Cellular Immunology 264 (2010) 7-17

Contents lists available at ScienceDirect

Cellular Immunology

journal homepage: www.elsevier.com/locate/ycimm

Review

Autologous stromal vascular fraction cells: A tool for facilitating tolerance
in rheumatic disease

Thomas E. Ichim #*, Robert ]. Harman °, Wei-Ping Min ¢, Boris Minev de Fabio Solano, Jorge Paz Rodriguez &,
Doru T. Alexandrescu ", Rosalia De Necochea-Campion ¢, Xiang Hu', Annette M. Marleau’, Neil H. Riordan?

2 Medistem Inc., San Diego, CA, USA

b Vet-Stem, Inc. Poway, CA, USA

¢ Department of Surgery, University of Western Ontario, London, Ontario, Canada

4 Moores Cancer Center, University of California, San Diego, CA, USA

¢ Department of Medicine, Division of Neurosurgery, University of California San Diego, San Diego, CA, USA
fCell Medicine Institutes, San Jose, Costa Rica

&The Stem Cell Institute, Panama City, Panama

" Georgetown Dermatology, Washington DC, USA

i Shenzhen Beike Cell Engineering Institute, Shenzhen, China

I Department of Surgery, University of Nebraska Medical Center, USA

ARTICLE INFO ABSTRACT

Article history:

Received 5 February 2010
Accepted 6 April 2010
Available online 8 April 2010

Since the days of Medawar, the goal of therapeutic tolerogenesis has been a “Holy Grail” for immunolo-
gists. While knowledge of cellular and molecular mechanisms of this process has been increasing at an
exponential rate, clinical progress has been minimal. To provide a mechanistic background of tolerogen-
esis, we overview common processes in the naturally occurring examples of: pregnancy, cancer, oral tol-
erance and anterior chamber associated immune deviation. The case is made that an easily accessible
byproduct of plastic surgery, the adipose stromal vascular fraction, contains elements directly capable
of promoting tolerogenesis such as T regulatory cells and inhibitory macrophages. The high content of
mesenchymal and hematopoietic stem cells from this source provides the possibility of trophic/regener-
ative potential, which would augment tolerogenic processes by decreasing ongoing inflammation. We
discuss the application of this autologous cell source in the context of rheumatoid arthritis, concluding
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with some practical examples of its applications.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The possibility of selectively inducing immunological non-
responsiveness to specific antigens or tissues, while leaving other
immune functions intact, would conceptually solve the problems
of autoimmunity and transplant rejection. However, to date, while
substantial progress has been made in our understanding of mech-
anisms of tolerance in animal models and limited clinical situa-
tions, translation to therapeutically viable solutions has not
occurred. One possible explanation is the current regulatory and
commercial pressures which maintain the paradigm of minimalist-
ic dissection and interventions in specific biological processes
which may yield some limited clinical benefits in isolation, while
ignoring potent synergies that may be obtained by combination
therapies based on a “systems” approach. While this paper is not
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a position paper on translational medicine, the current limitations
of today’s framework for development of therapeutics in the arena
of immunotherapies may impose restrictions on contemplation of
strategies that have a realistic possibility of practical implementa-
tion today.

In the current paper, we use a somewhat unorthodox approach
by attempting to globally synthesize common elements associated
with immunological tolerance in several naturally occurring situa-
tions. The description of these common elements of tolerogenesis
will serve as a background for our proposal of a novel, feasible,
therapeutic procedure. Specifically, the procedure we will be
describing involves extracting autologous adipose mononuclear
cells, termed stromal vascular fraction (SVF), and subsequent
systemic re-administration. This has been used by us in over 160
patients with multiple sclerosis as part of a medical procedure.
No adverse effects have been reported, and anecdotal reports of
benefit have been published [1]. Additionally, autologous SVF
administration has been used commercially in over 3000 race
horses for post-injury acceleration of healing [2], with published


http://dx.doi.org/10.1016/j.cellimm.2010.04.002
mailto:thomas.ichim@gmail.com
http://www.sciencedirect.com/science/journal/00088749
http://www.elsevier.com/locate/ycimm

8 T.E. Ichim et al./ Cellular Immunology 264 (2010) 7-17

efficacy data in a double-blind canine osteoarthritis trial [3]. Cur-
rently autologous SVF is in clinical trials for post infarct remodeling
[4], ischemic heart failure [5], type I diabetes [6], and liver failure
[7]. Previously the therapeutic rationale for this approach was
based on high content of multipotent MSC in the SVF [8]. However
in light of a recent publication demonstrating the large number
and potent regulatory function of Treg in adipose tissue [9], we
propose that alternative cell populations in this heterogeneous
mixture may not only be regenerative, but also promote tolerance.
By decreasing ongoing inflammation alone, a re-equilibration of
tolerogenic mechanisms may occur. Such an effect would hypo-
thetically be amplified by components in the SVF, as well as by
other therapeutic interventions that either failed, or performed
poorly, as a monotherapy. We will base our discussion on the con-
dition of rheumatoid arthritis as an autoimmune disease in which
tolerance induction is sought, as well as the potential of the pro-
posed approach to simultaneously induce tissue regeneration.

2. Four examples of immunological tolerance

The concept of “immunological tolerance” dates back to the
days of Medawar and observations that shared circulation during
fetal development leads to selective immunological non-respon-
siveness to genetically discordant fraternal party [10]. The word
“tolerance” can mean numerous states and can be achieved by
numerous pathways. Tolerance in its functional sense requires lack
of immunological attack on the target antigen or tissue. There are
two general, non-mutually exclusive, means in which this occurs:
stimulation of Treg cells that actively suppress responses to the
specific antigen or clonally inactivating the T cells that are
responding to the specific antigen. However, in order to achieve
a therapeutic response in a disease condition it is not strictly nec-
essary to achieve “full tolerance” but in some situations immune
modulation may be sufficient. For example, inhibition of Th17 re-
sponses or deviation from Th17 to Th2 may be sufficient to elicit
a clinical effect. For the purposes of this discussion, we will use
the word “tolerance” to include immune deviation.

Tolerance naturally occurs in several situations such as
pregnancy, cancer, following oral ingestion of antigen, or adminis-
tration of antigen into the anterior chamber of the eye. In animal
studies, immune deviation in pregnancy was demonstrated by
observations of selective immunological non-responsiveness in
T cells recognizing fetally-expressed antigens [11]. Clinically, it is
believed that a substantial number of pregnancy failures in the first
trimester may be associated with immunological causes [12].
Immunological intervention such as allogeneic lymphocyte infu-
sions, which are believed to inhibit production of inflammatory
cytokines and increase Treg numbers [13,14], have been demon-
strated to inhibit spontaneous abortions in mice [15] and humans
[16]. As an interesting aside, third party lymphocyte administra-
tion has been demonstrated to inhibit clinical RA in a small pilot
trial [17]. In animal models of neoplasia, transgenic expression of
defined antigens on tumors appears to lead to selective inhibition
of systemic T cell responses to the specific antigens [18-20]. Clin-
ically, the ability of tumors to inhibit peripheral T cell activity has
been associated in numerous studies with poor prognosis [21-23].
Ingestion of antigen, including the putative RA autoantigen colla-
gen Il [24], has been shown to induce inhibition of both T and B cell
responses in a specific manner [25,26]. Remission of disease in ani-
mal models of RA [27], multiple sclerosis [28], and type I diabetes
[29], has been reported by oral administration of autoantigens.
Anterior chamber associated immune deviation (ACAID) is a phe-
nomena in which local implantation of antigen results in a sys-
temic immune modulation towards the antigen. Commonly this
is demonstrated by antigen-specific suppression of DTH responses

after intra-chamber administration of antigen [30]. Induction of
ACAID has been used therapeutically in treatment of a mouse mod-
el of pulmonary inflammation: pretreatment with anterior cham-
ber antigen injection resulted in systemic protection from
pulmonary damage [31].

All of these situations of natural immune deviation have certain
common cellular processes: (a) specialized antigen presenting
cells; (b) induction of T cells with regulatory activity; and (c) devi-
ation of cytokine production and/or suppression of effector cell
activity.

3. Dendritic cells as initiators of tolerance

Dendritic cells (DC) may be conceptualized in a very general
sense as dual purpose cells: In conditions of homeostasis, DC reside
in an immature state and promote tolerance, whereas when ex-
posed to injury or damage signals they mature and induce T cell
activation. This general paradigm can be observed in the four con-
ditions of tolerogenesis that were previously discussed.

In pregnancy circulating factors such as TGF-B family members
[32] and hCG [33], have been reported to inhibit DC maturation
and function [34,35]. DC with tolerogenic properties are found at
the maternal-fetal interface and express high concentrations of
the immune suppressive enzyme indolamine-2,3-deoxygenase
(IDO). Through local tryptophan depletion, as well as production
of immune suppressive metabolites, cells expressing IDO have
been demonstrated to induce T cell apoptosis, and more recently
to elicit generation of T regulatory (Treg) cells [36,37]. The critical
role of this enzyme in pregnancy can be seen in studies where IDO
inhibition results in immunologically mediated spontaneous abor-
tion [38].

Inhibition of DC maturation and/or reprogramming by the tu-
mor microenvironment has been well documented in numerous
clinical system and animal experiments. DC isolated from tumor
draining lymph nodes in melanoma [39,40], ovarian [41], breast
[42], and lung cancer [43] have been characterized as having an
immature/plasmacytoid phenotype, suppressing T cell activating
ability and possessing elevated levels of IDO. Manipulation of DC
by silencing the gene IDO using siRNA has been demonstrated by
us to evoke productive T cell immunity towards melanoma [44].
Secretion of VEGF by tumor cells is one of several proposed mech-
anisms for increased immature DC in tumor patients [45]. Admin-
istration of the anti-VEGFR antibody bevacizumab in patients with
a variety of tumors was demonstrated to increase DC maturation
and restore T cell activating activity [46].

