcutaneous tumors of GD2+ EL4 cells (Fig. 2C).
miR-200c CTLs outperformed both miR-
16 and miR-Scr CTLs in this system as well,
indicating that the approach is applicable
to both CAR- and TCR-driven ACT.
Last, we examined whether miR-200c
overexpression could combine effectively with immune checkpoint blockade
(ICB), a class of antibody-based therapies targeting inhibitory lymphocyte
immunoreceptors such as programmed
cell death protein 1 (PD-1) (29). Mice
bearing B16OVA tumors received miR200c or miR-Scr OT1 T cells and were then
treated twice a week with anti–PD-1 or
isotype control antibodies. Although PD-1
blockade enhanced the antitumor efficacy of both miR-200c and miR-Scr CTLs,
the combination of miR-200c and anti–
PD-1 was particularly effective, suppressing
tumor growth profoundly and extending
the survival of treated mice past 60 days
(Fig. 2D). Collectively, our results demonstrate that miR-200c boosts therapeutic
T cell function in a variety of contexts
and combines additively with ICB.
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Fig. 3. miR-200c promotes CTL survival and effector function in vivo. (A) A 1:1 mixture of miR-200c and miR-Scr
OT1 CTLs was transferred into B16OVA tumor–bearing mice. After 3 and 7 days, CTLs were extracted from various
organs and analyzed by flow cytometry. Top: A schematic diagram of the experiment is shown. Bottom: Graphs showing miR-200c and miR-Scr CTL persistence in various organs after 7 (left) and 3 days (right). n ≥ 3 per group. (B) Mice
bearing subcutaneous B16OVA tumors received either miR-200c or miR-Scr OT1 CTLs. After 3 days, OT1 CTLs were
extracted from the indicated organs and assessed for caspase activity using CellEvent Caspase 3/7 staining. gMFI,
geometric mean fluorescence intensity. (C) Bcl2 abundance in miR-200c and miR-Scr CTLs was assessed by immunoblot with actin as a loading control. (D) CTLs expressing miR-200c or miR-Scr were transferred into medium lacking
IL-2, and survival was assessed 48 hours later by 4′,6-diamidino-2-phenylindole (DAPI) incorporation. n = 3 for each
group. (E) CellEvent Caspase 3/7 staining is shown for miR-200c and miR-Scr CTLs cultured in RPMI 1640 for 48 hours
with either IL-2 (30 IU/ml; left) or IL-7 (5 ng/ml; right). n = 3 for each group. (F) CellEvent Caspase 3/7 staining is shown
for miR-200c and miR-Scr CTLs treated with 2 M staurosporine (Stau) for 4 hours or Fas ligand (FasL; 20 ng/ml) for 48 hours.
n = 3 for each group. All error bars denote SEM. DLN, draining lymph node; PLN, nondraining (peripheral) lymph
node. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001, calculated by two-way ANOVA (A and B) and Student’s
t test (D to F). All data are representative of at least two independent experiments.
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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in mice carrying B16 tumors without
OVA, albeit to a lesser extent (fig. S2B).
To confirm these observations, we examined B16OVA tumor sections from
recipient mice treated with either miR200c CTLs or miR-Scr CTLs. This histological analysis revealed markedly
higher densities of miR-200c CTLs than
miR-Scr controls in the tumor microenvironment (fig. S2C), consistent with
our flow cytometry–based results.
Enhanced miR-200c CTL persistence
manifested as early as 3 days after adoptive transfer (Fig. 3A), suggesting that
miR-200c might augment survival during
the early stages of engraftment. To investigate this hypothesis, we extracted
CTLs from tumor-bearing mice 3 days
after initial transfer and stained them
with CellEvent Caspase 3/7 reagent, a probe
for apoptosis. miR-200c CTLs exhibited
markedly reduced caspase activation at
this early time point (Fig. 3B), suggesting that they can resist apoptosis associated with engraftment more effectively
than controls (12). Consistent with this
interpretation, miR-200c CTLs expressed the
antiapoptotic protein B cell lymphoma 2
(Bcl2) to a higher degree (Fig. 3C), and
they survived better in vitro after transfer
into growth medium lacking interleukin-2
(IL-2) (Fig. 3D). Additional in vitro experiments indicated that miR-200c CTLs
were less susceptible to apoptosis at steady
state, regardless of whether CTLs were
cultured in IL-2 or IL-7 (Fig. 3E). Overexpression of miR-200c also dampened
apoptotic responses to the cell death
inducers staurosporine and Fas ligand
(Fig. 3F). Hence, miR-200c transduction
promotes the survival of therapeutic T cells.
Next, we investigated whether miR200c conferred CTLs with enhanced proliferation, because this could also explain
the observed persistence phenotype. miR200c CTLs did divide somewhat more
extensively than miR-Scr controls after
antigenic stimulation in vitro, and they
also expressed slightly more of the proliferation marker Ki67 (fig. S3, A and B).
We did not observe higher expression of
Ki67 in vivo, however, implying little to
no proliferative advantage after infusion
(fig. S3C). We conclude that the in vivo
persistence phenotype of miR-200c CTLs
is more likely due to increased survival
than enhanced proliferation.
We reasoned that the enhanced persistence of miR-200c CTLs in vivo could
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effectively compensate for their reduced cytotoxic activity. To test
this hypothesis, we performed in vivo killing assays in which mice
receiving transfer of OVA-loaded splenocytes were treated with
miR-200c or miR-Scr OT1 CTLs (fig. S3, D and E). Similar degrees
of specific killing were observed in both cases (fig. S3F), suggesting
that miR-200c expression does not substantially reduce the effective
cytotoxicity of the therapeutic T cell pool.
miR-200c promotes TCF1 and TNF expression in tumors
To further explore the functional ramifications of miR-200c in T cells,
we activated CTLs in vitro and measured cytokine production.
miR-200c CTLs generated much more tumor necrosis factor (TNF)
than miR-Scr controls, whereas interferon- (IFN-) responses
were comparable (fig. S4, A and B). We observed the same pattern
of results after restimulation of CTLs extracted from B16OVA

