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Abstract

Polarization of naive T cells into interferon (IFN)-y-producing T helper 1 (Thl) cells is an essential event in the
inflammatory response to pathogens. Herein, we identify the RNA binding protein Sam68 as a specific modulator of Thl
differentiation. Sam68-knockout (ko) naive T cells are strongly defective in IL-12-mediated Thl polarization and express
low levels of T-bet and Eomes. Consequently, Sam68-ko Thl cells are significantly impaired in IFN-y production.
Moreover, we found that Sam68 is required for the induction of an inflammatory Th1 response during Mycobacterium bovis
Bacillus Calmette—-Guerin (BCG) infection, thus limiting bacterial dissemination in the lungs. Mechanistically, Sam68
directly binds to the microRNA miR-29, a negative regulator of Thl response, and inhibits its expression during BCG
infection. These findings uncover a novel post-transcriptional mechanism required for the Thl-mediated defense against
intracellular pathogens and identify a new function for Sam68 in the regulation of the immune response.
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Introduction

The immune response is orchestrated by CD4-positive
(CD4™) T cells that are activated by antigen presenting cells
and differentiate into distinct subsets of effector T helper
(Th) cells [1]. Depending on the initial antigen eliciting the
response, Th cells polarize into specific subtypes that are
characterized by the array of cytokines they produce to
mediate the immune response. For example, interleukin
(IL)-12 promotes polarization of Thl cells, which produce
interferon (IFN)-y and participate to clearance of intracel-
lular pathogens [2]. On the other hand, Th2 cells produce
IL-4, IL-5 and IL-13 which mediate the immune response
against helminths [3]. More recently, a distinct subset of
pro-inflammatory Th cells has been identified, which pro-
duce IL-17 (Th17 cells) and display specific functions in
antifungal immunity [4-6].

Thl polarization is orchestrated by a precise gene
expression program set in motion by signaling pathways
and executed by specific transcription factors, such as the
T-box transcription factor expressed in T cells (T-bet) [1].
In addition, post-transcriptional regulation of gene
expression also contributes to the Thl-specific differ-
entiation program. For instance, microRNAs (miRNAs)
regulate several aspects of Th cell biology [7] and global
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Fig. 1 Thl polarization is impaired in Sam68-ko mice. a Repre- L-34. Data are the mean and s.e.m. of six independent experiments.

sentative flow cytometry plots of intracellular IFN-y and IL-4 in naive
T cells, from wt and Sam68-ko mice, stimulated in the presence of
anti-CD3 plus anti-CD28 and polarizing cytokines for 7 days, assessed
after 5 h of restimulation with PMA and Ionomycin in the presence of
Brefeldin-A. Percentage of IL-4" IFN-y~ cells (top left), IL-4TTFN-y™
cells (top right) or IL-47TFN-y™ cells (bottom right) is reported. b Bar
graphs show data from seven independent experiments performed as in
a (mean and s.e.m). ¢ RT-PCR analysis of the expression of IFN-y
mRNA in naive CD4" T cells, from wt and Sam68-ko mice, differ-
entiated in vitro for 7 days in the presence of anti-CD3 plus anti-CD28
and polarizing cytokines. Cycling threshold values are normalized to
those of mRNA encoding ribosomal protein

deficiency in miR expression causes aberrant production of
IFN-y by Th cells. In particular, expression of miR-29 in
Thl cells directly targets the transcripts encoding IFN-y
[7] and two transcription factors known to induce IFN-y
production (T-bet and Eomes) [8]. Notably, miR-29
expression is repressed in IFN-y-producing T cells dur-
ing infection of mice with the Mycobacterium bovis
Bacillus Calmette—Guérin (BCG). Conversely, genetic
interference with miR-29 expression enhances Thl-
mediated responses and resistance to BCG infection [7].
These studies clearly demonstrated a role for miR-29 in
suppressing Thl-mediated immune responses. Never-
theless, how expression of miR-29 is regulated upon
infection of intracellular pathogens remains unknown.
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d—f Bar graphs show the results of ELISA (d) or multiplex assay (e) of
IFN-y in supernatants of naive T cells, from wt and Sam68-ko mice,
differentiated as described in a. Data (mean and s.e.m.) are repre-
sentative of four independent experiments. Pearson’s correlation ana-
lysis (f) between the levels of IFN-y determined by ELISA and the
levels of IFN-y determined by multiplex assay (Luminex). g Analysis
of IL-17, IL-21, IL-22, and GM-CSF by multiplex assay in super-
natants of naive T cells, from wt and Sam68-ko mice, differentiated as
described in a. Data (mean and s.e.m.) are representative of four
independent experiments. ThO: no polarizing cytokines; Thl: anti-IL-
4; Th2: IL-4 and anti-IFN-y; Th17: IL-6, TGF-p, anti-IL-4, anti-IFN-y,
anti-IL-2; *p < 0.05 (Student’s #-test)****p<0,001

