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Children with Down Syndrome (DS) suffer from immune de ciery with a severe reduction
in switched memory B cells (MBCs) and poor response to vaccation. Chromosome 21
(HSA21) encodes two microRNAs (miRs), miR-125b, and miR-1 that regulate B-cell
responses. We studied B- and T- cell subpopulations in tonss of DS and age-matched
healthy donors (HD) and found that the germinal center (GCgaction was impaired in
DS. GC size, numbers of GC B cells and Follicular Helper T cel{Tr) expressing BCL6
cells were severely reduced. The expression of miR-155 and iR-125b was increased
in tonsillar memory B cells and miR-125b was also higher thaexpected in plasma
cells (PCs). Activation-induced cytidine deaminase (Alpjotein, a miR-155 target, was
signi cantly reduced in MBCs of DS patients. Increased expssion of miR-155 was
also observedin vitro. MiR-155 was signi cantly overexpressed in PBMCs activaté with
CpG, whereas miR-125b was constitutively higher than normaThe increase of miR-155
and its functional consequences were blocked by antagomiRs$n vitro. Our data show
that the expression of HSA21-encoded miR-155 and miR-125bgd altered in B cells of
DS individuals bothin vivo and in vitro. Because of HSA21-encoded miRs may play a
role also in DS-associated dementia and leukemia, our studguggests that antagomiRs
may represent pharmacological tools useful for the treatma of DS.
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immunode ciency
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INTRODUCTION

Down Syndrome (DS) [OMIM #190685] is the most frequent chr@omal disorder in humans,
ranging from 1/300 to 1/1000 live births, and it is caused hyirgherited extra copy of human
chromosome 21 (HSA21)1). Clinical features of DS include variable intellectualathitity, a
characteristic facial dysmorphism, cardiac, airway, arstrgatestinal anatomic anomalies, high
risk of developing type | diabetes mellitus, celiac diseasge deukemias as well as early onset
Alzheimer's diseasel{4). Life expectancy has increased signi cantly in the pastsje@uainly
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because of e ective surgical correction of cardiac malfdiomes, crucial role of HSA21-derived miRs in the regulation of aptig

increasing from 10 years in 1960 to 60—65 years nowadgys (experienced B cells. Finally, we show that by blocking mi&-15

Immune de ciency is an integral feature of DS and infection-in vitro we could partially reverse the abnormalities observed in

related mortality is still high. We and others have desatibe MBCs and PBs of DS children. Thus, miR-125b and miR-155 are

alterations in the immune response that may play a substantialysregulated in DS patients and are both crucial in coordimgat

role in the development of recurrent infections, autoimmiyni  human MBCs and PB biology.

and malignancy in DSE-8). The T-cell compartment has been

reported to be normal in DS, with the exception of the lOWMATERIALS AND METHODS

frequency of naive CB4T cells 6, 9, 10). On the other hand, all

B-cell subpopulations are reduced in DS children. In the mgmor Study Population

B cell (MBC) compartment, switched MBCs are 10-fold les$iD and DS patients were enrolled at Down Syndrome and

than controls 6, 8). Furthermore, we showed that DS children Pediatric outpatient Clinic of Bambino Gesu Children's Hogpit

respond poorly to primary immunization producing signi cantly in Rome. The diagnosis of trisomy 21 was conrmed by

less MBCs and antibodies (Abs) than their sibling3. (t is  karyotyping; patients carrying a Robertsonian translocation o

still not clear how the extra-copy of HSA21 causes the complechromosome 21 mosaicism were excluded. The study was

phenotype of DS. Bioinformatic studies have detected more thaapproved by the Ethical Committee of Bambino Gesu Children

500 genes, a high number of long non-coding RNA (IncRNA)Hospital, Rome.

and 14 microRNAs (miRs) encoded on HSA21{15). It has

been demonstrated that the presence of a third copy of HSA2PBMCs and Tonsils

does not necessarily result in overexpression of HSA21dstto Human peripheral blood mononuclear cells (PBMCs) from

genes [6), but rather in a complex dysregulation of chromatin HD and children with DS were isolated on density gradient

function. This is demonstrated by the altered expressioreoles centrifugation (Lympholyte, CEDARLANE). Samples were

that map on other chromosome&Y). miRs are small non-coding frozen in heat inactivated fetal bovine serum (FBS, Hyclone

