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ABSTRACT

Human leukocyte antigen (HLA)-G is a non-classical HLA class I molecule with known immune-modulatory func-
tions. Our group identified a subset of human dendritic cells, named DC-10, that induce adaptive interleukin-10-
producing T regulatory type 1 (Trl) cells via the interleukin-10-dependent HLA-G/ILT4 pathway. In this study we
aimed at defining the role of HLA-G in DC-10-mediated Trl cell differentiation. We analyzed phenotype, func-
tions, and genetic variations in the 3" untranslated region of the HLA-G locus of in vitro-differentiated DC-10 from
67 healthy donors. We showed that HLA-G expression on DC-10 is donor-dependent. Functional studies demon-
strated that DC-10, independently of HLA-G expression, secrete interleukin-10 and negligible levels of interleukin-
12. Interestingly, DC-10 with high HLA-G promote allo-specific anergic T cells that contain a significantly higher
frequency of Trl cells, defined as interleukin-10-producing (P=0.0121) or CD49b"LAG-3* (P=0.0031) T cells, com-
pared to DC-10 with low HLA-G. We found that the HLA-G expression on DC-10 is genetically imprinted, being
associated with specific variations in the 3’ untranslated region of the gene, and it may be finely tuned by
microRNA-mediated post-transcriptional regulation. These data highlight the important role of HLA-G in boosting
DC-10 tolerogenic activity and confirm that interleukin-10 production by DC-10 is necessary but not sufficient to
promote Trl cells at high frequency. These new insights into the role of HLA-G in DC-10-mediated induction of
Tr1 cells provide additional information for clinical use in Tr1- or DC-10-based cell therapy approaches.

Introduction

Human leukocyte antigen (HLA)-G is a non-classical HLA
class I molecule originally identified and characterized in tro-
phoblasts where it confers protection to the semi-allogeneic
fetus from the maternal immune system."” More recently, it
has become evident that HLA-G plays a role in promoting
and maintaining tolerance in autoimmunity and organ trans-
plantation, and immune escape in cancer and infectious dis-
eases. HLA-G is characterized by a relatively low allelic poly-
morphism and a highly restricted tissue distribution in com-
parison with classical HLA class I molecules. In healthy con-
ditions, in addition to trophoblasts, HLA-G expression is
restricted to amniotic cells, adult thymic medulla, erythro-
blasts, cornea, pancreatic islets, and endothelial and stem
cells.* By alternative splicing of a single mRNA transcript,
seven different HLA-G isoforms, four membrane-bound
(HLA-G1, -G2, -G3, and -G4) and three soluble (HLA-GS5, -
G6, and -G7) can be generated.*” Matrix metalloproteinases
are responsible for the proteolytic cleavage of HLA-G1 from
the membrane, and the release of shed HLA-G1.° Thus far,
the best-characterized isoforms are HLA-G1, the most stable
membrane-bound isoform, HLA-GS5, and shed HLA-G1.

Several polymorphisms in both the promoter and the 3’
untranslated region (UTR) of the HLA-G gene can influence

its expression.” The best-characterized polymorphism in the
3’UTR is the insertion/deletion (Ins/Del) of 14 base pairs (bp),
which  has been respectively associated  with
decreased/increased mRNA stability.*" The +3142 G/C single
nucleotide polymorphism has also been suggested to control
HLA-G expression, since the presence of G may increase the
affinity of mRNA for the microRNA (miR)-148a, miR-148b
and, miR-152.""" Additional less studied single nucleotide
polymorphisms are present in the 3’"UTR at positions +3001
T/C, +3003 T/C, +3010 G/C, +3027 C/A, +3035 C/T, and
+3196 C/G,” which are potential miRNA-binding sites, and
thus may regulate HLA-G expression,* and +3187 A/G locat-
ed in the proximity of an AU-rich motif, which affects mRNA
stability.” These polymorphisms cluster in at least 15 differ-
ent haplotypes identified in Brazilian populations,** and a
number of less frequent haplotypes found in other popula-
tions."”*

The functions of HLA-G are oriented towards immune inhi-
bition and induction of tolerance. Through direct binding to
the inhibitory receptors Immunoglobulin-Like-Transcript
(ILT)2 and ILT4, and Killer cell Immunoglobulin-Like Receptor
(KIR)2DL4,” HLA-G mediates short-term inhibition of natural
killer (NK) cells,” cytotoxic T-lymphocytes,” B cells,” and den-
dritic cells (DC)** and long-term induction of regulatory cells
including HLA-G-expressing T regulatory (Treg) cells,” CD4*¥
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and CD8" suppressor T cells,” interleukin-10 (IL-10)-pro-
ducing T regulatory type 1 (Tr1) cells,” and DC-10.”