MiRNAs are small noncoding RNAs that generally
repress gene expression at the post-transcriptional level.
They are transcribed by the RNA polymerase II (RNAPII)
as longer primary transcripts (pri-miR) that are processed by
the RNase III enzyme Drosha and the double-stranded RNA
binding cofactor DGCRS8 into shorter nucleotide hairpin
precursors (pre-miR) [9]. Pre-miRs are then cleaved by
Dicer to form ~22 base pair RNA duplexes, of which one
strand forms the mature miR that is loaded onto the
miRNA-induced silencing complex (RISC) and mediates
repression of messenger RNAs (mRNAs) through com-
plementary base pairing [9]. In addition to these core pro-
teins, miR biogenesis and function can be modulated by
various RNA binding proteins (RBPs). For instance, LIN28



The RNA binding protein Sam68 controls T helper 1 differentiation and anti-mycobacterial response... 1171

binds pre-let-7 and denatures the pre-miR stem, thus
impairing cleavage by Dicer [10]. Furthermore, competitive
binding of antagonistic RBPs can determine the efficiency
of pri-miR processing [11]. In this regard, it is currently
unknown whether modulation of miR expression by specific
RBPs also takes part in Thl-mediated immune responses.
However, previous work indicated that miR-29 expression
in male germ cells is repressed by Sam68 [12], a multi-
functional RBP involved in multiple aspects of RNA
synthesis and processing [13-15].

Sam68 contains a KH-type RNA binding domain flanked
by regulatory regions involved in protein—protein interac-
tions and post-translational modifications, including a
carboxyl-terminal region that is phosphorylated by tyrosine
kinases [13]. Sam68 participates to regulation of RNA
metabolism and signaling pathways evoked by extracellular
cues [13-15] and plays physiological roles in osteogenesis
[16], gametogenesis [17, 18], adipogenesis [19] and brain
development and function [20-22]. In most cases, Sam68
involvement in these physiological processes has been
related to regulation of specific RNA targets [17-23].

Pioneer studies on Sam68 function suggested a role for
this RBP in T-cell activation. Upon stimulation of the T-cell
receptor (TCR), Sam68 is phosphorylated in the carboxyl-
terminal tyrosine-rich domain by Src-family kinases
[24, 25] and acts as an adaptor molecule in the early sig-
naling cascade of T-cell activation [25]. Furthermore,
Sam68 is required for the tumor necrosis factor (TNF)-
induced signaling pathway in T cells, where it takes part to
the large complex leading to activation of a pro-apoptotic
signaling cascade [26]. More recently, it was proposed that
Sam68 promotes activation of nuclear nuclear factor-xB
complexes and enhances transcription of CD25 [27], the
receptor of IL-2 associated with T-cell activation and pro-
liferation [28]. Although these findings clearly implicate
Sam68 in specific immunological processes, the broad
impact of Sam68 function in the activation of immune
responses in vivo has not been investigated yet, nor it is
known whether lack of Sam68 impairs specific immunolo-
gical responses to pathogens.

Herein, we have explored the potential role of Sam68 in
the polarization of mouse Th cells. We found that Sam68 is
specifically required for Thl polarization following IL-12
stimulation in vitro, or BCG infection in vivo. Expression of
Thl-specific transcription factors and of IFN-y were sig-
nificantly reduced in Sam68-knockout (ko) T cells. Notably,
Sam68 binds in vivo to the precursor of miR-29, and it is
required for miR-29 repression upon infection. These
results uncover a previously unknown post-transcriptional
checkpoint in the Thl differentiation program during
infection and highlight Sam68 as a novel regulator of IFN-y
production in response to intracellular pathogens.

Results
Th1 polarization is impaired in Samé68-ko mice

To investigate the possible role of Sam68 in Th polariza-
tion, we differentiated naive CD4" T cells from wild-type
(wt) and Sam68-ko mice into Th1 and Th2 profiles by anti-
CD3/28-mediated induction and co-treatment with IL-12 or
IL-4, respectively [2]. The analysis of typical Th1 (IFN-y)
and Th2 (IL-4) cytokine production after 7 days of polar-
ization indicated a strong and significant reduction in the
percentage of IFN-y-producing cells derived from Sam6§-
ko T cells, whereas the percentage of IL-4-producing cells
was not significantly affected (Fig. la, b). Likewise,
expression of IFN-y transcript and protein was significantly
lower in Sam68-ko Thl cells than in wild-type cells
(Fig. Ic, d). Importantly, the mitogenic response to TCR
activation, reported as fold expansion of CD4" T cells and
IL-2 production, was comparable in wild-type and knockout
cells (Supplementary Figure la,b). Moreover, the altered
response to IL-12 did not depend on defective expression of
IL-12 receptor (ILI2R) 1 and 2, as their levels were not
significantly altered in Sam68-ko naive CD4" T cells
(Supplementary Figure 2a). Likewise, we found no sig-
nificant difference in expression of IFN-y receptors
(IFNGRI and IFNGR?2) (Supplementary Figure 2b), which
may have accounted for defective IFN-y-induced positive
feedback loop during Thl polarization [29]. Lastly, speci-
ficity in regulation of Thl polarization was not due to the
expression level of Sam68, as this did not significantly
differ in Thl- and Th2-polarized cells (Supplementary
Figure 3). Notably, Sam68 expression did not affect IFN-y
production by memory CD4" stimulated with anti-CD3/28
(Supplementary Figure 4). These findings indicate that
Sam68 is specifically required during the polarization of
naive CD4" T cells into Thl cells by acting on processes
upstream of IFN- y production and downstream of IL-12
and IFN- vy receptors.