RNAs that modulate gene expression by binding to their targetaboratories Logan UT) with 10% DMSO and stored in liquid

MRNAs, thus a ecting their stability or preventing translatio nitrogen until further use. Tonsils obtained from HD and DS

(17-19. Even though miRs constitute only 3% of the wholechildren undergoing routine tonsillectomy were processeimb i

genome, each miR has hundreds of targets, thus modulatirgingle cell suspension. Brie y, tonsillar mononuclear celisav

the expression of about 90% of all known gen2g).(During  extracted by mechanical disruption. The specimens were cut

cell development the expression of miRs is tightly regulatethto fragments and mashed through a cell strainer. Next, | col

both at the transcriptional and the post-transcriptional leve density gradient centrifugation was performed (as abovée T

Transcriptional regulation is lost when miR is translocad mononuclear cell layer was then collected and cells werelfrioz

ectopically expressed). FBS with 10% DMSO and stored in liquid nitrogen, as previously
It has been demonstrated that among HSA21-encoded miRdgscribed. At the same time, part of fresh tonsil tissue wes al

ve are overexpressed in cells and tissues of DS patiéff®f). sliced and snap frozen in liquid nitrogen for immunohistghp

Several studies have shown that miRs regulate immune furgctio

In particular, HSA21-derived miRs, miR-125b, and miR-155y pla Stimulations and Reagents

a role in the GC reaction and plasma cell (PC) di erentiation Cells were cultured at a concentration of 2.51(F cells/mL

(23 24). In DS, the overexpression of miRs seems to be a direat 96-multiwell plates (Becton Dickinson, San Jose, CA, USA)

consequence of the extra copy of HSA21 that contains the miRmsd cultured for di erent time points as described in gure

in their normal chromosomal location. Thus, transcriptidna legends. CpG-B ODN2006 (Hycult Biotech) was used atio\35

regulation is maintained in DS. concentration. Complete medium was prepared as follows:
Here, we investigated the role of HSA21-encoded miRs, miRRPMI-1640 (Gibco BRL, Life Technologies), 10% FBS, 1% L-

125b and miR-155, in the peripheral development and functiorGlutammine (Gibco BRL); 1% Antibiotics/Antimicotics (Gilbc

of B cells of children with trisomy 21. We show that HSA21-BRL), 1% sodium pyruvate (Gibco BRL).

derived miRs are overexpressed in B cells isolated from lynaphoi

tissues and peripheral blood of DS patients. The upregulation dAntagomiR Treatment

miR-125b and miR-155 is mostly evident in MBCs, activated Byophilized  antagomiRs  were  custom  synthesized

cells, and plasma blasts (PBs)/PCs of DS patients, highdgtite  according to Krutzfeldt et al. 25 (ThermoFisher)

(Supplementary Figure S1B Cells were washed twice in
PBS, resuspended in serum-free medium, pre-incubated for 2 h

Abbreviations: Ab, antibody; AICDA/AID, Activation Induced Cytidine &t 37 C and supplemented with antagomiRs at a concentration

Deaminase; BCL6, B cell CLL/lymphoma 6; CSR, Class Switch Recoimbjnat Of 2mM (26). Cells were subsequently stimulated with CpG,

DS, Down Syndrome; GC, Germinal Center; HD, Healthy Donor; HSA21, Humaras previously described, for seven days. The proportions of B

glhmmOSB‘IJmf ilémgcé M?TOWIBBFG"J :A”iR' miCRORNé? :IDA;S' E;”‘ired ng I??Efﬁells and PCs were evaluated by ow cytometry. In paralledyaf

Foelllsi:L]J?ar sZI'perT célls?rgJRgrl\e/lllchlj_?MP-tl’?(;’??ufjgamraineéontayinine;STe\l/Wtﬁcy I vitro stimulation with CpG, cells were h?‘rveSted and,wtal

nger domain/ B Lymphocyte-Induced Maturation Protein 1; scramble; SHM, RNA was extracted. By qPCR the expression level of silenced

Somatic Hypermutation; Spil/PU.1, Spi-1 proto-oncogene. miRs was evaluated in comparison with scr-treated cells. Brie y,
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we calculated the relative level of miR expression in cadstéd  within the follicles and the cellular density (number of CP4
with antagomiRs. Then, miR levels were expressed as percentdgeells/GC area) was calculated for each section. Images wer
of the scr-treated cells. In all experiments, the normalizacl acquired with a Leica SP8X microscope.