DC-10 are a subset of human tolerogenic DC that are
present in vivo”” and can be differentiated in vitro by cul-
turing monocytes in the presence of IL-10. DC-10 secrete
IL-10, are CD11c", express CD14, CD16, HLA-G and ILT4
and, although not activated, display a mature phenotype,
being CD86" and HLA-DR". The secretion of IL-10 and the
expression of membrane-bound HLA-G and ILT4 are crit-
ical factors involved in DC-10-mediated induction of Trl
cells.” In the present study, we investigated the role of
HLA-G in DC-10-mediated Trl cell induction and
whether polymorphisms present at the 3'UTR of the gene
influence the expression of membrane-bound HLA-G on
DC-10.

Methods

The methods are described in full in the Online Supplementary
Appendix. Peripheral blood was obtained after informed consent in
accordance with the Declaration of Helsinki under protocols
approved by the ethical committee of the San Raffaele Telethon
Institute for Gene Therapy.

Dendritic cell differentiation

CD14" monocytes were isolated from peripheral blood
mononuclear cells by positive selection using CD14 MicroBeads
(Miltenyi Biotech, Germany) according to the manufacturer’s
instructions. Cells were cultured in RPMI 1640 (Lonza, Italy) sup-
plemented with 10% fetal bovine serum (FBS) (Lonza, Italy) or
with 5% human serum (HS) (EuroClone, Italy), 100 U/mL peni-
cillin/streptomycin (Lonza, Italy), 2 mM L-glutamine (Lonza,
Italy), (DC medium) at 37°C in the presence of 10 ng/mL recom-
binant human (th)IL-4 (R&D Systems, Minneapolis MN, USA)
and 100 ng/mL thGM-CSF (Genzyme, Seattle, WA, USA) with 10
ng/mL of rhIL-10 (BD, Bioscience, CA, USA) for 7 days to differ-
entiate DC-10. Cells cultured with rhIL-4 and thGM-CSF on day
5 were matured with 1 ug/mL of lipopolysaccharide (Sigma, CA,
USA) for 2 more days to generate mature dendritic cells (mDC). At
day 7, DC were collected, phenotypically analyzed, and used to
stimulate T cells.

Statistical analysis

Sample mean results were compared using the non-parametric
Mann-Whitney U test for continuous variables. HLA-G 3'UTR
allele and genotype frequencies were obtained by direct count-
ing. Allele and genotype frequencies between populations were
compared using the y’ test. The correlation between membrane-
bound HLA-G and ILT4 expression was determined using the
Spearman correlation test. DC-10™ and DC-10" were compared
using a paired t-test. All results are presented as mean values +
standard error of mean (SEM). Differences were regarded as sta-
tistically significant at *P<0.05, **P<0.01, and ***P<0.001. The
results were analyzed using GraphPad Prism 5.0 (GraphPad
Software, Inc. La Jolla, CA, USA).

Results

In vitro differentiated DC-10 express variable levels
of membrane-bound HLA-G

Independently of the donor, DC-10 differentiated in vitro
as described in the Methods section were

CD11c¢'CD14'CD1aCD86'HLA-DR" (Figure 1A,B). High
variability in the expression of membrane-bound HLA-G
(ranging from 3.5% to 97.7%) and of ILT4 (ranging from
0.5% to 70.7 %; Figure 1A,B) was observed. Notably, ILT4
expression correlated with that of HLA-G (R’=0.46,
P<0.0001). mDC differentiated from the same donors of
DC-10 were CD11c¢'CD1a*CD14CD86™#* and did not
express HLA-G (<3%) (Figure 1C). Based on the expres-
sion of HLA-G, DC-10 were classified as HLA-G"¢* and
HLA-G"" when the percentage of HLA-G-expressing cells
was higher or lower than 38%, respectively. This thresh-
old value was determined as <95% of the confidence
interval of the mean of HLA-G-expressing cells among all
DC-10 tested.