In the situation of oral tolerance, a population of T cell suppres-
sive CD11c+, CD11b+ DCs and CD11c+, CD8a+ DCs has been re-
ported in the Peyer’s patches [47]. These cells have been
described to express high levels of IDO and possess ability to acti-
vate Treg cells [48]. Interestingly, administration of flt-3L, which
expands DC systemically has been demonstrated to augment ef-
fects of oral tolerance induction [49]. A more recent report de-
scribed IL-10/IL-27 expressing CD11b— DC as inducers of oral
tolerance in a transgenic system. The relationship between these
cells and IDO expressing DC remains to be elucidated [50].

Unique antigen presenting cells bearing the macrophage mar-
ker F4/80 reside in the anterior chamber of the eye, whose migra-
tion to the spleen and activation of regulatory cells of the NKT
lineage is essential for ACAID to occur [51]. The importance of this
antigen presenting cell in ACAID can be seen from studies in which
similar concentrations of TGF-B as those found in the anterior
chamber are added exogenously to naive monocytes. The resulting
cell population, which phenotypically resembles ocular macro-
phages have the potential to induce immune modulation in vivo
through induction of Treg cells [52].
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Thus it appears that the process of tolerogenesis is associated
with a critical function of the DC/antigen presenting cell. Given this
knowledge artificial manipulation of DC for induction of tolerance
has been performed in several settings. For example, tolerogenic
modifications of DC performed by our group have included expo-
sure of the DC to small molecule immune suppressants [53-55],
gene transfection with tolerogenic genes [56,57] and gene silenc-
ing of immune activatory genes [58-61].

4. T regulatory cells as effectors of tolerance

The concept of T cells suppressing other T cells as a mechanism
of tolerance was accepted for decades. Initial studies in the 1970s
focused on “T suppressor” cells, which were CD8 positive cells with
the ability to restrain autoimmunity, support transplant tolerance,
and were elevated in cancer. The existence of these cells came into
doubt when molecular studies demonstrated fundamental pro-
teins ascribed to these cells could not be found [62]. In the 1990s
the focus started to shift to cells expressing the CD4+, CD25+ phe-
notype. Hall et al. were the first to describe a cell population with
this phenotype capable of transferring tolerance in a rat model of
transplantation [63,64]. Subsequently, Sakaguchi’s group, which
are commonly given credit for identification of the Treg cell, con-
firmed the importance of the CD4+ CD25+ phenotype based on
experiments demonstrating neonatal thymectomy causes loss of
Treg, which results in systemic autoimmunity, which is prevented
by transfer of the cell population [65]. Since those early days, the
field of Treg has blossomed, with numerous molecular details of
their function having been elucidated. Interestingly, observations
made with the ill-defined T suppressor cells in the early 1980s,
such as ability to suppress antigen presenting cell function [66],
are now being rediscovered with Treg cells [67].

In the four conditions of natural tolerogenesis described above,
the DC causes generation of regulatory cells capable of inhibiting
effector T cells directly, or indirectly through inhibiting other DC
from maturing [68]. In pregnancy Treg with the CD4+ CD25+
FoxP3+ phenotype have been found in mouse and human fetal-
placental interface [69]. Suggesting a possible role in successful
pregnancy. Immunologically mediated abortions have been no-
ticed in patients having reduced number of FoxP3 positive cells
[70,71]. In animal models of recurrent immunologically mediated
abortion, administration of CTLA4 has been shown to prevent preg-
nancy loss through augmenting activity and number of FoxP3 po-
sitive Treg [72]. Infiltration of tumors by Treg cells has been
correlated with poor prognosis in numerous clinical tumors includ-
ing gastric cancer [73], lung cancer [74], colon cancer [75], and
breast cancer [76]. Conversely, reduction of Treg through antibody
depletion has demonstrated derepression of immunity in animal
models [77] and limited patient experiences [78]. In oral tolerance,
conventional FoxP3 expressing Treg [48], as well as TGF-p secret-
ing “Th3” cells have been defined [79]. Although heterogeneity of
effector function may be explained by different model systems
used, at least one report suggests involvement of FoxP3 in Th3 cell
function, indicating that suppressor mechanisms may not be
mutually exclusive [80]. Mechanisms of suppression in ACAID in-
volve a type of regulatory natural killer T (NKT) cell which upon
activation secretes urokinase-type plasminogen activator locally.
This causes activation of latent TGF-B and suppressor of effector
function [81].

Numerous mechanisms of Treg inhibition of immune effector
function have been described. Originally, suppression of T cell acti-
vation by membrane-bound TGF-B was proposed [82]. Subsequent
studies have demonstrated Treg inhibit DC maturation, thus pro-
viding an indirect mechanism of effector suppression. Treg-medi-
ated suppression of NK [83] and macrophage function [84] has

been reported. Perhaps one of the most intriguing mechanisms of
suppression is direct lysis of effector cells through a granzyme B/
perforin-dependent mechanism [85].

5. Tissue injury as enemy of tolerogenesis

The balance between the host’s need for induction of immunity
versus tolerance in response to antigen is dictated by integration of
several factors which are globally associated with the concept of
“danger”. Early experiments demonstrated that offspring of mice
with transgenic T cell receptors towards an autoantigen crossed
with mice expressing the antigen do not develop autoimmunity
despite large numbers of circulating autoreactive cells. However,
when a “danger signal” was administered, self-tolerance would
be lost and autoimmunity ensued [86,87]. Essentially, the concept
was that despite existence of autoreactive T cells, the immature DC
in the basal state led to generation of Treg cells, as well as anergy,
due to lack of costimulation and expression of co-inhibitory
receptors. The identification of toll like receptors (TLRs) and subse-
quently other pattern recognition receptors, provided a molecular
basis for the concept of “danger” [88]. Essentially innate reactions,
primarily mediated by the DC controlled whether the adaptive re-
sponse would mature into a productive immunity or ignorance of
the antigen.

Non-TLR sensors of “danger” include retinoid acid inducible
gene (RIG)-I-like receptors (RLRs) such as retinoid acid inducible
gene (RIG)-I, melanoma differentiation antigen (MDA)5, and
DNA-dependent activator of IFN-regulatory factors (DAI), and
nucleotide-binding and oligomerization domain (NOD)-like recep-
tors (NLRs), which include NOD1, NOD2, NLRP3 and absent in mel-
anoma (AIM)2 [89]. RIG-1 and MDA5 are intracellular receptors
that recognize single-stranded RNA bearing 5'-triphosphates as
found in some viruses [90], as well as free DNA [91]. DAI is acti-
vated by double stranded DNA, originally being identified as a
cytosolic receptor capable of inducing interferon responses in cells
lacking TLR-9 [92]. Generally RLRs are associated with interferon
induction in response to nucleic acids, whereas NLRs recognize a
wider set of pathogen associated molecular patterns (PAMP) and
damage associated molecular patterns (DAMP) [89]. NLRs are sim-
ilar to RLRs in that they also are cytosolic, however one of their
effector mechanisms is production of IL-1 through activation of
the caspase-1/inflammasome pathway.

In the conditions of natural tolerogenesis described above,
experimental data have demonstrated breaking of tolerance
through injury or various inflammatory signals. In pregnancy it is
known that various TLR activators are associated with complica-
tions and fetal loss [93]. Induction of anticancer immunity has
been reported with DC activators such as TLR-9 agonists, which
are currently in clinical trials [94,95]. Blockade of oral tolerance
and actual conversion to immunity has been demonstrated with
agents that induce DC maturation [96,97]. Breaking of ocular toler-
ance has been observed in experimental autoimmune uveoretinitis
to be mediated by the TLR-4 agonist HMGB1 [98]. Furthermore,
experimental ocular injury has been shown to inhibit ACAID
through suppression of TGF-B, however molecular mediators re-
main unclear [99].

In conditions of autoimmunity, such as RA, there is a local
inflammatory response occurring, which has extra-articular impli-
cations. For example, patients with RA exhibit classical symptoms
of general inflammation such as elevated ESR, C-reactive protein,
and inflammatory cytokines such as IL-1, IL-6, and TNF-a [100].
The effects of this systemic inflammation may be profound. A par-
adoxical T cell hyporesponsiveness has been observed in RA pa-
tients, which is believed to be mediated by oxidative stress
released from inflamed sites [101]. This constant inflammatory
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damage potentially leads to self amplification of the disease. For
example, it is known that inflamed synovium is associated with in-
creased expression of TLR-4 and 2, and that in absence of TLR-4,
CIA development is inhibited [102]. Several TLR agonists have been
found to be constitutively expressed in the synovium of RA pa-
tients. HSP22 is a heat shock protein that was shown to activate
DC in a TLR-4 dependent manner and correlated with disease
[103]. Another heat shock protein, gp96 was found in synovial fluid
of RA patients and induced macrophage activation through TLR-2
[104]. Free RNA released by injured cells in the synovium as also
been related to induction of inflammation through a TLR-3
dependent pathway [105]. It is thus likely that by maintaining a
persistent inflammatory environment with numerous endogenous
TLR-ligands available, it is difficult to induce antigen-specific sup-
pression of immunity.

Experimental evidence exists for the role of tissue injury block-
ing tolerogenesis. In addition to DC maturation, which has been
demonstrated to occur in many situations by injury signal-gener-
ated TLR agonists, these signals also block Treg generation. For
example, DC generated IL-6 make in response to TLR-4 activations
renders T cells non-responsive to suppressive effects of Treg cells
[106]. TNF-a, which is elevated in RA patients and is produced,
in part by macrophage activation, has been demonstrated to di-
rectly inhibit Treg activity in vitro and in vivo [107]. Notably, RA
patients treated with Remicade have been demonstrated to recover
deficiencies in Treg activity.