of miR in antagomiR-treated cells was roughly 10% of thelleve o .

of the same miR in scr-treated cells. We calculated the peafen Statistical Analysis

silencing by the following formula: scr-antagomiR treatasdls. Data are presented as meaBEM or median as described
In our experiments, therefore the e ciency of silencing aebed in gure legends. Statistical analysis was performed usirg th

was 100-10% 90%. Prism software (GraphPad Prism 5, La Jolla, CA) and unpaired
Student'd-test or One-way ANOVA Kruskal-Wallis test followed
Flow Cytometry by Dunn's Multiple comparison test were used as described in

PBMCs and tonsil cells were stained with uorochrome- gure legends. Data were considered statistically signitaginen
conjugated Abs according to the standard operating procedurp< 0.05.

(seeSupplementary Figure S1Aor a complete list of Abs). B

cell subsets were identi ed according to previous repois-( RESULTS

29). The Cyto x/Cytoperm kit (BD Biosciences) was used for . .
intracellular staining of BLIMP-1, AID, and BCL6 according t GCs and MBCs Were Decreased in Tonsils

the manufacturer's recommendations. Dead cells were dedu of DS Patients

from analysis by side/forward scatter gating. At least @00, We collected tonsils from DS children and age-matched HD
gated events on living cells were analyzed, whenever padsible and analyzed the distribution of B-cell subpopulations in the
each sample. Samples were acquired on a BD Fortessa X-20 (B groups. B cells were gated as CBi1&nd then divided

Biosciences). into subpopulations according to the surface expression of
. CD38 and IgD following the Bm classi catior2{) (Figure 1A).
Cell Sorting The frequency of total B cells was similar between HD

Tonsil cells were washed and stained with uorochrome-znd DS children. Naive B cells (Bm1-2, CD3§DC) were
conjugated Abs. Tonsillar B-cell and T-cell subpopulationssigni cantly increased in DS patients as compared to controls
were sorted Kigures S2A,B. Sorting was performed using the \BCs (Bm5, CD38IgD CD27°) were instead signi cantly
FACSAria™ Il cell sorter (BD Biosciences). Post-sort purity wasyeduced in DS. When we separately analyzed IgM and switched
controlled for each sample and was higher than 98%. MBCs, we found that switched MBCs were signi cantly less
. . in DS tonsils Supplementary Figure S3/\ thus con rming
RNA E_XtraCtlon and Real-Time PCR previous observations in the peripheral bloofl, §). GC B
Analysis cells (Bm3-4, CD38IgD ) were signi cantly reduced in DS
Activated PBMCs from cultures and mononuclear cells fromchildren to about half of the normal numbers. The relative
tonsils were lysed with Trizol (Triz8l Reagent, Applied proportions of centroblasts (CXCRA4CDS86 ) and centrocytes
Biosystem) and RNA was extracted according to manufacture{CXCR4 CD86°) (31, 32 were maintained. PCs identi ed
instructions. Total RNA was retro-transcribed to cDNA either as CD38CIgD (Figures 1A,B or CD3&CCD27C¢
using SuperScript Il Reverse Transcriptase (Invitrogen). (Supplementary Figure S3Bwere comparable between the two
For miRs, RNA was retro-transcribed to cDNA using Tag-groups. In order to further characterize the reduction in GC B
Man MicroRNA Reverse Transcription Kit according to cells observed in DS children, we stained tonsil B cells fdr®8C
manufacturer's instructions. Quantitative PCR (qPCR) was transcription factor that acts as master regulator of the GC
performed using the 7900 HT Fast Real Time PCR System amdsponse §3-35. BCL6 expression is tightly regulated during
commercial Tag-Man probé¥ (Supplementary Figure S1B  B-cell di erentiation and is restricted to the GC where SHM
Gene expression was normalized to ACBHINr GAPDH and  and CSR occurs3g, 37). We found that GC B cells, expressing
miRs expression was normalized to U6. Data are expressed BEL6 (identied as CD38IgD BCLE") were signi cantly
arbitrary units (AU) determined by using the 2 method, reduced in DS patients compared to controlEigure 10).