tumors; miR-200c markedly enhanced TNF production without altering IFN- responses (Fig. 4A). Hence, miR-200c augments not
only the survival but also the functional capacity of CTLs both in
culture and in the tumor microenvironment.
Next, we examined the expression of critical transcription factors that control T cell differentiation. We were particularly interested in TCF1 because of its links to functional persistence and
self-renewal (15–19). Tumor-infiltrating miR-200c CTLs displayed
markedly higher expression of this protein (Fig. 4B), consistent with
their enhanced survival and antitumor activity. They also expressed
more of the T-box family member T-bet (Fig. 4B), which has been
associated with sustained functionality in the context of chronic antigen exposure (30). Conversely, overexpression of miR-200c did
not alter the expression of Eomes and Blimp1 (fig. S4C), two transcription factors that characterize differentiated effector subsets.
B

A
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Fig. 4. miR-200c promotes CTL survival and effector function in vivo. A 1:1 mixture of miR-200c and miR-Scr OT1 CTLs was transferred into B16OVA tumor–bearing
mice. At various time points, CTLs were extracted and analyzed by flow cytometry. (A) Top left: Representative flow cytometry plot showing TNF and IFN- expression in
the indicated tumor-infiltrating CTLs, extracted 1 week after infusion and restimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin. Right and bottom:
Quantification of TNF+ (top right), IFN-+ (bottom left), and TNF+IFN-+ (bottom right) tumor-infiltrating CTLs from unstimulated (un) and PMA and ionomycin–stimulated
(stim) samples is shown. n = 3 mice per group. (B) Top: Representative flow cytometry plot showing TCF1 and T-bet expression in tumor-infiltrating CTLs, extracted 1 week
after infusion into tumor bearing mice. Bottom: Quantification of TCF1 (left) and T-bet (right) expression in tumor-infiltrating CTLs is shown. n = 3 mice per group. (C) Flow
cytometric analysis of exhaustion markers in miR-Scr or miR-200c OT1 CTLs, extracted 2 weeks after infusion into B16OVA tumor–bearing mice. Quantification of PD-1
(left), LAG3 (middle), and TIM3 (right) expression in CTLs extracted from the tumor and spleen (sp) is shown. n ≥ 6 per group for PD-1 and LAG3 and n = 4 per group for
TIM3. (D) -Catenin (cat) abundance in CTLs expressing the indicated miRs was assessed by immunoblot using actin as a loading control. All error bars denote
SEM. ns, not significant; *P ≤ 0.05 and **P ≤ 0.01, calculated by Student’s t test. Data in (C) were pooled from two independent experiments. All other data are representative of at least two independent experiments.
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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miR-200c drives epithelial genes via suppression of Zeb1
T cells typically contain modest amounts of miR-200c. Retroviral
transduction with miR-200c achieved far higher expression (fig. S5A),
raising the possibility of supraphysiological, gain-of-function effects.
To explore this hypothesis, we performed whole-transcriptome RNA
sequencing (RNA-seq) comparing miR-200c and miR-Scr CTLs
(fig. S5B). Gene set enrichment analysis (GSEA) of the resulting data
did not reveal obvious links between miR-200c CTLs and established T cell differentiation states. Genes associated with T cell memory
and exhaustion, for instance, were not markedly enriched relative
to those of naïve and effector subsets (fig. S5C). By contrast, genes
characteristic of differentiated epithelial cells were strongly induced
by miR-200c (fig. S5B). Two of these genes, Epcam and Cdh1, encode
cell surface proteins (EpCAM and E-cadherin, respectively) that
are not typically found on lymphocytes. miR-200c CTLs exhibited
higher expression of both molecules, with EpCAM being particularly
abundant (Fig. 5A and fig. S4G). Ectopic miR-200c also induced EpCAM
expression in CD4+ T cells (fig. S4H). miR-200c and its homologs
(miR200a, miR200b, miR141, and miR429) have been shown to restrain malignant transformation in epithelial tissues (31, 32). Consistent with this prior work, we documented strong correlations
between miR-200c–induced transcription and gene sets previously
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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implicated in the inhibition of epithelial-to-mesenchymal transition (EMT) and metastasis (Fig. 5B and fig. S5D). A link with EMT
inhibition was not apparent in all gene sets, however; miR-200c–
induced gene expression changes were positively correlated with the
Hallmark EMT gene set (fig. S5D). Hence, miR-200c drives a gene
expression program in CTLs that includes a subset of characteristic
