UCSF
UC San Francisco Previously Published Works

Title

MicroRNAs 24 and 27 Suppress Allergic Inflammation and Target a Network of Regulators of
T Helper 2 Cell-Associated Cytokine Production

Permalink

|https://escholarship.orgc/item/6vd6r8sd

Journal

Immunity, 44(4)

ISSN
1074-7613

Authors

Pua, Heather H
Steiner, David F
Patel, Sana

Publication Date
2016-04-01

DOI
10.1016/j.immuni.2016.01.003

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6vd6r8s0
https://escholarship.org/uc/item/6vd6r8s0#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Immunity. Author manuscript; available in PMC 2017 April 19.

Published in final edited form as:
Immunity. 2016 April 19; 44(4): 821-832. d0i:10.1016/j.immuni.2016.01.003.

MicroRNAs 24 and 27 suppress allergic inflammation and target
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SUMMARY

MicroRNAs (miRNASs) are important regulators of cell fate decisions in immune responses. They
act by coordinate repression of multiple target genes, a property that we exploited to uncover
regulatory networks that govern T helper-2 (Th2) cells. A functional screen of individual miRNAs
in primary T cells uncovered multiple miRNAs that inhibited Th2 cell differentiation. Among
these were miR-24 and miR-27, miRNAs coexpressed from two genomic clusters, which each
functioned independently to limit interleukin-4 (IL-4) production. Mice lacking both clusters in T
cells displayed increased Th2 cell responses and tissue pathology in a mouse model of asthma.
Gene expression and pathway analyses placed miR-27 upstream of genes known to regulate Th2
cells. They also identified targets not previously associated with Th2 cell biology which regulated
IL-4 production in unbiased functional testing. Thus, elucidating the biological function and target
repertoire of miR-24 and miR-27 reveals regulators of Th2 cell biology.
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INTRODUCTION

Polarized helper T cell differentiation both orchestrates beneficial anti-pathogen immunity
and drives immunologic disease. Helper T cells (Th) differentiate from activated CD4* T
cells under the influence of cytokines and inducible transcription factors into effector cell
subsets including Thi, Th2, Th17, T follicular helper (Tfh) and regulatory T (Treg) cells
(Zhu et al., 2010). Th2 cell differentiation is driven by interleukin-4 (IL-4) which signals via
the transcription factor STAT6. STAT6 induces the expression of GATA3, and together these
transcription factors drive a gene expression program that includes the key Th2 cell lineage-
defining cytokines IL-4, IL-13 and IL-5 (Ansel et al., 2006). Positive feedback loops amplify
cell fate decisions to generate a pool of Th2 cells capable of orchestrating robust immune
responses. Th2 cells support basophil, mast cell, and eosinophil survival, induce
alternatively activated macrophages, and influence local stromal and epithelial cells
(Pulendran and Artis, 2012). These functions effectively control parasitic infections. They
also drive asthma and allergic disease pathogenesis (Fahy, 2014).

miRNAs influence helper T cell differentiation and function by modulating programs of
gene expression through the inhibition of target mMRNAs (Baumjohann and Ansel, 2013).
The ability to globally process and generate functional mature miRNAs limits the
differentiation of helper T cells into cytokine-producing effectors (Chong et al., 2008; Muljo
et al., 2005; Steiner et al., 2011). However, individual miRNAs can either restrict or enhance
helper T cell differentiation and function. In Th2 cells, miR-19 enhances and miR-155 limits
effector cell differentiation and cytokine production (Rodriguez et al., 2007; Simpson et al.,
2014; Thai et al., 2007). miR-27 has also been implicated in suppression of Th2 cell
cytokine production in patients with multiple sclerosis (Guerau-de-Arellano et al., 2011,
Guo et al., 2014).

Identifying miRNAs that regulate T cell differentiation and function is necessary to place
them within the regulatory framework that governs immune responses. Furthermore, the
intrinsic properties of miRNA biology can be leveraged to discover relevant gene networks
through the identification of direct miRNA targets. A key feature of miRNA action is that
the quantitative effect on an individual direct mMRNA target is modest. Yet every miRNA
targets tens or hundreds of mMRNAS, and the collaborative inhibition of numerous direct
targets in gene networks can have large biological consequences (Ebert and Sharp, 2012).
This property can be used to connect miRNAS to previously described pathways as well as
uncover novel regulators of cell fate decisions by empirical determination of direct miRNA
targets and their effects on T cell responses.

In this study, we undertook to identify miRNAs that inhibit Th2 cell differentiation and
cytokine production, and then use combined experimental and bioinformatic approaches to
uncover target networks. We found that miR-24 and miR-27 both act to inhibit 1L-4
production in T cells /n vitro, and that mice lacking expression of these miRNAs in T cells
show enhanced allergic airway hypersensitivity inflammatory responses. Global expression
analysis uncovered target networks connecting predicted miR-24 and miR-27 targets to 1L-4.
A screen of candidate targets inhibited by these miRNAs and not biased by a priori
knowledge of gene function uncovered known and novel regulators of IL-4 production in T
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cells. Therefore miR-24 and miR-27 regulate Th2 cell differentiation and cytokine
production, targeting nodes in known Th2 cell network architecture and revealing novel
players in allergic inflammation.

