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Abstract Following the Fifth International Conference on

non-classical HLA-G antigens (HLA-G), held in Paris in July

2009, we selected some topics which focus on emerging

aspects in the setting of HLA-G functions. In particular,

HLA-G molecules could play a role in: (1) various inflam-

matory disorders, such as multiple sclerosis, intracerebral

hemorrhage, gastrointestinal, skin and rheumatic diseases,

and asthma, where they may act as immunoregulatory fac-

tors; (2) the mechanisms to escape immune surveillance

utilized by several viruses, such as human cytomegalovirus,

herpes simplex virus type 1, rabies virus, hepatitis C virus,

influenza virus type A and human immunodeficiency virus 1

(HIV-1); and (3) cytokine/chemokine network and stem cell

transplantation, since they seem to modulate cell migration

by the downregulation of chemokine receptor expression and

mesenchymal stem cell activity blocking of effector cell

functions and the generation of regulatory T cells. However,

the immunomodulatory circuits mediated by HLA-G proteins

still remain to be clarified.

Keywords HLA-G � Inflammation � Cytokine/chemokine

network � Viral infection � Stem cells

Introduction

Human Leukocyte Antigen-G (HLA-G) are class Ib HLA

antigens structurally related to class Ia HLA-A, -B, and -C

(HLA-I) products because they are immunologically func-

tional peptides presenting heterodimeric glycoproteins non-

covalently associated with b2-microglobulin which are

linked to the Major Histocompatibility Complex (MHC)

locus on chromosome 6 [1, 2]. HLA-G molecules are clas-

sified as non-classical HLA-I proteins due to the following

characteristics: (1) their limited allelic polymorphism [3];

(2) their peculiar expression pattern characterized by the

generation of seven protein isoforms which include four

membrane bound (G1, G2, G3, and G4) and three soluble

(G5, G6, G7) proteins [4]; and (3) their restricted tissue

distribution [5]. Among the different HLA-G isoforms,

membrane-bound HLA-G1 and soluble HLA-G5 (HLA-G5)

are those most expressed and studied [1]. HLA-G5 proteins

are directly secreted in this form and represent the soluble

counterparts of membrane-bound HLA-G1. However,

HLA-G1 can be proteolytically released as soluble mole-

cules (sHLA-G1) after shedding from the cell surface.

Therefore, sHLA-G1 and HLA-G5 are considered the most
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important functionally active soluble HLA-G isoforms [6].

Under physiological circumstances, the expression of HLA-G

molecules is mainly detected in placental trophoblast cells

[7], but also in thymus [8], cornea [9], nail matrix [10],

pancreas [11], and erythroid and endothelial precursors [12].

However, a cell surface HLA-G ectopic expression can also

be detected on monocytes [13] and in several pathological

conditions such as transplantation, tumors, viral infections

and autoimmune diseases [1, 2]. It is currently accepted that

HLA-G antigens may act as immunomodulatory molecules,

since they maintain tolerance at the feto–maternal interface

[14], favor graft tolerance [15], decrease inflammatory and

immune responses [16], and support tumor [17] and virally

infected cells immune escape [18]. The immunosuppressive

properties of both membrane-bound and soluble HLA-G

proteins are probably due to their ability in: (1) inhibiting the

activity and mediating apoptosis of cytotoxic CD8? T cells

and NK cells [19–21]; (2) inhibiting proliferation of CD4? T

cells and driving them into an immunosuppressive profile

[22, 23]; (3) inhibiting antigen presenting cells and B cells

differentiation [24, 25]; (4) promoting a shift of Th1/Th2

balance toward Th2 polarization [26, 27]; and (5) inducing

regulatory T cells [28]. These effects depend on interactions

of HLA-G molecules with their specific inhibitory receptors

ILT-2 (LILRB1/CD85j), ILT-4 (LILRB2/CD85d) and

KIR2DL4 (CD158d) expressed by immune cells [29]. In

addition, an anti-inflammatory cytokine, such as interleukin

(IL)-10, up-regulates HLA-G expression, which in turn

increases IL-10 secretion [13]. Based on these observations,

in recent years, the involvement of HLA-G molecules in

inflammation and immunomodulation has received

increasing attention. In particular, it has recently become

clear that HLA-G antigens could play a crucial role in var-

ious inflammatory disorders, such as multiple sclerosis,

intracerebral hemorrhage, gastrointestinal, skin and rheu-

matic diseases and asthma. A growing body of evidence also

suggests an implication of these proteins in the cytokine/

chemokine network, viral infections and stem cell functions.

These emerging data are attractive since a better under-

standing of the exact mechanisms underlying the interactions

between HLA-G molecules and different immune events may

help us to open new avenues in identifying more efficient

therapeutic strategies in several autoimmune and infectious

conditions, and in regenerative medicine. Therefore, these

important aspects of HLA-G action will be systematically

reviewed in the following sections.

Inflammation

HLA-G structures were previously shown to act as regu-

latory factors of immune responses operating in several

inflammatory conditions [30]. The influence of these

HLA-G properties has been recently identified in some

neurological disorders and better clarified in a group of

systemic manifestations.

HLA-G and multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory demy-

elinating and neurodegenerative disease of the central

nervous system (CNS) with an unknown etiology that is

widely considered to be autoimmune in nature [31]. MS

usually affects young adults, and women more frequently

than men, and is clinically characterized by the dissemi-

nation in space and time of relapses which refer to the

occurrence of neurological symptoms and signs [32].

About 80% of MS patients start with a relapsing–remitting

(RR) course that, over time, transforms into a secondary

progressive (SP) course. In a smaller group of patients

(20%), MS begins with a primary progressive (PP) [32].

However, according to the recent proposed criteria [33],

the diagnosis of MS requires the detection of multi-focal

lesions in the periventricular white matter on T2-weighted

magnetic resonance imaging (MRI) scans with or without

Gadolinium (Gd) enhancement on T1-weighted MRI scans.

In this setting, clinical evidence of disease activity is

considered as the presence of relapse at neurological

examination, whereas MRI appearance of disease activity

is defined as the occurrence of lesions with Gd enhance-

ment on T1-weighted MRI scans. Epidemiological studies

indicate that exposure to an environmental factor, such as

an infectious agent, in combination with genetic predis-

position, could be implicated in MS pathogenesis [31]. MS

is currently believed to be mediated by autoreactive CD4?