epithelial markers.
miR-200 family members inhibit EMT and metastasis in epithelial tissues by suppressing the transcriptional repressors Zeb1 and
Zeb2 (33, 34). In our hands, miR-200c down-regulated Zeb1 protein and induced a gene expression signature in CTLs that strongly
overlapped with a curated set of Zeb1 targets (Fig. 5, B and C). To
determine the importance of Zeb1 for the miR-200c CTL phenotype, we transduced OT1 T cells expressing the Cas9 nuclease with
guide RNAs (gRNAs) that either completely (CR1 and CR4) or partially (CR6) eliminated Zeb1 protein (fig. S6A). Zeb1 depletion
mimicked the effects of miR-200c on EpCAM and E-cadherin expression (fig. S6, B and C), in vitro survival and proliferation (fig.
S6, D and E), and in vivo persistence (Fig. 5D). In many cases, the
severity of the phenotype scaled with the degree of Zeb1 suppression, further supporting a causal link between the latter and the former. Zeb1 depletion did not affect cancer cell killing in vitro (fig. S6F),
implying that miR-200c inhibits this response through a distinct
mechanism. To assess the extent to which Zeb1 inhibition accounts
for in vivo antitumor responses, OT1 Cas9 CTLs were retrovirally
transduced with a bicistronic vector expressing a miR (Scr or 200c)
and a gRNA (Zeb1-CR1 or nontargeting control). This design enabled us to compare the activity of miR-200c CTLs and Zeb1-deficient
CTLs against the same shared control. Both groups of cells enhanced
antitumor function to a similar extent (Fig. 5E), strongly suggesting
that Zeb1 inhibition accounts for most, if not all, of the therapeutic
benefit conferred by miR-200c.
miR-200c CTLs also exhibited marked up-regulation of the aryl
hydrocarbon receptor (AhR) (fig. S7A), a transcription factor that
has been implicated in the differentiation of both T cells and B cells
(35). This phenotype was Zeb1 independent, because it was not recapitulated in Zeb1-deficient CTLs (fig. S7A). Ectopic expression of
AhR inhibited CTL-mediated killing in vitro (fig. S7, A and B), suggesting that the AhR branch of the miR-200c network, rather than
the Zeb1 branch, regulates cytotoxicity. AhR overexpression had no
effect on in vivo antitumor responses (fig. S7C), however, indicating that it is dispensable for miR-200c–induced potentiation of
ACT. Consistent with this interpretation, homozygous deletion of
the Ahr gene did not alter the capacity of miR-200c to enhance CTL
antitumor function (fig. S7, A and D). Hence, unlike Zeb1, AhR does
not appear to play a therapeutically relevant role in CTLs downstream of miR-200c.
To further explore the transcriptional consequences of ectopic
miR-200c, we performed comparative assay for transposase-accessible
chromatin using sequencing (ATAC-seq) analysis of miR-200c CTLs
and miR-Scr controls. Data were analyzed by building upon a previously constructed atlas of chromatin accessibility sites in CD8+
T cells (36), which facilitated the identification of putative promoter
and enhancer elements. In agreement with prior research (37, 38),
we found that increased chromatin accessibility was strongly correlated with increased transcription (Fig. 5F). Of the 406 genes whose
expression was enhanced by ectopic miR-200c, 189 were more accessible in miR-200c CTLs, whereas only 18 were more accessible in
miR-Scr CTLs. Conversely, of the 158 genes whose expression was
6 of 14
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Cultured miR-200c and miR-Scr CTLs expressed similar amounts
of TCF1 and T-bet in vitro (fig. S4D), implying that the up-regulation
of these transcription factors by miR-200c also requires some feature of the in vivo environment. Together, these results indicate that
miR-200c predisposes CTLs to acquire the transcriptional indices
of self-renewal and pluripotency in vivo.
Sustained T cell functionality in the presence of antigen is typically limited by the onset of exhaustion (6). To assess whether miR200c overexpression alters this process, we quantified cell surface
abundance of PD-1, lymphocyte activation gene 3 (LAG3), and T cell
immunoglobulin and mucin domain–containing protein 3 (TIM3),
three inhibitory receptors associated with the exhausted state. Compared to miR-Scr controls, tumor-infiltrating miR-200c CTLs expressed equivalent amounts of LAG3 and TIM3 and slightly less
PD-1 2 weeks after infusion (Fig. 4C). This modest reduction in
PD-1 expression was not apparent at the 1-week time point (fig. S4E),
when enhanced miR-200c CTL persistence and tumor suppression
are already apparent (Figs. 2 and 3). Hence, it seems unlikely that
the robust antitumor activity of miR-200c CTLs resulted from the
suppression of canonical T cell exhaustion.
Prolonged in vivo persistence and high expression of TCF1 and