HLA-G" and HLA-G* DC-10 spontaneously secreted
IL-10 at comparable levels, and negligible levels of IL-12
and tumor necrosis factor-a (Figure 1D). Upon stimulation
with lipopolysaccharide and interferon-y, the release of IL-
10, but not of IL-12, by DC-10 increased, and no differ-
ences were observed between HLA-G™* and HLA-G**
DC-10. Activated HLA-G"* and HLA-G** DC-10 secreted
comparable amounts of tumor necrosis factor-o (Figure
1D). As expected, mDC differentiated in vitro from the
same donors from whom DC-10 were generated, secreted
high levels of IL-12, and limited amounts of tumor necro-
sis factor-a, and of IL-10 at steady state and upon activa-
tion (Figure 1D).

To investigate whether the expression of HLA-G by
DC-10 was influenced by the culture conditions used for
their differentiation (i.e. the presence of FBS), we com-
pared the phenotype and cytokine production profile of
DC-10 generated in media supplemented with FBS (DC-
10™%) or HS (DC-10"). DC-10, independently of the media
used, were CD14'CD1aCD86'HLADR" and expressed
HLA-G and ILT4 at variable levels (Figure 2A). DC-10"
and DC-10" produced high levels of IL-10 and low
amounts of IL-12 spontaneously and tumor necrosis fac-
tor-a upon stimulation (Figure 2B). The culture conditions
used for DC-10 generation do not affect the phenotype of
differentiated DC.

Overall, DC-10 generated from different donors are
mature CD14* cells, with a high IL-10/IL-12 ratio, and
express variable levels of membrane-bound HLA-G and
ILT4.

DC-10 with high membrane-bound HLA-G promote
T-cell anergy

Naive CD4" T cells stimulated with allogeneic HLA-G"¢"
and HLA-G* DC-10, at a 10:1 ratio, proliferated at signif-
icantly lower levels compared to T cells primed with mDC
generated from the same donor. A reduction in prolifera-
tion of 91+7.4% (mean+SEM, n=5) and of 91.3+2.4%
(mean+SEM, n=7) induced by HLA-G"® and HLA-G*¥
DC-10, respectively, was observed (Figure 3A and Online
Supplementary Figure S1A). Accordingly, the levels of inter-
feron-y secreted by HLA-G"#* or HLA-G** DC-10-stimu-
lated T cells were lower than those produced by mDC-
primed T cells (Figure 3A). Similarly, a reduction in prolife-
tration of 82.5+5.2% (mean+SEM, n=8) and low interfer-
on-y production was observed when T cells were stimulat-
ed with DC-10" (Figure 3B), confirming that culture con-
ditions do not have an effect on the functional activity of
DC-10.

To investigate the function of T cells primed with HLA-
G" and HLA-G"** DC-10, secondary responses were eval-
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* uated. After one round of stimulation, T cells primed with ~ Ounline Supplementary Figure S1B). Conversely, T cells

HLA-G"* DC-10 [T(DC-10"#") cells] were hypo-responsive  obtained with HLA-G** DC-10 [T(DC-10"") cells] showed
to re-activation with mDC differentiated from the same high proliferative responses when re-activated with mDC
donor used in primary stimulation, showing a reductionin  with a limited reduction in proliferation (40.3+13.8%,
proliferation of 61.9+£18% (mean+SEM, n=5) compared to mean+SEM, n=7; Figure 3C and Ounline Supplementary
T cells primed with mDC [T(mDC) cells] (Figure 3C and  Figure S1B). Interferon-y production by T(DC-10"¢) cells
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Figure 1. In vitro-differentiated DC-10 express variable levels of membrane-bound HLA-G. Expression levels of CD14, CD1a, CD11c, CD86, HLA-
DR, HLA-G, and ILT4 on in vitro differentiated DC-10 and mDC were evaluated by FACS analysis. (A) Percentages of cells positive for the indi-
cated markers in 33 independent donors are shown. (B) One representative donor out of 30 HLA-G"#" DC-10 donors (upper panels), and one
out of 24 HLA-G"* DC-10 donors (lower panels) are presented. Numbers represent percentages of positive cells in each quadrant. (C) One rep-
resentative donor out of 54 mDC donors is presented. Numbers represent percentages of positive cells in each quadrant. (D) DC-10 were left
unstimulated or stimulated with lipopolysaccharide (LPS) and interferon-y (IFNy) for 2 days. Concentrations of IL-10, IL-12, and tumor necrosis
factor-o. (TNFa) in culture supernatants of the indicated cells are shown. Mean+SEM of 11 (HLA-G"#" DC-10), 15 (HLA-G** DC-10), and 26 (mDC)
independent experiments.
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but not by T(DC-10"") cells re-challenged with mDC was %g-igl;” c’,gggeg:tg;%brane-bound HLA-G induce g

