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Neurobiology of Disease

miR-155-3p Drives the Development of Autoimmune
Demyelination by Regulation of Heat Shock Protein 40

Marcin P. Mycko,* Maria Cichalewska,* Hanna Cwiklinska, and Krzysztof W. Selmaj
Department of Neurology, Laboratory of Neuroimmunology, Medical University of Lodz, 90-153 Lodz, Poland

microRNA-155 (miR-155) plays an important role in posttranscriptional gene regulation of the immune system. We and others have
described miR-155 upregulation in T helper cells (Th) during the development of experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis. We have shown that mice in which the miR-155 host gene (MIR155HG) has been deactivated are
resistant to EAE. MIR155HG produces two different miRNA strands, miR-155-5p and miR-155-3p, and miR-155-5p has been considered
the only functional miR-155 form. Surprisingly, we found that miR-155-3p is also strongly upregulated in Th cells infiltrating the brain in
EAE. Functional manipulation of miR-155-3p expression revealed its particular role in regulation of Th17 development. The search for
miRNA-155-3p target genes highlighted transcripts of two heat shock protein 40 genes, Dnaja2 and Dnajb1. These two genes negatively
regulated Th17 differentiation, leading to decreased EAE. Therefore, our findings provide new insights into a previously unknown
mechanism by which miR-155-3p controls Th17 cell differentiation and autoimmune demyelination.

Key words: autoimmune demyelination; experimental autoimmune encephalomyelitis; heat shock proteins; microRNA; multiple
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Multiple sclerosis (MS) is brain-specific autoimmune disease mediated by T helper (Th) cells autoreactive to myelin. The mech-
anisms leading to MS are not fully understood and microRNAs (miRNAs) emerge as important regulators of the process. We
report that, in an MS murine model of experimental autoimmune encephalomyelitis, miR-155 controls Th cell function by an
unusual mechanism involving a rare form, miR-155-3p. miR-155-3p is specifically found in brain-infiltrating myelin-autoreactive
CD4 " T cells and contributes to the development of an encephalitogenic Th17 population. miR-155-3p promotes Th17 by inhib-
iting two heat shock protein 40 genes, Dnaja2 and Dnajb1. Our findings indicate a unique miRNA function in the brain-infiltrating
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Th cells and suggest Dnaja2 and Dnajb1 as targets for intervention in autoimmune demyelination.
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Introduction
Multiple sclerosis (MS) is an organ-specific autoimmune disease
manifested by chronic inflammatory demyelination of the CNS.

Received July 28, 2015; revised Sept. 30, 2015; accepted Sept. 30, 2015.

Author contributions: M.P.M. and K.W.S. designed research; M.P.M., M.C., and H.C. performed research; M.P.M.,
M.C.,and K.W.S. analyzed data; M.P.M. and K.W.S. wrote the paper.

This work was supported by the National Science Centre Poland (MAESTR0 2012/04/A/NZ6/00423 to K.W.S.), the
National Science Centre Poland (Grant OPUS UMO-2013/11/B/NZ6/02055 to H.C.), Polish-Swiss Research Pro-
gramme Grant 007/2012 (M.P.M.), the National Science Centre Poland (Grant SONATA to M.C.), the Medical Univer-
sity of Lodz Grant for Young (502-03/1-033-01/502-14-223 to M.C.), and the National Center for Research and
Development (Grant ERA.NET-RUS/16/2011 to M.P.M.). miR-155-deficient mice were kindly provided by A. Bradley
(The Wellcome Trust Sanger Institute, Cambridge, UK). We thank M. Jurynczyk (Medical University of Lodz, Poland)
for providing small density murine expression arrays and C.F. Brosnan (Albert Einstein College of Medicine, Bronx,
NY) for discussions and for editing the manuscript.

The authors declare no competing financial interests.

*M.P.M. and M.C. contributed equally to this work and are cofirst authors of this paper.

Correspondence should be addressed to Krzysztof W. Selmaj, Department of Neurology, Laboratory of Neuroim-
munology, Medical University of Lodz, Kopcinskiego 22, 90-153 Lodz, Poland. E-mail: kselmaj@afazja.am.lodz.pl.

DOI:10.1523/JNEUR0SCI.2830-15.2015
Copyright © 2015 the authors ~ 0270-6474/15/3516504-12$15.00/0

CD4 * T-cell-mediated autoimmunity against a putative myelin
autoantigen has long been accepted as one of the most important
aspects of MS pathogenesis, especially for the early initiation of
disease (Sospedra and Martin, 2005). These findings have been
supported by research using experimental autoimmune enceph-
alomyelitis (EAE), an animal model of MS. T helper type 1 (Thl)
cells, characterized by the expression of the transcription factor
T-bet and production of interferon-gamma (IFNg), have been
considered the major effector Th cells that mediate autoimmune
demyelination (Hafler, 2004). More recently, another subset of
Th cells, Th17, characterized by expression of the transcription
factors retinoic acid receptor-related orphan receptor « and
gamma ¢ (ROR-a and ROR-yt) and the production of
interleukin-17 (IL-17), has been found to be pivotal for the prop-
agation of autoimmune demyelination (Bettelli et al., 2008).
Mice with impaired numbers or function of Th17 cells, particu-
larly mice deficient in the cytokines IL-6 or IL-23, are largely
resistant to EAE (Eugster et al., 1998; Cua et al., 2003; Bettelli et
al., 2006). However, the precise mechanisms that govern the de-
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velopment and function of pathogenic Th17 cells resulting in
autoimmune demyelination are still unclear (Lee et al., 2014).
Therefore, Th17-targeting therapeutic approaches for MS are still
far from being established.

