The Journal of Experimental Medicine

CORRESPONDENCE
Alexander Y. Rudensky:

aruden@u.washington.edu

Abbreviations used: CTLA4,
cytotoxic T lymphocyte antigen
4; Ebi3, EBV-induced gene 3;
GITR, glucocorticoid-induced
TNFR; ICOS, inducible T cell
co-stimulator; miRINA, mi-
croRNA; qPCR,, quantitative
PCR; Ty, effector T; Ty, naive
T; YFP, yellow fluorescent

protein.

The Rockefeller University Press ~ $30.00

J. Exp. Med. Vol. 205 No. 9

1993-2004

ARTICLE

Dicer-dependent microRINA pathway
safeguards regulatory T cell function

Adrian Liston,!? Li-Fan Lu,! Donal O’Carroll,®> Alexander Tarakhovsky,?

and Alexander Y. Rudensky!

Department of Immunology and Howard Hughes Medical Institute, University of Washington, Seattle, WA 98195
2John Curtin School of Medical Research, Australian National University, Canberra, ACT 0200, Australia
3The Laboratory for Lymphocyte Signaling, The Rockefeller University, New York, NY 10065

Regulatory T (T reg) cells are indispensable for preventing autoimmunity. Incumbent to this
role is the ability of T reg cells to exert their suppressor function under inflammatory condi-
tions. We found that T reg cell-mediated tolerance is critically dependent on the Dicer-
controlled microRNA (miRNA) pathway. Depletion of miRNA within the T reg cell lineage
resulted in fatal autoimmunity indistinguishable from that in T reg cell-deficient mice. In
disease-free mice lacking Dicer in all T cells or harboring both Dicer-deficient and -sufficient
T reg cells, Dicer-deficient T reg cells were suppressive, albeit to a lesser degree, whereas
their homeostatic potential was diminished as compared with their Dicer-sufficient counter-
parts. However, in diseased mice, Dicer-deficient T reg cells completely lost suppressor capac-
ity. Thus, miRNA preserve the T reg cell functional program under inflammatory conditions.

The deleterious effects of autoreactive cells and
excessive pathogen-specific immunity are cur-
tailed by multiple mechanisms, of which T reg
cell-mediated suppression is particularly promi-
nent. The differentiation of the T reg cell lineage
is guided by the X chromosome—encoded tran-
scription factor Foxp3 (1—4). Mutations affecting
T reg cell differentiation and homeostasis in
humans and mice revealed their indispensable
role in preventing systemic autoimmunity (5-8).
Likewise, ablation of T reg cells in healthy adult
mice leads to a systemic aggressive autoimmune
myelolymphoid hyperproliferative syndrome and
death within 3 wk (9).

The high level of Foxp3 expression, a hall-
mark of T reg cells, is needed to establish and
maintain a distinct transcriptional program deter-
mining metabolic, signaling, and effector features
(i.e., suppressive functions), distinguishing these
cells from other T cell lineages (10—14). Several
thousand genes are differentially expressed in
Foxp3™ T reg cells, including a subset of non-
coding small regulatory microRNA (miRNA),
some of which are directly regulated by Foxp3,
suggesting a role for miRNA-mediated regula-
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tion of gene expression in T reg cell differenti-
ation, maintenance, or function (unpublished
data) (11, 15-17). One of the models of miRNA
function in cell physiology postulates that
miRNA are essential for “buffering” the gene
expression “noise” elicited by the environ-
mental stress (18). Incumbent to the role of
T reg cells in suppressing autoimmunity is the
ability to exert their suppressor function while
operating within microenvironments in which
cytokines and other bioactive substances pro-
duced by activated cells of the adaptive and in-
nate immune system result in inflammation, a
context guiding the effector T (T§) cell differ-
entiation. Thus, we examined a role for miRINA
in T reg cell suppressor function under physio-
logical and inflammatory conditions.

The recent observation of a two- to three-
fold decrease in the proportion of Foxp3™ T reg
cells in mice subjected to a T cell-specific dele-
tion of a conditional Dicer allele seems manifest
to a role for miRNA in T reg cell differentia-
tion (15). However, a general impairment in
thymic differentiation observed upon Dicer de-
letion at the double-negative or double-positive
stage of thymocyte development mediated by
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Ick-Cre or CD4-Cre, respectively (15, 19), obscures the un-
derstanding of a specific role for the Dicer-controlled
miRNA pathway in T reg cell biology. Furthermore, in addi-
tion to the reduced T reg cell subset, diminished T cell num-
bers and perturbed cytokine production by eftector helper T
cells may contribute to the colitis reported in aged CD4-Cre
Dice"? mice (15). To overcome these confounding factors,
we used a Foxp3©™ knock-in allele to delete a conditional
Dicer allele in T reg cells. Although certain small regulatory
RNA species other than miRNA were shown to be depen-
dent on Dicer in Drosophila and mice, they have not been
found so far in T cells (20—24). Therefore, the observed ef-
tects of Dicer deficiency in T reg cells can be most attributed
to an impaired miRNA pathway. We found that both the
homeostasis and suppressor capacity of T reg cells were mark-
edly reduced in T reg cells under noninflammatory conditions.
However, the most striking role for miRINA in T reg cells
was revealed under inflammatory conditions, where T reg
cells became activated and increased in numbers yet entirely
lost their suppressive capacity. This led to the progression of
fatal early onset lymphoproliferative autoimmune syndrome
indistinguishable from that observed in Foxp3 mutant mice
devoid of T reg cells. These data implicate miRNA as key
guardians of a stable T reg cell functional program under
inflammatory conditions.