also reduced compared to that secreted by T(mDC) cells

(Figure 3C). These data show that high expression of T(DC-10"") cells contained a significantly higher fre-
membrane-bound HLA-G on DC-10 is required to pro- quency of IL-10-producing cells (on average 10%) com-
mote T-cell anergy in CD4* T cells. pared to both T(DC-10°") cells (on average 3.4%,
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Figure 2. DC-10 differentiated with FBS or HS have comparable phenotypes and cytokine profiles. (A) Expression levels of CD14, CD1a, CD11c,
CD86, HLA-DR, HLA-G, and ILT4 on DC-10 differentiated from CD14* cells isolated from the same donor with FBS (DC-107°) or HS (DC-10")
were evaluated by FACS. One representative donor out of nine tested. Numbers represent percentages of positive cells in each quadrant. (B)
DC-10 were left unstimulated or stimulated with lipopolysaccharide (LPS) and interferon-y (IFNy) for 2 days. Concentration levels of IL-10, IL-
12, and tumor necrosis factor-o. (TNFa) in culture supernatants of the indicated cells are shown. MeantSEM of six independent experiments.
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Figure 3. DC-10 with high levels of membrane-bound HLA-G promote T-cell anergy. (A) Naive CD4* T cells were cultured with allogeneic in vitro-
differentiated HLA-G"=" DC-10, HLA-G"* DC-10, and mDC (ratio 10:1). Proliferative responses were evaluated 4 days after culture by [*H]-thymi-
dine incorporation for an additional 16 h (left panel). MeantSEM of five DC-10"#", seven DC-10"*, and 12 mDC independent experiments.
Interferon-y (IFNy) production was evaluated 4 days after culture (right panel). Mean+SEM of four DC-10"#", six DC-10"", and ten mDC independ-
ent experiments. (B) Naive CD4* T cells were cultured with allogeneic in vitro-differentiated DC-107, and DC-10* from CD14" cells isolated
from the same donor (ratio 10:1). Proliferative responses were evaluated 4 days after culture by [*H]-thymidine incorporation for an additional
16 h (left panel); IFNy production was evaluated 4 days after culture (right panel). MeantSEM of eight independent experiments. (C) Naive
CD4"' T cells were stimulated with allogeneic HLA-G"s" DC-10 [T(DC-10"¢")], HLA-G"* DC-10 [T(DC-10""], or mDC [T(mDC)] for 14 days. After cul-
ture, T cells were tested for their ability to proliferate in response to mDC from the same allogeneic donor used in priming. Proliferative
responses were evaluated 2 days after culture by [*H]-thymidine incorporation for an additional 16 h (left panel). Mean+SEM of five [T(DC-
10"#")], seven [T(DC-10°")], and 12 [T(mDC)] independent experiments. IFNy production was evaluated 2 days after culture (right panel).
MeanxSEM of five [T(DC-10"=")], six [T(DC-10"")], and 11 [T(mDC)] independent experiments.
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P=0.0121) and T(mDC) cells (on average 3.5%, P=0.0127)
(Figure 4A). Moreover, in T(DC-10"#") cells the proportion
of interferon-y-producing cells was on average 58.1%, and
the frequency of IL-4-producing cells was very low
(2.5+1.2%, mean+SEM, n=3; Figure 4A). Conversely,
T(DC-10°) cells contained variable percentages of inter-
feron-y* T cells (ranging from 0.3% to 60.8%), and a low
frequency of IL-4* T cells (1.9+0.93%, mean+SEM, n=8)
(Figure 4A). The percentages of interferon-y* and IL-4* in
T(mDC) cells generated in parallel were comparable to
those observed in T(DC-10"") and T(DC-10"") cells
(Figure 4A).