T helper 1 (Th1) cells which traffick across the blood–brain

barrier (BBB) and migrate into the CNS after activation

[31]. These cells orchestrate a combined attack of both

innate and acquired immune responses directed against

myelin proteins consisting of a cooperation among mono-

cytes, macrophages (innate immune system), B cells,

CD4? T cells and CD8? T cells (acquired immune system)

and resulting in CNS inflammation leading to myelin

damage and axonal loss. It is generally assumed that the

initiation of this coordinate immune reaction takes place in

the periphery due to failure of self-tolerance [31]. Brain

antigens can be recognized as non-self by a dysfunction

of regulatory immune cells (‘‘autoimmune hypothesis’’) or

by a reaction with proteins released from the CNS after

primary degeneration (‘‘degeneration hypothesis’’) or

infection (‘‘infection hypothesis’’) [31]. The first demon-

stration of the involvement of HLA-G in MS autoimmunity

was achieved about 7 years ago [34]. In this study, the

presence of CSF detectable levels of sHLA-G in RRMS

patients and, occasionally, in other inflammatory neuro-

logical disorders (OIND) and non-inflammatory
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neurological disorders (NIND) was reported, for the first

time. In addition, CSF levels of sHLA-G were higher in

RRMS than in controls and increased, in association with

IL-10 values, in RRMS patients without than in those with

MRI evidence of disease activity. Of note, in RRMS

patients, CSF concentrations of sHLA-G and IL-10 were

positively correlated with inactive MRI disease and CSF

IL-10 titers were more elevated in patients with than in

those without CSF measurable levels of sHLA-G. These

data suggested that CSF sHLA-G levels may modulate MS

disease activity acting as anti-inflammatory molecules

under the control of IL-10 CSF levels which may enhance

sHLA-G production. The existence of high CSF concen-

trations of sHLA-G in MS patients and their association

with clinical and MRI stable disease were repeatedly

confirmed in subsequent investigations in which: (1) an

intrathecal production of sHLA-G was more frequent in

MS than in inflammatory and non-inflammatory controls

and predominated in clinically and MRI inactive compared

to clinically and MRI inactive MS [35]; (2) sHLA-G

concentrations reciprocally fluctuated in CSF and serum of

MS patients because they were decreased in serum of

clinically stable MS and increased in CSF of MRI inactive

MS [35]; (3) CSF levels of HLA-G5 and not those of

sHLA-G1 isoforms were more increased in MS than con-

trols and in MS patients without MRI appearance of

disease activity than in those with MRI Gd-enhancing

lesions [36]; and (4) CSF values of sHLA-G and anti-

apoptotic sFas molecules were inversely correlated in MS

patients with no evidence of MRI disease activity, since

CSF concentrations of sFas were lower in MS than in

controls and in MRI inactive than in MRI active MS [37].

Moreover, in MS patients undergoing interferon (IFN)-b 1b

therapy, serum sHLA-I levels were elevated after the first

month of treatment and higher in responder than in non-

responder in the first trimester of therapy, suggesting that

the favorable effect of IFN-b 1b could be mediated by an

increase in serum sHLA-I concentrations during the first

3 months of treatment [38]. Taken together, these findings

seem to indicate that high CSF levels of sHLA-G antigens

are strongly associated with the MS recovery phase, since

they probably operate as anti-inflammatory molecules

leading to the downregulation of the MS brain inflamma-

tory response. In particular, the resolution of MS

autoimmunity promoted by sHLA-G molecules may be due

to immunosuppressive properties of the HLA-G5 isoform.

Data coming from other reports have recently reinforced

the hypothesis that this may play a role in MS pathogen-

esis. First, HLA-G derived from peripheral blood

monocytes of MS patients was able to suppress Th1 and

Th2 cytokine production and proliferation of CD4? T cells,

whereas RNA and protein HLA-G expression on peripheral

blood monocytes (PBMCs) were lower in MS patients than

in healthy donors and increased after the first month of

treatment with IFN-b [39]. These results strengthened the

assumption that an association between up-regulation of

HLA-G antigens and immunomodulatory effects of IFN-b
probably exists. Second, immunohistochemical expression

of HLA-G and its inhibitory receptors (ILT-2 and ILT-4)

was strongly up-regulated within and around MS lesions

where microglia, macrophages and endothelial cells were

recognized as the cellular sources [40]. Furthermore, pro-

tein HLA-G expression on monocytes was high on cultured

human microglial cells after activation with Th1 pro-

inflammatory cytokines and elevated on monocytes in CSF

of MS patients. Third, a novel subpopulation of naturally

occurring CD4? and CD8? regulatory T cells expressing

HLA-G (HLA-Gpos Treg) was recently described in

peripheral blood of healthy persons [41]. This subset was

of thymic origin, present in small amounts, expressed

HLA-G1 on their cell surface, exerted their suppressive

functions through the secretion of HLA-G5 and the shed-

ding of sHLA-G1, and was also detected in CSF of MS

patients, where it was more frequent than in peripheral

blood and slightly more represented in MS patients with

than in those without relapse. Further studies demonstrated

that IL-10 contributed to mediate the suppression activity

of CD4? HLA-Gpos Treg [42] which were highly repre-

sented in CSF and inflammatory brain lesions of MS

patients as activated central memory T cells capable of

migrating from the periphery to the intratecal compartment

due to the expression of CCR5 [43]. Collectively, these

observations provide evidence that sHLA-G antigens, and

in particular HLA-G5 isoform, are likely involved in the

resolution of MS autoimmunity acting as anti-inflamma-

tory molecules, and suggest that HLA-Gpos Treg could play

a role in the development of a CNS immunosuppressive

microenvironment at the sites of inflammation in MS.

However, the exact mechanisms operating in the complex

immunomodulatory circuit having sHLA-G proteins as key

mediators still remain to be clarified. Therefore, it can

currently only be hypothesized that, in MS, macrophages

and HLA-Gpos Treg infiltrating the brain, endothelial cells

and microglia could promote the suppression of CD4? Th1

cell pro-inflammatory responses and CD8? T and NK cell

cytotoxicity via release of HLA-G5. These effects would

be mediated by the interactions between sHLA-G mole-

cules and their receptors resulting in the inhibition of

proliferation of CD4? Th1 cells and the apoptotic elimi-

nation of activated CD8? T and NK cells invading the

brain by using the Fas/FasL-dependent pathway. In addi-

tion, IL-10 secreted by astrocytes may increase the

production of HLA-G5 molecules, which in turn, stimulate

IL-10 synthesis. The final outcome would consist in a

deviation of the Th1/Th2 balance toward Th2 directions

leading to the formation of an anti-inflammatory intrathecal
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milieu responsible for the termination of neuroinflamma-

tion related to remission of the disease (Fig. 1, panel B)

[44].

HLA-G and intracerebral hemorrhage

Spontaneous intracerebral hemorrhage (SICH) is a bleed-

ing-into-brain parenchyma due to spontaneous rupture of

small arteries or arterioles damaged by chronic hyperten-

sion or amyloid angiopathy and constitutes about 10–20%

of all strokes, and represents the form of stroke with greater

mortality and disability [45, 46]. Two main components

can be identified in SICH [45, 46]: (1) the hemorrhagic

core that represents the site of bleeding located in central

part of the hematoma; and (2) the perihematomal area that

constitutes the rim of edematous brain tissue surrounding

the hemorrhagic core placed in the periphery of hematoma.