MicroRNAs (miRNAs) operate as short, noncoding RNA
molecules that are processed from larger transcripts of nonclas-
sical genes by Drosha and Dicer nucleases (Xiao and Rajewsky,
2009). Mature miRNA biogenesis is a tightly controlled multistep
process finalizing in the production of an ~22-nt-long duplex.
This duplex is transferred to one of the Argonaute (Ago) proteins,
where, in a process called strand selection, one miRNA strand
called a passenger is supposedly discarded (Wang et al., 2009).
The remaining leading strand of miRNA guides Ago-containing
active RNA-induced silencing complex (RISC) to interact with
the target mRNA. The mechanism of strand selection is not
known, but a passenger strand might also emerge as an active
miRNA. In this way, miRNA regulates gene-expression programs
by reducing the translation and stability of target mRNAs (Jinek
and Doudna, 2009). It has been estimated that the expression of
as many as one-third of protein-coding genes may be regulated
by miRNA (Selbach et al., 2008).

Many miRNAs have emerged as critical regulators of the im-
mune system. In particular, miR-155 has been reported as a cru-
cial player orchestrating the function of numerous acquired
and native immune cell populations. The miR-155 host gene
(MIR155HG) produces two different miRNA strands, miR-
155-5p and miR-155-3p, with miR-155-5p being the functional
miR-155 form (Chiang et al., 2010). In previous studies, we iden-
tified increased miR-155 expression in T cells both in vivo an in
vitro during the development of autoimmune responses (Mycko
et al., 2012), and miR-155-deficient mice have been found to be
resistant to the development of EAE (O’Connell et al., 2010; Mu-
rugaiyan et al., 2011). We have recently demonstrated profound
changes of RISC assembly in T cells during EAE (Lewkowicz etal.,
2015). In the present study, we sought to elucidate how this af-
fects miR-155 function in Th cells during EAE. The results dem-
onstrate that the profile of miR-155 expression is dramatically
changed during EAE, with overexpression of the unusual miR-
155-3p product of the MIR155HG. Therefore, we have identified
an EAE-specific mechanism of miR-155 expression, in particular
miR-155-3p strand selection, in Th cells that contributes to the
encephalitogenic potential of Th17 cells.

Materials and Methods

Mice. C57BL/6, C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/] (2D2 mice) fe-
male mice were purchased from Jackson Laboratories, Rag 2 KO mice
from Taconic, and miR-155-deficient mice on a C57BL/6] background
(miR-155 ~/7) have been described previously (Rodriguez et al., 2007).
All mice were maintained in our colony for the duration of the experi-
ments. All animal protocols were approved by the Institutional Animal
Care and Use Committee of the Medical University of Lodz.
Antibodies, cytokines, peptides. Fluorochrome-conjugated antibodies
specific for CD3, CD4, CD8, CD11b, B220, IL-17A, IFNg, blocking anti-
IL-4, and anti-IFNg antibodies were purchased from BD Biosciences;
MOGg;;_55 peptide was from Peptide 2.0; IL-6 was from PeproTech; IL-1b
was from Sigma-Aldrich; and TGFb and IL-23 were from R&D Systems.
Immunization and Th cell cultures and assays. Eight- to 12-week-old
C57BL/6 mice were immunized subcutaneously over the abdominal
flanks with 0.15 mg of MOG3_s5 peptide in 150 ul of complete Freund’s
adjuvant (CFA; Sigma-Aldrich) containing 0.75 mg of Mycobacterium
tuberculosis (Difco Laboratories). Peripheral (popliteal and inguinal)
lymph nodes (PLNs) or spleens were isolated and single-cell suspensions
were cultured in triplicate at a density of 2 X 10 cells per well in 200 ul
U-bottomed microtiter well plates. For RNA isolation, cultured CD4 © T
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cells were isolated by indirect magnetic sorting with a CD4™ T Cell
Isolation Kit IT (Miltenyi Biotech).

Th cell cultures. For cell culture stimulation, single-cell suspensions of
freshly isolated splenocytes or sorted T cells from C57BL/6 were cultured
for 24 h in IMDM-based cell culture medium in triplicate at a density of
2 X 107 cells per well in 200 ul U-bottomed microtiter well plates with
plate-bound anti-CD3 and anti-CD28 (both at 2 ug/ml). CD4 " T cells
were isolated either directly from splenocytes or from cell cultures by
indirect magnetic sorting with a CD4 ™ T Cell Isolation Kit II or with a
CD4*CD62L ™" T Cell Isolation Kit IT (Miltenyi Biotech).

Immunization and stimulation of Th cell cultures with antigen. Eight- to
12-week-old C57BL/6 mice were immunized subcutaneously over the
abdominal flanks with 0.15 mg of MOG;5 55 peptide in 150 ul of CFA
(Sigma-Aldrich) containing 0.75 mg of M. tuberculosis (Difco Laborato-
ries). Splenocytes in single-cell suspensions were cultured in triplicate as
described above, followed by 72 h stimulation with MOG;5_55 antigen.