Trl cells can be identified by the co-expression of

CD49b and LAG-3.* Thus, we evaluated the frequency of
CD49b'LAG-3"CD45RA" cells in T(DC-10"") and T(DC-
10°") cells. Results indicated that T(DC-10"") cells con-
tained a higher frequency of CD49b'LAG-3'*CD45RA
cells (on average 11.3%) compared to both T(DC-10")
cells (on average 4.3%) and T(mDC) cells (on average
2.2%, P=0.0031) (Figure 4B). In line with the presence of a
high frequency of Trl cells, T(DC-10"#") cells suppressed
the proliferation of autologous CD4* T cells activated with
mDC (40.3+11.1%, mean+SEM, n=3), while T(DC-10"*)
cells did not (Figure 4C).These findings indicate that high
levels of membrane-bound HLA-G improve the ability of
DC-10 to promote IL-10-producing Tr1 cells.
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Figure 4. DC-10 with high membrane-bound HLA-G induce Tr1 cell differentiation. Naive CD4" T cells were stimulated with allogeneic HLA-G"*" DC-
10 [T(DC-10"#")], HLA-G** DC-10 [T(DC-10"")], or mDC [T(mDC)] for 14 days. (A) After culture, T cells were activated with PMA/IONO (leukocyte acti-
vation kit) for 6 h (as described in the Methods section), and cytokine production was determined by intracytoplasmic staining. Percentages of IL-
10-, interferon-y (IFNy)-, and IL-4-producing cells in T(DC-10"#") (n=3), T(DC-10*") (n=8), and T(mDC) (n=11) cells are presented. Each dot represents
a single donor and lines indicate mean, *P<0.05. (B) After culture, the frequencies of CD4" T cells co-expressing CD49b and LAG-3 in T(DC-10"¢"),
T(DC-10*"), and T(mDC) cells were analyzed by FACS. One representative plot for each cell line (left panels) and percentages of CD49b*'LAG-
3'CD45RA in five, three, and eight independent experiments for T(DC-10"¢"), T(DC-10"*), and T(mDC) cells, respectively, are shown (right panel).
Numbers represent percentages of positive cells in each quadrant. Each dot represents a single donor and lines indicate mean, **P<0.01. (C) T(DC-
10"¢") and T(mDC) cells were tested for their ability to suppress responses of autologous CD4* T cells activated with mDC (Responders). Percentages

of suppression mediated by the indicated T-cell populations are indicated

. One representative donor out of three tested is shown.
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HLA-G"" and HLA-G"* DC-10 secrete comparable levels
of shed HLA-G1

To determine whether the low expression of mem-
brane-bound HLA-G observed on HLA-G* DC-10 could
be ascribed to their ability to shed HLA-G1 from the
membrane, we evaluated the amounts of shed HLA-G1 in
culture supernatants. We detected shed HLA-G1 in four
out of 16 unstimulated DC-10 (1.9+0.4 ng/mlL,
mean+SEM) and in nine out of 16 stimulated DC-10
(3+0.4 ng/mL, mean+SEM; Figure 5A). Conversely, soluble
HLA-G5 was never detected in DC-10 culture super-
natants. Interestingly, mDC generated in parallel secreted
higher levels of shed HLA-G1 than DC-10 both in steady
state and upon activation (P=0.04) (Figure 5A). No differ-
ences were observed in the ability of HLA-G"#" and HLA-

HLA-G-mediated tolerance via DC-10 -

G" DC-10 to release shed HLA-G1 (Figure 5B). Thus, in
vitro-differentiated DC-10 secrete small amounts of shed
HLA-G1, but not HLA-G5. Moreover, the low expression
of membrane-bound HLA-G observed on HLA-G"* DC-
10 is not associated with an increased release of shed

HLA-G1.

Frequencies of 3’'UTR HLA-G genotypes in donors with
HLA-G"*" or HLA-G" DC-10

Polymorphisms at 3’'UTR of the HLA-G locus influence
its expression,” thus we investigated whether variability
in this region can be associated with membrane-bound
HLA-G expression on DC-10. Donors from whom we dif-
ferentiated DC-10 were typed at the 3'UTR of HLA-G
locus and the presence of eight different polymorphic sites
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* was inferred: the 14bp Ins/Del (rs1704), +3003 C/T

(rs1707), +3010 C/G (1s1710), +3027 A/C (rs17179101),
+3035 C/T (rs17179108), +3142 C/G (rs1063320), +3187
A/G (rs9380142) and +3196 C/G (rs1610696). We
observed that the 14bp Ins allele was significantly highly
represented both in a single dose (66%) and in double
copy (45%) in donors with HLA-G** DC-10 compared to
those with HLA-G"* DC-10 (36%, P=0.0009 and 14%,
P=0.0065, respectively; Figure 6A). Since 14bp Ins is in
strong linkage disequilibrium with G in position +3142,%
we classified donors according to the presence of the 14bp
Ins/Del and +3142 C/G polymorphisms as follows:
InsG/InsG, DelC/DelC, DelC/InsG, and DelG/X. The rel-
ative frequencies of these alleles and genotypes are shown
in Figure 6B. As expected, a high frequency of the InsG
allele was observed in donors with HLA-G** DC-10 and
the DelC allele was significantly less represented in donors
with HLA-G** compared to those with HLA-G"** DC-10
(P=0.0213; Figure 6B).