The current notion is that tolerance requires antigen presenting
cells to be in an unprimed, immature state, and that ongoing
inflammatory conditions inherently stimulate maturation of DC.
Therefore it would be logical to aim to first reduce inflammation
and “danger” signals, before utilization of tolerance promoting
strategies. The ability of the immune system to actively “self toler-
ize” when a foreign antigen is present in absence of danger can be
seen in studies where allogeneic pancreatic islets are depleted of
antigen presenting cell content by high concentrations of oxygen.
This results in long-term survival and generation of cells with reg-
ulatory activity capable of transferring tolerance [108]. Thus we
are proposing that administration of regenerative cells may on
the one hand reduce “danger” but on the other hand may have di-
rect tolerance promoting effects.

6. Stromal vascular fraction: MSC, HSC, and Tregs

The stromal vascular fraction (SVF) is comprised of a mixed
population of pericytes, EPCs, MSCs, hematopoietic stem cells
[109], Treg [9], and alternatively activated monocytes. This mix-
ture conceptually may be a useful source of cells with both im-
mune modulatory and regenerative properties. The thesis of the
current paper is that SVF may be a useful adjuvant for induction
of tolerance. Accordingly we will describe some of the constituent
cells of relevance.

6.1. MSC

SVF is believed to contain a higher population of MSC as com-
pared to other sources, allowing for obtaining regenerative effects
without need for ex vivo expansion. MSC are a population of im-
mune modulatory adherent cells capable of differentiating into
bone, cartilage, and adipose tissue. These cells have been isolated
from numerous tissues including adipose [110], heart [111], Whar-
ton’s Jelly [112], dental pulp [113], peripheral blood [114], cord
blood [115], and more recently menstrual blood [116-118]. In
addition to their tissue regenerative/growth factor secreting activ-
ities, these cells possess anti-inflammatory activities which appear
to be present regardless of tissue of origin [119,120]. Mechanisti-

cally, MSC appear to suppress inflammation through secretion of
anti-inflammatory mediators such as IL-10 [121], TGF-B [122], LIF
[123], soluble HLA-G [124] and IL-1 receptor antagonist [125].
Additionally, MSC express immune regulatory enzyme such as
cycloxygenase [126] and indolamine-2,3-deoxygenase [127] which
appear to synergize with ongoing tolerogenic processes.
Suppression of the autoimmune-associated cytokine IL-17 has
been reported by MSC [128]. Indirectly MSC appear to inhibit auto-
immunity through ability to induce generation of T regulatory cells
[129].

The in vivo anti-inflammatory effects of MSC may be witnessed
by success in treating animal models of immune-mediated/inflam-
matory pathologies such as multiple sclerosis [130], colitis [131],
graft versus host disease [132], rheumatoid arthritis [133], and
ischemia/reperfusion injury [134]. Clinically, MSC have demon-
strated ability to inhibit conditions such graft versus host (GVHD)
[135-140], systemic lupus erythematosis (SLE) [141], and end
stage liver disease [142]. Based on their ability to induce regener-
ation of injured tissue, combined with anti-inflammatory effects,
we believe the MSC population may be useful as an adjuvant to tol-
erogenic strategies in treatment of autoimmune conditions.

6.2. Hematopoietic stem cells

Numerous studies have demonstrated CD34 hematopoietic
stem cells (HSC) have therapeutic activity in animal models of di-
verse conditions such as stroke [143], myocardial infarction [144],
and liver failure [145], with clinical trials are currently ongoing for
these indications [146-148]. Mechanistically, the function of CD34
cells for non-hematopoietic conditions is the subject of discussion.
Previous thoughts that CD34 cells have transdifferentiation ability
to convert into damaged tissue have to some extent been chal-
lenged [149,150], with the current prevailing concept being that
trophic/paracrine activities may be more relevant. Indeed, basal
and induced expression of growth factors such as VEGF, HGF,
IGF-1, and FGF-2 have been described in conditioned media of iso-
lated CD34+ cells [151]. Additionally, CD34+ cells are known to be
angiogenic, as demonstrated by ability to induce functional collat-
eralization in hindlimb ischemia models and patients with critical
limb ischemia [152]. Since angiogenesis is a critical component of
tissue healing, this has also been proposed as a mechanism of ac-
tion [143].

In addition to regenerative activities, it has been shown that
CD34+ cells possess direct immune suppressive/tolerance inducing
ability. This was postulated based on studies demonstrating that
during bone marrow transplantation, “megadose” CD34 cells
would preferentially induce graft acceptance [153]. Investigation
into the mechanisms of this effect led to studies in which in vitro
mixed lymphocyte culture (MLR) assays were used to show CD34
cells are capable of inducing death in CD8 cells responding to allo-
antigen of the same origin as the CD34 cell. The effect does not oc-
cur against third party cells and is believed to be associated with
expression of MHC class I and class Il antigens but not costimula-
tory molecules [154]. Additionally, a possible role for FasL in this
“veto effect” has been proposed [155]. Indeed the association be-
tween high expression of HLA-DR and FasL suggests the possibility
of antigen presentation and concurrent T cell deletion by the FasL
[156]. Local production of TNF-a by CD34 cells has been described
as another possible mechanism of depletion of reactive T cells
[157]. TGF-B, one of the effector cytokines responsible for Treg sup-
pression of T cells [158], neutrophils [159], macrophages [160], and
dendritic cells, has been implicated as an autocrine factor released
by CD34 cells which maintains a GO state [161-164]. The possibil-
ity of CD34 cells acting through a TGF-B dependent mechanism is
an area requiring future experimental investigation. In addition
to direct suppression, an interesting paper by Kared et al.
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demonstrated that hematopoietic progenitors, by expression of
Jagged, can induce generation of Treg cells, which are capable of
inhibiting autoimmune diabetes [165]. The recent finding that cir-
culating CD34 cells traffic through blood, lymph, and peripheral or-
gans, suggests that in addition to hematopoietic functions, CD34+
cells may play an “immunosurveillance” role in that upon activa-
tion by TLR agonists they differentiate into DC, whose maturity is
associated with presence of innate immune activation signals
[166].

6.3. Treg cells

Feuerer et al. [9] examined adipose tissue for content of Treg
cells based on functionality and expression of the CD4+, CD25+,
FoxP3+ phenotype. Increased numbers of these cells were observed
in adipose compared to other peripheral tissues. The authors made
a case for the role of Treg in controlling inflammation associated
with obesity. Interestingly, the adipose Treg's appeared to have a
“primed” phenotype, as witnessed by highly elevated IL-10 tran-
script and protein levels in adipose Treg.

The possibility of adipose-derived Treg cells having enhanced
in vivo expansion and functional activity may be conceptually sup-
ported by studies showing that adipose-derived cytokines such as
leptin and TNF-a inhibit Treg proliferation and activity in vivo
[107,167]. The local effects of these cytokines would conceptually,
be altered by liberating Treg from fat followed by systemic re-
administration. Administration of a large number of Treg cells with
augmented in vivo proliferative and functional potential may re-
sult in a reduction of the threshold needed to attain tolerance to
an ongoing immune response. Indeed interventions inducing an
antigen-nonspecific immune modulation have previously been
demonstrated to cause antigen-specific Tregs, and tolerance [168].

The rationale for administration of autologous SVF as a source of
immune modulation is also based on expression of high numbers
of alternatively activated macrophages, which has been discussed
by us in a previous report [1].

7. The problem of rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disorder
affecting approximately 0.5-1% of the global population [169],
characterized by immune-mediated synovial inflammation and
joint deterioration. In general, because of the critical role of
inflammation in the pathology of RA, patients have in the past been
started on NSAIDS, however more recent practice has been concur-
rent initiation of disease modifying antirheumatic drugs
(DMARDs). These agents are slow acting but have been demon-
strated to inhibit radiological progression of RA. Such agents typi-
cally include: (1) hydroxychloroquine, which acts in part as a toll
like receptor (TLR) 7/9 antagonist, thus decreasing innate immune
activation [170]; (2) leflunomide, an antimetabolite that inhibits
pyrimidine synthesis and protein tyrosine kinase activity [171],
which results in suppression of T cell responses [172], and has been
also demonstrated to inhibit dendritic cell (DC) activation [173];
(3) injectable gold compounds such as auranofin which directly
or through metabolites such as dicyanogold (i) have been demon-
strated to inhibit T cell and antigen presenting cell activation
[174,175], as well as cause Th2 deviation [176]; (4) sulfasalazine,
was used since 1950, acts primarily through inhibition of cycloxy-
genase and lipoxygenase [177]; and (5) methotrexate, an antifolate
that inhibits T cell activation and proliferation, that has been one of
the golden standards for RA [178]. Typically combinations of
DMARDs with glucocorticoids are used in clinical practice [179].

The TNF-o-targeting agents, Remicade, Enbrel, and Humira,
sometimes referred to as “biologic agents” are used primarily after

response to conventional DMARDs has failed [180]. Although
improvement in quality of life has occurred as a result of biological
DMARDs, substantial progress remains to be made. For example,
TNF-a blockers have been associated with reactivation of infec-
tious disease, autoantibody formation and the possibility of in-
creased lymphoma risk [181,182]. Thus to date, one of the major
limitations to RA therapy has been lack of ability to specifically in-
hibit autoreactive responses while allowing other immune compo-
nents to remain intact.

7.1. Tolerance induction in RA

The autoimmune nature of RA suggests the possibility of specif-
ically inhibiting the pathological response through “reprogram-
ming” of immune effectors. However, in order to evoke antigen-
specific immune modulation, it is necessary to have knowledge
of autoantigens that are present in a majority of the population
and contribute to disease. Collagen II is an extracellular matrix
component found primarily in the synovial tissue that is usually
sequestered from immunological attack. Induction of a RA-like dis-
ease has been reported in inbred strains following immunization of
collagen II in the presence of adjuvant [183]. Autoimmunity was
not induced by collagen I or III, nor by denatured collagen II pro-
tein. Supporting a causative immunopathological effect of collagen
I-1 specific T cells were experiments undertaken in which the RA-
like disease could be transferred to naive recipients by administra-
tion of lymph node cells [184]. Subsequent work cloning T cell
lines from synovial membranes of patients with RA demonstrated
existence of collagen Il-specific cells that persisted for a period of
3 years in vivo [185]. Subsequent PCR-studies of T cell receptor
beta chains confirmed the oligoclonal expansion of collagen II-
reactive cells in patients [186]. In 1993 Weiner’s group reported
a double-blind, placebo-controlled trial of 60 patients with ad-
vanced RA treated by oral administration of chicken collagen II
for a period of 3 months. Responses in terms of decreased number
of swollen joints were observed in the treated population but not
placebo controls. Of the treated patients four presented with com-
plete remission of disease. No treatment-associated adverse effects
were noted [187]. Unfortunately, Phase III trials using oral toler-
ance in RA have not met primary efficacy endpoints [188].