SICH is not a monophasic event, but a dynamic phenom-

enon characterized by a typical temporal progression

including different stages (acute, subacute and chronic)

[46]. The prognosis of SICH is principally dependent on

the extent and evolution of the primary and secondary brain

damage [45, 46]. Primary brain injury occurs in the hem-

orrhagic core where the extravasated blood causes a direct

brain tissue destruction and hematoma formation is asso-

ciated to mass effect. Conversely, secondary injury takes

place in the perihematomal area and is related to tissue

compression due to edema development. The current lack

of a beneficial therapy in SICH [46] reflects the limited

understanding of its pathogenesis concerning, in particular,

the exact mechanisms implicated in the appearance and

evolution of perihematomal edema. In this setting, it is

commonly presumed that a strong inflammatory response

could contribute to secondary injury promoted by edema

reaction that develops in the region peripheral to hematoma

[47]. A recent study [48] reported, for the first time, that

serum sHLA-G and sHLA-G1 levels showed a character-

istic time course after hematoma appearance, since they

increased at 48 h and then decreased at 7 days when

compared to corresponding baseline values observed at

24 h after bleeding. Conversely, no significant changes in

serum concentrations of HLA-G5 were found over time

after SICH. In addition, serum sHLA-G and sHLA-G1

values and perihematomal edema volume were positively

correlated at 24 h and at 48 h after SICH. These pre-

liminary results argued in favor of a potential implication

of sHLA-G in ongoing inflammatory response associated to

perihematomal edema development taking place in the

Fig. 1 Schematic representation showing the potential role of

sHLA-G in intracerebral hemorrhage (ICH, a) and multiple sclerosis

(MS, b). a The shedding of sHLA-G1 by macrophages migrating into

the brain during ICH may contribute in perihematomal edema

resolution. b The secretion of HLA-G5 by macrophages and

HLA-Gpos Treg infiltrating the central nervous system (CNS) across

the blood-brain barrier (BEE), endothelial cells and microglia,

sustained by a IL-10 release by astrocytes, may promote the

suppression of CD4? Th1 cell activity and the apoptotic removal of

CD8? T cells and NK cells that favour the formation of an anti-

inflammatory intrathecal microenvironment leading to the termination

of MS inflammation
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transition from acute to subacute phases after SICH.

Therefore, it is tempting to speculate that this supposed

anti-inflammatory property of sHLA-G molecules in SICH

may be due to the shedding of sHLA-G1 isoform by HLA-G

expressing macrophages migrating into the CNS (Fig. 1,

panel A) [1, 40]. The demonstration that the migration of

leukocytes into the hematoma peaks at 2–3 days after onset

[47] and, given the competence of HLA-G in suppressing

immune cells through Fas/FasL-dependent apoptotic

mechanisms, the detection of an inverse correlation

between serum levels of sFas and perihematomal edema

size associated with increased concentrations of FasL in

perihemorrhagic region [49] seems partially to support this

speculation.

HLA-G and gastrointestinal diseases

The immuno-tolerance dysfunction and the deregulation of

the immune system, as far as the altered balance of pro-

and anti-inflammatory cytokines in inflammatory bowel

disease, propose a possible role of HLA-G molecules in

the pathogenesis and progression of Crohn’s disease (CD)

and ulcerative colitis (UC) [50]. Torres et al. [51] firstly

demonstrated, by immunohistochemistry, the presence of

HLA-G molecules in the inflamed mucosa biopsies of UC

patients, characterized by a modified Th2 response, in spite

of the absence of these molecules in CD intestinal biopsies,

associated with a Th1 cytokine pattern. In 2008, Rizzo

et al. [52] observed, by an in vitro model, a clear difference

in the production of soluble HLA-G (sHLA-G) molecules

between CD and UC patients. LPS-stimulated PBMCs

from UC patients secreted lower sHLA-G levels, associ-

ated with lower IL-10 production, compared to CD LPS-

stimulated PBMCs, whereas the presence of sHLA-G

molecules and IL-10 in unstimulated PBMC supernatants

of CD patients seems inadequate to counteract the chronic

inflammatory condition. The authors proposed this in vitro

test as a useful diagnostic tool able to distinguish UC from

CD patients at an early stage. The discrepancy between the

deficit in sHLA-G production by UC PBMCs and the

expression in gastrointestinal biopsies could be explained

by the different specific microenvironment. HLA-G gene

is characterized by the presence of an insertion/deletion

of a 14-bp sequence polymorphism at the 3’ untranslated

region; the insertion of 14 bp increases the instability of the

HLA-G mRNA causing lower protein production [53].

Glass et al. [54] showed an increased frequency of both the

insertion of a 14-bp allele and the heterozygous genotype

(?14/-14 bp) in UC patients when compared to CD sub-

jects, in particular in those CD cases positive for ileocecal

resection, suggesting a potential effect of HLA-G gene as a

disease-modulating gene. Recently, Torres et al. [55]

showed increased serum concentration of sHLA-G and the

presence of sHLA-G molecules in biopsies of intestinal

mucosa of coeliac patients, totally absent in healthy

biopsies. Coeliac disease is an autoimmune disorder char-

acterized by an anomalous innate immune response at the

gut level. These data could suggest HLA-G as possible tool

for the diagnosis of IBD and coeliac disease.

HLA-G and skin diseases

The data obtained on HLA-G modulation in skin cancer

and inflammatory diseases show a dual role of HLA-G

molecules in this site [56]. HLA-G molecules were found

in psoriatic lesional plaques [57], a chronic autoimmune

skin disease characterized by T cells infiltration. A recent

work by Borghi et al. [58] found significant lower plas-

matic levels of both sHLA-G and IL-10 in psoriatic

patients compared to healthy subjects, suggesting a favor-

able condition for the development of inflammation.

Moreover, the presence of HLA-G molecules in biopsies

from atopic dermatitis was provided by Khosrotehrani et al.

[59], mainly in association with a favorable prognosis. The

modulation of HLA-G molecules at transcriptional and

translational levels was also observed in epidermal cells of

pemphigus vulgaris (PV) patients, an autoimmune blister-

ing disease of the skin and mucous membranes [60].

Moreover, Gazit et al. [61] found an increased presence of

the deletion allele of the HLA-G 14-bp polymorphism in

Jewish PV patients. Advances in the understanding of the

clinical relevance of HLA-G might be a key for future

therapeutic tools in the treatment skin inflammatory disease

and tumors.

HLA-G and rheumatoid diseases

Verbruggen et al. [62] found, for the first time in 2006,

significantly lower sHLA-G levels in rheumatoid arthritis

(RA) patients, compared to healthy subjects. The impaired

sHLA-G expression could contribute to the development of

RA, a chronic inflammatory and autoimmune disease

characterized by cartilage and joint destruction, invasion of

the joints by immune cells and an unbalanced Th1 micro-

environment [63]. Rizzo et al. [64] demonstrated a

pharmacogenetic role of the HLA-G 14-bp polymorphism

in the clinical response of RA patients to methotrexate

(MTX). The authors observed an increased production of

IL-10 and sHLA-G after PBMCs in vitro culture with

MTX. They also found a significant association between

the presence of the -14/-14 bp genotype and a good

response to MTX therapy suggesting this HLA-G poly-

morphism as a possible therapy marker in the early phases

of the disease. Moreover, Veit et al. [65] showed an

increased frequency of the 14-bp sequence deletion allele

and of the -14/-14 bp genotype in juvenile idiopathic
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arthritis (JIA) females, while no significant differences

were observed between healthy subjects and RA patients.

They suggested the HLA-G 14 bp polymorphism as a

possible factor of distinction between these two diseases.

Rosado et al. [66] was first to report the presence of higher

levels of HLA-G, compared to healthy subjects, in patients

with systemic lupus erythematosus (SLE), a chronic auto-

immune inflammatory disease. Rizzo et al. [67] found

significant lower concentrations of sHLA-G in the plasma

of mild untreated SLE patients than in healthy controls and

a significant increased frequency of the 14-bp sequence

insertion allele and of the ?14/?14-bp genotype. More-

over, Veit et al. [68] observed an excess of heterozygous

14-bp genotypes, in particular in subjects with a milder

disease, while Wu et al. [69] found a similar distribution of

the 14-bp genotype between SLE Han Chinese patients and

healthy subjects. These conflicting results could be due to

environmental and/or ethnicity-specific factors as far as to

the heterogeneous clinical feature and mostly to the ther-

apeutic treatment of the investigated patients. Otherwise,

these data propose HLA-G as a candidate gene for asso-

ciation to rheumatic diseases and suggest a careful analysis

of HLA-G regulation and allelic polymorphisms.