Bcl2 are hallmarks of stem cell memory T (Tscm) cells, which are
known to mediate enhanced antitumor responses in ACT models
(22, 23). The phenotypic and functional similarities between miR200c CTLs and Tscm cells raised the possibility that they might be
the same cell type. Tscm cells can be generated in vitro by pharmacological stabilization of -catenin, which drives elevated Wnt signaling.
Similar to Tscm cells, miR-200c CTLs expressed abundant -catenin
protein (Fig. 4D). They did not, however, exhibit reduced proliferation and cytokine secretion (Fig. 4 and figs. S3 and S4), which are
both Tscm hallmarks (22). In addition, whereas Tscm cells express
high CD62L and low CD44, indicative of attenuated effector differentiation, miR-200c transduction failed to alter the expression of
either marker (fig. S4F). We conclude that, despite some similarities
with Tscm cells and other memory subsets, miR-200c CTLs exhibit a
distinct phenotype.
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(figs. S5A and S11G), consistent with the idea that EpCAM operates
downstream of both molecules. EpCAM transduction did not alter
E-cadherin expression (fig. S11H), suggesting that EpCAM is dispensable for the induction of E-cadherin by miR-200c. Conversely,
ectopic expression of E-cadherin did lead to a modest increase in
EpCAM expression (fig. S11I), although this phenotype was not associated with enhanced survival (fig. S11J). Hence, overexpression
of EpCAM, but not E-cadherin, recapitulated the phenotypic properties of miR-200c and Zeb1-CR CTLs.
EpCAM is known to undergo regulated proteolysis that releases
its C-terminal tail into the cytoplasm (41). In tumor cells, this intracellular fragment associates with -catenin and other Wnt signaling
components, forming a transcriptionally active complex that promotes proliferation. Given that both EpCAM and miR-200c CTLs
expressed abundant -catenin (Figs. 4D and 6C), we investigated
whether an analogous mechanism might be operating in T cells.
Immunocytochemical analysis of miR-200c CTLs revealed that a
substantial portion of -catenin protein localized to the nucleus, consistent with a role in gene regulation (Fig. 6, D and E). By contrast,
ectopic EpCAM (labeled C-terminally with GFP) accumulated primarily on the plasma membrane and in vesicular compartments
(Fig. 6, F and G), as one might expect for a transmembrane protein.
A small but detectable pool of EpCAM protein, however, was also
observed in the nucleus. To assess whether this nuclear EpCAM was
bound to -catenin, we performed a proximity ligation assay (PLA)
using antibodies against GFP (to detect EpCAM-GFP) and -catenin.
We observed strong nuclear PLA signals in EpCAM-GFP–expressing
CTLs, but not in GFP-expressing controls, indicative of complex
formation between EpCAM and -catenin (Fig. 6, H and I). These
results suggest that EpCAM modulates CTL function through formation of a nuclear Wnt signaling complex.
Next, we evaluated the therapeutic function of EpCAM CTLs using
both TCR-driven (OT1-B16OVA and Pmel1-B16) and CAR-driven
(GD2CAR-EL4) solid tumor models of ACT (Fig. 7, A to C). EpCAM
boosted antitumor activity in all three contexts, and this augmented
in vivo functionality was associated with increased TCF1, T-bet,
and TNF expression in tumor-infiltrating CTLs (Fig. 7, D to F). By
contrast, EpCAM overexpression had no effect on cell surface abundance of PD-1, LAG3, and TIM3 (fig. S12A). To assess the capacity
of EpCAM to potentiate antitumor responses in human T cells, we
used an established system in which human T cells expressing a CAR
against the B cell antigen CD19 are used to treat nonobese diabetic
(NOD)–scid il2rg−/− (NSG) mice bearing NALM6 B cell leukemias.
EpCAM overexpression enhanced tumor suppression in this model
(Fig. 8, A and B), leading to increased survival (Fig. 8C). Comparative analysis of EpCAM and control CAR T cells extracted from the
spleen and bone marrow 17 days after infusion revealed no differences in the expression of PD-1, LAG3, and TIM3 (Fig. 8D and fig.
S12, B and C), implying that the enhanced activity of EpCAM T cells
in this model did not result from suppressed exhaustion. We also
examined the effects of EpCAM on CAR T cell persistence by adoptively transferring a 1:1 mixture of EpCAM and control CAR T cells
to NALM6-bearing NSG mice. After 7 days, EpCAM T cells were
overrepresented in the blood, bone marrow, and liver (Fig. 8E), suggesting that EpCAM transduction boosts the engraftment and persistence of human T cells comparably to murine T cells. We conclude
that EpCAM recapitulates critical features of the miR-200c CTL
phenotype and that it improves ACT against both solid and liquid
malignancies.
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DISCUSSION