Th subpopulations: in vitro differentiation. Th17 and ThO in vitro dif-
ferentiation was performed from splenic naive CD4 * T cells that had
been stimulated with plate-bound anti-CD3 (5 ug/ml) and anti-CD28
(10 pg/ml) and polarized for 6 d with the following: TGFb (2 ng/ml),
IL-1b (20 ng/ml), IL-23 (20 ng/ml) in the presence of anti-IL-4 (10
ug/ml) and anti-IFNg (10 ug/ml) and with the addition of 40 mm NaCl
for Th17; TGFb (10 ng/ml) and IL-2 (100 U/ml) in the presence of
anti-IL-4 (10 pg/ml) and anti-IFNg (10 wg/ml). ThO conditions were
maintained by naive CD4 ™ T cells cultured in the presence of anti-IL-4
(10 pg/ml) and anti-IFNg (10 pg/ml). After 6 d of culture in Th17 or ThO
polarizing conditions, cells were assayed for cytokine production by in-
tracellular flow cytometry.

Transfections of antagomirs against miR-155-5p, miR-155-3p, mimics
for miR-155-5p, miR-155-3p, and expression plasmids for Dnaja2 and
Dnajbl. 5'-Fluorescein labeled antagomirs against miR-155-5p,
miR-155-3p and control 5’-fluorescein labeled antagomir (scrambled
oligonucleotide) were purchased from Exiqon. Mimics for miR-155-5p,
miR-155-3p, and control mimic (scrambled oligonucleotide) were pur-
chased from Life Technologies. Expression plasmids pEZ-M61 for
Dnaja2 and Dnajbl (coexpressing GFP) and control plasmid pEZ-M61
(with GFP expression) were purchased from GeneCopoeia. Th cells have
been transfected by electroporation with 4D-Nucleofector (Lonza) ac-
cording to the manufacturer’s instructions. The effectiveness of transfec-
tion was monitored by the presence of the fluorescein-positive cells in
flow cytometry analysis.

Extraction of RNA and mRNA expression analysis. Extraction of total
RNA was performed using a mirVana kit (Ambion). For quantitative
analysis of RNA expression, we performed real-time qRT-PCR with Tag-
Man probes (Life Technologies) using a 7500 Real Time PCR System
(Applied Biosystems). mRNA expression data were normalized to that of
the polymerase (RNA) II (DNA directed) polypeptide A (POLR2A). Ex-
pression was evaluated by the comparative cycling threshold (AAC;)
method. For small density expression arrays, QRT-PCR was performed
with the 96 well plates containing a series of different TagMan probes
(Life Technologies). The gene expression analysis of the small density
arrays and heat maps were grouped using hierarchical clustering using
DataAssist software (Life Technologies). All array data have been depos-
ited to the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE65488. miRNA quantification of the
probes has been obtained with digital QRT-PCR using a specific miRNA
TaqMan gene expression probes (Life Technologies) and a QX200 Drop-
let Digital PCR System (Bio-Rad) according to the manufacturer’s in-
structions. The results have been expressed as miRNA copies number per
cell.

Luciferase reporter assay for target validation. HEK-293 cells were trans-
fected with pEZX-MTO01 vectors containing either wild-type firefly lu-
ciferase or firefly luciferase with either Dnaja2 or Dnajbl 3" UTR
(GeneCopoeia) and with 50 nM concentrations of mimic miR-155-5p,
mimic miR-155-3p, or negative-control oligonucleotide (Thermo Scien-
tific). The cells were lysed and luciferase activity was measured 24 h after
transfection using MicroBeta” LumiJet (PerkinElmer).

Isolation of brain-infiltrating cells. Mice were perfused intracardially
with PBS before dissection of the brain, which was subsequently homog-
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enized and brain-infiltrating mononuclear cells were isolated using 37%/
70% Percoll gradients.

Single-cell miR-155-5p and miR-155-3p expression detection. miR-
155-5p and miR-155-3p detection in single cells was conducted using
specific Smartflare Cy5-conjugated probes (Merck Millipore) according
to the manufacturer’s instructions. Briefly, probes were added to a single-
cell suspension in IMDM culture medium in 96 well plates at a concen-
tration of 100 pM, followed by 16 h incubation at 37°C. Subsequently, the
cells were washed, surfaces stained with fluorochrome-conjugated anti-
bodies, and analyzed with flow cytometry. Negative staining levels were
determined with the miRNA Negative Scramble-Cy5 SmartFlare Probe
(Merck Millipore).

Flow cytometry and cell sorting. Four- to six-color flow cytometry anal-
ysis was performed with the LSR II (Becton Dickinson) according to
standard procedures. For intracellular detection of cytokine production,
Th cells were stimulated with 500 ng/ml phorbol dibutyrate and 500
ng/ml ionomycin in the presence of brefeldin A for 6 h. Detection of
IL-17A- and IFNg-positive CD4 " T cells was performed by intracellular
staining using a Mouse Regulatory T cell Staining Kit (eBioscience). I-Ab
MOG;;_55 Tetramer was purchased from MBL. Flow cytometry data
were analyzed with FlowJo. Cell sorting was performed following a four-
to six-color flow cytometry analysis with BD Aria equipment (Becton
Dickinson) according to standard procedures.

Induction of EAE. Active EAE was induced by subcutaneous immuni-
zation over the abdominal flanks of 8- to 12-week-old mice with 0.15 mg
of MOG;,_s5 peptide in 150 pl of CFA containing 0.75 mg of M. tuber-
culosis. In addition, 0.2 ug of Pertussis toxin (Sigma-Aldrich) was injected
intravenously on days 0 and 2. Mice were checked daily for body weight
and signs of EAE and scored on a scale of 05 as follows: 0, no disease; 1,
weak tail or unsteady gait; 2, hind-limb paresis; 3, hind-limb paralysis; 4,
hind- and fore-limb paralysis; and 5, death or euthanasia for humane
reasons. The cumulative EAE score has been determined as an average of
the sum of the individual daily animal clinical scores over the observation
period.