HLA-G and asthma

A possible involvement of HLA-G molecules in the

Th2-polarized immune response typical of allergic disease

such as asthma has been recently proposed [70, 71].

Nicolae et al. [72] suggested HLA-G as a novel asthma

and hyper-responsiveness susceptibility gene and demon-

strated, by immunohistochemistry, the expression of HLA-G

in bronchial epithelial cells that could be involved in the

local inflammatory response to allergens. Moreover, Tan

et al. [73] reported a single nucleotide polymorphism in the

HLA-G gene able to influence the targeting of three micro-

RNA that negatively regulate gene expression and con-

tribute to the risk of asthma development. Rizzo et al. [70]

demonstrated a defective production of sHLA-G molecules

by PBMCs from asthmatic patients after in vitro stimula-

tion with LPS, due to low IL-10 levels. The low HLA-G

secretion could influence the persistence of the chronic

airway asthmatic inflammation. Conversely, Tahan et al.

reported higher levels of plasmatic sHLA-G in asthmatic

children [71] suggesting a role of these antigens in atopy.

These different results could probably be due to the

different specimens analyzed. The production of anti-

inflammatory HLA-G molecules might contribute to the

modulation of the immune response. Further, a recent work

by Mapp et al. observed the influence of workplace expo-

sure to isocyanates on sHLA-G production and IL-10

secretion and occupational non-allergic asthma develop-

ment [74]. An overview about the main current literature

on the association between HLA-G and gastrointestinal,

skin and rheumatoid diseases and asthma is reported in

Table 1.

Overall, these findings indicate that HLA-G molecules

display a broader range of action in different inflammatory

diseases in which these antigens seem to play opposite

roles, because their expression can be both beneficial and

detrimental also depending on the site where they exert

their functions.

Cytokines/chemokines

The modulation of cytokines and chemokines has a crucial

impact on several physiological and/or pathological con-

ditions due to their central role in orchestrating different

events associated with immune responses. Therefore, the

recent demonstration that HLA-G molecules could be

involved in these regulatory mechanisms shed a new light

on cytokine/chemokine network.

HLA-G and cytokines: an overview

Cytokines are small proteins secreted by different cell

types of the immune system upon antigen stimulation.

Immune responses are mediated and regulated by the

interaction of cytokines with different receptors: (1) class I

(hematopoietin), (2) class II (interferons), (3) immuno-

globulin superfamily receptors, (4) TNF receptors, and (5)

chemokine receptors. Engagement of these receptors leads

to activation of JAK/STAT proteins, and finally to gene

transcription modulation. Recently, several observations

have suggested that secretion of different cytokines in

different cell populations of the immune system may be

modulated by HLA-G molecules. HLA-G5 interact with

inhibitory receptor Ig-like transcript (ILT) 4 on dendritic

cells (DC), dampening their maturation and activation.

Moreover, ILT4 engaged by soluble (s)HLA-G1/G5 recruit

SHP-2 phosphatase and modulate NF-kB pathway, leading

to increase of mRNA levels and secretion of IL-6 in DC

[75]. Up-regulation of IL-6 in DC leads to the development

of immunosuppressive/tolerogenic DC. Moreover, knock-

out mice for IL-6 had increased numbers of mature DC,

demonstrating that endogenous IL-6 inhibits DC matura-

tion. IL-6 modulate gene transcription predominantly by

phosphorylation and activation of Stat3 [76]. sHLA-G

molecules modulate the maternal immune response against

fetal tissues; in this respect, modulation of cytokines

secretion in NK cells and macrophages at the maternal–

fetal interface may be relevant. sHLA-G stimulate the

release of pro-angiogenic factors and cytokines, leading to

the establishment of a microenvironment that allows the

implant of the fetus. HLA-G molecules induce the release
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of pro-inflammatory cytokines, i.e., IL-6, IL-8, TNF-a in

decidual, but not peripheral, CD56? NK cells, and in both

peripheral and decidual CD14? monocytes, by interacting

with KIR2DL4 receptor [77]. The modulation of cytokine

release was higher in decidual counterparts of NK cells and

macrophages, and appears to be related to the induction

vascular remodeling of the uterine spiral arteries. Similar

effects of sHLA-G were observed on resting peripheral

blood NK cells [78]. sHLA-G molecules induce release of

IL-6, IL-8 and TNF-a, plus IL-23, IL-1-b, and IFN-c.

Moreover, two chemokines, i.e., MIP-3-a and MIP-3-b, are

increased. The authors demonstrated that agonistic anti-

bodies against KIR2DL4 are more effective than sHLA-G

in the induction of cytokine release by NK cells. These

evidences are reinforced by data obtained on uterine NK

cells [79]. When the latter cells are stimulated with IL-15

in the presence of sHLA-G, secretion of Th-1 type cyto-

kines, i.e., TNF-a and IFN-c, is increased. The engagement

of different receptors by sHLA-G is related to different

modulation of cytokine production. In fact, the induction of

pro-inflammatory cytokines in NK cells and macrophages

have been associated with engagement of KIR2DL4

receptor, whereas interaction of sHLA-G with ILT2/CD85j

receptor dampens the release of pro-inflammatory cyto-

kines. NK cell lines expressing ILT2 receptor and

incubated with HLA-G? cell lines display decreased levels

of IFN-c (both mRNA and protein). The same results were

obtained with ILT2?/KIR3DL1- peripheral blood NK and

T cells. IFN-c release upon activation was strongly inhib-

ited in both cell populations in the presence of HLA-G?

cell lines [80]. HLA-G molecules may also induce the

secretion of anti-inflammatory cytokines. HLA-G5/G6

increased the secretion of TGF-b1 by myelomonocytic cell

line U937, suggesting that anti-inflammatory cytokines

may be secreted by maternal macrophages exposed to

HLA-G5/G6 secreted by cytotrophoblast cells [81]. A

strong correlation between sHLA-G and the immunosup-

pressive Th2-related cytokine IL-10 has been reported.

IL-10 is secreted by human cytotrophoblast cells [82] and

acts as a strong inducer of sHLA-G release by monocytes

and human trophoblast cells [13]. Moreover, IL-10 induces

up-regulation of HLA-G in most of human cancer cells,

providing them an immune escape mechanism [83].

Finally, serum levels of IL-10 and sHLA-G appear to be

mutually related [70]. Recently, it has been demonstrated

that sHLA-G can induce novel immunosuppressor

CD3?CD4low or CD3?CD8low T cell subsets, whose

inhibitory function is related to IL-10 secretion [84], con-

sistent with data obtained on HLA-G?/CD4? regulatory

T cells [42]. A correlation between sHLA-G and Th2-

related cytokine is also suggested by studies that describe

increased levels of sHLA-G in sera from patients with

allergic diseases [85]. Moreover, allergic patients treated

with sublingual immunotherapy (SLIT), that induce a shift

toward Th1 polarization and increase serum levels of

IFN-c, display decreased serum levels of sHLA-G [86].

