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Abstract

HLA-G is a non-classical class I molecule which induces tolerance in allogeneic situations by inhibition of cytotoxic NK and
CDS8 + T cells and by induction of regulatory T cells. Concordantly, in solid organ transplantation HLA-G is associated with
a lower risk for acute and chronic rejection, whereas its role in allogeneic stem cell transplantation (allo-SCT) is less
established. We here present detailed analyses of HLA-G-levels in patients after allo-SCT showing a correlation of elevated
soluble HLA-G (sHLA-G) levels with less severe acute (p =0.06) and chronic GVHD (p =0.0025) and with a superior
overall survival (p =0.03). Soluble HLA-G levels are also positively correlated with the frequency of regulatory T cells
in vivo. These clinical data are corroborated by in vitro analyses showing that patients-derived sHLA-G inhibit allogeneic
immune responses. ATG-treatment of patients dominantly affects the SHLA-G levels post allo-SCT. Thus, this study
highlights the association of elevated sHLA-G levels with less severe acute and chronic GvHD and provides additional
functional analyses elucidating possible tolerance-inducing mechanisms of SHLA-G in the context of allo-SCT.

Introduction

Human leukocyte antigen G (HLA-G) is a non-classical
class I molecule with tolerogenic properties [1]. The HLA-G
gene is located within the major histocompatibility complex
on chromosome 6 and is composed of 8 exons and 7 introns.
Through alternative splicing of the primary HLA-G tran-
script seven mature mRNAs can be produced resulting in
seven different isoforms: four membrane-bound (HLA-GI1,
G2, G3, and G4) and three soluble isoforms (HLA-GS5, G6,
and G7) [2]. Membrane-anchored HLA-G and its soluble
forms (sHLA-G) exert multiple functions favoring immune
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tolerance in allogeneic situations such as pregnancy and
transplantation [1]. In contrast to classical HLA class I,
HLA-G displays a low polymorphism with only 47 HLA G
alleles in the coding region resulting in 15 different proteins,
and 2 null alleles [3], but it presents a higher degree of
nucleotide variations in the regulatory regions 5'URR
(upstream regulatory region) and 3'UTR (untranslated
region), which influence the HLA-G expression [4, 5]. Of
special interest is the 14 base pair insertion/deletion (14 bp
ins/del) polymorphism (rs66554220) in the 3'UTR of the
HLA-G gene [6] as low blood levels of sHLA-G molecules
could be associated to individuals being homozygous for the
14 bp ins/ins genotype [7, 8]. Furthermore nucleotide var-
iation at position + 3142 influences the binding of specific
microRNA, including miR-148a, miR-148b, and miR-152
and thereby the degree of HLA-G expression [9-11]. Gua-
nine at the +3142 position increases the affinity of this
region to these microRNAs, leading to decreased HLA-G
expression due to mRNA degradation and translation sup-
pression. Both, the 14 bp ins/del and the 43142 C/G poly-
morphism, are considered to be the most important ones
with respect to posttranscriptional regulation of HLA-G.
HLA-G differs from classical HLA with respect to the
receptors it binds to: HLA-G does not engage T-cell
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receptors and binds to three predominantly inhibitory
receptors: ILT2, ILT4, and KIR2DL4 [1, 12]. Through the
interaction with these ligands HLA-G can exert its multiple
immunosuppressive functions: inhibition of cytotoxic NK
and CD8 + T cells, inhibition of alloreactive CD4 + T cells,
inhibition of dendritic and antigen presenting cells, and
induction of regulatory T cells [12]. Soluble HLA-G mod-
ulates cytokine secretion in CD56bright and CD56dim NK
cells and has also influence on TCR gamma/delta T cells [3,
13]. HLA-G plays a central role in pregnancy as the only
physiological situation of tolerance towards a semi-allo-
graft: the inhibition of maternal NK cells by HLA-G-
expressing fetal cells leading to tolerance of the allogeneic
fetus [13, 14]. In the context of pregnancy the production of
HLA-G protein is restricted to trophoblasts and is expressed
on human embryonic stem cells [2]. Moreover, the immu-
nosuppressive effects of mesenchymal stem cells (MSC)
seem to be related to HLA-G. HLA-G5 expression and
secretion by MSCs was demonstrated to contribute to the
inhibition of NK cells and allogeneic T-cell responses [15,
16]. Physiologically, HLA-G is only marginally expressed
on cornea, thymus, pancreatic islets, and blood precursor
cells [3, 12]. However, HLA-G is expressed in the allograft
after transplantation and in diverse pathological conditions,
such as autoimmune diseases, viral infections or tumors [3].