RESULTS

Rapid fatal autoimmunity caused by T reg cell-specific
ablation of Dicer

To understand the role of the Dicer-controlled miRINA
pathway in T reg cell biology, we induced ablation of a con-
ditional Dices" allele, and therefore miRNA production, be-
fore and after up-regulation of Foxp3 using the CD4-Cre
transgene (pan—T cell) and a Foxp3“"* knock-in allele (T reg cell
specific), respectively (Fig. 1 A). The latter was generated by
insertion of a yellow fluorescent protein (YFP)—Cre fusion
protein DNA coding sequence equipped with an internal
ribosome entry site into the 3" untranslated region of the
Foxp3 gene (25). Depletion of select miRINA as a result of
Foxp3-Cre—mediated Dicer ablation was confirmed by quan-
titative PCR (qPCR; Fig. 1, B and C). To enable functional
analysis of T reg cells, we introduced the previously de-
scribed Foxp3% reporter allele (4) into CD4-Cre—expressing
mutant mice, while T reg cells were marked by YFP in Foxp3©®
mice. Although CD4-Cre Dice//! mice remained healthy dur-
ing the time of observation (up to 16 wk of age), Foxp3©*Dices"/f
mice developed highly aggressive autoimmune lesions dur-
ing the third week of life. Disease manifested in runting, fail-
ure to thrive, dermatitis, lymphadenopathy and splenomegaly,
and massive lymphocytic tissue infiltration that was particu-
larly severe in the lungs, liver, and skin (Fig. 2, A—C). The
severity and precipitous progression of the autoimmune syn-
drome, which resulted in death by 4 wk of age, were indis-
tinguishable from those observed in mice devoid of T reg
cells because of a germline or T cell-specific Foxp3 ablation
(3, 4). The observed lymphoproliferation was associated with
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a significant increase in the CD62LPY CD4 T cell subset,
while the Foxp3* T reg cell population also significantly
expanded, albeit to a lesser degree (Fig. 2, D—F; and
Fig. S1, available at http://www.jem.org/cgi/content/full/
jem.20081062/DC1). This increase in T cell numbers was
also accompanied by up-regulation of activation markers, in-
cluding inducible T cell co-stimulator (ICOS), cytotoxic T
lymphocyte antigen 4 (CTLA4), and CD25, in the Foxp3~
T cell population (Fig. S2). The lack of severe pathologies in
the CD4-Cre Dice/"! strain indicates that a hitherto unap-
preciated severe cell-intrinsic defect in the activation of naive
T (Ty) cells and their subsequent differentiation into Ty, cells
masks the devastating consequences of Dicer deficiency in
T reg cells.

Immune dysregulation observed upon T reg cell-specific
ablation of Dicer

We next sought to examine whether the loss of Dicer in T
reg cells resulted in the increased T cell cytokine and IgE
production characteristic of Foxp3-deficient mice and human
patients lacking T reg cells (3, 26, 27). Indeed, both Foxp3-
Dicer" and Foxp3* mice exhibited a sharply augmented Thi,
Th2, and Th17 cell differentiation based on the increased pro-
portion and absolute numbers of IL-2—, IL-4—, IL-5—,
IFN-y—, and IL-17—-producing CD4" T cells and IFN-y—
producing CD8* T cells (Fig. 3, A and B; and Table I). One
notable exception was TNF-a, where the production by
CD4 T cells was not changed in Foxp3“Dicer™ mice yet was
somewhat diminished in Foxp3* mice. In contrast to T reg
cell-restricted Dicer deficiency, cytokine secretion levels in
CD4-Cre Dice mice with pan—T cell Dicer deficiency re-
mained largely intact (Fig. 3, A and B; and Table I). Similarly,
cytokine secretion profiles in heterozygous female Foxp 37/~
Dice/" mice were comparable to those observed in the littermate
controls, demonstrating that the presence of Dicer-sufficient
T reg cells was able to maintain immunological tolerance
(Fig. S3 and Table S1, available at http://www.jem.org/cgi/
content/full/jem.20081062/DC1).

In addition to the regulation of T cell proliferation and cyto-
kine production, T reg cell-mediated suppression has been
implicated in restraining B cell responses, as both Foxp3-de-
ficient mice and human patients exhibit hyper-IgE syndrome
(27, 28). Therefore, to further compare the autoimmune
syndrome commencing in Foxp3™Dicef"f with that in Foxp3*
mice, we measured serum Ig isotype levels in these and con-
trol mice. In full agreement with the observed augmentation
of Th2 cytokine secretion, we found significant increases in
serum IgM and IgG1 levels, as well as sharply augmented se-
rum IgE levels reaching ~100 pg/ml in both Foxp3X© and
Foxp3Dicet" mice, while remaining at undetectable levels
in littermate controls. Consistent with the lack of obvious
signs of T cell activation and unaltered cytokine production,
serum Ig levels were unchanged in CD4-Cre Dicet'!l mice
(Fig. 3 C). These data suggest that the immune lesions observed
in the presence of Dicer-deficient T reg cells, like those in
Foxp3-deficient mice, are associated with the comparable
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excessive differentiation of Th1, Th2, and Th17 cell lineages
and increased Ig production.