according to literature0). Thus, GC B cells, as well as MBCs, were reduced in DS
. . tonsils, whereas the frequency of PCs was similar in patients

Immunohistochemistry and and HD. The low frequency of GC B cells detected by ow

Immuno uorescence cytometry could be explained either by a reduction in the

Five micrometers tonsil sections were stained with Hemgiox number or size of GCs in DS patients. In order to clarify
and Eosin. Images were acquired with a Leica DMi8 microscopéhis important point, we identied B cell follicles and GCs
The whole section was reconstructed and a representativge argy staining tonsil sections for IgM and IgD and analyzing
(13.97 mn?) was used for analysis. For each patient and HOthem by confocal microscopyFi{gure 1D) and H&E staining
the number of GCs was counted and their area was calculate(Supplementary Figure S§ Both in HD and in DS, we counted
The analysis was performed with the NIS-elements BR Imaginpe number and calculated the area of GCs. Although the
Software version 4.50. For immuno uorescence studiesigec number of GCs was the same in HD and DS patients, their
from HD and DS were stained with uorochrome-conjugated size was signi cantly smaller in DS patients than in controls
Abs against CD4, IgM, and IgD. CI84T cells were counted (Figure 1B. Thus, in the tonsils of DS children, GCs were small,
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containing fewer BCL% B cells, MBCs were reduced in number, HD and DS patients were noted. PRDM1 was highly expressed
whereas frequency of PCs was comparable between the tiwpoPCs of both HD and DS patients. The mRNA for BCL6 was

groups. upregulated in GC B cells in HD and DS childreRigure 30).

As expected, PAX5 was mostly expressed in naive and MBCs,
Ten Cells Are Reduced in Both Tonsils and with no signi cant di erences between HD and DS patients.
Peripheral Blood of DS Patients miRs regulate protein expression by two di erent mechanisms:

Inside the GC, Fu cells are responsible for the selectioni”ducmg the degradation of mMRNA and mainly inhibiting the
of B cell clones bearing high anity receptors, favoring franslation processig 19. By ow cytometry we showed
isotype switching and di erentiation into MBCs and PCs. In that the expression of AID, the protein encoded by AICDA,
human tissues, bona de fy cells were identied as CO3  Was comparable in the GC of both HD and DS children, but
CD4°CD45RE CD45RA CXCRECBCLE (38 39. Memory ~ Was signi cantly Iower_in MBCs of DS _patients, r_nirroring the
T cells expressing modest amounts of CXCR5 and lacking/gher expression of miR-155 observed in these deiggife 3D).
BCL6 (CD¥ CD4CCD45RC CD45RA CXCRE BCL6 ) were LIMP-1 was equally expressed in tonsil-resident PCs Qf HD
considered Fy precursors, locating mainly outside the G@y. ~ @nd DS Figure 3B. Finally, we also analyzed the expression of
In tonsils, the frequency of Ay precursors was comparable miRs in sorted T-cell sub_populatlons. In tonsils of HD_, miR-
between DS and HDRigure 2A), whereas the frequency o} 155 was _dovynregulated in CD45R0T cells, whereas_ it was
cells was signi cantly reduced in DS tonsiEigure 2B,Q. Ten- equqlly high in naive and.memory T cells of DS children. In
like cells have been also described in peripheral blagi41). — tonsils, CD45R6 T cells included all # cells Figure 3F).
We found that in peripheral blood of DS patientsgFlike ~ Our results show that the expression of miR-155 and miR-
cells were also reducedigure 2A,0). Next, we studied the 125b |s_altered m_tonsnlar B cells of I_DS_panents: miR-155 was
localization of T cells within lymphoid tissues of DS patientsSlightly increased in GC B cells and signi cantly over-expegs
and HD. Sections of tonsils were stained with Abs against CDW MBCS, whereas expression of miR-125b was increased in
and IgM in order to visualize T and B cells and their reciprocalPCs of DS children. Furthermore, miR-155 is downregulared i
localization Figure 2D). The number of CD% T cells within Mmemory T cells, but remained high in memory T cells of DS
the GCs (expressed as number of cells divided by the area gfildren.