Special attention has been brought to HLA-G in the
context of transplantation. In solid organ transplantation
various studies have associated HLA-G with a lower risk
for the development of acute and chronic rejection [17, 18]
suggesting that it regulates the allogeneic response. In
kidney or kidney/pancreas transplantation it was shown that
low plasma levels of sHLA-G before and after transplan-
tation are associated with acute rejection [19]. In the context
of allogeneic stem cell transplantation (allo-SCT) a few
studies indicated an association of increased level of sHLA-
G with the absence or only a mild manifestation of acute
GvHD. Le Maux et al. studied a cohort of 20 patients
undergoing allo-SCT and observed a correlation between
low sHLA-G levels post allo-SCT and the occurrence of
acute GVHD [20]. Liu et al. confirmed these findings in 106
patients after allo-SCT. They specifically observed sig-
nificantly increased levels of SHLA-G5 on days +15 and
+30 after transplantation in patients with grade 0-I acute
GVHD (aGvHD) compared to those with grade I-IV
aGvHD [21]. However, Waterhouse et al. could not confirm
an association between sHLA-G plasma concentration and
the occurrence of GvHD [22]. Of course, other factors like
HLA disparity or other genetic factors, conditioning regi-
mens, or GVHD prophylaxis might explain these contra-
dictory findings.

Considering the tolerance-mediating features of sHLA-G
molecules and its role in solid organ transplantation, the aim
of this study was to carve out, whether and under which
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conditions SHLA-G is a reliable marker predicting clinical
outcome after allo-SCT. To this end a systematical analysis
of post allo-SCT-derived sHLA-G was undertaken (i)
regarding the relationship of sHLA-G and the clinical
endpoints severe aGvHD, severe chronic GVHD (cGvHD)
and overall survival (OS), (ii) regarding the capability of
sHLA-G to modulate an allogeneic immune response
in vitro, (iii) regarding the association of sHLA G with
regulatory T cells in vivo and (iv) regarding the influence of
ATG treatment on sHLA-G levels post allo-SCT.

Materials and methods
Patients’ characteristics and study design

Thirty-two patients, 21 female and 11 male, were enrolled
in the study. These patients underwent allo-SCT at the
Department of Bone Marrow Transplantation of the Uni-
versity Hospital Essen, Germany. The demographic profile
of patients is shown in Table 1. This monocentric study was
planned prospectively, approved by the Ethical Board of the
University Hospital of Essen and carried out in accordance
to the Helsinki Declaration. All patients signed a written
consent form to participate in this study. Ethylenediamine-
tetraacetate (EDTA) plasma samples were serially procured
from the patients before and 1, 2, 3, 4, 5, 6, 9, and 12 month
(s) after transplantation. EDTA plasma samples were
additionally collected from 21 donors before GCSF-
treatment.

Conditioning regimens and GvHD prophylaxis

All patients received myeloablative conditioning. 14 of the
32 patients received anti-thymocyte globulin (ATG) as
in vivo T-cell depletion. 9 patients received total body
irradiation as part of the conditioning regimen. The median
follow-up time was 1520 days (range: 38—2004) after allo-
SCT.

Quantification of sHLA-G

The determination of SHLA-G was performed as described
previously [23]. Plasma samples were diluted 1:2 in PBS
and tested in duplicate. Purified sHLA-G5 protein served as
standard reagent and 3,3',5,5'-tetramethybenzidine as sub-
strate solution.

Further information regarding Patients, GvHD diagnosis,
isolation of plasma derived HLA-G molecules to micro-
spheres and mixed lymphocyte reaction can be found in
Supplementary Materials and Methods.
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Table 1 Demographic profile of allo-SCT patients

All patients ATG treated” Non ATG- p—value**
treated

Number of patients 32 14 18

Median age [years (range)] 48 (21-69) 52 (21-67) 46 (21-69)

Gender (female/male) 21/11 11/3 10/8 n.s
Diagnosis at allo-SCT

AML 25 11 14

sAML 4 2 2

MDS 2 1 1

T-NHL 1 0 1

CD34 x 106/kg BW [median (range)] 8.2 (4.2-19.5) 8.3 (5.4-15.0) 8.2 (4.2-19.5) n.s.
Conditioning