Compromised homeostasis in Dicer-deficient T reg cells

Rapid progression and severity of clinical manifestations and
tissue lesions, the extent of T cell activation, and elevated IgE
and IgG1 production indistinguishable from Foxp3* mice
lacking T reg cells were indicative of a severely compromised
T reg cell compartment in Foxp3“Dicet’/! mice. Deletion of
Dicer before Foxp3 up-regulation resulted in a diminished T
reg cell subset (Fig. S4, available at http://www . jem.org/cgi/
content/full/jem.20081062/DC1) (15). In our study, we
found that female Foxp3©/* heterozygous mice, harboring a
Foxp3© Dicer-deficient T reg cell population and a Foxp3+*
Dicer-sufficient T reg cell population caused by X chromo-
some inactivation, were healthy and showed no alterations in
percentages or numbers of total Foxp3™ T reg, naive CD62LM
(Ty cells), and “antigen-experienced” CD62L" CD4 T cells
(T cells; Fig. 4 A). Of the Foxp3* T reg cell population in
female heterozygotes, a comparable proportion of Foxp3©re-
expressing Dicer-deficient and -sufficient Foxp3™ T reg cells
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were found in the thymus (Fig. 4, B and C). However, these
mice exhibited a significant relative reduction in Dicer-deficient
T reg cells in the periphery (Fig. 4, B and D). Diminished
competitive fitness of Dicer-deficient T reg cells was consistent
with previously observed reduced proliferative activity and
increased apoptosis in the bulk Dicer-deficient T cell popula-
tion (19). To further examine the impaired homeostasis of
Dicer-deficient T reg cells in noninflammatory settings, total
lymphocyte populations were isolated from female Foxp3©/!-
Diced"f mice or control Foxp3©/"Dicet’/*" mice, and the
proliferative activity and apoptosis were assessed in freshly iso-
lated and in vitro—stimulated T reg cells using Ki67 and active
caspase-3 (FITC-tagged VAD-FMK) staining, respectively.
We found similar frequencies of Ki67" and VAD-FMK™ cells
within ex vivo—isolated T reg cell subsets regardless of the
presence or absence of Dicer. Upon TCR stimulation, how-
ever, the proportion of proliferating Ki67" Dicer-deficient T
reg cells was decreased, whereas the proportion of apoptotic
VAD-FMK" Dicer-deficient T reg cells was increased in
comparison to their Dicer-sufficient counterparts (Fig. 4,
E and F). As a result, the ratio of Dicer-deficient (YFP¥)
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Figure 1. Deletion of a conditional Dicer allele and the resulting miRNA paucity in Foxp3* CD4* T cells from Foxp3¢Dicer™f mice. (A) An

efficient Cre-mediated excision of the Dicer™™ allele in CD4+Foxp3* cells, but not in CD4*Foxp3~ cells, in Foxp3“eDicer”™ mice. The excised "floxed" allele
produced a predominant 185-bp PCR product, whereas CD4+*Foxp3~ cells retained the intact floxed allele producing a 384-bp PCR product. In non-T reg
(Tx) cells (CD4*Foxp3~), we observed a weak signal corresponding to a deleted Dicer” allele, in agreement with our recent finding that Cre-mediated re-
combination of a single floxed allele might occur in 1-5% of Foxp3~ T cells in Foxp3“e mice, whereas the deletion of both floxed alleles is likely negligible
(reference 25). (B) Real-time PCR analysis of miR155, miR150, and Foxp3 mRNA expression in CD4*Foxp3~CD62L" T, cells and CD4+YFP+Foxp3* T reg (Tg)
cells purified from Foxp3°eDicer”*t and Foxp3°etDicer/" mice. The data are shown as the mean and standard deviation representing three independent
experiments. miR155 was selected as an example of an miRNA with an increased expression in Foxp3* cells compared with Foxp3~CD4+* T cells, and
miR150 was selected as an example of an miRNA with a reduced expression in Foxp3* cells.
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Figure 2. Fatal early onset autoimmunity in mice with T reg cell-specific Dicer deficiency. (A and B) Lymphadenopathy and splenomegaly in
Foxp3“eDicer™™ mice. A 4-fold increase in spleen (P < 0.05) and a 6-fold increase in lymph node (P < 0.0005) cellularity in 3-wk-old mutant mice (n =8
per group) occurred; a 3-fold increase in spleen (P < 0.005) and a 14-fold increase in lymph node (P < 0.0001) cellularity in 4-wk-old mutant mice (n =
3-15 per group) occurred compared with the littermate controls. Bar, 1 cm. (C) Histopathology of lung, liver, and skin in Foxp3¢Dicer™ mice. Hematoxylin
and eosin-stained tissue sections of 3-wk-old Foxp3“Dicer mice showed massive lymphocytic infiltrates and disrupted tissue architecture compared
with Foxp3“eDicer#/M |ittermates. Sections shown are representative of three individual mice per group. Bars, 100 um. (D) The proportion of naive
Foxp3~CD62L" (Ty), Foxp3+ T reg, and effector Foxp3~CD62L"" (T) cells within the lymph node CD4* T cell population in Foxp3“eDicer™™ mice and littermate
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Table I.  Mice with a T reg cell-specific Dicer deficiency exhibit sharply increased CD4 T cell cytokine production
Foxp3¢reDicer~t/wt Foxp3ko CD4-Cre Dicer/f Foxp3¢reDicer™f