Given the general failure of oral tolerance in RA, more specific
approaches have involved stimulation of tolerogenic responses
using ex vivo manipulated DC. Dendritic cells (DC) under physiolog-
ical conditions promote tolerance, and when exposed to injury/
damage signals mature and induce T cell activation. By ex vivo
manipulating antigen pulsed/donor specific DC, we have previously
been able to induce antigen-specific suppression of immunity and
generation of T regulatory (Treg) cells. Tolerogenic modifications
of DC performed by our group have included exposure of the DC
to small molecule immune suppressants [53-55], gene transfection
with tolerogenic genes [56,57] and gene silencing of immune acti-
vatory genes [58-61]. In our previous work, we have demonstrated
ability to prevent CIA induction by pulsing DC with collagen II (CII)
and suppressing DC maturation with chemical or genetic means.
Limitations of these data, however, have been the lack of robust
inhibition of inflammatory responses when administration of
manipulated DC was performed at various time points subsequent
to disease onset. The general failure of antigen-specific approaches,
both in oral tolerance, as well as DC-based approaches may be the
result of underlying inflammatory reactions.

8. MSC as tolerizers

We previously discussed the possibility of using SVF as a
source of regenerative and immune modulatory cells. While hav-
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ing touched on the MSC component briefly, here we will discuss
some unique aspects of this population relevant to tolerance
inducing regiments. Specifically, the possibility of using systemi-
cally administered mesenchymal stem cells (MSC) as a cellular
therapy for RA has several conceptual advantages that address
the previously mentioned drawbacks of current approaches.
One such advantage is that the MSC may be viewed as a “smart”
immune modulator. In contrast to current therapies, which glob-
ally cause immune suppression, production of anti-inflammatory
factors by MSC appears to be dependent on their environment,
with upregulation of factors such as TGF-B, HLA-G, IL-10, and
neuropilin-A ligands galectin-1 and Semaphorin-3A in response
to immune/inflammatory stimuli but little in the basal state
[122,123,189-191]. Additionally, systemically administered MSC
possess ability to selectively home to injured/hypoxic areas by
recognition of signals such as HMGB1 or CXCR1, respectively
[192-195]. The ability to home to injury, combined with selec-
tive induction of immune modulation only in response to inflam-
matory/danger signals suggests the possibility that systemically
administered MSC do not cause global immune suppression. This
is supported by clinical studies using MSC for other inflammatory
conditions, which to date, have not reported immune suppres-
sion associated adverse effects [196-198]. Another important as-
pect of MSC therapy is their ability to regenerate injured tissue
through direct differentiation into articular tissue [199], as well
as ability to secret growth factors capable of augmenting endog-
enous regenerative processes [200].

Physiologically, the role of MSC in RA is a matter of debate.
Nakagawa et al. used radiolabeling of bone marrow cells to dem-
onstrate migration of bone marrow stromal cells into synovium
of rats suffering from CIA. While inference was made to contribu-
tion of the MSC to synovial proliferation, a causal relationship
was not demonstrated [201]. Subsequently, it was reported that
MSC differentiate into nurse-like cells that promote adhesion of
lymphocytes to the synovium [202]. Indeed, in patients with
RA, but not healthy controls, bone marrow MSC-generating
capacity is markedly reduced [203], whether this is due to sys-
temic TNF-o0 suppression of bone marrow [204], or exhaustion
of MSC precursors by heightened demand is not known. How-
ever, there are suggestions of the latter based on observations
of shorter telomeres in MSC derived from RA patients [203].
The concept of MSC contributing to pathology was demonstrated
in the CIA model by Djouad et al. who reported administration of
MSC resulted in upregulation of Th1 immunity and worsening of
symptoms [205]. The investigators attributed this to their obser-
vations that TNF-oo abrogates immune regulatory activities of
MSC. This study however was contradicted by several more re-
cent studies in which inhibition of arthritis progression, or even
regression of disease was observed. Mao et al. demonstrated
administration of rat MSC intravenously into DBA mice with
full-blow CIA resulted in regression of disease, which was
correlated with decreased production of TNF-o0 and IL-17 [206].
Gonzalez et al. administered ex vivo expanded human adipose-
derived MSC into the same animal model. Inhibition of disease
progression was observed, which correlated with increased Treg
numbers that were specific for CII. This study supports the previ-
ous principle discussed that an antigen-nonspecific tolerizing
event may contribute to development of antigen-specific sup-
pression [207]. In addition to immune modulation, it is possible
that cartilage tissue generated de novo from MSC possesses a de-
creased level of immunogenicity [208]. The overall anti-inflam-
matory/immune modulatory effects of MSC have been
demonstrated in a variety of settings including the mouse model
of multiple sclerosis [209,210], transplant rejection [129], diabe-
tes [211], the mouse model of SLE [212], and autoimmune enter-
opathy [131].

9. Case report

A 67 year old female with a history of severe pain and swelling
in her fingers, stiffness in hands and wrists especially upon rising
in the morning lasting approximately 10-15 min which began
approximately in August 2007. The patient self-medicated with
NSAIDS until seeking medical attention in April of 2008 as her
symptoms continued to worsen. Her symptoms at this time in-
cluded progressively worsening fatigue, excess sleeping, redness
of both hands, and now pain and swelling in both ankles and knees,
difficulty walking even short distances—limited by pain, and pro-
found fatigue. No fever, rash, neurologic symptoms were described.

Other than a surgical history of three caesarean sections, partial
colon resection due to ruptured diverticulum, and laparoscopic
cholecystectom her past medical history was unremarkable.

Physical exam revealed swollen, inflamed MCP’s and PIP’s in
both hands. Both wrists and 1st right MTP joint were also swollen
and inflamed. Range of motion of shoulder, neck and knees were
normal. No rheumatoid nodules, vasculitic lesions, ulnar deviation
of the MCP joints or swan deformity were noted. The rest of the
physical exam was unremarkable. Lab data revealed rheumatoid
factor level of 75 IU/ml, (normal range 0-39) and anti-cyclic citrul-
lated peptide antibody (CCP Ab) titer of >250, (normal range <25);
erythrocyte sedimentation ration (ESR) —4), antistreptoysin O Ab -
6.3: parvovirus H19 IgG elevated to 5.0 (range <0.9). CBC LFTs renal
function were all normal. Based on these findings a diagnosis of RA
was made. Patient was given 40 mg of Kenalog IM for immediate
pain management and was recommended to start treatment with
plaquenil and methothrexate but refused and self-medicated with
NSAIDS and Tylenol PRN for pain from April to August 2008.

The patient arrived at the ICM Clinic in Costa Rica on August 6,
2008 for stem cell therapy with autologous fat derived cells (stro-
mal vascular fraction). A liposuction was performed and 500 cc of
adipose tissue was obtained. The tissue was digested and the SVF
was isolated, tested for sterility and endotoxin and frozen in liquid
nitrogen [1]. Cells were prepared under the guidelines of Good Tis-
sue Practices 21 CFR 1271 as relates to sample screening and pro-
cessing. The patient was allowed to heal from the liposuction for
1 week. She then received a total of 53 million SVF cells in two suc-
cessive day intravenously infusions. No side effects from the infu-
sions were reported.

The patient reported considerable resolution of her joint pain
and stiffness after the second infusion and began walking normally
by the third day after treatment with no pain or symptoms. Phys-
ical exam at this time revealed no joints effusions in her hands,
wrists or feet. Rest of the physical exam was normal.

The patient continues to do well after the 15 months of stem
cell therapy, trains daily with a personal trainer without limita-
tions. Her last lab data was from September, 2009 and revealed a
decrease of a rheumatoid factor from 75 to 51.8 IU per ml and
CCP IgG from >250 to >100.

10. Future directions

Immunoregulatory circuits responsible for tolerance induction
are complex and multi-cellular. Based on the conditions of “natural
tolerance” in pregnancy, cancer, oral tolerance and ACAID,
common themes appear such as need for antigen presentation in
a “tolerogenic context”, the generation of Treg cells, and the main-
tenance of tolerance by constant suppression of inflammation.
Conceptually, a therapeutic approach for induction of tolerance
in a clinical situation would need to mimic events occurring in
one of the four conditions described. Clinically it is very difficult
to implement multiple acting therapies simultaneously, especially
when some of the components are novel. That said, in the
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development of a “tolerogenic protocol” it may be necessary to
consider agents that have a history of clinical use.