HLA-G and cytokines in mesenchymal

stem cells functions

Human mesenchymal stem cells or mesenchymal stromal

cells (MSC) are a rare population of multipotent cells of the

bone marrow. These cells can differentiate in osteoblast,

chondroblast, adipocytes, stromacytes or neurons, and these

Fig. 2 Flow cytometry

analysis of the expression of

chemokine receptors in the

presence (black bars) or

absence (grey bar) of sHLA-G

(100 ng/ml) in activated and

resting T and B cells
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features make them attractive for regenerative medicine

[87–89]. MSC exert immunomodulatory properties by cell

contact or by soluble factors, such as prostaglandin E2,

TGF-b1, IL-10 and indoleamine 2, 3-dioxygenase [90].

MSC can inhibit allogeneic T cell proliferation [91], B cell

functions [92], DC maturation [93], and NK-mediated

cytotoxicity [94]. Moreover, MSC expand CD4?/CD25?/

FOXP3? regulatory T cells [91]. Some immunoregulatory

functions of MSC are related to sHLA-G. Release of sHLA-G

by MSC protects themselves from NK-mediated cytolysis

and dampens IFN-c release by NK cells [95, 96]. Again,

HLA-G and IL-10 are strongly related. MSC treated with

IL-10 secrete higher levels of sHLA-G, and such effect was

dose-dependent. Moreover, cells co-cultured with MSC

display higher levels of IL-10 secretion, and such effect was

reverted by adding blocking antibodies against sHLA-G

[96]. IL-10 and sHLA-G are present in culture supernatants

when MSC are co-cultured with PBMNC in the presence

of PHA. Blocking experiments with anti-IL-10 and/or

anti-sHLA-G confirm a crucial role of both molecules in

MSC-mediated immunosuppression [97]. Finally, cells

co-cultured with MSC display higher levels of IL-10 and

TGF-b transcripts and higher expression of HLA-G [98].

HLA-G and chemotaxis: rationale and preliminary

evidences

Chemotaxis is crucial for the recirculation of immune

effector cells between peripheral blood, secondary lym-

phoid organs and inflamed tissues, and is mediated by the

interaction between chemotactic cytokines (chemokines)

and G protein-coupled chemokine receptors. Several

papers have reported modulation of chemokine release by

HLA-G in different cell populations [78]. However, so far,

no information is available on a possible modulation of

chemotaxis performed by HLA-G. Migration of NK cells,

but not of T cells, across porcine endothelial cells is

inhibited when the latter cells are transfected with HLA-G1,

whereas the migration was unaffected when endothelial

cells are transfected with HLA-A2 [99]. These data suggest

that migration of NK cells across the placenta may be

modulated by HLA-G. Recently, it has been demonstrated

that trophoblast-derived SGHPL-4 cell lines transfected

with sHLA-G display a decreased level of motility and

invasion capacity in vitro after stimulation with hepatocyte

growth factor [100]. These data suggested an autocrine

inhibition of trophoblast invasion, mediated by sHLA-G

secretion. Taken together, these findings suggested that

HLA-G molecules may affect cell motility and migration

of different cell subsets, with an undefined mechanism.

Morandi and associates tested whether sHLA-G modulation

of cell migration involves the modulation of chemokine

receptor expression, performing a preliminary experiment

on peripheral blood mononuclear cells. Cells were cultured

in vitro with medium alone (resting cells) or activated with

specific stimuli (anti-CD3 mAb or anti-Ig mAb plus CpG

for T or B cells, respectively), in the presence or absence of

sHLA-G. The expression of chemokine receptors was

analyzed by flow cytometry, gating on CD3? T cells or

CD19? B cells. Bars indicated percent of positive cells

(Fig. 2). The expression of some chemokine receptors, i.e.,

CCR2, CCR7, CXCR3, CXCR4, and CXCR5 was reduced

by sHLA-G in activated but not in resting T cells. Such

effect appears to be less relevant in resting or activated B

cells than in T cells.

Taken together, these data suggest that HLA-G antigens

are able to modulate cytokine and chemokine secretion-

mediating immune responses, MSC functions and chemo-

taxis. In these circumstances, HLA-G proteins may play a

key role in determining the final outcome of cytokine and

chemokine actions.

Viral infections

Host immune defense mechanisms are efficient at elimi-

nating most viral infections. However, some viruses have

developed multiple strategies for subverting host immune

defenses, thus facilitating their spread in the host [101].

One such important mechanism involves certain viral-

induced changes in the levels and distribution of classical

(Ia) and non-classical (Ib) HLA class I antigens that protect

the host infected cells by blocking the host’s immune

defenses. Protection from attack by cytotoxic T lympho-

cytes (CTL) is primarily mediated by down-regulation of

the classical HLA class I antigens (A and B) [101]. Virus-

infected cells are protected against attack by NK cells by

the non-classical HLA class I, HLA-G, when this molecule

is expressed in virus-infected cells. This molecule, both on

the cell surface and in soluble form, is also capable of

suppressing the functions of various immune cells,

including T regulatory lymphocytes and dendritic cells,

providing a long-term immunosuppression function [102].

It may, therefore, be that the diminished immune function

induced by HLA-G in the host sometimes leads to an

advantage for virus progression by helping viruses subvert

the host’s antiviral defenses [103]. In what follows, the

most important evidence is discussed regarding the impli-

cation of HLA-G in viral immune defense as one of the

strategies adopted by escaping viruses.

HLA-G in human immunodeficiency

virus (HIV-1) infection

Human immunodeficiency virus type 1 (HIV-1) infection is

associated with severe and progressive loss of the immune
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function in infected persons, leading to high risk of

opportunistic infections and malignancies. It is known that

HIV-1 protects infected cells from CTL and NK recogni-

tion and lyses by classical HLA-A and B down-regulation

and non-classical HLA-G molecule up-regulation, respec-

tively. Since, the immunoregulatory ability of HLA-G has

become known, the involvement of this molecule in the

progression of HIV-1 infection has been widely examined.

Many authors, including members of Peña’s group, have

studied the role of HLA-G in HIV-1 infection in order to

better understand the possible implication of this molecule

in the escape of HIV-1. Studies have focused on the

expression of HLA-G in monocytes, which are relevant as

reservoirs of HIV-1, and in lymphocytes, which are known

to be more susceptible to be infected by HIV-1. HLA-G in

monocytes obtained from HIV-1 seropositive patients was

analyzed in our laboratory, and we found that most

monocytes express HLA-G, although in healthy individu-

als, only a small proportion of them express this molecule

[104]. Peña and coworkers subsequently examined the

possibility that this might be one consequence of highly

active antiretroviral therapy (HAART) administered to

such patients, and we found a greater proportion of

monocytes expressing HLA-G in patients undergoing

HAART compared to those not receiving any treatment

[105] (Table 2). As HAART has different components,

including NRTIs, NNRTIs, and IPs, the same group sub-

sequently studied the effect of each of them on changes in

HLA-G level, finding that NRTIs are the main contributor

to the rise in HLA-G level [106]. This was confirmed by

the fact that the numbers of monocytes expressing HLA-G

gradually diminished after NRTIs were discontinued. The

cause of this change in the surface expression of HLA-G is

currently a topic of discussion. HIV Nef is involved in

down-regulating surface classical HLA class I antigens by

interacting with their cytoplasmic domain [107], but HIV

Nef may not be able to interact with the HLA-G molecule,

which has a truncated domain [108]. Besides the inability

of viral Nef to down-regulate HLA-G, other changes, such

as in IL-10, which is normally elevated in HIV infection

and has the ability to up-regulate expression of HLA-G

[13], may indirectly influence the expression of this mol-

ecule. Peña and colleagues also studied the expression of

HLA-G in T cells obtained from HIV-1 seropositive indi-

viduals and found that a higher proportion of them

expressed HLA-G [104]. Later, they found that the

majority of them were CD8?HLA-G? with the regulatory

T phenotype previously described in healthy individuals by

the group of Feger [41]. HLA-G polymorphism in HIV

infection has also been studied and various HLA-G alleles

have been associated with different levels of risk of HIV

infection. An association of G-0105N with protection and

G-010108 with susceptibility to HIV infection has thus

been found [109, 110]. On the other hand, a greater sus-

ceptibility to HIV infection is associated with the presence

of G-010108 alone or together with G-010401 [109].