Irradiation (8-12 Gy) with 9 2 7

cyclophopshamide or fludarabine

Fludarabine and treosulfane 14 9 5

Fludarabine, thiotepa and melphalan 7 1 6

Fludarabine and busulfan 2 2 0

Allo-SCT (related/unrelated) 10/22 2/12 8/10 n.s.
HLA-mismatched allo-SCT (yes/no) 16/16 6/8 10/8 n.s.
Gender mismatch allo-SCT (yes/no) 12/20 9/5 3/15 0.01
Follow-up time after allo-SCT [days 1520 1362 1552 (38-2004) n.s.
(median, range)] (38-2004) (55-1798)

Immunosuppression after allo-SCT

Cyclosporine 13 6 7

Cyclosporine and prednisone 10 3 7

Prednisone 0 2

Mycophenolate mofetil 1 1

None/n.a. (due to early death) 3 2

GvHD***

acute GvHD grade 0-1 18 11

acute GvHD grade II-IV 11 5 6 n.s
no or limited chronic GvHD 13 6 7

extended chronic GVHD 11 2 9 n.s.
Relapse 4 2 2 n.s.
Survival (yes/no) 19/13 77 12/6 n.s.

“All but one patients received ATG Neovii™ in a cumulative dosage of 30-60 mg/kg BW. One patient received Thymoglobulin Genzyme™ in a

dosage of 6 mg/kg BW.

**Comparisons between patients treated with ATG and non-treated with ATG (Fisher’s exact test or Mann—Whitney test); n.s.: not significant

“*GvHD not evaluated for all patients due to death

Cytokine ELISA

Interferon gamma (IFN-y) levels were quantified in super-
natants after mixed lymphocyte reaction (MLR) by using
commercial ELISA kits (eBioscience, Inc., San Diego,
USA) according to their protocols.

Genotyping of 14 bp and C/G + 3142
polymorphisms in the 3'UTR of the HLA-G gene

Genotyping of the 14 bp and C/G + 3142 polymorphisms of

the HLA-G gene was performed as previously described
[24-27] in 31 out of 32 patients and donors.
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Flow cytometric analyses

Regulatory T cells (Tregs) were detected using anti-CD3
AlexaFluor700 (BioLegend, USA), anti-CD4 Pacific Blue
(BioLegend, USA), anti-CD8 PE-Cy7 (Beckman Coulter,
Germany), anti-CD25 ECD (Beckman Coulter), and anti-
CD127-APC (eBioscience) antibody mix.

Statistics

Data are presented as mean + SEM (standard error of mean).
After testing for Gaussian distribution, continuous variables
were compared by T-test and non-parametric
Mann—Whitney or two-way analysis of variance. For cate-
gorical data, Fisher’s exact test was used. The cut-off value
for sHLA-G was determined regarding optimal values of
sensitivity and specificity for the prediction of OS using
Stoller’s univariate non-parametric determination analysis.
Probabilities of the patients’ OS were analyzed by the
Kaplan—Meier method combined with log-rank test. Pear-
son or nonparametric Spearman correlation was used to
correlate the sHLA-G levels to functional data and the
presence of CD4 + CD25+ CD127- T cells. Statistical
significance was defined as p <0.05.

Results

Post allo-SCT HLA-G plasma levels and their clinical
association to aGvHD, cGvHD, and OS

To study the clinical relevance of sHLA-G levels on allo-
SCT outcome, the course of SHLA-G in the first 12 months
post SCT was related to aGvHD, cGvHD, and OS. There
was a clear trend - although without reaching statistical
significance—(p = 0.06, Fig. 1a) of higher sHLA-G levels
in patients with aGvHD grade 0-I as compared to patients
with aGvHD grade II-1V. The difference in sHLA-G levels
was more prominent during the whole observation period,
when patients with no or mild cGvHD were compared to
patients with severe cGvHD (p =0.0025, Fig. 1b). A
similar observation was made for survival. Patients being
alive at the time point of analysis displayed higher sHLA-G
levels than patients who did not survive post allo-SCT (p =
0.03, Fig. 1c). Using a sHLA-G level of 35 ng/ml as cutoff,
the patients with sHLA-G levels of >35 ng/ml experienced
an improved OS compared to patients with sHLA-G levels
of <35ng/ml (p =0.01, log-rank Hazard Ratio 3.551, 95%
CI of ratio 1.39 to 17.28, Fig. 2). No association of the
43142 C/G and the 14 bp ins/del polymorphisms was found
regarding acute/chronic GvHD or OS (data not shown).
Taken together, it seems that high levels of sSHLA-G during
the first year post allo-SCT are independent from the
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Fig. 3 The capacity of plasma derived sHLA-G molecules to suppress
allogeneic immune proliferation and cytokine response in mixed leu-
kocyte reaction (MLR). The vertical dashed lines represent the mean