Creation of a tolerogenic protocol would require several compo-
nents: (a) a source of antigen; (b) a response to the antigen in the
form of an antigen presentation event; (c) manipulation of the re-
sponse so as to endow creation of a regulatory cell population; and
(d) maintenance/amplification of the regulatory cell population.
Using this framework, several possibilities emerge. Antigen load
may be administered exogenously, in the form of peptides or pro-
teins given intravenously [213,214], selected for tolerogenic epi-
topes [215,216], administered in the context of tolerogenic DC
[217] or administered orally [218]. Alternatively, the antigenic
source may be already existing in the host, but the host would have
to be manipulated in a manner so as to promote tolerogenesis. In
both situations the SVF population may be beneficial. Expansion
of Treg cells has been shown to occur in response to tolerogenic
peptides [219], during intravenous [220,221], and oral tolerance
[48]. According to our hypothesis, the concurrent administration
SVF would provide a ready-source of Tregs that could be expanded
in vivo by the tolerogenic regime. In the situation of tolerance to
endogenous antigens, the MSC component of the SVF may induce
a localized anti-inflammatory environment which would be pro-
tolerogenic. Manipulation of the antigen presenting event may be
performed using agents clinically available such as short course
of rapamycin [222], or DMARDs that inhibit DC maturation such
as hydroxychloroquine, which inhibits DC maturation by suppress-
ing TLR-8/9 activation [170], or lefluonamide [173]. Hypothetically,
the MSC and Treg content of SVF may also be capable of inhibiting
DC maturation, since both of these cell types have been reported to
possess this property [223-225]. The generation of Treg cells could
hypothetically be amplified by agents such as anti-CD3 monoclo-
nal antibody, which has been used with some success in autoim-
mune diabetes [226]. Other agents could include TNF-a blockers
that have previously been shown to restore Treg functional defi-
ciencies in RA patients through induction of FoxP3 expression
[107]. Administration of SVF may conceptually allow for amplifica-
tion of Tregs that would recognize the autoantigen being pre-
sented. Maintenance of the tolerogenic feedback loop could be
accomplished by providing regenerative cells, such as MSC in the
SVF, which would hypothetically result in suppression of “danger
signals” by reduction of inflammation.

In conclusion, we propose that SVF cells represent a novel, easy
to implement cell therapy that warrants investigation as a mono-
therapy or adjuvant to tolerance induction protocols. The fact that
autotransplantation of adipose tissue is part of standard cosmetic
surgery practice without adverse events [227,228], as well as our
pilot clinical data with SVF in multiple sclerosis [1], and RA, sup-
ports the notion of feasibility. Of the components of SVF, the
MSC fraction may provide direct immune regulatory activities, as
well as stimulation of tissue regeneration, thus decreasing “danger
signals” which inhibit tolerogenesis. CD34 cells found in SVF have
the potential to immune regulate, although further work in this
area is necessary. The recent finding of enhanced Treg numbers
and activity in adipose tissue suggests SVF may be a previously
unrecognized source of regulatory cells capable of in vivo expan-
sion subsequent to administration [9]. In a previous study we re-
ported treatment of three patients with multiple sclerosis with
autologous SVF, which underwent a profound clinical response
[1]. The cases presented here serve to expand on the “clinical sig-
nal” that an anti-inflammatory/disease modifying effect may be
achieved using the simple process of autologous SVF administra-
tion. While future studies are obviously needed to confirm these
preliminary observations, the establishment of feasibility and
administration protocols serves as a basis for future studies. An
interesting question presented by these studies is whether the adi-
pose resident Treg cells may also have deregulated function as

found in the periphery of patients with RA [229]. This is currently
being investigated.

Disclosure

Neil H. Riordan and Thomas Ichim are shareholders and man-
agement of Medistem Inc.

References

[1] N.H. Riordan et al., Non-expanded adipose stromal vascular fraction cell
therapy for multiple sclerosis, J. Transl. Med. 7 (2009) 29.

[2] http://www.vet-stem.com/equine/.

[3] L.L. Black et al., Effect of adipose-derived mesenchymal stem and regenerative
cells on lameness in dogs with chronic osteoarthritis of the coxofemoral
joints: a randomized, double-blinded, multicenter, controlled trial, Vet. Ther.
8 (4) (2007) 272-284.

[4] http://www.clinicaltrials.gov/ct2/show/NCT00442806.

[5] http://www.clinicaltrials.gov/ct2/show/NCT00426868.

[6] http://www.clinicaltrials.gov/ct2/show/NCT00703599.

[7] http://www.clinicaltrials.gov/ct2/show/NCT00913289.

[8] P.A. Zuk et al., Human adipose tissue is a source of multipotent stem cells,
Mol. Biol. Cell 13 (12) (2002) 4279-4295.

[9] M. Feuerer et al., Lean, but not obese, fat is enriched for a unique population of
regulatory T cells that affect metabolic parameters, Nat. Med. 15 (8) (2009)
930-939.

[10] R.E. Billingham, L. Brent, P.B. Medawar, Actively acquired tolerance of foreign
cells, Nature 172 (4379) (1953) 603-606.

[11] P. Dutta, W.J. Burlingham, Tolerance to noninherited maternal antigens in
mice and humans, Curr. Opin. Organ Transplant. 14 (4) (2009) 439-447.

[12] D.A. Clark, Is there any evidence for immunologically mediated or
immunologically modifiable early pregnancy failure?, ] Assist. Reprod.
Genet. 20 (2) (2003) 63-72.

[13] B. Gharesi-Fard, ]. Zolghadri, E. Kamali-Sarvestani, Effect of leukocyte therapy
on tumor necrosis factor-o. and interferon-y production in patients with
recurrent spontaneous abortion, Am. J. Reprod. Immunol. 59 (3) (2008) 242-
250.

[14] H. Yang et al., Proportional change of CD4+CD25+ regulatory T cells after
lymphocyte therapy in unexplained recurrent spontaneous abortion patients,
Fertil. Steril. 92 (1) (2009) 301-305.

[15] V. Toder et al., Mouse model for the treatment of immune pregnancy loss,
Am. J. Reprod. Immunol. 26 (1) (1991) 42-46.

[16] T. Nonaka et al., Results of immunotherapy for patients with unexplained
primary recurrent abortions - prospective non-randomized cohort study, Am.
J. Reprod. Immunol. 58 (6) (2007) 530-536.

[17] J.B. Smith, ].G. Fort, Treatment of rheumatoid arthritis by immunization with
mononuclear white blood cells: results of a preliminary trial, ]. Rheumatol. 23
(2) (1996) 220-225.

[18] J.T. Ney et al., Autochthonous liver tumors induce systemic T cell tolerance
associated with T cell receptor down-modulation, Hepatology 49 (2) (2009)
471-481.

[19] AF. Cheung et al., Regulated expression of a tumor-associated antigen reveals
multiple levels of T-cell tolerance in a mouse model of lung cancer, Cancer
Res. 68 (22) (2008) 9459-9468.

[20] A. Bai et al., Rapid tolerization of virus-activated tumor-specific CD8+ T cells
in prostate tumors of TRAMP mice, Proc. Natl. Acad. Sci. USA 105 (35) (2008)
13003-13008.

[21] T.L. Whiteside, Down-regulation of zeta-chain expression in T cells: a
biomarker of prognosis in cancer?, Cancer Immunol Immunother. 53 (10)
(2004) 865-878.

[22] T.L. Whiteside, Signaling defects in T lymphocytes of patients with
malignancy, Cancer Immunol. Immunother. 48 (7) (1999) 346-352.

[23] T.E. Reichert et al, Signaling abnormalities, apoptosis, and reduced
proliferation of circulating and tumor-infiltrating lymphocytes in patients
with oral carcinoma, Clin. Cancer Res. 8 (10) (2002) 3137-3145.

[24] K.S. Park et al., Type Il collagen oral tolerance; mechanism and role in
collagen-induced arthritis and rheumatoid arthritis, Mod. Rheumatol. 19 (6)
(2009) 581-589.

[25] K.L. Womer et al., A pilot study on the immunological effects of oral
administration of donor major histocompatibility complex class II peptides in
renal transplant recipients, Clin. Transplant. 22 (6) (2008) 754-759.

[26] AM. Faria, H.L. Weiner, Oral tolerance: therapeutic implications for
autoimmune diseases, Clin. Dev. Immunol. 13 (2-4) (2006) 143-157.

[27] H.S. Thompson et al., Suppression of collagen induced arthritis by oral
administration of type II collagen: changes in immune and arthritic responses
mediated by active peripheral suppression, Autoimmunity 16 (3) (1993) 189-
199.

[28] F. Song et al., The thymus plays a role in oral tolerance induction in
experimental autoimmune encephalomyelitis, Ann. NY Acad. Sci. 1029 (2004)
402-404.

[29] A. Hanninen, L.C. Harrison, Mucosal tolerance to prevent type 1 diabetes: can
the outcome be improved in humans?, Rev Diabetes Stud. 1 (3) (2004) 113-
121.


http://www.vet-stem.com/equine/
http://www.clinicaltrials.gov/ct2/show/NCT00442806
http://www.clinicaltrials.gov/ct2/show/NCT00426868
http://www.clinicaltrials.gov/ct2/show/NCT00703599
http://www.clinicaltrials.gov/ct2/show/NCT00913289

14 T.E. Ichim et al./ Cellular Immunology 264 (2010) 7-17

[30] J.W. Streilein, ].Y. Niederkorn, Characterization of the suppressor cell(s)
responsible for anterior chamber-associated immune deviation (ACAID)
induced in BALB/c mice by P815 cells, J. Inmunol. 134 (3) (1985) 1381-1387.

[31] K. Katagiri et al., Using tolerance induced via the anterior chamber of the eye
to inhibit Th2-dependent pulmonary pathology, J. Immunol. 169 (1) (2002)
84-89.

[32] S.E. Segerer et al., The glycoprotein-hormones activin A, inhibin A interfere
with dendritic cell maturation, Reprod. Biol. Endocrinol. 6 (2008) 17.

[33] S.E. Segerer et al., Impact of female sex hormones on the maturation and
function of human dendritic cells, Am. ]. Reprod. Immunol. 62 (3) (2009) 165-
173.

[34] J. Shojaeian et al., Immunosuppressive effect of pregnant mouse serum on
allostimulatory activity of dendritic cells, J. Reprod. Immunol. 75 (1) (2007)
23-31.

[35] A.H. Zarnani et al., Microenvironment of the feto-maternal interface protects
the semiallogenic fetus through its immunomodulatory activity on dendritic
cells, Fertil. Steril. 90 (3) (2008) 781-788.