Transfer model of EAE in Rag2 KO mice. MOG;5_s5-TCR transgenic
CD4 * T cells were isolated from PLNs and spleens of unimmunized 2D2
mice and in vitro transfected with expression plasmids for Dnaja2,
Dnajbl, or with a control plasmid. After 24 h of culture, 2D2-transgenic
CD4 " T cells were washed and 2 X 10° cells transferred intravenously
into naive 10-week-old Rag2 KO female mice. On the day of CD4 ¥ T
cells transfer, active EAE was induced. Mice were observed daily for
neurologic signs of EAE and scored as described above.

Western blot analysis. Cells were lysed and total lysates were resolved on
SDS electrophoresis gels by standard procedures. Immunoblotting was
performed with mouse primary antibodies to DNAJA2 (Santa Cruz Bio-
technology), DNAJBI1 (Enzo Life Sciences), and GAPDH (Millipore) and
visualized by G:BOX Chemi (Syngene). Quantitative densitometric anal-
ysis was performed using the program G:BOX Chemi-XR5 (Syngene).

Statistical analysis. Results were compared using the program Stat-
Graphics Centurion XV (StatPoint Technologies). Clinical data from
mice with EAE were compared using the Mann—Whitney U test. Results
of proliferation and qQRT-PCR were compared using the Student’s ¢ test.
p < 0.05 was considered statistically significant.

Results

miR-155-5p and miR-155-3p are both present in CD4 ™ T cells
during EAE

We have previously identified an upregulation of miR-155in T
cells during the development of the CD4 * T-cell response toward
a myelin antigen (Mycko et al., 2012). To confirm the in vivo
significance of miR-155 for the development of EAE, we actively
induced the disease in mice with an inactivated MIR155HG gene
(miR-155-deficient mice) with MOG peptidess 55 (MOG;s_55).
We found that, whereas miR-155-sufficient animals developed a
typical monophasic disease followed by an incomplete remission,
miR-155-deficient animals were significantly protected from
EAE development, demonstrating a delayed disease onset, de-
creased disease maximum severity, and complete recovery from
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clinical signs by day 60 after disease induction (Fig. 1 A, B). These
findings confirm the previous reports that miR-155-deficient
mice are resistant to EAE induction (O’Connell et al., 2010; Mu-
rugaiyan et al., 2011).

To understand the mechanism of EAE regulation by
miRNA-155, we analyzed the expression of its two strands,
miR-155-5p and miR-155-3p, in the major immune popula-
tions driving EAE, Th cells (CD4 " T cells) and monocytes/
microglia (CD11b* cells). We isolated Th cells and CD11b ™
cells from both spleens and brains of EAE animals on day 13
(day of disease onset) and day 27 (clinical peak of disease). As
a control, we isolated similar cell populations from spleens of
naive animals. The cell-sorting strategy used for EAE brain-
infiltrating cells is shown in Figure 1C.

An analysis of miR-155-5p copy number per cell revealed its
highest presence in CD4 * T cells isolated from the brain on day
13 of EAE. In the spleen, miRNA-155-5p content showed an
8-fold increase compared with normal spleen CD4 * T cells (Fig.
1D). However, miR-155-3p was also readily detected in CD4 * T
cells from EAE animals, but was virtually absent in CD4 ™ T cells
from control spleens (~0.5 copies per cell). Interestingly, the fold
increase of miR-155-3p in EAE brain CD4 * T cells versus control
spleen was 8-fold higher (68 to 8) than the increase of miR-
155-5p expression in EAE brain T cells (Fig. 1D). For CD11b ™
cells, miR-155-5p was found in both brain and spleen cells,
whereas miR-155-3p was practically undetected in these cells (<1
copy per cell; Fig. 1E). In contrast to CD4 ™ T-cell analysis, we
failed to identify a >2 fold increase of miR-155 presence in
CD11b* cells during EAE (Fig. 1D). Therefore, profiling of the
miR-155 during EAE has confirmed our previous report on
the profound upregulation of miR-155-5p in Th cells infiltrating
the CNS during EAE (Mycko et al., 2012) and has identified
miR-155-3p as being the highest upregulated MIR155HG gene
product in CD4 * T cells in brain during EAE.

Brain-infiltrating myelin-autoreactive CD4 * T cells during
EAE highly express miR-155-5p and miR-155-3p

To confirm the upregulation of the both MIR155HG gene
products in CD4 T cells during EAE, we investigated the
expression of these miRNAs on a single-cell level by flow cy-
tometry. We have found a strong upregulation of the miR-
155-5p-positive CD4 ¥ T cells during EAE in both spleen and
brain compared with control mouse spleen (Fig. 2A4). Once
again, more CD4 " T cells were positive for miR-155-3p in
both spleen and brain during EAE (Fig. 2A). These findings
confirm the data from the miR-155 expression analysis and
indicate that miR-155-3p is more highly upregulated in CD4 *
T cells during EAE then miR-155-5p.