43142 C/G and the 14 bp ins/del polymorphisms. More-
over, SHLA-G levels are associated with an improved
clinical outcome in terms of allogeneic immune reaction as
it is clinically manifested by the occurrence of severe GvHD
and in terms of OS. Plasma levels of sHLA-G of recipients
were 3-fold increased one month after allo-SCT [86.8 =
12.3 SEM (95% confidence interval: 61.5-112) ng/ml]
compared with the ones before allo-SCT [30.3 +3.9 SEM
(95% confidence interval: 22.1-38.5) ng/ml]; p = 0.0002,
Suppl. Figure 2, which is mostly caused by the ATG-treated
patients, whereas sHLA-G levels of donors did not differ
from the ones of recipients before and one month after allo-
SCT [50.2 £5.6 SEM (95% confidence interval: 38.4-61.9)
ng/ml]. Again, enhanced sHLA-G levels post allo-SCT
were found to be independent from the +3142 C/G and the
14 bp ins/del polymorphisms (Suppl. Figure 3A and B).

Patient-derived sHLA-G inhibit allogeneic immune
response in vitro

To test the capability of patients-derived sHLA-G to sup-
press an allogeneic immune response in vitro, microspheres
were loaded with sHLA-G molecules derived from patients’
plasma samples 1 month after allo-SCT and co-cultured
with PBMC in MLR. As shown in Fig. 3a the allogeneic
proliferation response was inversely correlated to the
amount of SHLA-G being added via microspheres to the
MLR (r = —0.804, p = 0.0009). Additionally, a significant
negative correlation was observed between sHLA-G and
IFN-y levels in supernatants obtained after MLR (r=
—0.655, p =0.015, Fig. 3b). These results clearly evidence
that circulating SHLA-G molecules in the blood of allo-SCT
patients are functionally active in vitro as they impair the
allogeneic proliferation and IFN-y response in a con-
centration dependent manner.
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Positive correlation of sHLA-G plasma levels with
the frequency of regulatory T cells in vivo

As HLA-G and sHLA-G molecules are reported to be
involved in the generation of Tregs and thereby to be
involved in the induction of long-term tolerance [1, 28],
sHLA-G plasma levels were further correlated with the
frequency of Tregs having the phenotype CD4+/CD25
+/CD127— on CD3 + T cells post allo-SCT in 14 patients.
As shown in Fig. 4, the percentages of Tregs were posi-
tively correlated with sHLA-G plasma levels in allo-SCT
patients (r = 0.622, p = 0.02, Fig. 4). This suggests that the
amount of circulating sHLA-G molecules might influence
the frequency of Tregs in the patients post allo-SCT.
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Fig. 4 Correlation of SHLA-G plasma levels with proportion of reg-
ulatory T cells. Plasma samples were taken at various time points: 1, 2,
3,4, 5, 6 or 7 month(s) (M1, M2, M3, M4, M5, M6, and M7) post
allo-SCT. The vertical dashed lines represent the mean sHLA-G value
(50.2 ng/ml) with 95% confidential interval (38.14 ng/ml; 61.9 ng/ml)
of allo-SCT donors (n =21). Spearman correlation was used for sta-
tistical analysis
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The dominant influence of ATG treatment on sHLA-
G plasma levels post allo-SCT

We then analyzed whether the conditioning regimens affect
sHLA-G levels post allo-SCT. By stratifying the patients
into groups of ATG-treated (n = 14) and patients without
ATG-treatment (n = 18) it became evident that one month
post allo-SCT the mean HLA-G level of ATG treated
patients was increased nearly 4-fold (147.7 = 13.8 SEM ng/
ml) compared to patients without ATG-treatment (36.8 +
4.2 SEM ng/ml, Fig. 5a). The sHLA-G levels of the ATG-
treated patients continuously decreased over time, reaching
the range of the donors’ sHLA-G on month 10 post allo-
SCT. At variance to ATG-treated patients (p < 0.0001), the
course of HLA-G of non ATG-treated patients remained in
range of the 95% CI of the donors’ sHLA-G levels (n =21)
without any substantial variations during the whole obser-
vation period post allo-SCT (Fig. 5a). In contrast, irradia-
tion during conditioning did not reveal a substantial
influence on the course of sHLA-G levels (Fig. 5b).