In non-polarizing culture conditions, globally miRNA-deficient CD4* T cells lacking the
critical miRNA processing factors Dgcr8, Drosha or Dicer exhibit aberrantly early and
enhanced Th1 cell differentiation and interferon-y (IFN-vy) cytokine production (Chong et
al., 2008; Muljo et al., 2005; Steiner et al., 2011). To determine whether miRNAs also
regulate Th2 cell generation and function, we examined production of the canonical Th2
cell-associated cytokines IL-4 and IL-13 under experimental conditions that prevent Thl cell
differentiation. Culturing Dgcr8”fCd4-cre (Dgcré~4) CD4* T cells in robust Th2 cell
polarizing conditions with IFN-y blocking antibodies increased the already high frequency
of IL-4* and IL-13* cells observed in miRNA-sufficient control cells (Figure 1A). IL-4
production was similarly increased among Dgcr82 CD4* T cells that also lack 7bx21,
which encodes the lineage-defining Th1 cell transcription factor T-bet (Figure 1A).

Dysregulated Th2 cell differentiation was also seen in T cells with reduced expression of
Argonaute (Ago), the core effector protein of the miRNA-induced silencing complex. Four
Ago are encoded in the genome (Agol, Ago2, Ago3and Ago4), and they mediate miRNA-
dependent inhibition of gene expression. Ago2”fCd4-cre (Ago244), Ago1*TAgo2"Cd4-cre
(Ago1™2Ago242) and Agol™ Ago2"Cd4-cre (Ago1¥A Ago2 %) CDA* T cells that lacked
one or both of the most abundant Ago species in T cells (Figure S1A) displayed
progressively reduced miRNA activity (Figure S1B) and enhanced IL-4 and IL-13
production in Th2 cell cultures (Figure 1B). Consistent with previous reports of T cells
lacking critical mMiRNA machinery (Chong et al., 2008; Muljo et al., 2005; Steiner et al.,
2011), the near complete loss of miRNA activity in Ago144Ago2 44 T cells resulted in
enhanced IFN-y production in non-polarizing (ThN) culture conditions and reduced
peripheral T cell numbers (Figure S1C-S1G). Ago142Ago2 42 CD4* T cell cultures also
showed compromised proliferation and survival, allowing accumulation of cells that escaped
gene deletion or induced compensatory Ago3or Ago4 expression as indicated by pan-Ago
protein immuno blots (Figure S1A). Importantly, enhanced Thl and Th2 cell differentiation
occurred independently of these defects, since Ago244 and Ago1*AAgo24/4 displayed
progressive increases in IFN-y and IL-4 production with normal or even slightly increased
proliferation rates (Figure S1H). Thus, a deficiency in the ability to generate mature
miRNAs or have them function in post-transcriptional repression of gene expression results
in enhanced Th2 cell differentiation. And in at least two helper T cell lineages (Th1 and
Th2), the net effect of miRNA activity in the cell is to restrict differentiation into cytokine-
producing effectors.

Identification of individual miRNAs that regulate Th2 cell cytokine production

To define the impact of all individual miRNAs on Th2 cell differentiation and function /n
vitro, we employed a screening approach in primary mouse CD4* T cells. We interrogated
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108 of the most abundant miRNAs in activated CD4* T cells (Steiner et al., 2011) by
electroporating individual miRNA mimics into Dgcr8YATbx217~ T cells twice over a 5 day
culture period in the presence of low amounts of exogenous I1L-4 (10U/ml) and no
neutralizing antibodies. Using this protocol, transfections are >90% efficient with only
minor effects on cell viability (Steiner et al., 2011). miRNA-deficient CD4* T cells that also
lacked 7bx21 were chosen for this screen to limit confounding effects of IFN-y production,
since Dgcr82 and Dgcr8ATbx217~ cells show similar enhancements in IL-4 production
in Th2 cell cultures (Figure 1A). Seventeen miRNAs reduced the frequency of IL-4
producing cells by greater than one standard deviation when compared to the median of all
individually transfected miRNAs (Table S1 and Figure 2A). A subset of these top IL-4
inhibitors also substantially reduced IL-13 production in CD4" T cells and included
miR-140-5p, miR-101b, let-7a, miR-17 and miR-27b (Table S1). Among the miRNAs that
enhanced IL-4 production was miR-19a (Table S1), which promotes Th2 cell-associated
cytokine production in mouse and human CD4* T cells (Simpson et al., 2014). Thus
multiple individual miRNAs are sufficient to inhibit Th2 cell differentiation and cytokine
production in vitro.

miR-24 and miR-27 act independently to reduce IL-4 production in helper T cells

The two miRNA mimics that most inhibited IL-4 production were miR-24 and miR-27
(Figure 2A). miR-24 and miR-27 family miRNAs reside together in polycistronic clusters
with a third miRNA family, miR-23. miR-24 and miR-27, but not miR-23, consistently
reduced the frequency of Dgcré~AThx217~ CD4* T cells producing IL-4 by 20-40% in
cells cultured with low levels of exogenous IL-4 (Figure 2B and 2C). Production of a second
canonical Th2 cell-associated cytokine, IL-13, was not reduced by miR-24 or miR-27
(Figure 2B and 2C). Reductions in IL-4 but not IL-13 production were also observed in
Dgcr8ATbx217/~ CD4* T cells transfected with miR-24 and miR-27 and cultured in full
Th2 cell polarizing conditions (500U/ml IL-4 and anti-IFN-y neutralizing antibodies)
(Figure S2A). In contrast, all let-7 family miRNAs inhibited their direct target IL-13
(Polikepahad et al., 2010) with variable effects on IL-4 production (Figure S2B). Specific
activity of miRNA mimics was confirmed by downregulation of GFP expression from
retroviral sensors carrying miRNA target sequences (Figure S3A). Comparison of sensor
activity in wildtype and DgcréVATbx217/~ CD4* T cells demonstrated that mimic
transfection results in at most physiologic levels of miR-23, miR-24 or miR-27 activity in
miRNA-deficient cells (Figure S3B). Reduced IL-4 production was not secondary to
compromised cell survival (Figure S3C).