[36] B. Jurgens et al, Interferon-y-triggered indoleamine-2,3-dioxygenase
competence in human monocyte-derived dendritic cells induces regulatory
activity in allogeneic T cells, Blood 114 (15) (2009) 3235-3243.

[37] M. Brenk et al., Tryptophan deprivation induces inhibitory receptors ILT3 and
ILT4 on dendritic cells favoring the induction of human CD4+CD25+ Foxp3+ T
regulatory cells, ]. Immunol. 183 (1) (2009) 145-154.

[38] A.L. Mellor et al., Prevention of T cell-driven complement activation and
inflammation by tryptophan catabolism during pregnancy, Nat. Immunol. 2
(1) (2001) 64-68.

[39] J.R. Lee et al., Pattern of recruitment of immunoregulatory antigen-presenting
cells in malignant melanoma, Lab. Invest. 83 (10) (2003) 1457-1466.

[40] R. Botella-Estrada et al., Cytokine expression and dendritic cell density in
melanoma sentinel nodes, Melanoma Res. 15 (2) (2005) 99-106.

[41] TJJ. Curiel et al., Blockade of B7-H1 improves myeloid dendritic cell-mediated
antitumor immunity, Nat. Med. 9 (5) (2003) 562-567.

[42] B. Almand et al., Clinical significance of defective dendritic cell differentiation
in cancer, Clin. Cancer Res. 6 (5) (2000) 1755-1766.

[43] B. Almand et al., Increased production of immature myeloid cells in cancer
patients: a mechanism of immunosuppression in cancer, J. Inmunol. 166 (1)
(2001) 678-689.

[44] X. Zheng et al., Reinstalling antitumor immunity by inhibiting tumor-derived
immunosuppressive molecule IDO through RNA interference, J. Immunol. 177
(8) (2006) 5639-5646.

[45] B. Johnson et al., Physiology and therapeutics of vascular endothelial growth
factor in tumor immunosuppression, Curr. Mol. Med. 9 (6) (2009) 702-707.

[46] T. Osada et al., The effect of anti-VEGF therapy on immature myeloid cell and
dendritic cells in cancer patients, Cancer Immunol. Immunother. 57 (8)
(2008) 1115-1124.

[47] S.Y. Min et al., Antigen-induced, tolerogenic CD11c+, CD11b+ dendritic cells
are abundant in Peyer’s patches during the induction of oral tolerance to type
II collagen and suppress experimental collagen-induced arthritis, Arthritis
Rheum. 54 (3) (2006) 887-898.

[48] M. Park et al., Indoleamine 2,3-dioxygenase-expressing dendritic cells are
involved in the generation of CD4+CD25+ regulatory T cells in Peyer’s patches
in an orally tolerized, collagen-induced arthritis mouse model, Arthritis Res.
Ther. 10 (1) (2008) R11.

[49] J.L. Viney et al., Expanding dendritic cells in vivo enhances the induction of
oral tolerance, J. Immunol. 160 (12) (1998) 5815-5825.

[50] A. Shiokawa et al., IL-10 and IL-27 producing dendritic cells capable of
enhancing IL-10 production of T cells are induced in oral tolerance, Immunol.
Lett. 125 (1) (2009) 7-14.

[51] J. Stein-Streilein, C. Watte, Cross talk among cells promoting anterior
chamber-associated immune deviation, Chem. Immunol. Allergy 92 (2007)
115-130.

[52] H. Zhang et al., Involvement of Foxp3-expressing CD4+ CD25+ regulatory T
cells in the development of tolerance induced by transforming growth factor-
B2-treated antigen-presenting cells, Immunology 124 (3) (2008) 304-314.

[53] W.P. Min et al., Synergistic tolerance induced by LF15-0195 and anti-CD45RB
monoclonal antibody through suppressive dendritic cells, Transplantation 75
(8) (2003) 1160-1165.

[54] W.P. Min et al., Inhibitory feedback loop between tolerogenic dendritic cells
and regulatory T cells in transplant tolerance, ]J. Immunol. 170 (2003) 1304-
1312.

[55] J. Yang et al., LF15-0195 generates tolerogenic dendritic cells by suppression
of NF-kB signaling through inhibition of IKK activity, ]. Leukoc. Biol. 74 (3)
(2003) 438-447.

[56] W.P. Min et al., Dendritic cells genetically engineered to express Fas ligand
induce donor-specific hyporesponsiveness and prolong allograft survival, ].
Immunol. 164 (1) (2000) 161-167.

[57] AL. Gainer et al., Improved survival of biolistically transfected mouse
islet allografts expressing CTLA4-Ig or soluble Fas ligand, Transplantation
66 (2) (1998) 194-199.

[58] T.E. Ichim et al, RNA interference: a potent tool for gene-specific
therapeutics, Am. J. Transplant. 4 (8) (2004) 1227-1236.

[59] T.E. Ichim, R. Zhong, W.P. Min, Prevention of allograft rejection by in vitro
generated tolerogenic dendritic cells, Transpl. Immunol. 11 (3-4) (2003) 295-
306.

[60] J.A. Hill et al., Immune modulation by silencing IL-12 production in dendritic
cells using small interfering RNA, J. Immunol. 171 (2) (2003) 691-696.

[61] M. Li et al., Induction of RNA interference in dendritic cells, Immunol. Res. 30
(2) (2004) 215-230.

[62] R.N. Germain, Special regulatory T-cell review: a rose by any other name:
from suppressor T cells to Tregs, approbation to unbridled enthusiasm,
Immunology 123 (1) (2008) 20-27.

[63] B.M. Hall et al., Specific unresponsiveness in rats with prolonged cardiac
allograft survival after treatment with cyclosporine. IIl. Further
characterization of the CD4+ suppressor cell and its mechanisms of action,
J. Exp. Med. 171 (1) (1990) 141-157.

[64] N.W. Pearce et al., Specific unresponsiveness in rats with prolonged cardiac
allograft survival after treatment with cyclosporine. V. Dependence of CD4+
suppressor cells on the presence of alloantigen and cytokines, including
interleukin 2, Transplantation 55 (2) (1993) 374-380.

[65] S. Sakaguchi et al., Immunologic self-tolerance maintained by activated T
cells expressing IL-2 receptor o-chains (CD25). Breakdown of a single
mechanism of self-tolerance causes various autoimmune diseases, ]J.
Immunol. 155 (3) (1995) 1151-1164.

[66] W. Ptak, RK. Gershon, Immunological agnosis: a state that derives from T
suppressor cell inhibition of antigen-presenting cells, Proc. Natl. Acad. Sci.
USA 79 (8) (1982) 2645-2648.

[67] W.P. Min et al., Inhibitory feedback loop between tolerogenic dendritic cells
and regulatory T cells in transplant tolerance, J. Immunol. 170 (3) (2003)
1304-1312.

[68] H. von Boehmer, Mechanisms of suppression by suppressor T cells, Nat.
Immunol. 6 (4) (2005) 338-344.

[69] A. Schumacher et al., Human chorionic gonadotropin attracts regulatory T
cells into the fetal-maternal interface during early human pregnancy, J.
Immunol. 182 (9) (2009) 5488-5497.

[70] L.P.Jin et al., The CD4(+)CD25(bright) regulatory T cells, CTLA-4 expression in
peripheral, decidual lymphocytes are down-regulated in human miscarriage,
Clin. Immunol. 133 (3) (2009) 402-410.

[71] L. Arruvito et al., IL-6 trans-signaling, the frequency of CD4+FOXP3+ cells in
women with reproductive failure, ]. Reprod. Immunol. 82 (2) (2009) 158-
165.

[72] W. Li et al., CTLA4Ig gene transfer alleviates abortion in mice by expanding
CD4+CD25+ regulatory T cells and inducing indoleamine-2,3-dioxygenase, ].
Reprod. Immunol. 80 (1-2) (2009) 1-11.

[73] G. Perrone et al., Intratumoural FOXP3-positive regulatory T cells are
associated with adverse prognosis in radically resected gastric cancer, Eur.
J. Cancer 44 (13) (2008) 1875-1882.

[74] R.P. Petersen et al., Tumor infiltrating Foxp3+ regulatory T-cells are associated
with recurrence in pathologic stage I NSCLC patients, Cancer 107 (12) (2006)
2866-2872.

[75] F.A. Sinicrope et al., Intraepithelial effector (CD3+)/regulatory (FoxP3+) T-cell
ratio predicts a clinical outcome of human colon carcinoma, Gastroenterology
137 (4) (2009) 1270-1279.

[76] A. Merlo et al., FOXP3 expression and overall survival in breast cancer, J. Clin.
Oncol. 27 (11) (2009) 1746-1752.

[77] R. Goforth et al., Immune stimulatory antigen loaded particles combined with
depletion of regulatory T-cells induce potent tumor specific immunity in a
mouse model of melanoma, Cancer Immunol. Immunother. 58 (4) (2009)
517-530.

[78] AlJ. Rech, R.H. Vonderheide, Clinical use of anti-CD25 antibody daclizumab to
enhance immune responses to tumor antigen vaccination by targeting
regulatory T cells, Ann. NY Acad. Sci. 1174 (2009) 99-106.

[79] AM. Faria, H.L. Weiner, Oral tolerance and TGF-B-producing cells, Inflamm.
Allergy Drug Targets 5 (3) (2006) 179-190.

[80] Y. Carrier et al., Th3 cells in peripheral tolerance. I. Induction of Foxp3-
positive regulatory T cells by Th3 cells derived from TGF-B T cell-transgenic
mice, ]. Immunol. 178 (1) (2007) 179-185.

[81] K.H. Sonoda et al., NKT cell-derived urokinase-type plasminogen activator
promotes peripheral tolerance associated with eye, ]J. Immunol. 179 (4)
(2007) 2215-2222.

[82] K. Nakamura, A. Kitani, W. Strober, Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is mediated by
cell surface-bound transforming growth factor B, J. Exp. Med. 194 (5) (2001)
629-644.