We next defined the frequencies of HLA-G 3’ UTR
according to the classification of Castelli e al.,” and we
found that UTR-1 and UTR-2 were overall the most fre-
quent haplotypes in our cohort of donors, UTR-1 being
observed in 40% of donors with HLA-G"* DC-10, and
UTR-2 in 39% of donors with HLA-G** DC-10 (Table 1).
Accordingly, UTR-2/UTR-2 was significantly more highly
represented in donors with HLA-G** DC-10 than in those
with HLA-G" DC-10 (P=0.036; Table 1). Moreover, 19%
of donors with HLA-G"" DC-10 had UTR-3/DelC, where-
as none of the donors with HLA-G** DC-10 had this
genotype (P=0.013; Table 1).

The presence of the 14bp Ins has been associated with
low mRNA stability and reduced soluble HLA-G protein
production.” We, therefore, investigated whether the lev-
els of mRNA for HLA-G were variable in DC-10 from dif-
ferent 3’UTR HLA-G typed donors. Overall the amount of
HLA-G transcripts was very low, and in seven out of 13
samples resulted below the detection limit. Nevertheless,
the highest amounts of HLA-G transcript were from
donors with 14bp Ins/Del and 14bp Del/Del genotypes
(Online Supplementary Figure S2).

These findings demonstrate that the levels of expression
of membrane-bound HLA-G on DC-10 can be influenced

Table 1. Most frequent HLA-G 3’ UTR alleles and genotypes in donors with
HLA-G"= or HLA-G** DC-10.

HLA-G 3’ UTR Number (Frequency %) of donors with DC-10
HLA-G® HLA-G*" P value*

Haplotype UTR-1 29/72 (40) 13/62 (21) 0.025

UTR-2 14/72 (19) 24/62 (39) 0.02

UTR-3 10/72 (14) 3/62 (5) n.s.

UTR-4 512 (1) 4/62 (6) n.s.

UTR-5 372 (4) /62 (11) n.s.

UTR-6 272 (3) 162 (2) n.s.

UTR-7 472 (5) 6/62 (10) n.s.

UTR-8 572 (7) 4/62 (6) n.s.

Genotype UTR-2/UTR-2 2/36 (6) 8/31 (26) 0.036

UTR-1/UTR-1 6/36 (17) 131 (3) n.s.

UTR-3/DelC /36 (19) 0/31 (0) 0.013

UTR-3/InsG 3/36 (8) 3/31 (10) n.s.

Haplotype and genotype frequencies of HLA-G 3’ UTR in 67 healthy donors (36 HLA-G"" DC-10
and 31 HLA-G* DC-10). *Comparison between HLA-G"™" and HLA-G** DC-10 using the Fisher
test. n.s. means “not statistically significant”.
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by specific polymorphisms at the 3'UTR of the HLA-G
locus, and that the UTR-2/UTR-2 genotype is more fre-
quent among donors from whom DC-10 with low HLA-
G were generated, while the UTR-3/DelC genotype was
more frequent in donors with high HLA-G expression on
DC-10.

MicroRNA-152 is highly expressed
in in vitro-differentiated DC-10

We hypothesized that miR-152, miR-148a, and miR-
148b, which target G at position +3142, may be responsible
for the low membrane-bound HLA-G expression observed
in DC-10 from donors carrying the UTR-2/UTR-2 geno-
type. We evaluated the expression of miR-152, miR-2110,
and miR-93a predicted to have high binding affinity for
HLA-G mRNA™. Results showed that miR-152 was
expressed on average 2.1-fold more (n=5) in DC-10 than in
CD14" precursors, whereas miR-2110 and miR-93a were
respectively equally or less expressed in DC-10 than in
CD14" cells (Figure 7). These data suggest that the expres-
sion of miR-152 could be involved in the post-transcription-
al regulation of HLA-G in DC-10, especially in those donors
with 8'UTR haplotypes with G in position +3142.