GCs to correct for the dierences in the areas of GCs) were

reduced in tonsils of DS children in comparison to those of ; ; :

HD (Figure 2B. In conclusion, we found that in the tonsils of HSAZ:L_Denved miRs Wer.e Dysregmated n

DS children Ty cells are reduced as shown by the decreagd! vitro PBMCs of DS Patients

of both CXCRSCBCLE T cells and CD% T cells within the 10 further investigate whether miRs encoded by HSA21
GCs. Our results suggest that the number gf;Tcells, with a Were dierently expressed in DS and HD, we studied
crucial role in sustaining a correct GC response, is reducds  the basal expression levels of mature miR-155 and miR-

patients. 125b in PBMCs from HD and DS patients. We found
that the expression of miR-155 was signicantly higher
Expression of Chromosome 21-Derived in DS PBMCs whereas the expression of mature miR-

. . . 125b was not signicantly dierent between the two
miRs Was Increased in Tonsillar B-Cell groups Figure 4A). The expression levels of miR-let7c

Subpopulations of DS Patients and Affects and miR-99a were also comparable between DS and HD

the Expression of AID and BLIMP-1 (Supplementary Figure S5)

HSA21 encodes miR-125b and miR-155, both important for B- The function of B cells can be studiéul vitro by activation

cell biology. The miR-125b locus is in the subcentromergiogr ~ with CpG, a synthetic oligonucleotide that binds to TLRO.
of the long arm of HSA21. Two additional miRs, let7c andWhereas naive B cells show increased survival in response to
99a are included in the same cluster with 125b. Instead, miREpG, MBCs proliferate, and di erentiate into PB4 43). We

155 is located on a separate locu8,9 Mb downstream, toward have previously shown that the number of MBCs is severely
the telomeric region (] strand, $-3° direction) (Figure 3A).  reduced in the peripheral blood of DS children. In response
Both miR-155 and miR-125b play an important role in theto CpG, however, MBCs of DS individuals proliferate at a
control of the GC reaction. In order to investigate whetherhigher rate than the cells from HD and generate a number
the expression of miRs was altered in the GC, we sorted B PCs that is higher than expected).(In order to evaluate
cell populations from tonsils of HD and DS children (naivethe expression of miR-155 and miR-125b and their main
B cells, GC B cells, MBCs, and PCs, according to the gatirigrget genes at both the mRNA and protein level, we studied
strategy shown inSupplementary Figure S2A By qPCR, we the B cell response afteén vitro activation with CpG. miR-
evaluated the expression levels of the two miRs of interest arib5 has been shown to increase in isolated CDt@iman
their target genes PRDM1 and AICDA, as well as BCL6 an8 cells stimulated with CpG in patients with rheumatoid
PAX5. We found that in DS patients the expression of miR-arthritis (44). We were unable to purify su cient numbers of
155 was signi cantly higher in MBCs. The expression of miRB cells from DS children and for this reason we stimulated
125b was increased in both MBCs and PEig(re 3B). AICDA  total PBMCs with CpG. The kinetics of miR-155 and AICDA
mRNA was expressed in GC B cells, but no di erences betweezxpression are shown ifrigure 4B. We show that miR-155
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FIGURE 1 | B cell populations and GCs in tonsils(A-C) Flow cytometry analysis of B-cell subsets in tonsils stairewith appropriate Abs. (A) Plots show the
distribution and frequency of B-cell subsets in tonsils of aepresentative HD and DS (B) Frequency of total B cells (expressed as percentage of lymmitytes), naive,
memory, plasma cells, GC (all expressed as percentage of Cf), DZ, and LZ (all expressed as percentage of GCs) of HDs D 17, except DZ and LZn D 8) and
DS patients (i D 5, except DZ and LZn D 3) is shown. (C) Representative plots and graph shows frequency of BCL8 GC B cells in tonsils (HDh D 3; DSn D 4).
Each dot represents a different HD or DS and black lines repsent mean (D) Analysis of GC B cells in tonsils stained with IgM and IgD by immme uorescence (IF).
Images are 20X, scale bar 100rm. (E) Bars show mean SEM number (left) and area (mﬁ]) (right) of GCs that were calculated on sections stained iitH&E in HD
(n D 3) and DS patients f D 3). Data are representative of three independent experimén Differences between groups determined by unpaired Stuent's t-test

(*p D 0.05, **p D 0.01, ***p D 0.001).