In this study, we identified the miR-200c–EpCAM axis as a promising avenue for potentiating ACT responses against both solid and
liquid tumors. CD8+ CTLs lacking Zeb1 or overexpressing either
miR-200c or EpCAM exhibited multiple properties associated with
therapeutic efficacy, including enhanced survival, inflammatory cytokine secretion, and expression of TCF1. Although we have not directly
examined whether miR-200c–EpCAM signaling augments CD4+
T cell functionality in a similar manner, our results with the CD19CAR model, which uses a mixture of CD4+ and CD8+ T cells derived from human blood, suggest that this may be the case.
Our initial screening approach presupposed that increased in vitro
cytotoxicity would translate into improved antitumor activity. We
found instead that highly cytotoxic miR-16 CTLs were outperformed
by weakly cytotoxic miR-200c CTLs in vivo. These results indicate
that robust killing capacity alone is insufficient to potentiate anticancer ACT, a conclusion that is in line with studies demonstrating
that enhanced T cell effector function correlates with low therapeutic
efficacy, particularly when coupled with reduced persistence (8, 22, 42).
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)
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That being said, it is conceivable that in different tumor models, the
cytotoxicity defect induced by miR-200c might compromise therapeutic function. Our results indicate that this killing phenotype depends on the up-regulation of AhR rather than the suppression of
Zeb1. Accordingly, efforts to further develop this approach therapeutically would be well advised to focus on EpCAM overexpression and possibly Zeb1 depletion, both of which circumvent AhR
and therefore recapitulate the miR-200c–induced persistence and
antitumor phenotypes without reducing cytotoxicity.
The increased therapeutic efficacy of miR-200c and EpCAM
CTLs manifested well before observable differences in PD-1, LAG3,
and TIM3 expression, implying that the improved performance of
these cells did not arise from inhibition of canonical exhaustion.
Our results suggest two alternative explanations. First, miR-200c
and EpCAM CTLs exhibited enhanced per cell effector function, as
evinced by increased antigen-induced TNF expression both in vitro
and in vivo. Second, the miR-200c–EpCAM axis improved engraftment efficiency. miR-200c overexpression reduced apoptosis and
improved persistence within 72 hours of CTL infusion. At least 90%
of transferred T cells are thought to perish in the first 48 hours (12),
likely limiting the efficacy of ACT. The strong association between
engraftment efficiency and antitumor activity that we observed in
our experiments suggests that potentiating the former is an achievable and worthwhile strategy for improving the latter.
Recent studies indicate that systemic or local application of
blocking antibodies against PD-1 or its ligand, programmed death
ligand 1, can prolong CAR T cell functionality and attenuate exhaustion, implying that CAR ACT can be effectively combined with
ICB (43). Our results indicate that modulation of the miR-200c–EpCAM
axis can further boost the efficacy of this approach. ICB enhances
antitumor immunity by reversing or inhibiting T cell exhaustion,
but it is not thought to alter engraftment efficiency. By contrast,
both miR-200c and EpCAM promote engraftment and persistence
with seemingly minimal effects on exhaustion. They also confer higher
expression of TCF1 in vivo, which has been linked to the capacity of
T cells to be “reinvigorated” by checkpoint antibodies (44, 45). Hence,
there is ample reason to expect that miR-200c–EpCAM signaling
would complement ICB-induced tumor suppression, and this is exactly what we observed in the B16OVA system. It will be interesting
to explore this strategy in other therapeutic contexts.
The physical interaction we documented between nuclear
EpCAM and -catenin together with the increased -catenin and TCF1
expression exhibited by miR-200c and EpCAM CTLs strongly suggest a central role for Wnt signaling in the elaboration of the miR200c–EpCAM T cell phenotype. In that regard, it is notable that
miR-200c and EpCAM CTLs failed to phenocopy Tscm cells, which
are also characterized by augmented Wnt signaling (22). Apparently,
different strategies for activating the Wnt pathway in T cells can
produce qualitatively distinct functional outcomes. In cancer cells,
EpCAM drives proliferation by forming a nuclear Wnt signaling complex that contains not only -catenin but also two additional components, the adaptor molecule four and a half LIM domains 2 (FHL2)
and the TCF1-related transcription factor Lef1 (41). Both FHL2 and
Lef1 are expressed in T cells, and it will be interesting to investigate their
roles in miR-200c– and EpCAM-induced T cell reprogramming.
Previous chromatin immunoprecipitation sequencing (CHIP-seq)
and ATAC-seq studies have identified two kinds of Zeb1-regulated
genes, a group that contains high-affinity E-boxes and a group that
does not (46, 47). Zeb1 is thought to repress the first class via E-box
9 of 14