Discussion

In the present study, we define the important role of
HLA-G in DC-10-mediated induction of Trl cells. We
show that the expression of membrane-bound HLA-G on
DC-10 is donor-dependent and that, in the presence of
similar levels of IL-10, a high expression of HLA-G on DC-
10 is required to induce, at high frequency, Tr1 cells in vitro.
We also established that 3’'UTR genetic variations influence
the HLA-G expression on DC-10 that might be finely
tuned by miRNA-mediated post-transcriptional regulation.

Similar to other populations of tolerogenic DC previous-
ly described, G-CSF-induced DC** and dermal CD141*

4 -
s3] ©
g o
2 2] 0 o
£ © °
&
11 _.'_
e} w
0 T T T
:\%‘\, q/\% 9{5%
N N N

Figure 7. miR-152 is highly expressed by in vitro-differentiated DC-10.
miRNA were extracted from in vitro-differentiated DC-10 and the
expression of the indicated miRNA was evaluated by reverse transcrip-
tion polymerase chain reaction. Following normalization to miR-let7a,
relative mRNA amounts from DC-10 cells were adjusted to correspon-
ding expression levels of a calibrator (corresponding CD14* precur-
sors). Numbers represent arbitrary units. Each dot represents a single
cell preparation and lines indicate the mean.
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cells,” we confirmed that DC-10 differentiated in vitro are
CD14". Importantly, we define that DC-10 expressed vari-
able levels of HLA-G depending on the donor, and accord-
ingly, DC-10 can be classified into HLA-G"® or HLA-G"".
We found that the expression of HLA-G on DC-10 corre-
lated with that of ILT4, but not with the expression of
ILT2 or of ILT3, which were highly expressed on DC-10
(data not shown). These findings are similar to those show-
ing that in transfected antigen-presenting cell lines, the
ectopic expression of HLA-G promotes the up-regulation
of ILT2, ILT3, and ILT4.”

By proteolytic shedding, the HLA-G1 transmembrane
can be released as shed HLA-G1, which retains all the
functions of the membrane counterpart.”*® We postulated
that low levels of HLA-G on DC-10 may be associated
with an increased production of shed HLA-G1. However,
comparably low amounts of shed HLA-G1 were generat-
ed from both HLA-G** and HLA-G"#* DC-10. The produc-
tion of shed HLA-G1 is regulated by the activity of matrix
metalloproteinases,” and specifically by matrix metallo-
proteinase-2.” Data from the gene expression profile of in
vitro-differentiated DC-10 indicated that matrix metallo-
proteinases are present in DC-10 (Comi et al., unpublished
data). Thus, it may be hypothesized that in HLA-G** DC-
10 the great majority of HLA-G1 molecules are rapidly
cleaved and released as shed HLA-G1, whereas the higher
amounts of HLA-G1 synthesized in HLA-G"** DC-10 sat-
urate the activity of matrix metalloproteinases and, as a
result, more HLA-G1 is expressed as the transmembrane
isoform. Future investigation will elucidate this possibility.

Constitutive high HLA-G expression confers to antigen-
presenting cells the ability to inhibit primary T-cell
responses.”” We herein show that DC-10 displayed low
stimulatory activity regardless of the levels of HLA-G
expression. This result is not surprising, since DC-10,
independently of HLA-G expression, secrete high levels of
IL-10, which directly inhibit T-cell responses in vitro."”* We
have demonstrated that IL-10, either exogenously added
or derived by DC-10, inhibited the proliferation of allo-
geneic naive T cells in vitro.**