Frontiers in Immunology | www.frontiersin.org 5 November 2018 | Volume 9 | Article 2683


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Farroni et al. miR-155 and miR-125b in Down Syndrome

FIGURE 2 | Tgy cells in tonsils and peripheral blood(A) Plots show percentage of CD3CD8 CD45RA CD45ROFCXCR5® and CXCR5C in PBMCs and tonsils
of a representative HD and DS patients(B) Plots show percentage of CD¥ CD4C CD45RA CXCRS5°CBCL6C cells in tonsils of a representative HD and DS
patients. (C) Graphs show percentage of total CD¥ T cells in PBMCs and tonsils, CXCRS Tgp-like cells in PBMCs and CXCR5C BCL6C Tgy cells in tonsils of a
representative HD and DS patients. Each dot represents a didrent HD or DS, black lines represent mean (peripheral bldoHD n D 11, DS n D 12; tonsils: HDn D 4,
DSn D 4).(D) IF analysis of tonsils from HD and DS using anti-CD4 and antifiy Abs to identify T cells within the GC. Dashed line mark the G@rea. Images are
20X, scale bar 75mm. (E) Bars show mean SEM cellular density of CD# within each GC (HDn D 3, DS n D 3). Differences between groups determined by unpaired
Students t-test (*p D 0.05).
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FIGURE 3 | The expression of miRs in sorted tonsillar B cell{A) Schematic Figure showing HSA21 and loci of miRs on the long ar of HSA21. (B) Bars show
mean SEM expression of miR-155 and miR-125b in sorted tonsillar 8ell populations (HDn D 4; DS n D 4). (C) Bars show mean mRNA expression SEM of
AICDA, PRDM1, PAX5, BCL6 in sorted tonsillar B-cell populatis (HDn D 4; DS n D 4). (D) Graphs and histograms show ow cytometry analysis of AID exprgsion
in GCs and MBCs (HDn D 8; DS n D 3). (E) Graph and histogram show ow cytometry analysis of BLIMP-1 expession in PCs (HDn D 10; DS n D 3). Each dot
represents a different HD or DS and black lines represent mee(F) Bars show mean SEM expression of miR-125b and miR-155 expression in sorte€D4C naive
and memory T cells (HDn D 3; DS n D 3). Differences between groups determined by unpaired Stueht's t-test (*p D 0.05, **p D 0.01). In(F) one-way ANOVA
Kruskal-Wallis test followed by Dunn's Multiple compariso test was performed (p < 0.05).

was induced by CpG in both HD and DS individuals startingpattern of miR-125 although let7c is present in very small
from day 1 and was downregulated at day 3. In PBMCs odmounts Supplementary Figure S5B Stimulation with CpG

DS children miR-155 was signi cantly more expressed tharsigni cantly upregulated the mRNA expression levels of AICDA
in the controls at all-time points and remained signi cantly and PRDM1 in HD, whereas in DS children both AICDA and
higher after 5 days of stimulation, when it had returned toPRDM1 were expressed to a lesser extent compared to controls,
baseline in HD. miR-125b was signi cantly higher in DS, botheven though this di erence was not statistically signi cant

in unstimulated and stimulated cellsFigure 40. We also (Figure 40). Despite the factthat MBCs of DS children e ectively
studied the expression of miR-let7c and miR-99a as they awd erentiate in vitro (6), the frequency of PBs (identied as

in cluster with miR-125b. Their expression followed the samé&D27C CD38°CC) (43) was signi cantly lower in DS patients.
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FIGURE 4 | miRs expression in untreated cells and iin vitro activated PBMCs. (A) Bars show mean expression SEM of miR-125b and miR-155 in untreated PBMCs
from HD (1 D 11) and DS children § D 10). (B) Graphs show the mean expression SEM of mMRNA of miR-155 and AICDA in DS and HD at different time jaats (HD
nD 6, DSn D 5). (C) Bars show mean expression SEM of miR-125b and miR-155 in PBMCs stimulated with CpG for ®lays (HDn D 8; DS n D 4 pools, each pool
is composed of 5 children) and mean expression SEM of mRNA of AICDA and PRDM1 in PBMCs stimulated with CpG for &ays (HDn D 8; DS n D 4 pools, each

pool is composed of 5 children).(D) PBMCs were stimulated for 5 days with CpG and frequency of CDZCC CD38CC plasma blasts was evaluated. Left panel shows
representative ow cytometry plots of plasma blasts of a HD ad a DS patient. Right panel shows frequency of plasma blastsral plasma blasts BLIMP-1 expression
after 5 days of culture with CpG (HDh D 9, DS n D 10). Differences between groups determined by unpaired Stient's t-test (*p < 0.05; **p < 0.01; ***p < 0.001).