Next, we asked whether Sam68 was also required for
polarization of Th17 cells, another pro-inflammatory Th
cell subset [4]. To test this hypothesis, we used a standard
Th17 differentiation assay and analyzed by multiplex
assay a broad array of Th17 cytokines, including IL-17,
IL-21, IL-22 and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) [5]. Reliability of the multiplex
assay was validated by the significant correlation with
IFN-y expression detected by enzyme-linked immuno-
sorbent assay (ELISA; Fig. le, f). Nevertheless, we found
no significant changes in Th17 cytokines between wild-
type and knockout cells (Fig. 1g). Collectively, these
results indicate that Sam68 specifically regulates Th1 cell
polarization.

SPRINGER NATURE



1172 E. Volpe et al.
a . b
. — 0.30- *
< L] wt & 025 Ju
& 1.25 B Sam68 ko o Il Sam68 ko
< o @ 0.20]
3 =
X ors) g o5
E 0.50- u; 0109
T 025 S 0.05] ﬁ i
F o
0.00—=—, ‘ 0.00 ; i ‘
Tho Th1 Tho Th1
o Tho Thi d ThO Thl
0,041 40,083 5,91E-3
S "
- .3%‘6 +399,0 ﬂ 0,90
e 2
- |d0,49 L | 061 0,15 47,16 0,62
wy
] ﬁ ﬁ Sam68 ko
o Ef_sf . §98‘3 0,91 .391,3 0,94
Eomes
" = I p— 6 | : — ot
. ” ) w
2 1 Uwt 3 5
2 B Samss ko e Il Sam68 ko
o | + 44
£ ® o
] 9] g 7
o w2
o Y
0 | o 1
N X l
o 0 ; ‘
ThO Th1 Tho Th1

Fig. 2 Sam68 regulates T-bet and Eomes during Thl cell differentia-
tion. a, b RT-PCR analysis of the expression of T-bet (a) and Eomes
(b) mRNA in naive CD4" T cells, from wt and Sam68-ko mice,
differentiated in vitro for 7 days in the presence of anti-CD3 plus anti-
CD28 and polarizing cytokines. Cycling threshold values are nor-
malized to those of mRNA encoding ribosomal protein L-34. Data are
the mean and s.e.m. of six independent experiments. ¢, d Flow

Sam68 regulates expression of T-bet and Eomes
during Th1 differentiation

The transcription factors T-bet (encoded by 7bx21) and
Eomes independently induce IFN-y expression and pro-
duction [30-32]. We observed that both 7hx21 and Eomes
expression are reduced in Thl cells derived from Sam68-ko
mice (Fig. 2a, b). Accordingly, the percentage of T-bet- and
Eomes-positive cells was drastically reduced in Sam68-ko
Thl cells (Fig. 2c, d). Thus, Sam68 is required for efficient
expression of T-bet and Eomes during polarization of
mouse Thl cells. Similar to what was observed for IFN- y

SPRINGER NATURE

cytometry of intracellular T-bet (c), Eomes (d), and IFN-y in naive
T cells, from wt and Sam68-ko mice, stimulated in the presence of
anti-CD3 plus anti-CD28 and polarizing cytokines for 7 days, assessed
after 5 h of restimulation with PMA and Ionomycin in the presence of
Brefeldin-A. One representative and cumulative data from 11n inde-
pendent experiments are reported. ThO: no polarizing cytokines; Thl:
IL-12; *p < 0.05 **p <0.01; ***p <0.005(Student’s t-test)

production, this crucial function of Sam68 is strictly related
to polarization of Thl cells from naive CD4 " T cells, as the
percentage of T-bet- and Eomes-positive cells within
memory CD4% T cells was not affected by its ablation
(Supplementary Figure 5). Together, these results confirm a
key role for Sam68 in the Thl cell differentiation program.