We then used I-A°-MOGj; 55 tetramer staining to specifically
identify myelin-autoreactive CD4* T cells during EAE. As ex-
pected, we found this population to be upregulated in both spleen
and brain during EAE, whereas these cells were practically unde-
tectable (<0.01%) in unimmunized mice (Fig. 2B). Importantly,
MOG;;_s5-reactive CD4 ™ T cells were enriched with regard to
both miR-155 strands, miR-155-5p and miR-155-3p, compared
with tetramer-negative CD4 * T cells (Fig. 2C). In particular, EAE
brain-infiltrating MOG,5_ss-reactive CD4" T cells were very
highly positive for the presence of miR-155-3p (55%) and miR-
155-5p (42%). Therefore, we have identified that more than half
of the EAE brain-infiltrating myelin-reactive CD4 " T cells ex-
press miR-155-3p.
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miR-155-3p presence in CD4 ™ T cells promotes

Th17 development

To understand the functional significance of both miR-155
strands in CD4 " T cells, we isolated these cells from control
spleens and transfected them with a mimic for miR-155-5p, a
mimic for miR-155-3p, or a control oligonucleotide. Subse-
quently, these cells were stimulated with anti-CD3 and changes in
gene expression changes analyzed were compared with expres-

sion levels in unstimulated CD4 * T cells (Fig. 3). CD4 ™ T cells
transfected with miR-155-5p showed upregulation of Thl
marker genes Tbx21 and Ifng, Th17 marker genes Rora and Il17a,
and downregulation of the Th2 marker gene Gata3. This con-
firms our previous data on miR-155 manipulation in CD4™* T
cells (Mycko etal., 2012), as well as previous results on the role of
miR-155 in Thl, Th2, and Th17 development (O’Connell et al.,
2010; Murugaiyan et al., 2011). Interestingly, miR-155-3p ex-
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Figure 2.  (NS-infiltrating myelin-reactive (D4 ™ T cells are highly enriched in miR-155-5p and miR-155-3p expression. A, Flow cytometry analysis of the gated (D4 ™ T cells from spleens of
normal mice and from spleens and brains of mice with acute EAE (day 13) using miR-155-5p and miR-155-3p probes. Left, Example of staining of gated (D4 ™ T cells from spleens of normal mice
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3 - * < o 02 genes transcripts, Dnaja2 and Dnajbl, as
g ' g ' I putative targets of miR-155 in CD4" T
o 1 o 0.1
2 - g cells.
% 0 % 0 To identify which of the two miR-155
control  mimic-  mimic- control  mimic-  mimic- strands, miR-155-5p or miR-155-3p, was
oligo miR-155- miR-155- oligo miR-155- miR-155- responsible for the silencing of the Dnaja2
5p 3p 5p 3p and Dnajb1 transcripts, we transfected an
antagomir for miR-155-5p, an antagomir
Tbx21 Ifng for miR-155-3p, or a control oligonucleo-
c tide into splenic CD4 ™ T cells from the
§ 6 * § 30 x miR-155-sufficient mice from day 12 after
8 4 £ 2 immunization with MOG;5_ss. Subse-
£ ) E o quently, these cells were stimulated in
2 - £ D vitro with MOG;5 55 and CD4 ™" T cells
S0 ° 0 were purified and used as a source of RNA
) control mimic- mimic- control  mimic-  mimic- for Dnaja2 and Dnajb1 expression analy-
oligo  miR-155- miR-155- oligo miR-155- miR-155- sis. We found that miR-155-5p antagomir
5p 3p 5p 3p transfection did not result in a significant
upregulation of either hsp40 transcript,
Rora 117a o V\.rhe.reas miR—155—3pi antagomir led toa
c o s & 1 mgmﬁcar}t upr.egulatlon of both Dnaja2
§ 3 % * and Dnajbl (Fig. 4B). Therefore, we have
e 6 T e 8 revealed that miR-155-3p presence in
S 4 s, CD4 ™ T cells, but not miR-155-5p, is re-
E - E - sponsible for changes in expression of
s O s O Dnaja2 and Dnajb.
control mimic- mimic- control mimic- mimic- Next, using a luciferase reporter sys-
oligo miR-155- miR-155- oligo miR-155- miR-155- tem, we sought to confirm these findings
5p 3p 5p 3p and to test whether miR-155-3p interacts
directly with Dnaja2 or Dnajbl 3'-UTR.
Figure 3.  miR-155-5p and miR-155-3p upregulation affects (D4 * T-cell differentiation. Sorted splenic (D4 * T cells were  [{EK-293 cells were transfected with ei-

transfected with mimic for miR-155-5p or mimic for miR-155-3p or with control oligonucleotide and subsequently stimulated with
plate-bound anti-CD3 and anti-(D28 for 3 d and levels of expression of Gata3, Tbx21, Rora, Foxp3, Ifng, and //17a were measured.
Data were normalized to expression levels in untreated Th cell cultures. Representative results (mean == SEM) from four indepen-
dent experiments are shown. Data were analyzed by Student’s ¢ test. *p < 0.01, **p << 0.001.

pression in CD4 ¥ T cells resulted in even higher and more sig-
nificant upregulation of the Th17 marker genes Rora and Il17a
compared with miR-155-5p-transfected cells, whereas miRNA-
155-3p did not significantly influence the Thl, Th2, or Treg
Foxp3 marker gene expression (Fig. 3). Therefore, we have dem-
onstrated that miR-155-3p upregulation in CD4 * T cells specif-
ically promotes Th17 cell differentiation after TCR activation.

miR-155-3p in CD4* T cells targets Dnaja2 and Dnajbl

To identify mRNA targets of miR-155 during development of the
response to myelin autoantigen in vivo, we immunized miR-155-
sufficient and miR-155-deficient mice with MOGs;5_55. Twelve
days later, PLN cells of immunized mice were stimulated in vitro
with MOG;;5_s. Subsequently, CD4 " T cells were purified and
used as a source of RNA for a small-density qRT-PCR microarray
analysis of mRNA expression. The results of mRNA expression
profiling highlighted upregulation of two distinct transcripts,
Dnaja2 and Dnajbl, in miR-155-deficient CD4 ™ T cells after