To determine at what timepoints during the /n vitro differentiation of effector cells these
miRNAs might be most active, miRNA mimic transfections were performed early (day 1),
late (day 4), or early and late (day 1 and day 4). miR-24 inhibited IL-4 production
predominantly late in culture, whereas miR-27 acted cumulatively over the culture period
(Figure 2D). Co-transfecting miR-24 with miR-27 late in culture further suppressed IL-4
production (Figure 2E). These data are consistent with additive or partially additive, but not
synergistic, effects of these two co-expressed miRNAs. Taken together, these results suggest
that miR-24 and miR-27 act collaboratively through different downstream pathways to
inhibit Th2 cell differentiation and IL-4 production. They imply that miR-24 can inhibit
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cytokine production by effector cells while miR-27 inhibits the differentiation of activated T
cells into Th2 cells.

Mirc1l and Mirc22 cluster expression limit type 2 inflammation and tissue pathology in a
mouse model of asthma

To determine whether miR-24 and miR-27 limit effector T cell differentiation and cytokine
production during type 2 immune responses, we developed a mouse model in which T cells
lacked expression of these miRNAs. miR-24 and miR-27 are encoded twice in the genome
in the Mirc11 cluster (which encodes miR-23a, miR-27a and miR-24-2) and the Mirc22
cluster (which encodes miR-23b, miR-27b and miR-24-1). In these clusters, the ‘a’ and ‘b’
members of the miR-23 and miR-27 families vary only by a single nucleotide, and both
clusters encode an identical mature miR-24. Since both the Mirc11and Mirc22 clusters are
expressed in mouse and human T cells (Barski et al., 2009; Steiner et al., 2011) and they
likely share the majority of their mRNA targets, we eliminated both clusters to examine the
role of endogenous miR-24 and miR-27 in T cells. We generated mice from embryonic stem
cells with targeted alleles for each cluster (Park et al., 2012; Prosser et al., 2011) and
intercrossed them to obtain Mirc117~Mirc227'Cd4-cre (Mirc11™~Mirc2277AT) mice with
T cells that lack miR-23, miR-24 and miR-27 expression and activity (Figure S4A and S4B).
Mirc117~Mirc2227/AT mice had normal numbers and proportions of peripheral naive,
memory, activated, and regulatory T cell subsets, and normal T cell proliferation /n vitro
(Figure S4C-S4F).

Given the critical role of type 2 immune responses in the pathogenesis of asthma, we used a
mouse model of allergic airway inflammation to test the generation and function of Th2 cells
in vivo. Mice were sensitized with a single intraperitoneal injection of ovalbumin (OVA),
then challenged one week later with OVA in the airways on three consecutive days.
Mirc11™”~ Mirc2287AT mice had twice as many bronchoalveolar CD4* T cells capable of
producing IL-4 ex vivo (Figure 3A and 3B). Concomitant increases in IL-13 and IL-5 were
also observed (Figure 3A and 3B). These changes were specific to cytokines that define type
2 responses, as there were no differences in the proportion of cells producing IFN-y or IL-10
(Figure 3A and 3B). This increase in the capacity to produce Th2 cell-associated cytokines
correlated with an increase in eosinophil recruitment to the lung (Figure 3C), a hallmark of
allergic lung inflammation in both mice and humans. Mirc11™7~Mirc2227AT mice also
displayed enhanced tissue pathology with increased goblet cell metaplasia in lung
epithelium (Figure 3D). These data show that the Mirc117~Mirc2227/AT clusters are
endogenous inhibitors of Th2 cell-associated cytokine production and limit allergic
responses in vivo.

The Mirc11 and Mirc22 clusters inhibit Th2 cell differentiation

To define the cellular mechanism by which the Mirc11 and Mirc22 clusters restrict type 2
immune responses, we utilized well-characterized helper T cell cultures. In non-polarizing T
helper (ThN) conditions where no exogenous cytokines or neutralizing antibodies are added
to the culture, Mirc117~Mirc2227/AT CD4* T cells exhibited increased production of Th2
cell-associated cytokines including IL-4 and IL-13 (Figure 4A and 4B). IL-10 production
was also increased /n vitro (Figure 4B), though no difference in the proportion of IL-10
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producing T cells was observed in the bronchoalveolar lavage in our allergic airway model
(Figure 3B). Cells lacking only one of the two clusters showed a non-significant trend
toward increased Th2 cell-associated cytokine production. IFN-y production was unchanged
(Figure 4B). In strong polarizing conditions where saturating levels of exogenous cytokines
are provided, Thl, Th2 and Th17 cells were generated at normal frequency (Figure 4C).
However, Mirc117~Mirc222TAT CD4* T cells displayed enhanced IL-4 production over a
wide range of sub-saturating 1L-4 doses, demonstrating the robust capacity of these miRNAs
to regulate Th2 cell differentiation and cytokine production (Figure 4D). In mixed culture
experiments, Mirc117~Mirc2287AT CD4* T cells enhanced IL-4 production by
congenically marked wildtype cells, supporting a partially cell-extrinsic mechanism of
action (Figure 4E and 4F). These results are consistent with the ability of the Mirc11 and
Mirc22 clusters to regulate IL-4, which is both a product of Th2 cells and the major
instructing cytokine for their differentiation..

miR-24 and miR-27 act through downstream mRNA target networks

To determine the molecular mechanisms by which miR-24 and miR-27 inhibit Th2 cell
differentiation and cytokine production, we investigated the regulation of their target gene
networks in Th2 cells. To this end, Dgcré¥ATbx217~ CD4* T cells transfected with
miR-23, miR-24, miR-27 or control mimic were sorted for RNA sequencing expression
analysis. Ingenuity Pathway Analysis (IPA) confirmed significant changes in canonical
pathways associated with helper T cell differentiation and cytokine signaling (Table S2).
IL-4 and STAT6 were identified as major upstream regulators of observed expression
changes (Table S2). These analyses identified broad effects on gene expression that are
consistent with our primary observation that miR-24 and miR-27 inhibit IL-4 production in
T cells.