Downloaded from https://www.science.org at Princeton University on November 01, 2021

2

0

40

0

30

Days after T cell i.v.

D

***

60

20

10

****
****
****
**

100

T-bet (gMFI ×

20

2

Days after CTL i.v.

80

103)

40

EpCAM
Ctrl
PBS

4

Days after CTL i.v.

% Survival

**

GD2CAR – EL4

6

% Survival

80

TCF1 (gMFI × 104)

% Survival

3

***

100

100

0

C

Pmel1 – B16

2

% TNF+

Tumor (mm3 × 103)

EpCAM
Ctrl
PBS

3

B

Tumor (mm3 × 103)

OT1 – B16OVA

4

Tumor (mm3 × 103)

A

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
EpCAM

4

2

20

40

60

80

2.5
2

ns
ns

1.5
1

0.5

0

102

Ctrl EpCAM Ctrl EpCAM
sp
sp bm bm

0

Ctrl EpCAM Ctrl EpCAM
sp
sp bm bm

0

20

40

60

0

80

Days after T cell i.v.
ns

10
8
6

ns

4
2
0

Ctrl EpCAM Ctrl EpCAM
sp
sp bm bm

E

0

20

40

60

80

100

Days after T cell i.v.

120

120

**

*

80

***

40

0

Fig. 8. EpCAM promotes CD19CAR ACT of B cell leukemia. NSG mice bearing NALM6 tumors received human CD19CAR T cells expressing EpCAM or CD271 (Ctrl).
(A) Representative bioluminescence images of mice are shown at 2 weeks after the indicated treatments. (B) Tumor growth is shown for mice receiving untransduced
T cells (left) and in mice receiving Ctrl (center) or EpCAM (right) CAR T cells. n = 7 mice per group. (C) Survival curves from the same experiment are shown. The P value
was calculated by log-rank test. (D) Quantification of PD-1 (left), LAG3 (middle), and TIM3 (right) expression is shown for T cells extracted from the bone marrow (bm)
and spleen (sp) 17 days after infusion into NALM6 tumor–bearing mice. n = 5 per group. ns denotes not significant, calculated by Student’s t test. (E) NSG mice bearing
NALM6 tumors received adoptive transfers of a 1:1 mixture of CD19 CAR T cells transduced with EpCAM or CD271 (Ctrl). After 1 week, CTLs were extracted from indicated
organs and quantified by flow cytometry. n ≥ 3 for each group. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, calculated by two-way ANOVA. All data are representative of at
least two independent experiments.

binding and the recruitment of transcriptional co-repressors, such
as the C-terminal binding protein (CtBP) complex (48), that drive
repressive chromatin remodeling. By contrast, Zeb1 tends to activate
genes in the second class by associating with other transcription factors
that are bound directly to enhancer or promoter sequences (46, 47).
Our own data, which demonstrate that genes containing regulatory
E-boxes are both more accessible and more highly expressed in miR-200c
CTLs, strongly suggest that miR-200c promotes T cell epithelialization by relieving Zeb1-dependent chromatin compaction around E-box
elements. Whether miR-200c also reverses the activating effects of
Zeb1 in this system will require additional experiments that directly
profile genome-wide Zeb1 binding (such as CHIP-seq). Note, however,
that Zeb1-dependent gene induction in breast cancer cells involves two
transcription factors, Lef1 and activator protein 1 (AP-1) (46, 47), with
established roles in T cell activation and differentiation. Accordingly,
it is tempting to speculate that Zeb1 controls T cell fate at least in
part by modulating AP-1– and Lef1-induced transcription.
Our conclusion that miR-200c boosts T cell persistence by suppressing Zeb1 contrasts somewhat with recent work indicating that
endogenous expression of miR-200 family members promotes memory T cell differentiation by selectively inhibiting Zeb2 but not Zeb1
(49). Zeb1 was actually shown in this prior study to be required for
proper memory formation after viral infection. That we were able to
Zhang et al., Sci. Transl. Med. 13, eabg4328 (2021)

15 September 2021

inhibit Zeb1 robustly in CTLs using miR-200c likely reflects the supraphysiological expression we achieved by retroviral transduction,
which enabled us to access miR-200c–dependent regulatory effects
more similar to those seen in epithelial tissues rather than what is
typically observed in T cells. Given the degree of overexpression we
achieved, it is difficult to draw firm conclusions about the role of
miR-200c–EpCAM signaling in normal T cell physiology. That being said, our results do demonstrate that prolonged in vivo persistence
and high TCF1 expression, two established features of memory T cells,
can actually manifest in the absence of Zeb1. Hence, to the extent
that Zeb1 is required for memory formation, it likely contributes to
other aspects of the phenotype. Last, it is notable that miR-200c and
EpCAM CTLs attain high expression of TCF1 and T-bet only in vivo,
implying that the miR-200c–EpCAM axis does not promote T cell
memory per se but rather a state that is poised to acquire memory-
like features in the appropriate context.
There are limitations to our study. Although our results demonstrate the therapeutic potential of miR-200c/EpCAM–based perturbations, how this group of strategies performs relative to other methods
for enhancing therapeutic T cell function awaits dedicated comparative analyses. In addition, the persistence of miR-200c, Zeb1CR, and
EpCAM CTLs in peripheral organs raises the possibility of off-target
side effects. Although we did not observe obvious morbidity in mice
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MATERIALS AND METHODS