Ablation of Sam68 function impairs the Th1
response to BCG infection

The impact of Sam68 expression on Thl polarization
in vivo was further assessed upon infection by BCG, an



The RNA binding protein Sam68 controls T helper 1 differentiation and anti-mycobacterial response... 1173

a wt Sam68 ko
PBS BCG PBS BCG
g E {
0.24 0.71 0.26 i 0.50
' - * | 51 |
1
1
0.60 i 2.81 0.82 i 1.24
- . | L | -
1
q E
a I & I S I S— -
(@]
i
7.78 1 180 9.44 1 14.4
- € . T e
&
’
018 i ) 056 i ,70.52
| ' A 1
o |« J4 |14 |
1
IFN-y
d 3500- ——

3000-
2500
2000
1500-
1000-
500
[

CFU/g lung

wt Sam68 ko

Fig. 3 Thl immune response induced by BCG in vivo is affected in
Sam68-ko mice. a Flow cytometry analysis of IFN-y-producing CD4™
T cells in splenocytes from wt and Sam68-ko mice treated with PBS or
infected with BCG and, 28 days later, restimulated with anti-CD3-28,
PMA and Ionomycin, or PPD for 5h in the presence of Brefeldin-A.
b Bar graphs show data from seven independent experiments per-
formed as in a (mean and s.e.m). ¢ ELISA of IFN-y in supernatants of

intracellular bacteria that induces a Thl-mediated immune
response [33]. Sam68 wild-type and knockout mice were
infected by intravenous BCG injection and the immune
response was evaluated 28 days afterwards [7]. Since IFN-y
producing cells from unstimulated splenocytes were barely
detected in all conditions (Fig. 3a, b), we challenged sple-
nocytes from BCG-infected mice, or phosphate-buffered
saline (PBS) control mice, with agents that stimulate all
T cells (i.e.,, anti-CD3/28 and phorbol 12-myristate 13-
acetate (PMA)) and with the purified protein derivative of
M. tuberculosis (PPD), which selectively stimulates BCG-
specific T cells (Fig. 3a). Stimulation was assessed as the
percentage of IFN-y-producing cells detected by intracel-
lular staining (Fig. 3b) and by measuring the levels of IFN-y
in the culture supernatants (Fig. 3c). As previously reported
[7], CD4" T cells from the spleen of BCG-infected wild-
type mice significantly expressed more IFN- y than cells
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splenocytes wt and Sam68-ko mice treated with PBS or infected with
BCG and, 28 days later, restimulated for 24 h with PMA and Iono-
mycin, or PPD. Data are the mean and s.e.m. of 11 independent
experiments. d BCG burden in lungs of wt and Sam68-ko mice
28 days after intravenous infection of BCG. Data are expressed as
CFU/g of tissue (mean and s.e.m. of eight independent experiments);
*p <0.05; ##p <0.01; ***p <0.005 (Student’s r-test)

from uninfected mice. Remarkably, this induction was lar-
gely ablated in Sam68-ko mice (Fig. 3a—c), indicating a key
requirement for Sam68 in this response.

Thl responses promote host resistance to infection by
intracellular bacteria. Thus, we investigated whether
Sam68-ko mice were more susceptible to BCG infection.
On day 28 after intravenous injection, bacterial burden was
analyzed by measuring colony-forming live bacteria
extracted from lungs [7]. Consistent with the lower IFN-y
response, we found more pulmonary BCG colony-forming
units in Sam68-ko mice than in wild-type mice (Fig. 3d),
indicating the pathological relevance of the impaired Thl
response in vivo.

To investigate quantitatively and qualitatively the global
T helper cytokine profile regulated by Sam68 during BCG
infection, we then analyzed a broad array of Th cytokines
produced by PPD-specific lymphocytes. The reliability of

SPRINGER NATURE
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Fig. 4 Sam68 regulates a broad immune response induced against
BCG infection. a IFN-y analyzed by multiplex assay in supernatants of
splenocytes wt and Sam68-ko mice treated with PBS or infected with
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Ionomycin, or PPD. Data are the mean and s.e.m. of four independent
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the multiparametric technology in this experimental setting
was first validated by correlating the levels of IFN-y
(Fig. 4a, b) with those detected by conventional ELISA
(Fig. 3c). Notably, the multiparametric analysis also
revealed that BCG infection induces IL-2, TNF-a, IL-6 and
low levels of IL-10 in wild-type mice and that induction of
all these cytokines is reduced in Sam68-ko mice (Fig. 4c).
By contrast, IL-17, IL-21, IL-22, GM-CSF, IL-4 and IL-13
expression was not induced upon infection and was not
affected by Sam68 ablation (Fig. 4c). These results strongly
indicate that Sam68 plays a key role in the orchestration of a
global Thl-specific response to BCG infection.