Expression analysis was also used to investigate direct effects on bioinformatically predicted
miRNA targets. Cumulative distribution frequency plots and gene set enrichment analysis
demonstrated that predicted targets were downregulated by their corresponding miRNAs
(Figure 5A and 5B, and (Garcia et al., 2011)). Leading edge analyses revealed significant
enrichment for miR-23, miR-24 and miR-27 predicted targets at 23%, 30% and 30%
decreased expression, respectively. 68 of 414 predicted miR-24 targets and 118 of 813
predicted miR-27 targets expressed in T cells were downregulated by at least 30% after
miRNA mimic transfection with a raw P-value of <0.05 among RNA sequencing replicates.
These results highlight the quantitatively small but statistically significant effects miRNAs
have on their direct targets.

We next hypothesized that miR-24 and miR-27 must regulate 1L-4 production through direct
inhibition of a subset of these regulated target genes. We used IPA to build pathways
upstream of IL-4 to investigate potential miRNA-dependent regulatory networks. We first
assembled a network of all genes significantly changed (P<0.05 in RNA sequencing
replicates) and upstream of IL-4. Then all downregulated predicted miR-24 or miR-27
targets upstream of genes in this network were mapped, and all genes not connected to a
target were pruned. For miR-24 transfected T cells, only 5 predicted targets connected to
IL-4 (Figure 5C). A single miR-24 target, Sphingosine-1-phosphate receptor 1 (S1prl)was a
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highly connected node in this network. For miR-27 transfected T cells, 24 predicted targets
were connected to IL-4 (Figure 5D). Several of these genes had isolated linear connections
to IL-4, while others formed highly interconnected nodes upstream of I1L-4. In comparison,
miR-23 transfected T cells, which do not demonstrate statistically significant changes in
IL-4, had only three connected miRNA targets in this analysis (Figure S5). Thus using
expression data to mine previously identified gene relationships provided candidate targets
that may regulate Th2 cell differentiation and cytokine production.

miR-24 and miR-27 target known and unexpected regulators of IL-4 production

To determine the network of miR-24 and miR-27 targets that mediate miRNA regulation of
IL-4 production, we tested the function of a set of candidate targets genes. In order to
capture previously unknown regulators of Th2 cell differentiation and cytokine production,
we narrowed the list of predicted targets for further testing without bias for previously
established gene function. All downregulated predicted targets were ordered by a scoring
system, which weighted robust miRNA-induced expression changes, connectivity among
changed genes, and Ago binding in activated T cells (Loeb et al., 2012) (Figure S6A and
S6B). The top 96 candidate miR-24 and miR-27 targets were tested for effects on IL-4
production by RNAI screening in Mirc117~ Mirc2227AT CD4* T cells. Pools of siRNAs
against genes downstream of miR-24 and/or miR-27 that regulate I1L-4 production should
“rescue” (decrease) the proportion of IL-4* Mirc117~ Mirc2227/AT CD4* T cells. Overall,
siRNAs against candidate targets were more likely to decrease than increase 1L-4
production, consistent with the Mirc11and Mirc22 clusters acting on a network of genes to
limit 1L-4 production in helper T cells (Figure 6A).

Re-testing was performed for the 30 candidate targets that most decreased IL-4 production.
SiRNAs against 9 genes reduced IL-4-producing cells in equal or greater magnitude than
miR-24 or miR-27 transfection without affecting cell proliferation (Figure S6C and S6D).
This set included two transcription factors previously associated with Th2 cell
differentiation, Gata3 (Zheng and Flavell, 1997; Zhu et al., 2004) and /kzf1 (a.k.a. /karos,
(Grogan et al., 2003; Quirion et al., 2009)). Both are predicted targets of miR-27, and both
also directly regulated a group of genes affected by miR-27 transfection (Figure 6B).
Pathway analysis independently identified /kz7Z as a critical upstream regulator of the gene
expression changes induced by miR-27 (Table S2). Together, Gata3and /kzfI anchor a
network that converges on IL-4.

We further investigated the likely possibility that Gata3is a functionally relevant part of the
target network downstream of miR-27. Transfection with miR-27 reduced endogenous
GATAR3 protein abundance by 50% in Dgcré~AThx217~ CD4* T cells within 24 hours
(Figure 7A). Conversely, GATAS3 expression was increased in Mirc117/~Mirc228TAT CD4*
T cells in ThN cultures (Figure 7B and 7C). Enhanced Th2 cell differentiation may account
for part of the observed increase in Gata3expression in Mirc117/~Mirc222TAT cells. Indeed,
a previous report indicates that Gata3 may be indirectly regulated by miR-27 (Guerau-de-
Avrellano et al., 2011). However, the Gata33’UTR contains multiple Ago binding peaks at
predicted miR-27 target sites, suggesting direct targeting (Guerau-de-Arellano et al., 2011,
Loeb et al., 2012). Dual luciferase assays in Dgcr8~AThx217~ CD4* T cells confirmed that
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miR-27 directly represses the 3’UTRs of Gata3in primary T cells (Figure 7D). In addition,
Gata33'UTR reporter assays showed decreased activity in wildtype cells compared with
Mirc117~Mirc222TAT cells (Figure 7E). Taken together, these studies show that miR-27
directly regulates the Th2 cell transcription factor Gata3in T cells. However, this single
regulatory interaction cannot fully account for Mirc11 and Mirc22 cluster regulation of Th2
cell differentiation and IL-4 production. miR-24 did not directly regulate Gata3 (Figure 7A
and 7D), and additional targets of both miR-24 and miR-27 likely contribute.