In in vitro derived PBs, the expression level of BLIMP-1, detectetn vitro Silencing of miR-155 and miR-125b

by ow cytometry, was signi cantly reduced in DS children Affected PC Formation Both in HD and DS

(Figure 4D). Thus, afterin vitro activation, B cells of DS Both miR-155 and miR-125b are involved in the GC reaction
expressed higher amounts of miR-155 and miR-125b that coulghd PC formation: upregulation of miR-155 can cause premature
explain a dysregulated expression of their target proteins#i®  pc formation by repressing PU.1 and PAX(44, 45). miR-
BLIMP-1. 155 directly regulates AID4, 47). miR-125b regulates IRF4
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FIGURE 5 | Silencing of mature miRs in activated peripheral blood B cislwith CpG. (A) PBMCs were treated with antagomiR and activated with CpG foseven days.
Graphs show the ef ciency of miR-125b and miR-155 silencingn HD (1 D 4) and DS D 4) evaluated by qPCR, and expressed as percentage of silengy compared
to the scr control. (B) After seven days, plasma blasts differentiation was assessl by ow cytometry through the surface upregulation of CD27 ad CD38. Plots of a
representative HD and DS patient is shown. Bars indicate meafrequency SEM of plasma blasts for HD1f D 14) and DS ( D 15). (C) Bars show mean SEM mRNA
levels of AICDA inin vitro stimulated cells after silencing of miR-155 (right); grapshows MFI levels of AID protein expression evaluated by ow cgmetry afterin vitro
silencing of miR-155, each dot represents a different HD or B, black lines represent mean(D) Bars show mean SEM mRNA levels of PRDML1 irn vitro stimulated
cells after silencing of miR-155 (right); graph shows MFIvels of BLIMP-1 protein expression evaluated by ow cytometryafter in vitro silencing of miR-155, each dot
represents a different HD or DS, black lines represent mearCulture conditions are indicated in gure legend. Differenes between groups determined by unpaired
Student's t-test in A (*p < 0.01; ***p < 0.001). One-way ANOVA Kruskal-Wallis test followed by DursMultiple comparison test was performed in(B) (*p < 0.05;
**p < 0.001).
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and BLIMP-1 expression@ 49). In order to verify the function cells. The expression of miR-155 was slightly increased in GC
of miR-155 and miR-125b in PC formation, we silenced theB cells of DS children and was signi cantly higher in tonsil
mature miRs with antagomiRs in PBMCs of DS and HD, andVBCs (igure 3); miR-125b was signi cantly increased in both
stimulated them with CpG. After seven days, cells were h&gtdes MBCs and PCs. In MBCs of DS children, AID protein was
and stained with appropriate combination of Abs to analyseeduced. In T cells miR-155 was overexpressed at the memory
the di erentiation of PBs by ow cytometry. The e ciency of T cell stage. The small increase in miR-155 and miR-125b in
silencing was evaluated by gPCR: we observed around 90#e GC B cells may be sucient to impair the ne balance
downregulation in the expression of each miR compared tondispensable for the complex events occurring during the
their scramble (scr) antagomiR in both HD and DSdure 5A,  immune response.
see section Materials and Methods for details). After treattn GC B cells are a very fragile population prone to apoptosis
with antagomiR-155, di erentiation into PBs was signi cayit and di cult to manipulate. Thus, we studied miR expression
reduced both in HD and DSKigure 5B). Inhibition of miR-125b  and functions during B-cell activation in a more stable eyst
did not seem to a ect PB di erentiation Kigure 5B). We also using peripheral blood B cells stimulated with Cp® vitro.
studied the e ect of silencing on AICDA and AID. Although Both miR-155 and miR-125b were increased in B cells of DS
at the mRNA level there were no dierences between scchildren. MBCs proliferated and di erentiated in culture. The
and antagomiR-155-treated cells, AID protein was signittan frequency of PB generatemh vitro was lower in DS than
upregulated in DS patients after treatment with antagomiRin the controls probably because of the reduced number of
155 Figure 50). BLIMP-1 was, instead, not in uenced by the MBCs in the PBMCsKigure 4andSupplementary Figure S5
treatment neither in DS nor in HDFigure 5D). Thus, inhibition  Interestingly, PB generateth vitro expressed reduced levels
of miR-155 reduces B cell terminal di erentiatiom vitro as  of BLIMP-1, a phenomenon that could re ect the function of
demonstrated by the reduced numbers of PCs obtained imiR-125b.
cultures containing the miR-155 antagomiR. The inhibitioh o  In order to con rm the functions of miR-155 and miR-125b
miR-125b did not impair the generation of P@svitro. in B cells, we inhibited their activity in culture with antagiiRs