Study design
The goal of this study was to identify and characterize genetic perturbations that could improve the antitumor activity of adoptively
transferred therapeutic T cells. To this end, we used transplantable
models of both solid and liquid tumors in vivo, and we also performed
phenotypic and functional characterization of modified T cells in vitro.
Group sizes were determined on the basis of previously observed assay
variation. Experiments were not randomized, and investigators were
not blinded during acquisition and data analysis. In general, experiments were performed at least twice (two biological replicates).
Mice
The animal protocols used for this study were approved by the Institutional Animal Care and Use Committee of Memorial Sloan
Kettering Cancer Center (MSKCC). C57BL/6J mice, CD45.1+ congenic
mice (B6.SJL-PtprcaPepcb/Boy), OT1 TCR transgenic mice, Rosa26-
Cas9 knockin mice, and NSG mice (NOD.Cg-PrkdcscidIl2rgtmWjl/
SzJ) were obtained from the Jackson Laboratory. Pmel1 TCR transgenic mice and Ahr−/− mice were obtained from J. Wolchok (MSKCC)
and J. Chaudhuri (MSKCC), respectively. Ahr−/− mice were crossed
with OT1 mice to generate Ahr−/− OT1 and Ahr+/− OT1 mice. OT1
mice and Rosa26-Cas9 knockin mice were crossed to generate OT1
Cas9 mice for in vitro CRISPR-Cas9 knockout.
Tumor models
B16 and B16OVA cell lines were provided by J. Wolchok (MSKCC).
EL4 cells were provided by G. Altan-Bonnet (National Cancer Institute, National Institutes of Health). FFLuc-GFP-NALM6 cells were
generated in the Sadelain laboratory. For the OT1-B16OVA model,
2 × 105 B16OVA cells were injected into C57BL/6J mice and allowed
to grow for 6 days. Then, tumor-bearing mice were subjected to sublethal irradiation [600 centigrays (cGy)] using an animal cesium irradiator (Gammacell) to facilitate T cell engraftment. The following day, 105
OT1 CTLs were injected intravenously (tail vein for all models), after
which tumor size was measured by metric caliper every 2 to 3 days
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for up to 4 weeks. CD45.1+ congenic mice were used as recipients in some
experiments to facilitate identification of OT1 CTLs in tumors and other
organs. In certain experiments, anti–PD-1 antibody (200 g per mouse;
clone RMP1-14, BioXCell) or isotope control antibody was injected
intraperitoneally into recipient mice on the day of CTL injection and
twice a week thereafter for the duration of the experiment.
For the Pmel1-B16 model, 5 × 105 B16 cells were injected into
C57BL/6J mice and allowed to grow for 6 days. Then, tumor-bearing
mice were subjected to sublethal irradiation (600 cGy) using an animal cesium irradiator (Gammacell) to facilitate T cell engraftment.
The following day, 5 × 105 Pmel1 CTLs were injected intravenously,
after which tumor size was measured by metric caliper every 2 to
3 days for up to 4 weeks.
For the GD2CAR-EL4 model, C57BL/6J recipient mice were sublethally irradiated (600 cGy) 1 day before subcutaneous injection of
5 × 105 EL4 cells. This is because EL4 cells are particularly radiation
sensitive. Tumors were allowed to grow for 1 week, and then 5 × 105
GD2CAR CTLs were injected intravenously. Tumor size was measured by metric caliper every 3 days for up to 4 weeks.
For the CD19CAR-NALM6 model, 7- to 8-week-old NSG mice
were injected intravenously with 5 × 105 FFLuc-GFP-NALM6 cells,
followed by intravenous injection of 1 × 105 CAR T cells 4 days later.
Animal bioluminescence imaging was performed weekly in the
MSKCC Animal Imaging Core Facility. Data were processed and
analyzed using the IVIS Imaging System with Living Image software
(Xenogen). Tumor burden was assessed as previously described (51).
Cell extraction from mouse tissue
Before organ collection, mice were perfused with 10 ml of phosphatebuffered saline with 2 mM EDTA. Spleens were crushed over
70-m strainers, and isolated cell suspensions were cleared of red
blood cells using ammonium-chloride-potassium (ACK) lysing buffer. B16 tumor tissues were mechanically dissociated using metal mesh
and filtered through a 70-m strainer (Thermo Fisher Scientific).
The resulting cells were resuspended in 15 ml of Hanks’ balanced
salt solution (HBSS; without Mg2+/Ca2+) with 3% fetal calf serum
(FCS). After mixing with heparin (20 U/ml) and 8 ml of 100% Percoll
(Sigma-Aldrich), samples were centrifuged at 600g for 10 min at
4°C. The pellet was treated with ACK buffer and washed into HBSS. Liver,
kidney, and lungs were dissociated with scissors and digested with
collagenase D (1 mg/ml; MilliporeSigma) in HBSS (with Mg2+/Ca2+)
for 20 min at 37°C. Samples were then mechanically disrupted, filtered through a 70-m strainer, and resuspended in 15 ml of cold
HBSS (without Mg2+/Ca2+) with 3% FCS. After mixing with heparin
(20 U/ml) and 8 ml of 100% Percoll, samples were centrifuged at
600g for 10 min at 4°C. Cell pellets were resuspended in 10 ml of HBSS
(without Mg2+/Ca2+) with 3% FCS and placed over 60% Percoll. After
additional centrifugation at 600g for 10 min at 4°C, the middle band
of cells was collected, washed in HBSS, and maintained in HBSS
(without Mg2+/Ca2+) with 3% FCS before use. For bone marrow cell
isolation, leg bones were ground with a mortar and pestle, and the
resulting sample was filtered through a 70-m strainer. Red blood
cells in pellets were cleared using ACK buffer, and the remaining
cells were washed into HBSS (without Mg2+/Ca2+) with 3% FCS.
Flow cytometry analysis of transcription factors
and cytokines
Cell suspensions were first stained for surface markers (such as
CD45.2 and CD8) and then fixed and stained for TCF1 (clone C63C9),
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receiving these cells, comprehensive toxicology studies will be required
to address this issue conclusively. It is also important to note that the
beneficial phenotypes conferred by miR-200c (improved engraftment
and functional persistence after infusion) were not the focus of our initial miR screen. That we were nonetheless able to identify miR-200c,
Zeb1, and EpCAM as therapeutic agents or targets reflects the occasional serendipity of the scientific process. It seems likely that a reconceived screen built around survival and function in vivo would yield
additional and potentially more effective candidate perturbations.
Efforts to generate therapeutic immune cells with improved functions (50) have largely been driven by the rational design of synthetic
receptors and signaling pathways. This deterministic approach is
well suited for developing new receptor specificities and response
circuits but is less effective at controlling supportive cellular processes that, although required for response efficacy, are often less well
understood. By screening ectopic genetic perturbations, we were
able to generate T cells that did not fall into documented lineages or
respond normally to homeostatic restraints. We conclude that the
unbiased application of molecular genetic or pharmacologic strategies that expand T cell phenotype space can serve as a useful complementary approach for developing “designer” cellular therapies.