Seven additional genes encoding diverse proteins that have not been previously associated
with Th2 cell biology were also identified as limiting factors for IL-4 expression (Figure
6B). They included a cyclin (Ccnk), a protein glycosyltransferase (Galnt3), an elongation
complex scaffold (Aff4), a G protein-coupled receptor (Gpr174), a chloride channel (Clcn3),
a ubiquitin ligase (Fbxw?) and a poly(A) deadenylase (Cnot6) (Table S3). Only one of these
genes, Fbxw7, had been experimentally confirmed to be a direct target of mir-24 or miR-27
(Wang et al., 2011). Dual luciferase assays in Dgcr8¥ATbx217/~ CD4* T cells demonstrated
that Cenk and Aff4 are direct targets of miR-27, and Cnot6and Clcn3are direct targets of
miR-24 in primary T cells (Figure 7D). The remaining three genes, /kzf1, Gpr174 and
Galnt3, appear to be direct targets of both miR-24 and miR-27 (Figure 7D). These findings
offer insight into the molecular mechanisms by which miR-24 and miR-27 may act
collaboratively to regulate IL-4 production in T cells. Dual luciferase assays comparing
wildtype and Mirc117~Mirc2227AT CD4* T cells also showed that endogenous miRNAs
from this cluster directly repress genes that are required to support IL-4 production (Figure
7E). Thus by combining bioinformatic and experimental approaches, we have identified both
known and novel genes and gene networks capable of regulating 1L-4 production directly
downstream of miR-24 and miR-27.

DISCUSSION

Three decades of research have clearly established Th2 cells as central drivers of allergic
inflammation. The core circuitry that defines and reinforces Th2 cell identity and polarizes
immune responses /1 vivo, which consists of positive feedback mediated by GATA-3 and
IL-4 signaling, is also well understood. Yet little is known about critical pathogenic
determinants of allergic disease, especially the initiating and limiting factors that gate entry
into this program and tip the balance toward Th2 cell responses. miRNAs are particularly
effective at regulating cell fate decisions that are sensitive to small perturbations in
environmental cues and intracellular signaling due to feedback loops that reinforce
developmental outcomes. Therefore, we hypothesized and found that individual miRNAs
were limiting factors that regulate Th2 cell differentiation. miRNA-directed pathway
discovery established a direct connection with Gafa3and identified novel regulators of Th2
cell differentiation and IL-4 production.

T cells lacking miRNAs are hypersensitive to signals that induce Th1 cell differentiation
(Chong et al., 2008; Muljo et al., 2005; Steiner et al., 2011). Aberrantly early and dominant
Th1 cell differentiation in miRNA-deficient T cell cultures complicated previous analyses of
miRNA regulation of Th2 cell differentiation. Our new results extend prior studies by
demonstrating that miRNA deficiency also enhances the generation of Th2 cells.
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Within the mouse T cell miRNAome, miR-24 and miR-27 were the most potent inhibitors of
Th2 cell differentiation and cytokine production in reconstitution experiments. Our results
show that endogenous miR-24 and miR-27 expression in T cells restricts Th2 cell
differentiation over a wide range of limiting IL-4 doses. These culture conditions likely
recapitulate /7 vivo conditions, where “pure” Th2 cell responses do not exist. Even in
allergic and anti-helminth responses, T cells producing IFN-y are typically present, and
often even more prevalent than IL-4 producing cells. In addition, T cells themselves drive
powerful autocrine/paracrine positive feedback mechanisms in helper cells /n vivo (Ansel et
al., 2006). Indeed, we found that Mirc117~Mirc2227/AT deficient T cells are capable of
enhancing the differentiation of co-cultured wildtype cells into IL-4 producing Th2 cells.
This result is consistent with enhanced IL-4 production by Mirc117~Mirc2227AT T cells
and explains why conditions that leave out or limit exogenous cytokines are useful in
uncovering defects in helper T cell differentiation.

Loss of the Mirc11and Mirc22 clusters in T cells enhances allergic inflammation and results
airway pathology characterized by increased goblet cell metaplasia. Mucus production is a
major determinant of asthmatic disease phenotype (Evans et al., 2015), and mucus plugs are
a major cause of fatal asthma (Kuyper et al., 2003). Our findings demonstrate that unrelated
families of miRNASs that are co-expressed from genomic clusters can evolve to collaborate in
the coordination of cellular responses and contribute to tissue pathology. Previous work
indicated that miR-19 and miR-155 promote type 2 immune responses and asthma
(Malmbhall et al., 2014; Okoye et al., 2014; Rodriguez et al., 2007; Simpson et al., 2014;
Thai et al., 2007). Neither of these miRNASs nor the Mirc11and Mirc22 clusters are
differentially expressed in mouse or human Th2 cells as compared to other helper T cell
subsets (Kuchen et al., 2010; Monticelli et al., 2005; Okoye et al., 2014; Rossi et al., 2011),
yet these miRNAs clearly act as limiting positive and negative regulators of Th2 cell fate.
This highlights the importance of studying targets downstream of miRNAs in the context of
developing Th2 cells.