G-010108 has a substitution at codon 57 (G–A) without

changes in amino acid sequence [111]. In an attempt

to elucidate possible immunological mechanisms that

would protect children born to HIV-1-infected mothers,

Aikhionbare’s group [112] presented evidence that dis-

similarities in HLA-G DNA sequence variants could

influence the transmission of HIV-1 from infected mothers

to their infants.

Table 2 HLA-G expression on the surface in viral infected cells

Virus Cell type Study type HLA-G changes References

CMV Human peripheral blood monocytes from CMV infected individuals In vivo Increase Yan et al., 2009 [115]

Macrophages and astrocytoma stimulated with monocytes CMV infected In vitro Increase Onno et al., 2000 [18]

Alveolar macrophages stimulated with inflammatory citokynes Ex vivo Increase Onno et al., 2000 [18]

Astrocytoma transfected with CMV In vitro Decrease Pizzato et al., 2003 [122]

Astrocytoma transfected with CMV In vitro Decrease Barel et al., 2003 [123]

RABV Neurons, neuroblastoma and astrocytoma infected with RABV In vitro Increase Lafon et al., 2005 [119]

Neurons and astrocytes infected with RABV In vitro Increase Megret et al., 2007 [124]

HSV-1 Neurons, neuroblastoma and astrocytoma infected with HSV-1 In vitro Increase Lafon et al., 2005 [119]

Neurons culture infected with HSV-1 In vitro Increase Megret et al., 2007 [124]

HIV-1 Peripheral blood CD8? lymphocytes from HAART treated patients In vivo Increase Lozano et al., 2009 [125]

Peripheral blood monocytes from HAART treated patients In vivo Increase Cabello et al., 2003 [105]

Macrophages and gliomas infected with HIV-1 In vivo Decrease Derrien et al., 2004 [126]

IAV Alveolar epithelial cells infected with IEV In vitro Increase LeBouder et al., 2009 [121]

Increment of the levels of sHLA-G has also been observed in human cytomegalovirus infection by Yan [115], Lafon [119] and in HIV infection

by Donaghy [127] and Lajoie [128]

CMV Cytomegalovirus, RABV rabies virus, HVS-1 herpes virus simplex, IAV influenza virus A, HIV human immunodeficiency virus
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HLA-G in human cytomelovirus (HCMV) infection

HCMV is a herpes virus that causes widespread, persistent

human infection in a delicate balance between the pro-

gression of the virus and the defenses of the host [113].

Although HCMV did not usually cause clinical pathology

in immunocompetent individuals, it was capable of

inducing serious complications when the host immune

system is immature or suppressed, such as occur in the

fetus and neonates, and in immunodeficient patients. It is

known that HCMV has evolved a number of independent

strategies to evade the immune system [114]. Thus, it has

been recently described how HCMV has developed various

mechanisms to impede NK cell recognition by inducing

expression of HLA-G by the host cells. Specifically, the

group of Onno [18] have reported that HLA-G is produced

during viral reactivation in macrophages and astrocytoma

cells after allogenic stimulation with monocytes latently

infected by HCMV. The group of Yan [115] have also

reported that the percentage of HLA-G-positive monocytes

and plasma-soluble HLA-G levels in patients with active

HCMV infection were both dramatically higher than in

healthy individuals. On the other hand, Pizzato et al. [108]

have demonstrated down-regulation of HLA-G in astro-

cytoma cells. The up-regulation observed in HLA-G is

probably related to IL-10, which increased in HCMV

infection [115]. One particular issue is the analysis of

HLA-G in trophoblasts in HCMV infection, as these are a

major target of HCMV infection in pregnancy [116]. Such

infections cause birth defects, as well as spontaneous fetal

loss. It has long been known that HCMV produces unique

short (US) viral glycoproteins, and information on the

down-regulation of HLA-G by some of these proteins has

been documented in detail for choriocarcinoma [117],

although other mechanisms may participate in this phe-

nomenon. Interestingly, when the studies of HLA-G

expression after HCMV infection were performed on

mielomonocytic cells, more powerful effects up-regulating

HLA-G were found than when these studies were done on

trophoblast-related cells, where an opposite effect, HLA-G

down-regulation, was observed. Further studies are there-

fore required to better understand such differences.

HLA-G in herpes virus simplex (HSV) and rabies virus

(RABV) infections

The ability of certain neurotropic viruses to induce the

formation of HLA-G in infected neurons, thus conferring

protection against NK cells [118], has recently been dem-

onstrated. Confirming this, Lefon [119] thus showed that

both neuronotropic viruses, such as HSV-1 and RABV, are

capable of triggering up-regulation in active infected neu-

rons to express HLA-G1 and produce HLA-G5 soluble

isoforms. However, RABV primarily up-regulates HLA-G1,

in contrast to HSV-1 which changes HLA-G5, showing that

RABV and HSV-1 can evade the host immune response

totally (RABV) or partially (HSV-1) regulating HLA-G.

The causes of these effects are not well known, although

they are probably mediated by soluble components, such

as IFN-b or IFN-c, which have demonstrated the ability to

up-regulate HLA-G in uninfected cells.

HLA-G in hepatitis C virus (HCV) and influenza

A virus (IAV) infections

There is also some evidence that HCV and IAV viruses use

HLA-G as a strategy to evade the immune system. Thus,

Cordero’s group [120] have recently demonstrated that

HLA-G polymorphism influences susceptibility to HCV

infection in certain infectious diseases, which suggests a

possible involvement of the HLA-G molecule in response

to infections. LeBouder et al. [121] have also shown that

several strains of IAV differentially up-regulate HLA-G

expression in alveolar epithelial cells, and that the severity

of the infection may therefore be related to the capacity of

different strains of the virus to up-regulate HLA-G. A

summary of viral infected cells expressing HLA-G is listed

in Table 2.

In summary, one of the main mechanisms of virus evasion

is the induction of changes in levels of the classical HLA-G

proteins. This enables the virus to prevent infected cells from

being recognized and attacked by CTL and NK cells.

HLA-G and the new perspectives in stem cell therapy

for regenerative medicine

Regenerative medicine using stem cell technology is

emerging as a promising therapy to replace or repair

damaged tissues [129–132]. However, their successful use

remains closely dependent on the fate and acceptance of

these cells after transplantation. Besides the multiple

characteristics that support their use in regenerative med-

icine, efficient translation of stem cell therapy to the clinic

still requires a better understanding of their immunological

properties and interaction with the host immune system.