Sam68 regulates miR-29 expression during BCG
infection

Expression of IFN- y, T-bet and Eomes is kept under
repression by miR-29a/b in T cells and this repression is
partially relieved upon polarization into the Thl profile
[7, 8]. Previous evidence indicated that Sam68 modulates
expression of selected microRNAs, including miR-29 [12].
Thus, we asked whether Sam68 is involved in the regulation
of miR-29 expression during Thl polarization. To address
this question, we analyzed miR-29a and miR-29b

SPRINGER NATURE

multiplex assay (Luminex). ¢ Analysis of IL-2, IL-4, IL-5, IL-6, IL-10,
IL-13, IL-17, 1IL-21, IL-22, TNF-a, GM-CSF and IFN-y by multiplex
assay in supernatants of splenocytes wt and Sam68-ko mice treated
with PBS or infected with BCG and, 28 days later, restimulated for
24h with PPD. Data are the mean and s.e.m. of four independent
experiments; *p < 0.05; **p < 0.01; (two-way ANOVA test)

expression in splenocytes from BCG-infected and unin-
fected mice. As expected, miR-29a and miR-29b were
significantly downregulated in T cells of wild-type mice
after BCG infection. By contrast, this regulation was ablated
in Sam68-ko mice (Fig. 5a), suggesting that Sam68 function
is required for repression of miR-29 expression during Th1
polarization. We also tested whether other miRNAs
involved in mycobacterial infection control (i.e., miR-155,
miR-125b-5p and miR-337-3p) [34] were affected. How-
ever, while miR-337-3p was not detected, the other two
miRNAs were neither modulated by BCG infection nor by
Sam68 expression under our experimental conditions
(Supplementary Figure 6a). Likewise, long noncoding
RNAs (IncRNAs) previously shown to be regulated by
Sam68 [35] were either not expressed in splenocytes (Hotair
and SR-IncRNA-2) or not significantly modulated by BCG
infection or Sam68 expression (SR-LncRNA-1 and
Mir155hg; Supplementary Figure 6b). Furthermore, we also
tested expression of Tet3, a recently described target of
miR-29b in neurons [36]. Although Tet3 expression is
slightly upregulated during BCG infection, this trend was
not significant and it was also observed in Sam68-ko cells.
Thus, the effect of Sam68 on the BCG-mediated modulation
of miR-29a/b appears specific.
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Sam68 wt and ko mice upon treatment with PBS (white bars) and BCG
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Sam68-ko splenocytes is expressed in gray. Histograms represent RT-

To investigate whether miR-29a and miR-29b are
directly regulated by Sam68 in T cells, we performed
ultraviolet light cross-link immunoprecipitation (CLIP)
experiments to covalently link RBPs to their cellular targets
in live cells [37, 38]. CLIP assays revealed that binding of
Sam68 to miR-29a and miR-29b precursors is significantly
increased in wild-type splenocytes upon BCG infection
(Fig. 5b). Notably, the low levels of binding in splenocytes
from PBS-injected wild-type mice were comparable to
those detected in Sam68-ko splenocytes, indicating that
Sam68 is specifically recruited to its target pre-miRs only
during BCG infection. These results indicate that Sam68
directly binds to miR-29a/b, or their precursors, in T cells
from infected mice, thus exerting an inhibitory role on their
expression and/or processing (Fig. 5c).
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upon BCG infection in mouse splenocytes. On the left, Sam68 inhibits
miR-29 expression during BCG infection by directly binding to miR-
29 precursors (pre-miR). This inhibition is necessary to allow the
expression of Thet and Eomes, which in turn drive Ifng transcription
and clearance of infectious BCG. On the right, in the absence of
Sam68 (Sam68-ko mice), miR-29 expression is not downregulated
upon BCG infection and, consequently, Thet, Eomes and Ifng tran-
scripts can be targeted and inhibited by miR-29, and bacteria growth is
not controlled; *p < 0.05; **p <0.01 (Student’s #-test)

Discussion

Our study uncovers a novel layer in the Th1 differentiation
program by identifying Sam68 as a key regulator of miR-29
expression. The lack of Sam68 significantly impaired IFN-y
production by Thl cells polarized from naive CD4" T cells
in the presence of IL-12, or by CD4" T cells upon in vivo
infection with BCG, a potent inducer of IL-12 production.
These results indicate that Sam68 is involved in IL-12-
mediated IFN-y induction. However, Sam68 expression did
not affect IFN-y production by unstimulated memory CD4™"
T lymphocytes and, similarly, no differences were observed
in the basal production of IFN-y by ThO, or memory T
lymphocytes obtained from PBS-injected mice. This could
be explained by the evidence that, under a basal condition,
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low production of IFN-y is provided by a default Thl-type
action that occurs independently on the IL-12 pathway,
unlike the functional Th1 response [39].