<«

(Figure legend continued.) €, Flow cytometry analysis of the gated IA*-M0G, . tetramer-
positive and -negative (D4 * T cells, as depicted in B, from spleens of normal mice and from
spleens and brains of mice with acute EAE (day 13) using a miR-155-5p and miR-155-3p probes.
Representative results from three independent experiments are shown.

ther a construct containing the full-length
Dnaja2 3'-UTR sequence downstream of
firefly luciferase or a construct containing
the full-length Dnajbl 3'-UTR sequence
downstream of firefly luciferase. Cells
transfected with either of the vectors showed luciferase activity
that was inhibited by cotransfection with a mimic for miR-
155-3p by at least 50% for both Dnaja2 3'-UTR and Dnajbl
3’-UTR constructs (Fig. 4C). In contrast, neither transfection of
miR-155-5p mimic nor a control oligonucleotide into cells ex-
pressing both 3" UTR transcripts affected luciferase activity.
These data confirm that miR-155-3p, but not miR-155-5p, tar-
gets both Dnaja2 and Dnajbl mRNA directly and reduces their
expression.

Dnaja2 and Dnajbl overexpression inhibits Th17
development

To understand the mechanism of miR-155-3p control of Th17
differentiation, we needed to examine the function of Dnaja2 and
Dnajbl gene expression in CD4 " T cells. Therefore, we trans-
fected CD4" T cells from naive mice spleens with plasmids
expressing either the Dnaja2 or the Dnajbl gene. To ensure max-
imum transfection efficiency, cells were sorted after transfection
based on the presence of GFP expression (co-encoded in the
plasmids). Subsequently, cells were stimulated with anti-CD3
and used for both protein and RNA expression analysis. The
effectiveness of both individual Dnaja2 and Dnajbl overexpres-
sion and cooverexpression in CD4 * T cells is shown in Figure 5A.
Overexpression of either Dnaja2 or Dnajb1 resulted in significant
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Figure4. Hsp40 genes transcripts are direct targets of miR-155-3p in (D4 * T cells. A, miR-155-deficient and miR-155-sufficient (D4 * T cells from MOG_ss-immunized mice were
in vitro stimulated with either M0G;_5 (20 rg/ml) or left unstimulated and mRNA expression changes were analyzed by small-density arrays. Heat map displays genes reportedly
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shown. Representative results (mean = SEM) from two independent experiments are shown. Data were analyzed by Student’s ¢ test. **p < 0.001.
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Figure5. Dnaja2and Dnajb1 expressioninhibits Th17 development. A, Western blot analysis of DNAJA2, DNAJB1, and GAPDH proteinsin (D4 ™ T cells that were transfected with respective genes
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Figure6. Dnaja2 and Dnajb1 overexpressionin (D4 * T cells results ameliorates EAE. 4, MG, +-TCR transgenic (D4 * T cells (2D2) were isolated and in vitro transfected with either Dnaja2 or
Dnajb1 overexpression plasmid or with control vector and transferred to Rag2 KO that were subsequently induced for EAE with MOG,; .. Clinical scores of the mice are presented (mean = SEM).
Five mice per group were used. Asterisks indicate significant differences (Mann—Whitney U test; *p << 0.03, **p << 0.02). B, Summary of EAE clinical data show that Rag2 KO mice that has been
transferred with either Dnaja2 or Dnajb 7 overexpression plasmid transfected 2D2 T cells displayed a very benign disease (Student’s  test; *p << 0.001).

downregulation of expression of the Th17 marker genes Rora and
Il17a (Fig. 5B). Even greater downregulation of expression re-
sulted from overexpression of both Dnaja2 and Dnajbl in CD4 "
T cells, suggesting a synergistic effect of both hsp40 genes. In
contrast, the expression of gene markers for Thl (Tbx21 and
Ifng), Th2 (Gata3), and Treg (Foxp3) did not show significant
differences after overexpression of Dnaja2, Dnajb1, or both genes
(Fig. 5B). This gene expression profile mirrors the changes seen
after miR-155-3p mimic transfection into CD4 * T cells (Fig. 3),
which further confirms the opposing functional effects of miR-
155-3p and Dnaja2 and Dnajbl genes on Th17 cell development.
To confirm further the effect of Dnaja2 and Dnajbl gene ex-
pression on Th17 differentiation, we overexpressed both genes in
naive CD4 * T cells and cultured them in vitro under Th17 polar-
izing conditions. Dnaja2 or Dnajbl overexpression resulted in
profound inhibition of Thl7 in vitro differentiation, which,

<«

(Figure legend continued.) ~ Dnaja2 or Dnajb1 or both genes’ overexpression plasmid or with
control vector and subsequently stimulated with plate-bound anti-CD3 and anti-CD28 for 3 d
and levels of expression of Gata3, Tbx21, Rora, Foxp3, Ifng, and //77a were measured. Data were
normalized to expression levels in untreated Th cell cultures. Representative results (mean =
SEM) from three independent experiments are shown. Data were analyzed by Student’s  test.
*p << 0.04,**p < 0.01.C,Naive (D4 ™ T cells were transfected with either Dnaja2 or Dnajb 1 or
both genes’ overexpression plasmid or with control vector and were stimulated in vitro with
plate bound anti-CD3 and anti-CD2, in the Th17 condition (in the presence of IL-6, TGFb, IL-1b,
IL-23, anti-IFNg, and anti-IL-4) and assayed for the secretion of IL-17 and IFNg by intracellular
flow cytometry on day 6 after the start of stimulation. The data show gated transfected (GFP-
positive) cells. Representative results from three independent experiments are shown.

again, was further augmented by cooverexpression of both genes
(Fig. 5C). Therefore, we have demonstrated that either Dnaja2 or
Dnajbl gene overexpression or, particularly, cooverexpression of
both genes, profoundly hinders Th17 differentiation.