The current paradigm for miRNA function posits that they mediate their effects by tuning
the expression of multiple direct targets in common biological networks. Therefore, we
mapped gene pathways from our RNA sequencing expression set and found miR-27 targets
in networks of highly interconnected nodes upstream of I1L-4, consistent with the possibility
that dozens of targets contribute to the regulatory effects of this miRNA. This analysis
uncovered the well-known Th2 cell-associated transcription factor Gata3, which was
confirmed as one of the direct target of miR-27 capable of regulating IL-4. miRNA
inhibition of key lineage-defining transcription factors may be a common mechanism by
which miRNAs impact cell fate, as thresholds for both Thl and Th2 cell differentiation are
regulated in this fashion by miR-29 and miR-24 or miR-27, respectively (Steiner et al.,
2011). The effect of miR-27 on GATA3 is also a fine example of the quantitative effects,
rather than switch-like behavior, typically exhibited by miRNAs. In addition, it highlights
how both different quantitative thresholds and the activity of additional direct targets may be
required to alter the expression of select downstream pathways. This likely explains why
IL-4, but not IL-13, is changed by miR-27 transfection.
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Pathway analysis depends on general curation of available literature. Not all relationships
identified will be relevant in particular specialized cell types, such as Th2 cells. In fact,
among the genes functionally tested by RNAI screening, many had no effect on 1L-4
production in T cells including Cdkn1b, Tcf7, and 7sc22d3 for miR-24 and Foxol, 1110, Lif,
Marcks, Rps6Kas, Runxl, and Sfrpl. Pathway analysis also cannot predict which factors
within a network of genes are present at limiting concentration and therefore more likely to
be critical nodes of regulation by miRNAs, which mediate only moderate repression of their
targets.

Our findings demonstrate how miRNA-directed pathway discovery can reveal novel genes
involved in immune responses. This was essential for miR-24, which had relatively few
downregulated targets known to impact I1L-4, but was also successful for miR-27 with its
large target networks upstream of IL-4. Choosing candidate targets for testing without bias
for previously established gene function enabled us to identify functionally relevant genes
that were all validated as miR-24 and/or miR-27 targets, and that encode diverse proteins not
previously implicated in IL-4 production. This includes genes involved in human disease,
such as the lysophosphatidylserine receptor Gpr174, which is associated with autoimmune
thyroid disease (Chu et al., 2013; Szymanski et al., 2014). It also includes two targets, Ccnk
and Aff4, that both interact with the positive transcription elongation complex (p-TEFb, (Fu
etal., 1999; Lin et al., 2002; Luo et al., 2012)), suggesting possible functional specialization
in RNA polymerase Il elongation machinery in the regulation of IL-4 production or Th2 cell
differentiation. The miR-24 target Cnot6 encodes the catalytic component of the poly(A)
deadenylase complex that interacts with mRNA-destabilizing proteins, including the
miRNA-induced silencing complex (Behm-Ansmant et al., 2006; Piao et al., 2010),
indicating that efficient post-transcriptional regulation is essential for IL-4 production in T
cells. Thus, identifying functionally relevant miRNAs and vulnerable nodes in their target
networks generates new information and novel hypotheses about the regulation of immune
responses. Ultimately, these approaches hold promise to provide new therapeutic strategies
for immune diseases.

EXPERIMENTAL PROCEDURES

Mice

Dgcr8VATbx217~, Ago2 44, Ago1*AAgo2 48, Ago1YAAgo2 Y4, Mirc11™-,

Mirc2287AT Mirc117~Mirc228TAT and CD45.1" male and female mice were used at 5-12
weeks of age. Strain details are provided in the Supplemental Experimental Procedures. All
mice were housed and bred in specific pathogen-free conditions in the Animal Barrier
Facility at the University of California, San Francisco. Animal experiments were approved
by the Institutional Animal Care and Use Committee of the University of California, San
Francisco.

In vitro cultures, transfections and transductions

CD4* T cells from the spleen and lymph nodes of mice were enriched by Dynabead positive
selection (Invitrogen, L3T4). Cells were stimulated with anti-CD3 and anti-CD28, in the
presence of exogenous cytokines and neutralizing antibodies for polarization cultures, for 3
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days then rested with 20 units/ml recombinant IL-2 (National Cancer Institute) for an
additional 2 days (see Supplemental Experimental Procedures for details). For cytokine
assays, T cells were restimulated on day 5 of culture for 5 hours with 20nM PMA and 1uM
ionomycin. During the final 2.5hrs of restimulation, 5ug/ml brefeldin A was added. For
proliferation assays, cells were labeled with 5uM CellTrace Violet (Invitrogen) per
manufacturer’s instruction. Transfections with 500nM miRIDIAN miRNA mimics
(Dharmacon) or sSiGENOME SmartPools (Dharmacon) were performed on day 1 and day 4
of culture using the Neon Transfection System (Invitrogen) as previous described (Steiner et
al., 2011) unless otherwise specified. MSCV-PGK-hCD25 miRNA sensors for miR-23a,
miR-23b, miR-24, miR-27a and miR-27b were constructed to express a GFP with four
perfectly complementary binding sites for the miRNA in the 3’UTR. Cells were transduced
on day 2 of ThN cultures by spin infection and hCD25* CD4* T cells analyzed on day 5 for
GFP expression as previously described (Steiner et al., 2011).

Luciferase assays

3’UTR dual luciferase plasmids were constructed (see Supplemental Experimental
Procedures), and CD4* T cells transfected on day 4 of ThN culture with luciferase reporter
constructs and/or miRNA mimics using the Neon Transfection System. Luciferase activity
was measured 24 h after transfection with the Dual Luciferase Reporter Assay System
(Promega) and a FLUOstar Optima plate-reader (BMG Labtech).