The production of IFN-y by Thl cells is regulated by the
transcription factors T-bet and Eomes. Notably, expression
of both these Thl-related transcription factors, as well as
that of IFN-y itself, are negatively regulated by miR-29
[7, 8]. Such repression is relieved upon bacterial infections
through inhibition of miR-29 expression [7]. However,
which factor(s) is involved in Thl-specific reduction of
miR-29 expression has remained unknown. Herein, we
propose Sam68 as a key player in this response. Indeed,
Sam68 was specifically recruited to miR-29a/b pre-miR
upon BCG infection and ablation of its function in vivo
abolished the reduction in miR-29a/b expression in differ-
entiating Th1 cells. Thus, our study highlights a novel role
for Sam68 in Thl-mediated immune responses and suggests
a model where binding of Sam68 to miR-29 precursors
during BCG infection interferes with their maturation, thus
lowering miR-29a/b expression levels and relieving
repression of IFN-y, T-bet and Eomes transcripts to warrant
efficient differentiation of Thl cells and control of infection
(Fig. 5¢). Interestingly, the immune response triggered by
BCG infection reveals that Sam68 regulates not only pro-
duction of IFN-y by Thl cells, but also of other pro-
inflammatory cytokines like IL-6, TNF-a, IL-2 [1, 2] as
well as factors controlling the inflammation, such as IL-10
[40]. Thus, Sam68 orchestrates the global Thl response
in vivo and this mechanism is crucial for the clearance of
infectious bacteria (Fig. 5¢). Moreover, since miR-29 was
also shown to inhibit IFN-y induction in innate immune
cells during Listeria monocytogenes infection [9], Sam68
may be more generally involved in the immune responses
against bacteria. It is also important to note that Sam68 is
directly involved in infections from enterovirus, foot-and-
mouth disease virus (FMDV) and HIV virus by promoting
their replication cycle [41-43]. Nevertheless, since the
immune response to these pathogens was not investigated,
future studies using other pathogenic agents will be required
to test this hypothesis.

MiRNAs are small, endogenous RNAs that regulate gene
expression, including genes involved in several immune
processes [44]. The expression of miRNAs is regulated at
several stages during their biogenesis, including the inter-
action with the enzymes Drosha and Dicer, responsible of
the conversion of pri-miRNA in pre-miRNA, and pre-
miRNA in mature miRNA, respectively [44, 45]. Sam68
was reported to regulate miRNA expression in male germ
cells, including miR-29b, and to interact with Drosha and
Dicer [12]. Furthermore, Sam68 was recently confirmed to
regulate miR-29b biogenesis in mouse neuroblastoma cells
[36]. Our findings now indicate that Sam68 is directly
involved in miR-29 regulation in T lymphocytes, thus
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contributing to the control of pathogenic infections. These
observations suggest a conserved function for Sam68 in the
biogenesis of this physiologically important microRNA.
Notably, lack of Sam68 was reported to strongly suppress
differentiation of neural progenitor cells that express Eomes
(i.e., also named Tbr2) during cortical neurogenesis [22].
Although the implication of miR-29 expression in this
process was not investigated, our findings suggest that
Sam68 may utilize common mechanisms, such as the miR-
29/Eomes axis, to modulate gene expression during multi-
ple cell differentiation programs. In this scenario, it will be
of interest to dissect the specific molecular mechanism by
which Sam68 regulates miR-29 expression in future studies.

Regulation of miRNA function represents a flexible
system particularly relevant for the Th cell differentiation
process, where a fine-tuned modulation of cell diversity and
plasticity is required [46]. Plasticity of Th1 cells is essential
during the immune response against intracellular bacteria
such as mycobacteria [47]. Thl cells produce high levels of
IFN-y, thus inducing a wide array of molecules that sti-
mulate macrophages [48] and activate cytotoxic properties
of CD8™ T cells until complete clearance of the pathogens
is fulfilled [49-52]. Notably, Sam68-ko mice display high
lethality soon after birth, in the absence of overt phenotypes
[17]. Thus, it is possible that such perinatal weakness results
from predisposition to infection and defective immune
responses to pathogens and future studies will be aimed at
investigating this possibility. Likewise, Sam68 could also
regulate chronic inflammation and autoimmunity, where a
persistent or uncontrolled Th1 immune response causes the
pathological state [2]. Moreover, given the broad spectrum
of diseases in which miR-29 is involved, including fibrosis
[53], HIV latency [54], leukemia [55] and multiple sclerosis
[56], fine-tuning of the Sam68/miR-29 axis may also have
implications in the immune responses during these
pathologies.

Materials and methods
Mice

C57BL/6 Sam68-ko mice were generated by replacing exon
4 and part of exon 5 with a neomycin-resistant gene cassette
as previously characterized [16]. Breeding, maintenance
and animal procedures were conducted as described in the
project authorized by Ministry of Health (protocol number
510/2017-PR), in accordance with institutional guidelines
of the Interdepartmental Service Centre—Station for Animal
Technology, University of Tor Vergata, and of the Fonda-
zione Santa Lucia, and in accordance with national and
international laws and policies (Directive 2010/63/EU of the
European Parliament and of the Council, Italian Legislative
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Decree 26/2014). Genomic DNA was isolated from the tail,
amplified by PCR (Fwd GATATGATGGATGATA
TCTGTCAG; Rev AAATCCTAACCCTCCTCAGTCAG)
and genotyped as described previously [57]. Female ani-
mals at 6-8 weeks of age were used for the experiments.