Several in vitro and in vivo studies have demonstrated that

mesenchymal stem cells can modulate the function of the

immune system and exhibit immunosuppressive properties

[91, 93, 94, 133–135]. Mesenchymal stem cells have been

proposed for the control of graft rejection [136], graft

versus host disease [137] and autoimmune disorders [138].

However, the exact underlying molecular mechanisms

involved in these properties remains incompletely charac-

terized. Compared to embryonic stem cells, adult stem cells

have gained increasing interest for regenerative medicine
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thanks to their self-renewal potential, multipotency and the

lack of ethical restrictions related to their use. Recently,

scientific reports have highlighted the involvement of

HLA-G as a key molecule in the immunomodulatory

properties of mesenchymal stem cells. The aim of this

section is to briefly review the current knowledge on the

expression of HLA-G by adult stem cells, its modulation,

and involvement in tolerance induction in allogeneic cell

transplantations. HLA-G may play a role in solid organ

acceptance [139], and increased HLA-G plasmatic levels

measured after hematopoietic stem cells transplantation are

correlated with better graft acceptance, suggesting the

involvement of HLA-G molecules in allogeneic graft tol-

erance induction [140]. In vitro studies have confirmed this

hypothesis by demonstrating the constitutive expression

and secretion of HLA-G5 by human mesenchymal stem

cells (MSC) and its direct implication in MSC immuno-

modulatory effect [96, 141]. Indeed, using a blocking

antibody directed against HLA-G, Selmani et al. have

demonstrated the requirement of HLA-G5 for bone marrow

(BM)-MSC to induce the suppression of the NK lytic

activity, the inhibition of allogeneic T cell response, and

the expansion of CD4? CD25high FOXP3? regulatory

T cells. Interestingly, HLA-G expression on MSC can be

modulated by several agents such as progesterone [142],

IFN-c [143], and cell-to-cell contact with alloactivated

T cells or IL-10 [96]. This latter cytokine up-regulates

HLA-G5 in bone-marrow (BM)-MSC, but also seems to be

involved in a positive feedback loop with HLA-G5 as

suggested by the decrease of IL-10 BM-MSC production

induced after HLA-G5 blockade. Because MSC harvested

from various tissues present heterogeneous subpopulations,

some studies have recently been focused on the identifi-

cation of a potential MSC marker associated with a

significant suppressive effect. Both Stro-1 and CD90 could

be good candidates as one study showed that a Stro-1-

enriched population of MSC presents a stronger inhibitory

effect in vitro than other MSC and another linked the level

of CD90 expression to MSC inhibitory ability [144, 145].

In both cases, the enhanced inhibition was correlated with

an increased HLA-G gene expression. To date, the impli-

cation of HLA-G in the immunomodulatory effect of MSC

was mainly documented in BM-derived MSC. Few data are

currently available for other MSC like those from the

human umbilical cord matrix in which the expression of

HLA-G has only been described at the mRNA level as

demonstrated by RT-PCR [146, 147]. A standard com-

parative evaluation of HLA-G expression in MSC isolated

from other tissues is mandatory to allow a better under-

standing of the role of such molecule in stem cell

transplantation dedicated to solid and non-solid tissues.

HLA-G expression and function profile should be studied

during the differentiation process of these MSC both in

vitro and in situ, in order to understand its ontogenetic

expression profile. HLA-G expression and function should

also be evaluated when the transplanted stem cells were

isolated from the same tissue or from different ones. All

these data will help to determine the exact role of HLA-G

in modulating the immunological properties of stem cells

and to open up new perspectives in the field of stem cell

transplantation. Indeed, in transplanted patients, the HLA-G

plasma level could be a new prognostic indicator of graft

tolerance. The monitoring of HLA-G could be an indicator

to adapt the immune suppressive treatment and thereby

avoid their deleterious side effects. The identification of a

MSC specific marker of strong immunosuppressive effect

or an agent inducing HLA-G up-regulation might lead to

enhanced MSC inhibitory capacity by the selection of a

specific subpopulation or the pre-incubation of MSC with

drugs before their clinical use. The development of ‘tol-

erogenic’ MSC through the modulation of HLA-G

expression could allow successful allogeneic stem cell

transplantation when autologous infusion is not recom-

mended according to the primary disease or the instable

recipient status. Furthermore, the co-transplantation of

stem cells expressing HLA-G could be used as a new

immunosuppressive strategy to induce donor-specific tol-

erance in solid organ or cell transplantation. As very few

HLA-G-expressing cells are necessary to exert a significant

inhibitory effect [148], the secretion of HLA-G by the

engrafted MSC could sustain a tolerogenic microenviron-

ment aimed at protecting recipients from graft rejection.

However, the question of the safety of HLA-G-expressing

cells remains to be addressed before their clinical use.

Concluding remarks

The accumulating evidence reported above suggests a

potential tolerogenic role for HLA-G antigens in inflam-

mation. In fact, HLA-G proteins seem to be involved in the

termination of neuroinflammation related to remission of

MS where their anti-inflammatory functions could be

attributable to immunomodulatory properties of HLA-G5

isoform that is probably secreted into the brain by resident

CNS cells and migrating immune cells. In addition, the

association between the time course of fluctuations in

serum levels of sHLA-G and perihematomal edema tem-

poral evolution indicates that sHLA-G molecules may also

exert anti-inflammatory properties in SICH through the

shedding of sHLA-G1 isoform by macrophages migrating

into the brain. Furthermore, HLA-G molecules could be

implicated in the regulation of the immune system during

other inflammatory, autoimmune and allergic conditions,

such as gastrointestinal, skin and rheumatic diseases and

asthma, in which HLA-G antigens seem to have a positive
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role in down-modulating the immune response. In partic-

ular, in these disorders, HLA-G proteins could directly

interact with immune cells or control the balance between

Th1 and Th2 cytokines. On the other hand, it has recently

become clear that cytokine and chemokine secretion may

be modulated by HLA-G in different cell populations and

in various physiological and/or pathological conditions.

These mechanisms may have a role in HLA-G-induced

immune suppression or may be related to HLA-G-induced

release of pro-angiogenic factors during pregnancy.