RNA sequencing

150,000-800,000 live RosaYFP*CD4* Dgcré~AThx217~ cells were sorted directly into
Trizol LS (Life Technologies) and RNA isolated using a miRNeasy Micro Kit (QIAGEN)
with on-column DNase digestion after transfection at day 1 and day 4 of culture with
control, miR-23, miR-24 or miR-27 mimic. RNA sequencing libraries were generated using
1ng of total RNA and the Ovation RNA-Seq System V2 and Ultralow Library Construction
System sample prep kits (NUGEN). Libraries were multiplexed at a density of 4 per flow-
cell lane and sequenced on the HiSeq 2500 to generate single end 50bp reads per the
manufacturer’s instructions (Illumina). Of the 4 biologic replicates sorted for each condition,
data from one control mimic transfected sample was excluded for low total read counts
(203,495). The data pipeline and downstream analysis using cumulative distribution
frequency plots, Gene Set Enrichment Analysis and Ingenuity Pathway Analysis are
described in the Supplemental Experimental Procedures.

Airway hypersensitivity

Sex and age matched wildtype and Mirc11™~Mirc222T/AT mice were injected
intraperitoneally with 50ug ovalbumin (OVA, Sigma) in 100ul of PBS plus 100ul of Imject
alum (Thermo Scientific). Seven days later mice were challenged with 50ug OVA in 20 pl of
PBS administered to the lungs by oropharyngeal aspiration daily for three consecutive days.
BAL was performed by 4 consecutive washes of 1ml complete media, and cells used for
cytokine production upon restimulation as described above. Inflammatory cells in BAL were
quantified as the frequency of eosinophils (CD11b*SiglecF*), neutrophils (CD11b*Ly6G™),
alveolar macrophage (CD11c*CD11b!°), CD4* T cells (CD11b~CD11c"CD4*) and CD8* T
cells (CD11b~ CD11¢c"CD8") among live CD45™" cells. Reactive epithelial changes were
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assessed by a blinded pathologists who scored PAS positive bronchioles in a complete cross-
section of the right and left lung. The PAS score was defined as the summed product of the
percent of bronchioles with 0% (x0), 1-25% (x1), 26-50% (x2), 51-75% (x3) and 76-100%
(x4) PAS-positive cells.

Statistics and Data Analysis

Excel (Microsoft) and Prism (GraphPad) were used for data analysis. For all figures, bar
graphs display mean+s.e.m. unless otherwise stated. Z-score was calculated from mean and
s.d.. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 for significance. For statistical
tests of multiple groups, ANOVA was used with appropriate post hoc testing. All data was
assumed to be normally distributed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Multiple individual miRNAs inhibit Th2 cell differentiation and function
miR-24 and miR-27 limit 1L-4 production in T cells
Mice lacking miR-24 and miR-27 in T cells have enhanced Th2 cell responses

miR-24 and miR-27 inhibit a network of direct targets that regulate IL-4
production
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Figure 1. miRNA-deficient T cells have enhanced cytokine production in Th2 cell culture

conditions

Intracellular cytokine staining of (A) Dgcr8”* and Dgcré”2 and (B) wildtype (WT),
Ago248. Ago1*AAgo2 48 and Ago12AAgo2 YA CD4A* T cells cultured in Th2 cell
conditions for 5 days. Also included are control and miRNA-deficient cells lacking T-bet
(Dgcr~* Thx217~ and Dger8YATbx217/7)(A). Numbers are percent of live CD4* T cells
singlets. For Dgcr8 cells, YFP* pre-gating was performed to use a Rosa- YFP reporter as a
measure of CRE activity and exclude cells that escaped deletion. Each graphed point
represents an individual mouse. (n=4-8 mice from 2-3 independent experiments, one-way
ANOVA with Bonferroni’s multiple comparison test for (A) (Dgcr8¥*0r*/* vs. Dgcré4 and
Dgcr8~* Thx217~ vs. Dgcré~AThx217") or Dunnett’s multiple comparison test for (B) (all

samples compared to WT)). See also Figure S1
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Figure 2. miR-24 and miR-27 inhibit IL-4 production in effector T cells
(A\) Z scores for the frequency of IL-4* Dgcré~ATbx217~ T cells among live YFP* CD4* T

cell singlets by intracellular staining. Each vertical bar represents a singlicate measure of an
individual miRNA mimic transfected twice over a 5 day culture. (B,C) IL-4 and 1L-13
production by Dgcr8YAThx217~ T cells transfected with miR-23, miR-24, miR-27 or
control mimic (CM). Numbers in quadrants are percent of live YFP* CD4* singlets and each
dot represents an individual mouse (n=9 from 8 independent experiments, two-tailed paired
t-test with Bonferroni’s multiple comparison test). (D) Change in percent of IL-4* cells after
transfection of Dgcré~AThx217~ CD4* T cells with miR-24 or miR-27 versus CM at early
(day 1), late (day 4) or early and late (day 1 and day 4) culture timepoints (n>7 mice from at
least 5 independent experiments, box interquartile with whiskers minimum and maximum).
(E) Change in percent of IL-4* cells versus CM after transfection of Dgcr8Y2Tbx217/~
CD4* T cells with miR-24, miR-27, or miR-24 plus miR-27 (n=4 mice, representative of 2
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independent experiments, linear model with the two miRNAs as binary code predictors and
an interaction term). See also Figure S2 and S3.
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Figure 3. Loss of the Mirc11 and Mirc22 clusters in T cells enhances allergic airway
inflammation and tissue pathology