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
T-bet (clone 4B10), Eomes (clone Dan11mag), Blimp1 (clone 5E7),
or Ki67 (clone B56) using the Foxp3/Transcription Factor Staining
Buffer Kit (Tonbo Biosciences) according to the manufacturer’s instructions. To assess IFN- and TNF production, live cell suspensions were stimulated by plate-bound anti-CD3 (1 g/ml coating
concentration; 145-2C11, BioXCell) and anti-CD28 (1 g/ml coating
concentration; 37.51, BioXCell) or phorbol 12-myristate 13-acetate
and ionomycin (20 ng/ml and 1 g/ml, respectively; both from Sigma-
Aldrich) for 2 hours at 37°C, after which GolgiPlug was added, and
the cells were incubated for an additional 4 hours at 37°C. After staining for surface markers, samples were fixed with Intracellular Fixation
Buffer (eBioscience), treated with permeabilization buffer (eBioscience),
and stained with fluorescently labeled anti–IFN- (clone XMG1.2)
and anti-TNF (clone MP6-XT22) antibodies, followed by flow cytometry analysis (BD Biosciences LSRII and Beckman Coulter Cytoflex
LX). Details pertaining to antibody staining including clone, fluorophore, and dilution are provided in table S2.

and stained with anti-GFP [polyclonal rabbit immunoglobulin
G (IgG)] and anti–-catenin (clone 14/beta-catenin, mouse IgG).
After washing, slides were incubated with anti-mouse and anti-rabbit
PLUS and MINUS PLA Probes, followed by DNA ligation and amplification using the manufacturer’s recommended protocol. After
fluorescent labeling, slides were imaged on an Sp5 confocal microscope (Leica) using the Texas Red and 4′,6-diamidino-2-phenylindole
channels. PLA was quantified manually by counting nuclear puncta
after background correction.

Trogocytosis assay and miR library screen
To measure trogocytosis, EL4 target cells were stained with CellVue
Maroon (eBioscience) per the manufacturer’s protocol, loaded with
various doses of OVA for 45 min at 37°C, and then mixed 1:1 with
miR-transduced OT1 CTLs (GFP+). After 1 to 2 hours at 37°C, CellVue
Maroon transfer to CTLs was quantified by flow cytometry on an
LSRII (BD Biosciences). For miR library screening, EL4 cells were
stained separately with CellVue Maroon, PKH26 (Sigma-Aldrich), SUPPLEMENTARY MATERIALS
or EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) and then www.science.org/doi/10.1126/scitranslmed.abg4328
Materials and Methods
loaded with 100 nM OVA (no OVA as negative control to set gate). Figs. S1 to S12
+
+
An equal mixture of CellVue Maroon , PKH26 , and biotinylated Tables S1 and S2
EL4 cells was then mixed 1:1 with OT1 CTLs (GFP+) expressing one of Data file S1
five miR pools (table S1) with each miR cloned into a murine stem References (56–72)
View/request a protocol for this paper from Bio-protocol.
cell virus (MSCV)-based retroviral plasmid. After a 1.5- to 2-hour
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Statistical analysis
Figures show representative experiments. Statistical analyses were
carried out using either representative experiments or pooled data
as indicated. Statistical tests for differential gene expression and
GSEA were performed using Limma (52) and GSEA (53) software,
respectively. Statistical analysis of ATAC-seq data was performed
using Rsubread, DESeq2, motifmatchr, and custom R codes (see
Supplementary Materials and Methods). All other statistical analyses were carried out using GraphPad Prism. Details for each type of
statistical test [Student’s t test, analysis of variance (ANOVA), and
log-rank] may be found in the figure legends or in Supplementary Materials and Methods. Unless otherwise stated, error bars
denote SEM.
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A microRNA for ACT
Adoptive cell therapy (ACT), where tumor antigen-specific cells are transferred into a patient to control tumor burden,
has shown promise in the clinic. However, there is still a need to enhance the function of transferred cells to ensure
that they are at their most effective. Here, Zhang et al. identified a microRNA, miR-200c, which, when expressed by
adoptively transferred CD8 T cells, promoted control of tumor burden in murine models. This was associated with
epigenetic changes in the transferred CD8 T cells that promoted persistence of the cells in vivo. Together, these
findings suggest that targeting miR-200c and other microRNAs may be a strategy to improve outcomes following ACT.
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