DC-10 promote Trl cell differentiation via the IL-10-
induced HLA-G/ILT4 pathway.” Although IL-10, ILT4,
and HLA-G are important for DC-10 tolerogenic activity,
their relative contributions in inducing Trl cells were not
investigated. The identification of DC-10 that sponta-
neously expressed high or low HLA-G finally allowed us
to demonstrate that the high levels of HLA-G on DC-10
are required for efficient induction of anergic T cells, and
consequently Trl cells. Indeed, we proved that HLA-G"&
DC-10 promoted Trl cells, identified as IL-10-producing
or as CD49b°'LAG-3"CD45RA * T cells, at higher frequen-
cy than HLA-G** DC-10. In addition, our data sustain the
key role of IL-10 in DC-10-induced T-cell anergy (and Trl
cells),”** since, in a limited number of donors, T cells
primed with HLA-G** DC-10 became hypo-responsive to
secondary stimulation. Data presented in this study
demonstrated that, although IL-10-derived by DC-10 is
necessary to promote T-cell anergy, it is not sufficient to
promote the differentiation of Tr1 cells at high frequency.
The low HLA-G (and ILT4) expression on DC-10 hampers
the amplification of the DC-10-mediated tolerogenic loop,
consisting in inhibiting T-cell activation via ILT2 and pro-
moting HLA-G and ILT4 expression on neighboring DC-
10, and the consequent induction of IL-10, which sustains
Trl cell generation. Since HLA-G expression on DC-10 is

HLA-G-mediated tolerance via DC-10 -

genetically determined, future studies aimed at up-regulat-
ing HLA-G in donors prone to generate HLA-G** DC-10
could definitively prove our hypothesis.

Studies investigating 3’'UTR HLA-G polymorphisms
and HLA-G expression have primarily focused on the
association between the 14bp Ins/Del polymorphism and
soluble HLA-G isoforms.®* Only recently have these
analyses been broadened to other polymorphisms in the
3'UTR region of HLA-G and to membrane-bound HLA-
G.”* In the present study, we screened the association of
multiple variations in the 3'UTR HLA-G, considering alle-
les, genotypes, haplotypes, and diplotypes, with mem-
brane-bound HLA-G expression on DC-10. We found that
the majority of donors with HLA-G** DC-10 carried hap-
lotypes, such as UTR-2, UTR-5, UTR-7, containing 14bp
Ins and G in position +3142, both variations previously
associated with low mRNA stability."”"* These results are
in line with a recent work showing that UTR-2 and UTR-
5 are associated with low expression of soluble HLA-G.*

The presence of G at position +3142 increases the affin-
ity of miR-152, miR-148a, and miR-148b for mRNA, pro-
moting the repression of HLA-G expression." Moreover,
the over-expression of miR-148a or miR-152 in JEG-3 or
LCL721.221 cell lines promotes post-transcriptional
down-regulation of membrane-bound HLA-G.*%
Interestingly, analysis of the miRNome profile of DC-10
and its comparison with that of mDC identified ten differ-
entially expressed miRNA, including miR-148a (Comi et
al., unpublished data). Moreover, miR-152 was highly
expressed in DC-10 as compared to CD14* precursors.
Thus, it can be postulated that post-transcriptional regula-
tion of mRNA encoding for HLA-G may occur in DC-10
generated from donors carrying a double dose of 3'UTR
haplotypes with +3142 G. The higher frequency of UTR-
2, UTR-5, and UTR-7 in donors with HLA-G** DC-10
supports this hypothesis. Although several questions
regarding the mechanisms associated with polymorphic
sites at 3’UTR of HLA-G need to be addressed, the present
study evidences a link between the presence of 14bp Ins
and the low expression of HLA-G, and indicates that this
effect can be finely tuned by additional variations present
at the 3’UTR, such as the +3142 C/G, possibly via
miRNA-mediated post-transcriptional regulation.

In conclusion, this study provides new insights into the
role of HLA-G in DC-10-mediated Trl cell induction: (i)
high expression of HLA-G is required for efficient induction
of Tr1 cells via DC-10j; (ii) the contribution of soluble HLA-
G isoforms in DC-10-mediated induction of Tr1 cells is neg-
ligible; and (iii) 3’'UTR HLA-G haplotypes and genotypes
can be associated with the expression of membrane-bound
HLA-G on DC-10 and, consequently, with their ability to
prime naive T cells to become Tr1 cells. To our knowledge,
this is the first comprehensive study in which 3’'UTR poly-
morphisms have been associated with membrane-bound
HLA-G expression and with tolerogenic properties of a spe-
cific cell subset. DC-10 are currently used to generate allo-
specific Trl cells for adoptive Treg-based cell therapy, but
they represent an interesting therapeutic tool to induce or
re-establish immunological tolerance in different clinical
settings including allogeneic transplantation or autoimmune
diseases. Results on the influence of 3’'UTR genotypes on
HLA-G expression on DC-10 and their tolerogenic activity
provide new important tools for donor selection in several
clinical settings such as hematopoietic stem cell and solid
organ transplantation, and will also be relevant for under-
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