Moreover, motility and invasion capacity of different cell

types can be dampened by HLA-G molecules. Preliminary

data also suggest that cell migration can be modulated by

sHLA-G through the down-regulation of chemokine

receptor expression. Also of relevance is the demonstration

that inducing changes in the levels of HLA-G in infected

cells is a strategy used by several types of viruses to evade

the immune system. In particular, HCMV, HSV-1, RABV,

HCV, IAV, and HIV-1 seem to promote a HLA-G up-

regulation to prevent infected cells from being recognized

and attacked by the CTL and NK cells. In certain virus

infections, HLA-G polymorphism also influences suscep-

tibility to infection. Finally, stem cell transplantation is

emerging as a promising therapy in regenerative medicine

based on the longevity, self-renewal and multipotency

properties of stem cells. Recently, research has demon-

strated the constitutive expression of HLA-G on MSC and

the relevant implication of HLA-G in MSC immunomod-

ulatory effect through the blocking of effector cell

functions and the generation of regulatory T cells. How-

ever, further studies are required to clarify whether: (1)

HLA-G antigens are actually implicated in the pathogen-

esis of CNS and systemic inflammatory diseases or merely

represent an indirect manifestation of an inflammatory

immune activation taking place within the brain and the

periphery, respectively; (2) cell migration can be effec-

tively regulated by HLA-G proteins through the down-

regulation of chemokine receptor expression; (3) HLA-G

antigens can really contribute to the inhibition of immune

functions by certain viruses, and thus provide an advantage

for the development of infection by subverting their hosts’

antiviral defenses; and (4) HLA-G expressing MSC have

truly an immunomodulatory activity, are safe after injec-

tion and, thus, are therapeutically beneficial. In this way,

the comprehension of the specific role of these molecules

in the development and progression of inflammatory and

viral disorders, as well as in tolerance induction during cell

transplantation, and an improvement in our knowledge on

the mechanisms of action of HLA-G that could lead to

useful disease-modifying therapies able to modulate HLA-G

production, may justify the use of HLA-G molecules as a

marker of inflammation, viral infection and drug treatment

and open up new perspectives for stem cell transplantation.
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J, Angman L, Cella M, López-Botet M (1997) A common

inhibitory receptor for major histocompatibility complex class I

molecules on human lymphoid and myelomonocytic cells. J Exp

Med 186:1809–1818

26. Kapasi K, Albert SE, Yie S, Zavazava N, Librach CL (2000)

HLA-G has a concentration-dependent effect on the generation

of an allo-CTL response. Immunology 101:191–200

27. Kanai T, Fujii T, Kozuma S, Yamashita T, Miki A, Kikuchi A,

Taketani Y (2001) Soluble HLA-G influences the release of

cytokines from allogeneic peripheral blood mononuclear cells in

culture. Mol Hum Reprod 7:195–200

28. LeMaoult J, Caumartin J, Daouya M, Favier B, Le Rond S,

Gonzalez A, Carosella ED (2007) Immune regulation by pre-

tenders: cell-to-cell transfers of HLA-G make effector T cells

act as regulatory cells. Blood 109:2040–2048

29. LeMaoult J, Zafaranloo K, Le Danff C, Carosella ED (2005)

HLA-G up-regulates ILT2, ILT3, ILT4, and KIR2DL4 in antigen

presenting cells, NK cells, and T cells. FASEB J 19:662–664

30. Carosella ED, Moreau P, Aractingi S, Rouas-Freiss N (2001)

HLA-G: a shield against inflammatory aggression. Trends

Immunol 22:553–555

31. Sospedra M, Martin R (2005) Immunology of multiple sclerosis.

Annu Rev Immunol 23:683–747

32. Compston A, Coles A (2008) Multiple sclerosis. Lancet

372:1502–1517

33. McDonald WI, Compston A, Edan G, Goodkin D, Hartung HP,

Lublin FD, McFarland HF, Paty DW, Polman CH, Reingold SC,

Sandberg-Wollheim M, Sibley W, Thompson A, van den Noort

S, Weinshenker BY, Wolinsky JS (2001) Recommended diag-

nostic criteria for multiple sclerosis: guidelines from the

international panel on the diagnosis of multiple sclerosis. Ann

Neurol 50:121–127

34. Fainardi E, Rizzo R, Melchiorri L, Vaghi L, Castellazzi M,

Marzola A, Govoni V, Paolino E, Tola MR, Granieri E, Bari-

cordi OR (2003) Presence of detectable levels of soluble HLA-G

molecules in CSF of relapsing-remitting multiple sclerosis:

relationship with CSF soluble HLA-I and IL-10 concentrations

and MRI findings. J Neuroimmunol 142:149–158

35. Fainardi E, Rizzo R, Melchiorri L, Castellazzi M, Paolino E,

Tola MR, Granieri E, Baricordi OR (2006) Intrathecal synthesis

of soluble HLA-G and HLA-I molecules are reciprocally asso-

ciated to clinical and MRI activity in patients with multiple

sclerosis. Mult Scler 12:2–12

36. Fainardi E, Rizzo R, Melchiorri L, Stignani M, Castellazzi M,

Caniatti ML, Baldi E, Tola MR, Granieri E, Baricordi OR

(2007) Soluble HLA-G molecules are released as HLA-G5 and

not as soluble HLA-G1 isoforms in CSF of patients with

relapsing-remitting multiple sclerosis. J Neuroimmunol

192:219–225

37. Fainardi E, Rizzo R, Melchiorri L, Stignani M, Castellazzi M,

Tamborino C, Paolino E, Tola MR, Granieri E, Baricordi OR

(2008) CSF levels of soluble HLA-G and Fas molecules are

inversely associated to MRI evidence of disease activity in

patients with relapsing remitting multiple sclerosis. Mult Scler

14:446–454

38. Fainardi E, Rizzo R, Melchiorri L, Castellazzi M, Govoni V,

Caniatti L, Paolino E, Tola MR, Granieri E, Baricordi OR

(2004) Beneficial effect of interferon-b 1b treatment in patients

with relapsing-remitting multiple sclerosis is associated with an

increase in serum levels of soluble HLA-I molecules during the

first 3 months of therapy. J Neuroimmunol 148:206–211

39. Mitsdoerffer M, Schreiner B, Kieseier B, Neuhaus O, Dichgans

J, Hartung H-P, Weller M, Wiendl H (2005) Monocyte-derived

HLA-G acts as a strong inhibitor of autologous CD4 T cell

activation and is upregulated by interferon-b in vitro and in

vivo: rationale for the therapy of multiple sclerosis. J Neuroim-

munol 159:155–164

40. Wiendl H, Feger U, Mittelbronn M, Jack C, Schreiner B,

Stadelmann C, Antel J, Brueck W, Meyermann R, Bar-Or A,

Kieseier BC, Weller M (2005) Expression of the immune-tol-

erogenic major histocompatibility molecule HLA-G in multiple

sclerosis: implications for CNS immunity. Brain 128:2689–2704

41. Feger U, Tolosa E, Huang YH, Waschbisch A, Biedermann T,

Melms A, Wiendl H (2007) HLA-G expression defines a novel

regulatory T cell subset present in human peripheral blood and

sites of inflammation. Blood 110:568–577

42. Huang YH, Zozulya AL, Weidenfeller C, Schwab N, Wiendl H

(2009) T cell suppression by naturally occurring HLA-G-

expressing regulatory CD4? T cells is IL-10 dependent and

reversible. J Leukoc Biol 86:273–281

Emerging topics on HLA-G 447



43. Huang YH, Zozulya AL, Weidenfeller C, Metz I, Buck D,

Toyka KV, Brück W, Wiendl H (2009) Specific central nervous

system recruitment of HLA-G (?) regulatory T cells in multiple

sclerosis. Ann Neurol 66:171–183

44. Fainardi E, Rizzo R, Castellazzi M, Stignani M, Granieri E,

Baricordi OR (2009) Potential role of soluble human leukocyte

antigen-G molecules in multiple sclerosis. Hum Immunol

70:981–987

45. Mayer SA, Rincon F (2005) Treatment of intracerebral haem-

orrhage. Lancet Neurol 4:662–672

46. Xi G, Keep RF, Hoff JT (2006) Mechanisms of brain injury after

intracerebral haemorrhage. Lancet Neurol 5:53–63
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