IFN-y 1.99 + 2.47 4.64 +0.31 1.36 + 1.67 10.39 + 5.93
TNF-a 26.53 + 4.26 10.61 + 0.46 3218 + 4.13 23.94 + 4.44
IL-2 1.01 + 0.6 3.9+05 0.48 + 0.17 7.77 + 1.81
IL-4 0.38 + 0.28 2.65 + 0.69 2.31 + 1.86 3.85+ 1.7
IL-5 0.9 +0.48 2.48 + 1.08 0.75+ 0.19 3.54 + 1.06
IL-17 0.49 + 0.25 1.2 +£0.03 0.8 + 0.64 1.81 + 0.42

Splenocytes isolated from mice of the indicated genotypes were stimulated in vitro with 1 ug/ml CD3 and 1 ug/ml CD28 antibodies for 5 h and assessed for cytokine production
by intracellular staining. Values shown represent the mean and standard deviation of the percentage of CD4*Foxp3~ cells producing the corresponding cytokines (n = 4-7).

to Dicer-sufficient (YFP™) T reg cells in Foxp3</*'Dices!/
cultures progressively diminished over time in comparison to
cells from Foxp3©/" Diced"* mice (Fig. S5). Thus, impaired
peripheral homeostasis can account for the decreased propor-
tion of Dicer-deficient T reg cells cohabiting with wild-type
T reg cells in the healthy heterozygous Foxp3©/* Dicer"f! fe-
male mice. However, the homeostatic insufficiency of Dicer-
deficient T reg cells alone is unlikely to account for the severe
pathology exhibited by male Foxp3<*Dicet'! mice, as com-
parably deficient T reg cell proliferation and diminished T
reg cell numbers were observed upon the loss of a single
miRNA, miR 155, in the absence of frank immune dysregu-
lation (unpublished data).

Complete failure of suppressor function in Dicer-deficient

T reg cells under inflammatory conditions

Although the inferior homeostatic properties of Dicer-defi-
cient T reg cells revealed in the absence of inflammation may
contribute to their reduced proportion in sick Foxp3©*Dice'”
male mice, the aforementioned significant increase in the
absolute numbers of Dicer-deficient Foxp3™ T reg cells in
these mice indicated that Dicer-deficient T reg cells are ca-
pable of expansion and activation (see the following sec-
tion), and suggested that the critical tolerance breakdown in
Foxp3©Diced! mice might result, at least in part, from the
crippling of T reg cell function. To examine the suppressor
function of these T reg cell subsets in a semiquantitative
manner, we performed in vitro suppression assays. T reg cells
isolated from Foxp3“Dicer""" or Foxp3©*Dicef"" littermates
served as a control in these experiments. We found that
FACS-purified Dicer-deficient T reg cells from healthy fe-
male Foxp3©/"'Dicer mice were “anergic” (i.e., unable to
proliferate in response to TCR stimulation), retaining this
distinguishing feature of wild-type T reg cells. More im-
portantly, these cells were still functional, albeit markedly
(approximately fourfold) less efficient on a per cell basis
compared with the Dicer-sufficient T reg cells isolated from
their wild-type counterparts (Fig. 5 A). In agreement with

these results, T reg cells isolated from CD4-Cre Dicer mice
also exhibited a similarly reduced suppressive capacity when
co-cultured with wild-type naive CD4 T cells (Fig. 5 B).
Naive CD4 T cells from CD4-Cre Dicer™/ mice exhibited a
reduced proliferative response (Fig. S6, available at http://
www . jem.org/cgi/content/full/jem.20081062/DC1) (19)
and altered cytokine production upon in vitro stimulation
under Th1, Th2, and Th17 skewing conditions (15, 19),
making it likely that the diminished suppressive capacity of
T reg cells is still sufficient to keep in check Ty cells in CD4-
Cre Diced" mice. Remarkably, Dicer-deficient Foxp3*® T
cells FACS purified from Foxp3©*Diced"f! littermates were
completely devoid of suppressor activity and instead showed
a robust in vitro proliferative response consistent with the
identical autoimmune syndrome in these and Foxp3-defi-
cient mice (Fig. 5, A and B). The loss of the typical anergic
phenotype of Dicer-deficient T reg cells isolated from the
inflammatory environment has two important implications:
first, it demonstrates that the loss of suppressive function can-
not be caused by T reg cell failure to survive in vitro; and
second, it indicates that two principal T reg cell characteristics,
suppressive capacity and in vitro anergy, are lost in an in-
flammatory environment.

Diminished expression of multiple suppressor molecules

in Dicer-deficient T reg cells

Recent papers have demonstrated that Foxp3 ablation or re-
duced expression in mature T reg cells results in a complete
or partial loss of suppressor function, providing a potential
clue for the loss of suppressor function described above (12,
14). However, we found comparable Foxp3 mRNA and
protein levels in the T reg cells of each genotype (Fig. 1 D
and Fig. 6 A), suggesting that the loss of suppressive capacity
was not caused by changes in Foxp3 itself, but rather by low
expression of putative suppressor effector molecules, such as
CTLA4, subject to miRNA-dependent regulation. In agree-
ment with the marked impairment in suppressor capacity of
Dicer-deficient T reg cells in disease-free Foxp3©/*'Dicer'f

controls. (E) Absolute numbers of CD62L" T, CD62L""T,, and Foxp3* T reg lymph node cells. (F) Analysis of lymph node T cell subsets in Foxp3°eDicer/
and control Foxp3°eDicer*/™ mice for CD4, CD8, Foxp3, CD62L, and CD25 expression (percentages of cells in the indicated gates are shown). CD25 histo-
grams include Ty (red line), T¢ (blue line), and T reg (shaded) populations (n = 11-18). Values shown are means + standard deviation.
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mice, we found decreased expression of some putative sup-
pressor molecules, including CTLA4, IL-10, EBV-induced gene
3 (Ebi3), and granzyme B (Fig. 6, A and B), whereas others,
such as TGF-3, remained unaffected (Fig. 6 B). Dicer-deficient