Dnaja2 and Dnajbl overexpression in myelin-reactive CD4 *
T cells diminishes their encephalitogenic potential

These data suggest that Dnaja2 and Dnajb1 transcripts are impor-
tant intermediates of miR-155-3p function in CD4 * T cells in
relation to Th17 differentiation. Accordingly, we tested the effect
of overexpression of Dnaja2 and Dnajbl genes on EAE develop-
ment. We overexpressed Dnaja2 or Dnajbl in MOGss5_55-TCR
CD4 " T cells (2D2) and transferred them into Rag2-deficient
mice. The results showed that all animals that received 2D2 cells
transfected with a control plasmid developed severe EAE over the
20 d observation period (Fig. 6 A, B). In contrast, the group that
received 2D2 CD4 * T cells with either overexpression of Dnaja2
or overexpression of Dnajbl developed a very mild EAE (Fig.
6A,B). These data demonstrate that in vivo expression of either
the Dnaja2 or Dnajbl gene contributes to regulation of myelin-
reactive CD4" T cells and the development of autoimmune
demyelination.

Discussion

Our findings indicate that development of myelin antigen-
specific CD4" T-cell responses correlates with significant
changes in expression of miR-155 in both peripheral and brain-
infiltrating T cells. Specifically, we found that a previously iden-
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tified passenger strand, miR-155-3p, is highly upregulated and
represents a significant form of miRNA-155 in T helper cells
during EAE. Mechanistic studies showed that miR-155-3p influ-
enced the development of Th17 cells. A molecular search high-
lighted and validated two Hsp40 genes, Dnaja2 and Dnajbl, as
direct targets of miR-155-3p in CD4 ™ T cells. In vitro studies with
Dnaja2 and Dnajbl overexpression in CD4" T cells demon-
strated their inhibitory role in Th17 development. In vivo studies
in animals with EAE demonstrated a specific role for transcripts
of these two genes in CD4 ™ T cells in the suppression of EAE.
Therefore, we have demonstrated for the first time a significant
and specific role for a passenger strand of miR-155-3p in the
regulation of autoimmune demyelination and have identified its
target molecules, Dnaja2 and Dnajbl gene transcripts, as critical
players in this process.

Many observations have demonstrated an association be-
tween miR-155 expression and T-cell differentiation. miR-155
was among the first miRNAs identified to operate in CD4" T
cells, and its expression has been linked with T-cell activation
after TCR stimulation (Haasch et al., 2002; Jindra et al., 2010;
Loeb etal., 2012). A role for miR-155 in CD4 * T-cell biology has
recently been studied intensively. miR-155 has been shown to
maintain competitive fitness of T regulatory cell subsets by tar-
geting suppressor of cytokine signaling 1 (SOCS1) expression (Lu
etal., 2009). A decreased capacity of miR-155-deficient CD4 " T
cells to develop into the T follicular helper cell lineage has been
linked to lack of inhibition of transcripts that regulate the NF-kB
(Ikbke and Pelil) and AP-1 (Fosl2) pathways (Hu et al., 2014).
The absence of miR-155 has also been reported to influence Th1
development (O’Connell et al., 2010; Oertli et al., 2011; Escobar
et al., 2013). Furthermore, in mice deficient in miR-155, in-
creased numbers of Th2 cells has been linked to miR-155 target-
ing of the transcript of the Th2-promoting transcriptional factor
c-Maf (Rodriguez et al., 2007). Finally, a number of reports have
confirmed a crucial and intrinsic role for miR-155 in Th17 devel-
opment, in which transcripts such as Jarid2 (Escobar et al., 2014)
and EtsI (Hu et al., 2013) have been suggested to mediate the
miR-155 effect on Th17 development. However, none of these
studies differentiated between the effects of the two strands of
miRNA-155.

T-cell differentiation disturbance can lead to autoimmunity
and mice with no expression of miR-155 were shown to develop
an increased inflammatory remodeling of lung airways as a result
of Th2 overproduction (Rodriguez et al., 2007). miR-155-
deficient mice have been reported to be resistant to EAE and
many cellular populations, both in the CNS and the periphery,
are likely to contribute to this effect (O’Connell et al., 2010; Mu-
rugaiyan et al., 2011). We have reported previously that, during
EAE, many CNS-infiltrating immune cells, including T cells, have
significantly upregulated miR-155 expression (Mycko et al.,
2012). We have confirmed these observations with the recent
data but, more importantly, we have found that, in sorted CD4 ™
T cells from CNS of EAE animals, both strands of miRNA-155 are
present and express a high copy number per cell. Unexpectedly, a
detailed analysis showed that miR-155-3p was induced at an even
higher level than the “leading” strand, miRNA-155-5p. The sig-
nificance of this finding was supported by the observation that
miR-155-3p was not detected in the non-T-cell CD11b ¥ popu-
lation of cells in the CNS of the EAE animals and has also not been
found in healthy mice. Therefore, we have identified miR-155-3p
as a specific form of miR-155 in CD4 * T cells in EAE.