Preparation of cells

For differentiation of T helper cells, naive CD4" T cells
were sorted from the spleens of mice with high sped cell
sorter MoFlo (Coulter) for CD44 low and CD62L high
CD4" T cells; memory CD4™ T cells were sorted as CD44
high and CD62L low CD4™" T cells; cell purity was >97%.
Then, cells were cultured in Iscove's modified Dulbecco's
medium (Life Technologies), and stimulated with beads
anti-CD3/28 (Life Technologies) (ratio 2 beads/1 cell) in
the presence of polarizing cytokines as follows: IL-12
(5 ng/ml) (Miltenyi) for Thl cells; anti-IFN-y (10uy/ml)
(eBioscience), IL-4 (10ng/ml) (Miltenyi) for Th2 cells;
IL-6 (25ng/ml), tTransforming growth factor (TGF)-f
(2.5ng/ml) (Miltenyi), anti-IL-4, anti-IFN-y, anti-IL-2
(10 ug/ml) (eBioscience) for Th17 cells. After 7 days of
differentiation, T cells were washed and restimulated for 5 h
with PMA and ionomycin (both 500 ng/ml) (both from
Sigma) in the presence of Brefeldin-A (1 ug/ml) (Sigma) for
the last 4h of incubation. For analysis of Thl response
in vivo by intracellular staining, splenocytes from infected
and control mice, 28 days later, were restimulated for 5h
with PMA and ionomycin (both 500 ng/ml) (both Sigma),
purified protein derivative (PPD) (300IU/ml) (Life Tech-
nologies), or anti-CD3/28 (ratio 2 beads/1 cell) (Life
Technologies) in presence of Brefeldin-A (1ug/ml) (Sigma)
for the last 4 h of incubation. For analysis of Th1l response
in vivo by ELISA, splenocytes or total CD4 T cells sorted
by high sped cell sorter MoFlo (Coulter) were restimulated
for 5h with PMA and ionomycin (both 200 ng/ml) (both
from Sigma), or anti-CD3/28 (ratio 2 beads/1 cell) (Life
Technologies) for 24 h. Splenocytes were also restimulated
with PPD (300 IU/ml) (Life Technologies).

Flow cytometry and intracellular cytokine staining

All fluorescein-conjugated monoclonal antibodies were
from BD Pharmingen or Miltenyi. For intracellular cytokine
staining (IFN-y, IL-4, T-bet and Eomes), cells were stained
in the Foxp3 buffer kit according to the manufacture’s
instructions (eBioscience).

Real-time quantitative PCR
Total RNA was extracted by RNeasy Microkit (Qiagen). A

mix containing random hexamers, Oligo dT15m (Promega)
and SuperScript I Reverse Transcriptase (Life Technologies)

were used for complementary DNA (cDNA) synthesis.
Transcripts were quantified by real-time quantitative PCR
(RT-PCR) on an LC480 (Roche) with Applied Biosystems
predesigned TagMan Gene Expression Assays and Tagman
Gene expression Master Mix (Life Technologies). For tran-
scriptional analysis the following probes were used (identified
by Applied Biosystems assay identification number):
MmO00504390_m1(RPL34); Mm00434189_m1 (ILI2RBI);
Mm00434200_m1 (/L12RB2); Mm00599890_m1 (IFNGR1);
Mm00492626_m1 (/FNGR2); Mm00450960_m1 (7BX21);
MmO01168134_m1 (IFNG); MmO01351985_m1 (EOMES).
For each sample, mRNA abundance was normalized to the
amounts of Ribosomal Protein L-34 (RPL34).

For miRNA detection, total RNA was extracted using
Trizol (Life Technologies) according to the manufacturer’s
instructions and subjected to DNase digestion (Roche). For
miRNA expression analysis TagMan method was
employed. Briefly, 10 ng of total RNA was reverse tran-
scribed using TagMan miRNA reverse transcription kit
(Applied Biosystems, 4366596) following the manu-
facturer’s instructions. Then, 1.3 ul of each miR-specific
cDNA was submitted to PCR amplification using Tagman
universal PCR master mix II (Applied Biosystems,
4440044). The following TagMan miRNA assays were
used as probes: hsa-miR-29a (002112), hsa-miR-29b
(0004139) and U6 small nuclear RNA (snRNA; 001973).
The comparative cycle threshold (A ACt) method was used
to analyze the relative expression levels using U6 snRNA as
internal controls.