Figure 3. Augmented cytokine production and elevated serum levels of IgE in mice harboring Dicer-deficient T reg cells. (A and B) Flow cyto-
metric analysis of IL-2 and IFN-y production by splenic T cells in Foxp3<eDicer" and control mice induced upon 5 h of in vitro stimulation with 1 pg/ml
CD3 and 1 ug/ml CD28 antibodies. The results are representative of three independent experiments with two to four mice per group (percentages of cells in
the indicated gates are shown). (C) Quantification of serum Ig isotype levels in Dicer*#t (n = 6), Foxp3k (n = 4), CD4-Cre Dicer™/ (n = 4), and Foxp3°Dicer™"
(n = 5) mice using ELISA. Foxp3©eDicer” and Foxp3© mice exhibited ~10-fold elevation in serum IgM and IgG1 and even higher elevation in serum IgE. ND,
not detected. In these experiments, the control group included serum samples from both B6 mice as a control for Foxp3*® and from Dicer-sufficient litter-
mate control mice. The two control groups did not show significant differences in lg isotype levels in two independent experiments (B6, n = 5; Dicer litter-
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However, in apparent contradiction to the aforementioned
reasoning, CTLA4 as well as ICOS were increased in diseased
Foxp3“*Dicet"! mice to levels approaching those observed in
Dicer-sufficient T reg cells in wild-type mice (Fig. 6 A). How-
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ever, expression of these molecules is also significantly aug-
mented in wild-type T reg cells under inflammatory conditions.
Therefore, to examine the expression of several characteristic
cell-surface molecules, including those implicated in T reg cell
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Figure 4. Reduced homeostatic potential of Dicer-deficient T reg cells. In female Foxp3¢/*t heterozygous mice, random X chromosome in-
activation results in two distinct subsets of T reg cells: a YFP~ population expressing the wild-type Foxp3 protein and lacking in Cre activity, and a YFP*
population expressing Foxp3°re. (A and B) Comparable size of thymic and peripheral YFP+Foxp3* T reg cell subsets, as well as peripheral CD62L"Foxp3~ Ty,
Foxp3* T reg, and CD62L°“Foxp3~ T¢ subsets in Foxp3“etDicer"/m and Foxp3“¢/*Dicer”*t mice (n = 7-8 per group). Values shown are means + standard
deviation. (C) Flow cytometric analysis of CD4, CD8, and Foxp3 expression by CD4 single-positive thymocytes, and CD4 and YFP expression by Foxp3*

single-positive thymocytes. (D) Flow cytometric analysis of CD62L and Foxp3 expression by peripheral CD4+ cells, and CD4 and YFP expression by periph-
eral Foxp3* cells (n = 6 per group). (E) Dicer-deficient T reg cells (YFP*) from healthy Foxp3“¢*Dicer”/™ or control Foxp3°e™Dicer*t mice were stained for
Ki67 upon ex vivo isolation or after 24 h of in vitro stimulation in the presence of CD3 and CD28 antibodies and IL-2. (F) Apoptosis was measured by
staining for active caspase-3 using FITC-VAD-FMK after in vitro stimulation for the indicated periods of time. Some activated cells were restimulated with
anti-CD3 for an additional 24 h before the apoptosis analysis. Percentages of cells in the indicated gates are shown in C-F.
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effector function, by Dicer-deficient and -sufficient T reg cells
in the same inflammatory environment, we adoptively trans-
ferred wild-type Ly5.1% T reg cells into Foxp3“*Diced! mice
(Fig. 6 C). These experiments also tested the competitive fit-
ness of Dicer-deficient T reg cells in diseased mice. Unexpect-
edly, on day 5 after transfer, we found that transferred wild-type
T reg cells represented only 1% of the Foxp3* T cell popula-
tion in recipient mice and, therefore, failed to rescue the dis-
ease (Fig. 6 D). Thus, despite a decreased proportion of Ki67*
cells in sick mice (Fig. 6 E), the Dicer-deficient Foxp3* cell
subset keeps the T reg cell niche fully occupied and, thus, rep-
resents a “‘niche-filling” nonfunctional T reg cell population.
This provides further evidence that the T reg cell deficiency
underlying the fatal pathology is not solely caused by a ho-
meostatic insufficiency. Consistent with their functional defi-
ciency, these cells expressed significantly lower levels of CTLA4,
ICOS, and CD73 compared with their wild-type counterparts,
whereas levels of CD25, CD62L, IL-7Ra, and glucocorti-
coid-induced TNFR (GITR) were comparable (Fig. 6 E).
CTLA4-induced cross-linking of B7 on APCs and activated T
cells and CD73-dependent adenosine generation were both
proposed to serve as effector mechanisms of T reg cell-mediated
suppression (29, 30). Furthermore, ablation of CTLA4 in T
reg cells leads to fatal autoimmunity at 6-8 wk of age (unpub-
lished data). Thus, in disease-free mice, multiple effector mo-
dalities were impaired in T reg cells in the absence of Dicer,
consistent with their reduced ability to suppress.