Discussion

The induction of tolerance by HLA-G and its soluble
counterparts can be differentiated in short- and long-term
tolerance. Short-term tolerance can be achieved via inhibi-
tion of T, NK, and B cells via ILT2, by inhibition of
cytotoxicity of T and NK cells via ILT2 or CD94/NKG2A,
by deletion of T and NK cells via CD8 and by inhibition of
antibody production in B cells via ILT2 [1]. Long-term
tolerance can be sustained by induction of suppressor
T cells, tolerogenic dendritic cells and regulatory T cells.
This study confirms the published observation that sHLA-G
molecules seem to be effective in prevention of acute
GvHD: they were found enriched in plasma of patients
without aGvHD, and low sHLA-G levels were associated
with the occurrence of aGvHD [20, 21]. Our data confirm a
negative correlation between sHLA-G plasma levels and the
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severity of aGvHD (grade O-I vs. II-IV). Likewise in
patients suffering from severe cGvHD, sHLA-G levels were
significantly reduced compared to patients with no or only
moderate cGvVHD. This to our knowledge is the first study
to show this association of sHLA-G and cGvHD.

With respect to functional analyses we could add further
evidence on possible tolerance-inducing mechanisms of
plasma-derived sHLA-G molecules. In accordance with
experimental data, we provide substantial evidence that
sHLA-G molecules derived from patients one month post
allo-SCT impair the proliferation and IFN-y response in an
allogeneic MLR in a concentration dependent manner
in vitro [14, 15, 18]. Our data further demonstrate a positive
correlation of sHLA-G plasma levels after allo-SCT with
the proportion of regulatory T cells. This observation is in
line with experimental data and supports the notion that
sHLA-G is involved in the induction and expansion of
regulatory T cells in vivo [12, 15, 16, 18, 28-30]. Inter-
estingly, a recent report has demonstrated that the applica-
tion of mesenchymal stem cell derived exosomes containing
high concentrations of HLA-G in a patient with steroid-
refractory severe acute GvHD has led to a remarkable
improvement in GVHD symptoms [31]. In view of this, it is
an intriguing notion that HLA-G could be a specific marker
for the therapeutic approaches using MSCs or MSC-derived
exosomes to treat steroid-refractory severe acute GvHD.

Immunosuppressants appear to have different effects on
HLA-G transcription and protein expression: steroids
upregulate them, cyclosporine and mycophenolate mofetil
appear to have no effect on HLA-G expression, everolimus
on the contrary is associated with high HLA-G levels [1, 3,
32]. In this study we elucidated particularly the influence of
ATG on sHLA-G and its associated effects after allo-SCT.
In general, patients treated with ATG during conditioning
showed significantly higher levels of sHLA-G. In contrast,
irradiation did not have a consistent influence on sHLA-G.
Although further investigations are needed, to our knowl-
edge this study provides the first substantial evidence that
ATG treatment strikingly affects circulating amounts of
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sHLA-G molecules. In this context it is remarkable that
ATG is also reported to stimulate the enhanced secretion of
interleukin-10 — a cytokine, which selectively induces
HLA-G expression by monocytes [33, 34]. Even more,
ATG has the capability to promote the expansion of reg-
ulatory T cells by so far not clarified pathways [33]. Here it
is tempting to speculate that ATG leads to the production of
sHLA-G via IL-10, which in turn results in the induction of
regulatory T cells.

It has been reported that the genotype of 14 bp poly-
morphism is significantly associated with sHLA-G expres-
sion [7]. Specifically, the 14 bp insertion polymorphism of
HLA-G was associated with promoting immune tolerance
and preventing aGvHD [35]. Other studies, however, did
not confirm a correlation between HLA-G 14bp poly-
morphism and the risk of aGvHD occurrence [36]. A recent
study showed furthermore no association between the HLA-
G 14bp polymorphism, the soluble HLA-G level and
aGvHD, disease recurrence, or death [22]. Hence, the
interplay between the 14 bp polymorphism, the presence of
soluble HLA-G and ATG requires further analysis, pre-
ferably in a larger cohort.

Our study underlines the tolerogenic potential of HLA-G
in the context of allogeneic stem cell transplantation. We
have added further insights, e.g. the influence of ATG on
sHLA-G. This might open new intriguing aspects of HLA-
G in allo-SCT. Since our data describe a positive associa-
tion of high sHLA-G levels with low incidence of severe
acute and chronic GvHD, this might be useful to identify
patients who might be candidates for a reduction in
immunosuppressive treatment, which is particularly
important in patients with high relapse risk. Moreover,
especially in association with immunosuppressive MSC,
HLA-G might be used as a tolerogenic agent or serve as a
surrogate parameter to identify MSCs with the highest
immunosuppressive potential.
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