(A,B) Intracellular cytokine staining of CD4* T cells from WT and Mirc11™~Mirc22ATAT
mice restimulated ex vivo 11 days after intraperitoneal OVA sensitization and 4 days after
daily OVA airway challenge. Numbers in quadrants are percent of live CD4* singlets (n>10
mice from 2 independent experiments, two-tailed t-test). (C) Flow cytometry phenotyping of
inflammatory cells in BAL from the same experiments quantifying the frequency of
eosinophils (Eos, CD11b*SiglecF*), neutrophils (PMN, CD11b*Ly6G"), alveolar
macrophage (Mac, CD11c*CD11b!°), CD4* T cells (CD4, CD11b"CD11c”CD4") and
CD8* T cells (CD8, CD11b~CD11¢~CD8") among live hematopoietic cells (n=10 mice
from 2 independent experiments, one-way ANOVA with Bonferroni’s multiple comparison
test). (D) Periodic Acid Shift (PAS) histologic staining for epithelial cell mucus metaplasia
(pink) in lungs from the same experiment. PAS Score is the summed product of the percent
of bronchioles with 0% (x0), 1-25% (x1), 26-50% (x2), 51-75% (x3) and 76—-100% (x4)
PAS positive cells (n=10 mice from 2 independent experiments, 38-91 bronchioles counted
per mouse, two-tailed t-test). See also Figure S4.
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Figure 4. Mirc11™~Mirc222T/AT T cells have enhanced Th2 cell-associated cytokine production
in cultures with limiting exogenous cytokines

Intracellular cytokine staining of wildtype (WT) and Mirc117~Mirc2227AT CD4* T cells
cultured in vitro for 5 days in ThN (A,B) (n=6-9 mice from 4 independent experiments, one-
way ANOVA with Dunnett’s multiple comparison test), and Th1, Th2 and Th17 cell
conditions (C) (n=5 mice from 3 independent experiments, two-tailed t-test). Numbers in
quadrants are percent of live CD4* singlets. (D) Dose response of WT and
Mirc117~Mirc2287/AT T cells cultured /n vitrofor 5 days over a range of exogenous IL-4
doses and measured by intracellular cytokine staining (n=6 mice from 2 independent
experiments, least squares four parameter nonlinear regression with logECsq F-test). (E, F)
Representative data and quantitation of intracellular cytokine staining of CD45.1* WT and
CD45.2* Mirc117/~Mirc2227AT T cells cultured individually or together in mixed cultures
(n=6 pairs of mice from 3 independent experiments, two-tailed paired t-tests).
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Figure 5. miR-24 and miR-27 affect networks of genes upstream of 1L-4
(A) Cumulative distribution frequency plots depicting global mMRNA expression by RNA

sequencing as a log, fold ratio of DgcréAThx217/~ CD4* T cells transfected with miR-23,
miR-24, or miR-27 versus control mimic (CM) plotted against the cumulative fraction of all
genes (black), miRNA TaregtScan targets (dark grey), and miRNA 8mer match TargetScan
targets (light grey). (B) Gene Set Enrichment Analysis of same data for miRNA 8mer match
TargetScan targets. Plotted are the enrichment curve for and positional location of each
target in the total gene set arrayed in ranked order from most upregulated to most
downregulated (left to right) (Nominal p-value <0.001 and FDR g-value <0.001 for each)
(C,D) IPA pathway analysis of gene and target networks regulated upstream of IL-4 after
transfection with miR-24 (C) or miR-27 (D) mimic versus control mimic in
Dgcr8YATbx217~ CD4* T cells. Interactions between genes or targets and IL-4 (tan) and
targets with genes or targets upstream of IL-4 (black) are depicted. RNA sequencing was
performed on 3-4 biologic replicates for each sample. See also Figure S5.
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Figure 6. miR-24 and miR-27 candidate targets include known and novel genes that support Th2
cell differentiation and cytokine production

(A) siRNA screen of candidate miRNA target genes. Pools of sSiRNAs were transfected
twice over a 5 day culture period in Mirc117~Mirc2227AT CD4* T cells and 1L-4
production measured by intracellular staining. Each bar represents a singlicate measurement.
(B) IPA pathway analysis of 9 candidate direct targets of miR-24 and miR-27 that inhibit
IL-4 production after re-testing and their connection to downstream expression changes in
respective RNAseq expression data sets. All connections to genes that are upstream of IL-4
were also mapped (tan). See also Figure S6.
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Figure 7. miR-24 and miR-27 regulate the 3’"UTR of target genes
(A) Intracellular staining for GATA3 one day after transfection of Dgcré¥ATbx217/~ CD4*

T cells with miRNA mimic or control mimic (CM). Values are expressed as a percent of the
CM mean fluorescence intensity (MFI). Each point represents an individual mouse (n=9
from 2 independent experiments, one sample t-test). (B,C) Intracellular staining for GATA3
in ThN conditions in WT and Mirc117~ Mirc2227AT T cells. Values are expressed as a
percent of wildtype (WT) mean fluorescence intensity (MFI) (n=9 from 4 independent
experiments, two-tailed t-test). (D) Dual luciferase assay measuring the activity miR-23,
miR-24, miR-27 or CM as a ratio of renilla to firefly luciferase on the 3’UTR of select target
genes in Dgcr8ATbx217~ CD4* T cells one day after transfection. Values are normalized
to the global mean across all transfection condition (n=6-12, 3 technical replicates each
from 2-5 independent experiments, one-way ANOVA for reduced expression with Dunnett’s
multiple comparison test). (E) Dual luciferase assay measuring regulation of the 3UTR of
select target genes in WT and Mirc117~Mirc2227AT T cells one day after transfection.
Values are normalized to the mean of WT cells transfected with vector alone in each
experiment (n=6-18 mice from 2—6 independent experiments, each dot represents the
average of technical triplicates for an individual mouse, two-tailed t-test).
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