[83] F. Ghiringhelli et al., CD4+CD25+ regulatory T cells inhibit natural killer cell
functions in a transforming growth factor-B-dependent manner, J. Exp. Med.
202 (8) (2005) 1075-1085.

[84] H. Kelchtermans et al., Activated CD4+CD25+ regulatory T cells inhibit
osteoclastogenesis and collagen-induced arthritis, Ann. Rheum. Dis. 68 (5)
(2009) 744-750.

[85] X. Cao et al., Granzyme B and perforin are important for regulatory T cell-
mediated suppression of tumor clearance, Immunity 27 (4) (2007) 635-646.

[86] V. Vezys, L. Lefrancois, Cutting edge: inflammatory signals drive organ-
specific autoimmunity to normally cross-tolerizing endogenous antigen, J.
Immunol. 169 (12) (2002) 6677-6680.

[87] S. Oehen et al., Vaccination or tolerance to prevent diabetes, Eur. ]. Inmunol.
22 (12) (1992) 3149-3153.

[88] P. Matzinger, The danger model: a renewed sense of self, Science 296 (5566)
(2002) 301-305.

[89] R. Baccala et al., Sensors of the innate immune system: their mode of action,
Nat. Rev. Rheumatol. 5 (8) (2009) 448-456.

[90] J. Rehwinkel et al., RIG-I detects viral genomic RNA during negative-strand
RNA virus infection, Cell 140 (3) (2010) 397-408.



T.E. Ichim et al./ Cellular Immunology 264 (2010) 7-17 15

[91] M.K. Choi et al., A selective contribution of the RIG-I-like receptor pathway to
type I interferon responses activated by cytosolic DNA, Proc. Natl. Acad. Sci.
USA 106 (42) (2009) 17870-17875.

[92] A.Takaoka et al., DAI(DLM-1/ZBP1) is a cytosolic DNA sensor and an activator
of innate immune response, Nature 448 (7152) (2007) 501-505.

[93] J.K. Riley, D.M. Nelson, Toll-like receptors in pregnancy disorders and
placental dysfunction, Clin. Rev. Allergy Immunol. (2009). October 29 [Epub
ahead of print].

[94] J.W. Friedberg et al., Phase II study of a TLR-9 agonist (1018 ISS) with
rituximab in patients with relapsed or refractory follicular lymphoma, Br. ].
Haematol. 146 (3) (2009) 282-291.

[95] Y.M. Murad et al., CPG-7909 (PF-3512676, ProMune): toll-like receptor-9
agonist in cancer therapy, Expert Opin. Biol. Ther. 7 (8) (2007) 1257-1266.

[96] Y. Chung et al., NKT cell ligand a-galactosylceramide blocks the induction of
oral tolerance by triggering dendritic cell maturation, Eur. ]. Immunol. 34 (9)
(2004) 2471-2479.

[97] S. Brix et al., Lipopolysaccharide contamination of p-lactoglobulin affects the
immune response against intraperitoneally and orally administered antigen,
Int. Arch. Allergy Immunol. 135 (3) (2004) 216-220.

[98] T. Watanabe et al., High mobility group box protein-1 in experimental
autoimmune uveoretinitis, Invest. Ophthalmol. Vis. Sci. 50 (5) (2009) 2283-
2290.

[99] F. Lei et al., A penetrating ocular injury can affect the induction of anterior
chamber-associated immune deviation, Mol. Vis. 14 (2008) 327-333.

[100] P. Emery, R. Lugmani, The validity of surrogate markers in rheumatic disease,
Br. J. Rheumatol. 32 (Suppl. 3) (1993) 3-8.

[101] S. Cemerski, J.P. van Meerwijk, P. Romagnoli, Oxidative-stress-induced T
lymphocyte hyporesponsiveness is caused by structural modification rather
than proteasomal degradation of crucial TCR signaling molecules, Eur. J.
Immunol. 33 (8) (2003) 2178-2185.

[102] EK. Lee et al., Essential roles of toll-like receptor-4 signaling in arthritis
induced by type II collagen antibody and LPS, Int. Immunol. 17 (3) (2005)
325-333.

[103] M.F. Roelofs et al., Identification of small heat shock protein B8 (HSP22) as a
novel TLR4 ligand and potential involvement in the pathogenesis of
rheumatoid arthritis, J. Immunol. 176 (11) (2006) 7021-7027.

[104] Q.Q. Huang et al., Heat shock protein 96 is elevated in rheumatoid arthritis
and activates macrophages primarily via TLR2 signaling, ]. Immunol. 182 (8)
(2009) 4965-4973.

[105] F. Brentano et al., RNA released from necrotic synovial fluid cells activates
rheumatoid arthritis synovial fibroblasts via toll-like receptor 3, Arthritis
Rheum. 52 (9) (2005) 2656-2665.

[106] C. Pasare, R. Medzhitov, Toll pathway-dependent blockade of CD4+CD25+ T
cell-mediated suppression by dendritic cells, Science 299 (5609) (2003)
1033-1036.

[107] X. Valencia et al., TNF downmodulates the function of human CD4+CD25hi T-
regulatory cells, Blood 108 (1) (2006) 253-261.

[108] M. Coulombe et al, Tolerance to antigen-presenting cell-depleted
islet allografts is CD4 T cell dependent, J. Immunol. 162 (5) (1999) 2503-
2510.

[109] ]J. Han et al., Adipose tissue is an extramedullary reservoir for functional
hematopoietic stem, progenitor cells, Blood 115 (5) (2010) 957-964.

[110] A.C. Zannettino et al., Multipotential human adipose-derived stromal stem
cells exhibit a perivascular phenotype in vitro and in vivo, J. Cell. Physiol. 214
(2) (2008) 413-421.

[111] MJ. Hoogduijn et al, Human heart, spleen, and perirenal fat-derived
mesenchymal stem cells have immunomodulatory capacities, Stem Cells
Dev. 16 (4) (2007) 597-604.

[112] K.C. Chao et al., Islet-like clusters derived from mesenchymal stem cells in
Wharton’s Jelly of the human umbilical cord for transplantation to control
type 1 diabetes, PLoS One 3 (1) (2008) e1451.

[113] Y.Y. Jo et al., Isolation and characterization of postnatal stem cells from
human dental tissues, Tissue Eng. 13 (4) (2007) 767-773.

[114] Q. He, C. Wan, G. Li, Concise review: multipotent mesenchymal stromal cells
in blood, Stem Cells 25 (1) (2007) 69-77.

[115] W. Oh et al, Immunological properties of umbilical cord blood-derived
mesenchymal stromal cells, Cell. Immunol. 251 (2) (2008) 116-123.

[116] X. Meng et al., Endometrial regenerative cells: a novel stem cell population, J.
Transl. Med. 5 (2007) 57.

[117] N. Hida et al,, Novel cardiac precursor-like cells from human menstrual
blood-derived mesenchymal cells, Stem Cells 26 (7) (2008) 1695-1704.

[118] A.N. Patel et al., Multipotent menstrual blood stromal stem cells: isolation,
characterization, and differentiation, Cell Transplant. 17 (3) (2008) 303-311.

[119] K. Le Blanc, O. Ringden, Immunomodulation by mesenchymal stem cells and
clinical experience, ]. Intern. Med. 262 (5) (2007) 509-525.

[120] K.A. Keyser, K.E. Beagles, H.P. Kiem, Comparison of mesenchymal stem cells
from different tissues to suppress T-cell activation, Cell Transplant. 16 (5)
(2007) 555-562.

[121] A. Nasef et al., Identification of IL-10 and TGF-p transcripts involved in the
inhibition of T-lymphocyte proliferation during cell contact with human
mesenchymal stem cells, Gene Expr. 13 (4-5) (2007) 217-226.

[122] JM. Ryan et al, Interferon-y does not break, but promotes the
immunosuppressive capacity of adult human mesenchymal stem cells, Clin.
Exp. Immunol. 149 (2) (2007) 353-363.

[123] A. Nasef et al., Leukemia inhibitory factor: role in human mesenchymal stem
cells mediated immunosuppression, Cell. Immunol. 253 (1-2) (2008) 16-22.

[124] Z. Selmani et al, Human leukocyte antigen-G5 secretion by human
mesenchymal stem cells is required to suppress T lymphocyte and natural
killer function and to induce CD4+CD25 high FOXP3+ regulatory T cells, Stem
Cells 26 (1) (2008) 212-222.

[125] L.A. Ortiz et al, Interleukin 1 receptor antagonist mediates the
antiinflammatory and antifibrotic effect of mesenchymal stem cells during
lung injury, Proc. Natl. Acad. Sci. USA 104 (26) (2007) 11002-11007.

[126] K. English et al., IFN-y and TNF-a differentially regulate immunomodulation
by murine mesenchymal stem cells, Immunol. Lett. 110 (2) (2007) 91-100.

[127] BJ. Jones et al, Immunosuppression by placental indoleamine-2,3-
dioxygenase: a role for mesenchymal stem cells, Placenta 28 (11-12)
(2007) 1174-1181.

[128] E. Ko et al., Mesenchymal stem cells inhibit the differentiation of CD4+ T cells
into interleukin-17-secreting T cells, Acta Haematol. 120 (3) (2008) 165-167.

[129] F. Casiraghi et al., Pretransplant infusion of mesenchymal stem cells prolongs
the survival of a semiallogeneic heart transplant through the generation of
regulatory T cells, J. Immunol. 181 (6) (2008) 3933-3946.

[130] 1. Kassis et al., Neuroprotection and immunomodulation with mesenchymal
stem cells in chronic experimental autoimmune encephalomyelitis, Arch.
Neurol. 65 (6) (2008) 753-761.

[131] B. Parekkadan, AW. Tilles, M.L. Yarmush, Bone marrow-derived
mesenchymal stem cells ameliorate autoimmune enteropathy
independently of regulatory T cells, Stem Cells 26 (7) (2008) 1913-1919.