DISCUSSION
Previous studies showed that ablation of Dicer in developing
thymocytes interfered with the differentiation of Foxp3* T

>
- -
o N
o o
T 1

(o]
o
T
HEH

[3H] TdR uptake (x103 cpm)
)
o o
——
——
——

N
o

" B

L m
Tralone 1:2 1:4
B Foxp3Ce Dicervtwt

m Foxp3CreMt Dicerf!

m Foxp3C'e Dicer

o

1.8 Ty alone

reg cells, as well as with in vitro differentiation of Th1 and
Th17 Tg cells (15, 19). Our investigation of the functional
consequences of miRINA depletion in T reg cells, using the
deletion of a conditional Dicer allele subsequent to Foxp3 up-
regulation, and, therefore, T reg lineage commitment, re-
vealed a multifaceted role for miRNA in T reg cell biology.
Consistent with the described role for the miRNA pathway
in conventional T cells and B cells, miRINA-mediated regu-
lation of gene expression significantly contributed to the re-
sistance of T reg cells to activation-induced apoptosis. In
B cells, up-regulation of the proapoptotic protein Bim was
shown to be responsible, at least in part, for this effect (31).
We also observed an increase in Bim mRNA in Dicer-defi-
cient T reg cells (unpublished data). Together with the increased
apoptosis, inferior proliferative potential can explain the overall
impairment in the homeostasis of Dicer-deficient T reg cells
compared with their Dicer-sufficient counterparts. In addi-
tion to these expected outcomes of miRNA depletion in T
reg cells, we found a marked impairment in the suppressor
function of Dicer-deficient T reg cells isolated from healthy
mice. The latter was accompanied by a decrease in the ex-
pression of several, but not all, suppressor—eftector genes,
which were recently implicated in the execution of T reg cell
suppressor function. In this regard, the deleterious effect of
the loss of Dicer on in vitro suppressor function was some-
what greater on a per cell basis than that observed because of
a complete lack of one known mechanism, Ebi3 (32). Thus,
diminution in multiple effector modalities likely contributes
to the observed functional insufficiency of Dicer-deficient T
reg cells under physiological conditions. Although not for-
mally excluded, possible low Dicer activity in T reg cells in
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Figure 5. A complete loss of suppressive capacity of Dicer-deficient T reg cells in diseased mice. (A) Dicer-deficient T reg (Ty) cells (YFP*) iso-
lated from healthy control Foxp3“*Dicer”" mice and autoimmune Foxp3“eDicer”™ mice, as well as wild-type Foxp3“eDicer#/t littermate controls, were
co-cultured with responder CD4 T cells at the indicated ratios for 72 h in the presence of 1 ug/ml CD3 antibody and irradiated T cell-depleted spleno-
cytes. (B) Dicer-deficient T reg cells (GFP+) isolated from CD4-Cre Dicer/f mice were examined in comparison with T reg cells from sick Foxp3eeDicer™"
mice and wild-type Foxp3CeDicer"/ |ittermate controls. Values shown are means + standard deviation.
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Figure 6. Altered phenotypic features and diminished expression of putative T reg cell suppressor molecules in the absence of the Dicer-
dependent miRNA pathway. (A) Expression of Foxp3, CD25, IL-7Ra, GITR, CTLA4, ICOS, and CD103 on Dicer-deficient T reg (Tg) cells, wild-type litter-
mate YFP* T reg cells (Foxp39e™Dicer™), YFP+ Foxp3Ce/Dicer T reg cells, and YFP*+ Foxp3CeDicer T reqg cells compared with Ty cells from wild-type
littermates. (B) Expression of IL-10, Ebi3, TGF-B, and granzyme B mRNA in Dicer-deficient T reg (Tg) cells (CD4*YFP+; Foxp3°e/Djcer™/f), wild-type litter-
mate Ty cells (CD4*CD25-CD62L"), and T reg cells (CD4+YFP+; Foxp3<e/*tDicer™). Values shown are means + standard deviation. (C) Ly5.1+ T reg cells
were transferred to Foxp3“eDicer”™ mice. 5 d after transfer, mice were killed and analyzed by flow cytometry. (D) Resident Dicer-deficient and transferred
Dicer-sufficient T reg cells were gated by CD4, Foxp3, and Ly5.1 from total lymphocytes isolated from peripheral lymph nodes (the percentage of cells in
the indicated gate is shown). (E) Expression of Ki67, CD25, CD62L, CD73, GITR, CTLA4, and ICOS on recipient Dicer-deficient T reg (Tg) cells, transferred
wild-type T reg cells (Ly5. 1*Dicer*), and Foxp3~ Tg cells.
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healthy Foxp3©/* Diceff! females appears unlikely to account
for the remaining suppressor activity in these cells, as compa-
rable activity was found in T reg cells isolated from CD4-Cre
Dicet"! mice (Fig. 5). Previous studies showed that CD4-
Cre-mediated deletion of Dicer in T cells depleted miRINA
essentially to completion (19).