(25 26). We observed that the inhibition of miR-155 reduced

the number of PCs generated vitro in both HD and DS,
DISCUSSION whereas miR-125b inhibition had no measurable e ects on PC

di erentiation.
DS is caused by an extra-copy of HSA21 resulting in a complex miR-155 controls PB formation through the PU.1-PAX5 axis
dysregulation of genes not only encoded on HSA21 but also of?4, 44, 55. PU.1 maintains the levels of PAX5, which in turn
other chromosomesl(l). DS individuals su er from recurrent controls B-cell identity and prevents terminal di erentiati
infections of the respiratory tract and gut and respond poorlyinto PCs. If PU.1 is downregulated by miR-155, PAX5 levels
to vaccinations ). Furthermore, they are at high risk of decrease and the PC program is then implemented by the
developing autoimmune disorders as well as malignaricy (  upregulation of BLIMP-144, 54). This mechanism might explain
52). In normal individuals, MBCs, generated by the immunewhy the few MBCs of DS children show an increased propensity
response to pathogens or vaccines, prevent re-infections. We become PBn vitro (6). Accordingly, miR-155 antagomiR
have shown previously that DS children have a reduced numbeeduces the frequency of PBs generatedvitro (Figure5).
of MBCs, especially of switched MBQa.vitro, MBCs of DS AntagomiR to miR-125b did not change the number of PBs
children show an increased ability to dierentiate into PBsgenerated by CpG. It has been recently shown that BLIMP-
(6). The recent discovery of miRs has added a new level df plays a role in the establishment of the PC transcriptome
complexity to the study of gene regulation. Each miR can r@gul (56), but “once established plasma cell identity is maintained
the expression of hundreds of target genes, thus in uencingndependently of BLIMP-1". BLIMP-1 is, however, involved in
several di erent pathways and biological processe}. HSA21 the unfolded protein response allowing secretion and sutviva
encodes 14 miRs, two of which, miR-155 and miR-125b, play aof long-lived PCs. The reduced capacity of DS children to
important role in the immune responsel{, 24, 54) and their maintain the level of speci ¢ antibodies after immunizati¢s)
expression has been found increased in cells of DS individual®ay indicate a reduced number or function of long-lived PCs,
We studied the expression of miR-155 and miR-125b in Bout further experiments are necessary to determine whether
cells of DS patients and HD in order to evaluate whether theéhe increase of miR-125b aects BLIMP-1 and PC longevity
immunode ciency associated with DS may be a disorder causdd vivo.
by miRs. A similar mechanism may explain the reduction ofiJ cells

First, we analyzed the GCs where switched MBCs ar@ DS. Recently it has been shown that miR-155 reduces the

generated. We show that switched MBCs are signi cantlynumber of BCL6 positive macrophages in atherosclerotic plaques
reduced in tonsils of DS children. GCs were present in normal57). One interesting possibility is that ingl cells, similar to
numbers, but GCs of DS children were signi cantly smallerB cells, the reduction of BCL6 leads to a premature increase
than those of HD. GC B cells andg cells, were also of BLIMP-1 thus inhibiting Tey cells di erentiation or survival
signi cantly diminished in DS compared to HD and the GCs (58). Our hypothesis is that the increased levels of miR-155
contained less B cells and lesgqTcells Figures 12). We then and miR-125b alter B- and probably T-cell functions at multiple
evaluated the expression of miR-155 and miR-125b in sortelévels in DS.
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