Every miRNA-encoding gene contains information for two
strands of the mature miRNA and these two strands form a du-
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plex (Wang et al., 2009). Classically, it has been assumed that,
upon loading of miRNA duplexes into AGO protein, only one of
these strands, called a “leading” strand, stays bound to AGO,
whereas the other strand, called a “passenger,” is destroyed and
does not contribute to RISC activity. The mechanisms control-
ling this strand selection process are not well understood and
depend upon cell type, development stage, and activation status
(Meijer et al., 2014). Therefore, it seems that strand selection is a
tightly controlled process. Indeed, a number of reports for vari-
ous miRNAs have demonstrated that both strands can be co-
accumulated in some tissues and functionally suppress their
specific targets, challenging the concept of a dispensable role for a
miRNA passenger strand (Ro et al., 2007; Chiang et al., 2010;
Carrer et al., 2012). Interestingly, the presence of both products
of the miR-155 has already been demonstrated for some cell
types, such as plasmocytoid dendritic cells (Zhou et al., 2010) and
astrocytes (Tarassishin et al., 2011), suggesting their cooperative
involvement in cell function. Our findings demonstrate the pres-
ence of miR-155-3p in CD4 " T cells during EAE, but not in
healthy mice. The effect of miRNA-155 strand selection leading
to modification of CD4 ™ T-cell function during EAE appears to
be highly selective because we have not seen passenger strands of
miR-21 or miR-301a to be present in the same cell population
during the same conditions (M.P.M., M.C., K.W.S., unpublished
data). Therefore, our data suggest highly adaptive mechanisms of
miR-155 biogenesis in CD4 ™ T cells. It has been demonstrated
that transcriptional and posttranscriptional mechanisms cooper-
ate to rapidly reprogram the miRNA repertoire in differentiating
T cells, including modulation of RISC complex protein expres-
sion (Bronevetsky et al., 2013). Recently, we have reported a
dysregulation of the RISC assembly in the CNS during EAE
(Lewkowicz et al., 2015). For example, AGO2 and FXRI were
significantly downregulated in the infiltrating T cells from EAE
brain. It is likely that these RISC changes contribute to the mod-
ification of the miRNA strand selection process and emergence of
miR-155-3p in CD4 " T cells during EAE.

The presence of both strands of the miR-155 significantly ex-
pands the spectrum of potential RNA targets because the seeding
sequences of miR-155-5p and miR-155-3p are different. In an
attempt to identify the targets of the miR-155-3p in CD4 * T cells
during EAE, we compared the mRNA profiles of CD4 ¥ T cells
from EAE of both miR-155-sufficient and miR-155-deficient an-
imals. Transcripts of two hsp40 genes, Dnaja2 and Dnajbl, have
been found to be most significantly upregulated in the miR-155-
deficient CD4 " T cells after in vitro restimulation with myelin
antigen. Subsequent in vitro analyses revealed that Dnaja2 and
Dnajbl are targeted by miR-155-3p, but not by miR-155-5p. The
presence of these two hsp40 gene transcripts in the AGO complex
in CD4 " T cells has already been revealed by differential HITS-
CLIP analysis (Loeb et al., 2012). We now demonstrate that they
represent direct targets of miR-155-3p. Not much is known
about the role of hsp40 in CD4 ™ T cells. HSP40 family members
are HSP70 co-chaperones that determine the fate of HSP70
clients by facilitating protein folding, assembly, and degrada-
tion (Kampinga and Craig, 2010). HSP40 proteins, including
DNAJA2 and DNAJBI, select substrates for HSP70 and help at
precise locations of HSP70 in cells (Rauch and Gestwicki, 2014).
We and others have demonstrated a critical role of HSP70 in the
development of autoimmune responses toward myelin antigen
for CD4 " T cells (Mycko et al., 2008; Mansilla et al., 2014),
antigen-presenting cells (Cwiklinska et al., 2003; Mycko et al.,
2004), and NK cells (Galazka et al., 2014). We now demonstrate
that DNAJA2 and DNAJBI1, HSP70 chaperones, are CD4*
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T-cell-intrinsic factors involved in the inhibition of Th17 devel-
opment and limit their encephalitogenic potential. Therefore, we
have identified a novel axis operating in the CD4 * T cells during
autoimmune demyelination that is dependent on the upregula-
tion of miR-155-3p and subsequent suppression of Dnaja2 and
Dnajbl.

In summary, our findings demonstrate for the first time the
role of miR-155-3p and its targets, Dnaja2 and Dnajbl, in the
development of Th17 cells and in the regulation of EAE. Accu-
mulating data suggest strongly that Th17 cells represent a
divergent population consisting of both pathogenic and non-
pathogenic cells (Ghoreschi et al., 2010; Ghoreschi et al., 2011;
Lee et al.,, 2012). We have found that myelin-antigen-specific
CD4 ™ T cells infiltrating the CNS during EAE, a population
known to represent mostly IL-17-producing cells (Duhen et al.,
2013), are highly enriched in miR-155-3p. Collectively, our re-
sults suggest that miR-155-3p is an encephalitogenic, Th17-
subset-associated miRNA that functions in the pathogenesis of
autoimmune demyelination. Because the expression of this
miRNA appears to be selective during EAE, miR-155-3p might
represent an important target for potential therapeutic interven-
tion that would selectively tackle autoreactive CD4 ™ T cells.
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