The oligonucleotides used to detect the binding of Sam68
to miR-29 precursors originated from chromosome 6 (Chr6)
and chromosome 1 (Chrl) loci were: Fw premiR29a-Chr6
accccttagaggatgactgat, Rv  premiR29a-Chr6 aaccgatttca-
gatggtget; Fw premiR29b1Chr6 ggaagctggtttcatatggtgg, Rv
premiR29b1-Chr6 agaacactgatttcaaatggtgct; Fw
premiR29b2-Chrl tggaagctggtttcacatggt, Rv premiR29b2-
Chrl aaaacactgatttcaaatggtgct.

Cytokine quantification

IFN-y in culture supernatant was quantified with an ELISA
kit (R&D Systems). Other cytokines were quantified using
the Mouse High Sensitivity

T Cell Magnetic Bead Panel (IL-2, IL-4, IL-5, IL-6, IL-10,
IL-13, IL-17, TNF-a, GM-CSF, IFN-y), and Mouse Th17
Magnetic Bead Panel (IL-21, IL-22) (Millipore), following
the manufacturer’s protocol, and analyzed by Luminex.

Bacterial culture, infection and quantification
Mycobacterium bovis BCG, Pasteur substrain (TMC1011),

was grown in Middlebrook 7H9 (Difco) broth supple-
mented with 10% albumin, dextrose and catalase (ADC),
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and 0.05% Tween-80. Bacteria were then aliquoted in
equivalent medium containing 10% glycerol and stored at
—80 °C, until use [58]. Mice were inoculated intravenously
with 5x 10° colony-forming units of BCG. At 28 days,
bacterial burden was assessed by homogenization of the
organs in 0.05% (vol/vol) Tween-80, followed by plating
serial dilutions onto Middlebrook 7H10 agar plates sup-
plemented with 10% (vol/vol) oleic acid—-OADC (Difco)
and 0.05% /(vol/vol) glycerol. Bacterial concentration was
measured after incubation of plates for 3 weeks at 37 °C and
5% CO,.

CLIP assay

CLIP assays were performed as previously described [37].
In brief, splenocytes were irradiated once with 400 mJ/cm?
in a Stratlinker 2400 at 254 nm. Cell suspension was cen-
trifuged at 4000 rpm for 3 min, and the pellet was incubated
for 10 min on ice in lysis buffer (50 mM Tris, pH 7.4, 100
mM NaCl, 1% Igepal CA-630 (Sigma-Aldrich 18896), 0.1%
SDS, 0.5% sodium deoxycholate, 0.5 mM Na3VO4, 1 mM
dithiothreitol, protease inhibitor cocktail (Sigma-Aldrich),
and RNase inhibitor (Promega)). Samples were briefly
sonicated and incubated with 10pl of 1:1000 RNase I
(Ambion, AM2295) dilution and 2ul Turbo DNase
(Ambion, AM?2238) for 3 min at 37 °C shaking at 1100 rpm,
and then centrifuged at 15,000 x g for 10 min at 4 °C. Then,
1 mg of extract was immunoprecipitated using anti-Sam68
(Santa Cruz Biotechnology, Inc.) antibody or purified IgGs
(negative control) in the presence of protein A magnetic
Dynabeads (Life Technologies). Immunoprecipitates were
incubated overnight at 4 °C under constant rotation. After
stringent washes with high salt buffer (50 mM Tris-HCl, pH
7.4, 1M NaCl, 1 mM EDTA, 1% Igepal CA-630 (Sigma
18896), 0.1% SDS, 0.5% sodium deoxycholate), beads were
equilibrated with PK buffer (100 mM Tris-HCIL, pH 7.4, 50
mM NaCl, 10 mM EDTA). An aliquot (10%) was kept as a
control of immunoprecipitation, while the rest was treated
with 50 pg proteinase K and incubated for 20 min at 37 °C
shaking at 1100 rpm. Then, 7 M urea was added to the PK
buffer and incubation was performed for further 20 min at
37°C and 1100 rpm. The solution was collected and phe-
nol/CHCIl; (Ambion, 9722) was added. After incubation for
5 min at 30 °C shaking at 1100 rpm phases were separated
by spinning for 5 min at 13,000 rpm at room temperature.
The aqueous layer was transferred into a new tube and
precipitated by addition of 0.5ul glycoblue (Ambion,
9510), 3 M sodium acetate pH 5.5 and 100% ethanol. After
mixing, the solution containing retained RNA was pre-
cipitated overnight at —20 °C. Purified RNA was reverse
transcribed by SuperScript III Reverse Transcriptase (Life
Technologies) and the obtained cDNA used for quantitative
PCR (qPCR) analysis.
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Statistics

A two-tailed Student's t-test was used for statistical com-
parison of two groups. Two-way analysis of variance
(ANOVA) was performed to analyze multiple variables.
Pearson's correlation coefficient was used to assess the
significance of correlation among IFN-y analysed by ELISA
and IFN-y analyzed by Luminex; *p <0.05, **p <0.01,
**%¥p <0.001.
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