The most striking finding, however, was the observed ne-
cessity for miRINA for T reg cell-mediated tolerance in dis-
eased mice. This need likely stems from the aforementioned
discernable functions of miRNA-dependent gene regulation
in T reg cell homeostasis and suppressive function under
physiological conditions, eventually leading to the inflamma-
tory condition. In this regard, an impediment in T reg cell
homeostasis quantitatively similar to that of Dicer-deficient T
reg cells was observed in lymphoreplete mice upon the loss of
a single miRNA, miR 155, without a marked impairment in
suppressor capacity (unpublished data). Furthermore, the ro-
bust in vitro proliferation of Dicer-deficient T reg cells iso-
lated from diseased mice, together with the significant increase
in Foxp3* T cell numbers and their markedly augmented ac-
tivation status, argue against the possibility that impaired T
reg cell homeostasis solely accounts for the loss of T reg cell-
mediated suppressive function under inflammatory settings.

Nevertheless, it is likely that at an early point of disease
progression, before a major flare up of inflammation, infe-
rior proliferative capacity and increased cell death contribute
to the failure of T reg cell-mediated tolerance in Foxp3©*Dicedf
mice, along with significantly impaired suppressor func-
tion. At later stages of disease, however, a complete loss of
suppressor activity by expanded Dicer-deficient Foxp3™
cells can fully account for the rapid progression of fatal
lesions matching those in mice lacking T reg cells. In this
regard, we recently found a similarly diminished in vitro sup-
pressor capacity and impaired homeostasis of Foxp3™ T reg
cells deficient in NFAT activation, STAT5, or CD122 in
disease-free mice cohabited by a subset of mutant and wild-
type T reg cells. However, unlike Dicer-deficient T reg cells,
all mutant T reg cells significantly increased their suppressor
capacity in diseased mice (unpublished data). Thus, the
essential stabilizing effect of the Dicer-controlled miRINA
pathway on establishing T reg cell homeostasis and main-
taining suppressor function appears distinct from the role of
several key transcription factors, facilitating a fully compe-
tent suppressor function in T reg cells in the partnership
with Foxp3.

It seems likely that the loss of multiple miRNA species
contributed to proliferative inferiority, increased apoptosis,
weakened suppressor function under physiological conditions,
and loss of lineage integrity (i.e., suppressor function and in vi-
tro anergy) under inflammatory conditions. Support for this
notion comes from the aforementioned observation that
miR 155-deficient T reg cells exhibited impaired homeostasis
and proliferative potential, but were comparable in their sus-
ceptibilities to apoptosis. Furthermore, the in vitro and in vivo
suppressive functions of miR 155-deficient T reg cells were
largely intact, again demonstrating that distinct miRINA species

2002

control different facets of the Dicer-dependent T reg cell be-
havior (unpublished data).

Collectively, our results suggest that miRNA-mediated
regulation of gene expression is important for the establishment
of Foxp3-dependent T reg cell homeostasis and a suppressor
program. In addition, the miRINA pathway might have a role
in the sustenance of this program in the face of inflammation.
This finding opens up an avenue for the future identification
and mechanistic analyses of specific miRINA involved in this
process, and points to targeted manipulation of the miRINA
pathway as a potential means of affecting regulatory T cell
suppressor function in experimental and clinical settings.

MATERIALS AND METHODS

Mice. Foxp3KO, Foxp3/, Foxp3©', CD4-Cre, Foxp3Yf ¢ and Dicer! mice
were all backcrossed to the C57BL/6 background (3, 4, 25, 33, 34). Experi-
mental mice were age matched and housed under specific pathogen—free
conditions. Disease development was monitored by frequent visual observa-
tion and histological analysis of the tissues using hematoxylin and eosin
staining (Histology Consultation Services). All mice were used in accor-
dance with guidelines from the University of Washington Institutional
Animal Care Committee.

In vitro proliferation, apoptosis, and suppression assays. 2 X 10° lym-
phocytes isolated from Foxp3©/*Diced"f! and Foxp3“/*Dice""" mice were
cultured in a 24-well plate in the presence of 1 pg/ml CD3 (2C11) and
1 pg/ml CD28 (37.51) antibodies and 100 U/ml of human IL-2 at 37°C for
the times indicated in the figures. For the proliferation studies, Ki67 staining
was performed as described in Flow cytometry, cytokine secretion assays. ..
For the apoptosis studies, FITC-VAD-FMK (Promega) was used to measure
caspase-3 activity according to the manufacturer’s instructions. Total lympho-
cytes were stimulated as described. For some cases, anti-CD3/anti-CD28~
activated cells were washed and restimulated with 1 pg/ml CD3 antibody for
an additional 24 h before the apoptosis analysis.

In vitro suppression assays were performed on a co-culture of 2 X 10*
CD4"YFP~CD62L" T cells with the numbers of CD4*YFP*CD62L" T reg
cells or CD4*GFP*CD62L" cells indicated in the figures FACS purified to
>90% purity from Foxp3©*Dicer’!l or CD4-Cre Dicer'! mice, respectively, or
littermate control mice, in the presence of irradiated (2,000 rad) T cell-de-
pleted splenocytes (10° per well) and 1 pg/ml CD3 antibody in round-bottom
plates for 72 h at 37°C. T cell proliferation was assessed by [*H]TdR incorpo-
ration (counts per minute) in triplicate wells during the last 8 h of culture.

Cell isolation and adoptive transfer. Ly5.1*CD4*CD25" T reg cells were
isolated by magnetic separation with MACS (Miltenyi Biotec) according to
the manufacturer’s instructions. 10° isolated T reg cells were then transferred
into Foxp3“*Dice#"" mice by tail vein injection. Mice were killed 5 d after the
transfer, and Foxp3™ T reg cell subsets were analyzed by flow cytometry.

Flow cytometry, cytokine secretion assays, and serum Ig isotype
analysis. Cell-surface staining and flow cytometric analysis of CD4, CDS,
CD62L, CD73, GITR, IL-7Ra, CD25, ICOS, and CD103 expression were
performed as previously described (4). Intracellular staining with anti-Foxp3
(eBioscience), GFP/YFP (Invitrogen), Ki67, CTLA4, and cytokine-specific
antibodies (BD Biosciences) was performed after fixation and permeabilization
using the reagents from the Foxp3 staining kit (eBioscience).

To measure T cell cytokine production, 2 X 10° splenocytes were stim-
ulated in 24-well plates with 1 pg/ml CD3 and 1 pg/ml CD28 antibodies in
the presence of GolgiPlug (BD Biosciences) for 5 h at 37°C. Cells were
stained for CD4, CDS8, Foxp3, and the corresponding cytokines, according
to the manufacturer’s protocol.

Ig isotype levels in titrated serum samples were measured using a stan-
dard Ig isotype—specific sandwich ELISA against a standard curve using the
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SBA Clonotyping System/HRP (SouthernBiotech), according to the
manufacturer’s instructions.

Antibodies. Extracellular staining was performed using CD4-PerCP (RM4-
5; BD Biosciences), CD8-PE (53-6.7; BD Biosciences), CD62L-PE-Cy7
(MEL-14; eBioscience), CD25-PE (PC61; eBioscience), IL-7Ra—PE (A7R 34;
eBioscience), GITR-PE (DTA-1; eBioscience), ICOS-PE (7E.1769; eBiosci-
ence), and CD103-PE (3E7; eBioscience). Intracellular staining for Foxp3-al-
lophycocyanin (FJK-16; eBioscience), anti-GFP—Alexa Fluor 488 (GSN149
cross-reactive to YFP; Sigma-Aldrich), CTLA4-PE (UC10-4F10-11; BD Bio-
sciences), IL-2-PE (JES6-5H4; eBioscience), IL-4-PE (11B11; eBioscience),
IL-5-PE (TRFK4; BD Biosciences), IL-17-PE (TC11-18H10.1; BD Biosci-
ences), IFN-y—PE (XMG1.2; eBioscience), Ki67-PE (B56; eBioscience), and
TNF-0—PE (MP6-XT22; eBioscience) were performed after fixation and
permeabilization using the Foxp3 fix/perm kit (eBioscience).

PCR. Genomic DNA was prepared from CD4*YFP* and CD4*YFP~CD62LM
sorted cells (purified to >90% purity) from Foxp3“*Dicef”fl mice using the
Wizard SV Genomic DNA purification system (Promega), according to the
manufacturer’s instructions. miRNA was prepared from CD4*YFP* and
CD4"YFP~CDG62L" sorted cells (purified to >90% purity) from Foxp3“Dices!f
and Foxp3©*Dicer"/" mice using the miR Neasy kit (QIAGEN) or TRIzotr
(Invitrogen). First-strand complementary DNA was synthesized using the
NCode miRNA First-Strand ¢DNA kit (Invitrogen). Levels of miRINA
were measured by qPCR using an miRNA specific forward primer and a
universal reverse primer. Ubiquitously expressed U6 small nuclear RNA was
used for normalization. The following primer sequences were used for the
identification of wild-type, floxed, and deleted Dicer alleles: 5'-ggttacatggc-
tagactcaaage-3', 5'-aggtgcctttegtttaggaac-3', and 5’ -aaagcagaactctaatgecce-3'.
Primers for qPCR were as follows: 5'-tctcccaacecttgtaccagtg-3" (miR150),
5'-ttaatgctaattgtgataggget-3' (miR155), 5'-caaattcgtgaagegttccata-3' (U6),
5'-tcccacgeteggetacac-3"  (Foxp3 forward), 5'-ccacttgcagactccatttge-3'
(Foxp3 reverse), 5'-ggttgccaagecttatcgga-3' (IL-10 forward), 5'-acctgete-
cactgecttget-3" (IL-10 reverse), 5'-cggtgcectacatgetaaat-3" (Ebi3 forward),
5'-gcggagtcggtacttgagag-3' (Ebi3 reverse), 5'-ttgettcagetccacagaga-3" (Ebi3
forward), 5'-ttgcttcagetccacagaga-3' (TGF-B1  forward), 5'-tggttg-
tagagggcaaggac-3' (TGF-B1 reverse), 5'-ctccacgtgctttcaccaaa-3" (granzyme
B forward), and 5'-aggatccatgttgcttctgtagttag-3' (granzyme B reverse).

Online supplemental material. Fig. S1 shows that activated splenic T cells
are expanded in Foxp3“*Dicer! mice. Fig. S2 shows that Tg cells from
Foxp3°Dicef! mice have up-regulated activation markers. Fig. S3 and Table
S1 show that Ty, cells from Foxp3©/v Dicer/fl female mice do not have elevated
cytokine expression. Fig. S4 demonstrates the reduced production of Foxp3*
T cells in CD4-Cre Dicet'! mice. Fig. S5 shows impaired in vitro survival
of Dicer-deficient T reg cells. Fig. S6 shows reduced in vitro proliferation of
Dicer-deficient Ty cells. Fig. S7 shows the altered phenotype of Dicer-defi-
cient T reg cells from CD4-Cre Dicer’!l mice. Online supplemental material
is available at http://www.jem.org/cgi/content/full/jem.20081062/DC1.
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