[132] H. Li et al., Mesenchymal stem cells alter migratory property of T and
dendritic cells to delay the development of murine lethal acute graft-versus-
host disease, Stem Cells 26 (10) (2008) 2531-2541.

[133] A. Augello et al., Cell therapy using allogeneic bone marrow mesenchymal
stem cells prevents tissue damage in collagen-induced arthritis, Arthritis
Rheum. 56 (4) (2007) 1175-1186.

[134] P. Semedo et al., Mesenchymal stem cells ameliorate tissue damages
triggered by renal ischemia and reperfusion injury, Transplant. Proc. 39 (2)
(2007) 421-423.

[135] K. Le Blanc et al., Mesenchymal stem cells for treatment of steroid-resistant,
severe, acute graft-versus-host disease: a phase II study, Lancet 371 (9624)
(2008) 1579-1586.

[136] H. Ning et al., The correlation between cotransplantation of mesenchymal
stem cells and higher recurrence rate in hematologic malignancy patients:
outcome of a pilot clinical study, Leukemia 22 (3) (2008) 593-599.

[137] L. Ball et al., Third party mesenchymal stromal cell infusions fail to induce
tissue repair despite successful control of severe grade IV acute graft-versus-
host disease in a child with juvenile myelo-monocytic leukemia, Leukemia 22
(6) (2008) 1256-1257.

[138] O. Ringden et al., Mesenchymal stem cells for treatment of therapy-resistant
graft-versus-host disease, Transplantation 81 (10) (2006) 1390-1397.

[139] K. Le Blanc et al., Treatment of severe acute graft-versus-host disease with
third party haploidentical mesenchymal stem cells, Lancet 363 (9419) (2004)
1439-1441.

[140] 1. Muller et al., Application of multipotent mesenchymal stromal cells in
pediatric patients following allogeneic stem cell transplantation, Blood Cells
Mol. Dis. 40 (1) (2008) 25-32.

[141] L. Sun et al, Mesenchymal stem cell transplantation reverses multiorgan
dysfunction in systemic lupus erythematosus mice and humans, Stem Cells
27 (6) (2009) 1421-1432.

[142] P. Kharaziha et al., Improvement of liver function in liver cirrhosis patients
after autologous mesenchymal stem cell injection: a phase I-II clinical trial,
Eur. ]. Gastroenterol. Hepatol. 21 (10) (2009) 1199-1205.

[143] A. Taguchi et al., Administration of CD34+ cells after stroke enhances
neurogenesis via angiogenesis in a mouse model, J. Clin. Invest. 114 (3)
(2004) 330-338.

[144] T. Yoshioka et al., Repair of infarcted myocardium mediated by transplanted
bone marrow-derived CD34+ stem cells in a nonhuman primate model, Stem
Cells 23 (3) (2005) 355-364.

[145] X. Wang et al., Albumin-expressing hepatocyte-like cells develop in the livers
of immune-deficient mice that received transplants of highly purified human
hematopoietic stem cells, Blood 101 (10) (2003) 4201-4208.

[146] http://www.clinicaltrials.gov/ct2/show/NCT00313339.

[147] http://www.clinicaltrials.gov/ct2/show/NCT00950521.

[148] http://www.clinicaltrials.gov/ct2/show/NCT00062543.

[149] M. Massengale et al., Hematopoietic cells maintain hematopoietic fates upon
entering the brain, J. Exp. Med. 201 (10) (2005) 1579-1589.

[150] L.B. Balsam et al., Haematopoietic stem cells adopt mature haematopoietic
fates in ischaemic myocardium, Nature 428 (6983) (2004) 668-673.

[151] M. Majka et al., Numerous growth factors, cytokines, and chemokines are
secreted by human CD34(+) cells, myeloblasts, erythroblasts, and
megakaryoblasts and regulate normal hematopoiesis in an autocrine/
paracrine manner, Blood 97 (10) (2001) 3075-3085.

[152] F.A. Kudo et al., Autologous transplantation of peripheral blood endothelial
progenitor cells (CD34+) for therapeutic angiogenesis in patients with critical
limb ischemia, Int. Angiol. 22 (4) (2003) 344-348.

[153] Y. Reisner, M.F. Martelli, Tolerance induction by ‘megadose’ transplants of
CD34+ stem cells: a new option for leukemia patients without an HLA-
matched donor, Curr. Opin. Immunol. 12 (5) (2000) 536-541.

[154] N. Rachamim et al., Tolerance induction by “megadose” hematopoietic
transplants: donor-type human CD34 stem cells induce potent specific
reduction of host anti-donor cytotoxic T lymphocyte precursors in mixed
lymphocyte culture, Transplantation 65 (10) (1998) 1386-1393.


http://www.clinicaltrials.gov/ct2/show/NCT00313339
http://www.clinicaltrials.gov/ct2/show/NCT00950521
http://www.clinicaltrials.gov/ct2/show/NCT00062543

16 T.E. Ichim et al./ Cellular Immunology 264 (2010) 7-17

[155] ].F. George et al., An essential role for Fas ligand in transplantation tolerance
induced by donor bone marrow, Nat. Med. 4 (3) (1998) 333-335.

[156] ]J. Brazil, P. Gupta, Constitutive expression of the Fas receptor and its ligand
in adult human bone marrow: a regulatory feedback loop for the homeostatic
control of hematopoiesis, Blood Cells Mol. Dis. 29 (1) (2002) 94-103.

[157] H. Gur et al., Immune regulatory activity of CD34+ progenitor cells: evidence
for a deletion-based mechanism mediated by TNF-o, Blood 105 (6) (2005)
2585-2593.

[158] S.M. Wahl, J. Wen, N. Moutsopoulos, TGF-B: a mobile purveyor of immune
privilege, Immunol. Rev. 213 (2006) 213-227.

[159] P. Lewkowicz et al., Lipopolysaccharide-activated CD4+CD25+ T regulatory
cells inhibit neutrophil function and promote their apoptosis and death, J.
Immunol. 177 (10) (2006) 7155-7163.

[160] D. Mahajan et al., CD4+CD25+ regulatory T cells protect against injury in an
innate murine model of chronic kidney disease, ]. Am. Soc. Nephrol. 17 (10)
(2006) 2731-2741.

[161] ]. Hatzfeld et al., Purification and release from quiescence of umbilical cord
blood early progenitors reveal their potential to engraft adults, Blood Cells 20
(2-3) (1994) 430-434 (discussion 434-435).

[162] ]. Hatzfeld et al., Release of early human hematopoietic progenitors from
quiescence by antisense transforming growth factor B1 or Rb
oligonucleotides, J. Exp. Med. 174 (4) (1991) 925-929.

[163] S. Akel et al., Neutralization of autocrine transforming growth factor-p in
human cord blood CD34(+)CD38(—)Lin(—) cells promotes stem-cell-factor-
mediated  erythropoietin-independent early erythroid progenitor
development and reduces terminal differentiation, Stem Cells 21 (5) (2003)
557-567.

[164] P. Batard et al., TGF-B1 maintains hematopoietic immaturity by a reversible
negative control of cell cycle and induces CD34 antigen up-modulation, J. Cell
Sci. 113 (Pt. 3) (2000) 383-390.

[165] H. Kared et al., Jagged2-expressing hematopoietic progenitors promote
regulatory T cell expansion in the periphery through notch signaling,
Immunity 25 (5) (2006) 823-834.

[166] S. Massberg et al., Immunosurveillance by hematopoietic progenitor cells
trafficking through blood, lymph, and peripheral tissues, Cell 131 (5) (2007)
994-1008.

[167] V. De Rosa et al., A key role of leptin in the control of regulatory T cell
proliferation, Immunity 26 (2) (2007) 241-255.

[168] L. Chatenoud, CD3-specific antibody-induced active tolerance: from bench to
bedside, Nat. Rev. Immunol. 3 (2) (2003) 123-132.

[169] G. Firestein, D. Edward, M.C.F. Genovese, Gary S. Sargent, John S. Sledge, B.
Clement (Eds.), Kelley’s Textbook of Rheumatology, vol. 7, Elsevier Saunders,
Philadelphia, USA, 2005, pp. 996-1042.

[170] S. Sun et al, TLR7/9 antagonists as therapeutics for immune-mediated
inflammatory disorders, Inflamm. Allergy Drug Targets 6 (4) (2007) 223-235.

[171] AS. Chong et al., In vivo activity of leflunomide: pharmacokinetic analyses
and mechanism of immunosuppression, Transplantation 68 (1) (1999) 100-
109.

[172] P. Dimitrova et al., Restriction of de novo pyrimidine biosynthesis inhibits
Th1 cell activation and promotes Th2 cell differentiation, ]. Imnmunol. 169 (6)
(2002) 3392-3399.

[173] B.M. Kirsch et al., The active metabolite of leflunomide, A77 1726, interferes
with dendritic cell function, Arthritis Res. Ther. 7 (3) (2005) R694-R703.

[174] K. Tepperman et al., Dicyanogold effects on lymphokine production, Met.
Based Drugs 6 (4-5) (1999) 301-309.

[175] S. Han et al., Auranofin, an immunosuppressive drug, inhibits MHC class I and
MHC class II pathways of antigen presentation in dendritic cells, Arch. Pharm.
Res. 31 (3) (2008) 370-376.

[176] T.S. Kim et al., Inhibition of interleukin-12 production by auranofin, an anti-
rheumatic gold compound, deviates CD4(+) T cells from the Th1 to the Th2
pathway, Br. J. Pharmacol. 134 (3) (2001) 571-578.

[177] AJ. Taggart, Sulphasalazine in arthritis - an old drug rediscovered, Clin.
Rheumatol. 6 (3) (1987) 378-383.

[178] C. Bansard et al., Can rheumatoid arthritis responsiveness to methotrexate
and biologics be predicted?, Rheumatology (Oxford) 48 (9) (2009) 1021-
1028

[179] J.W. Bijlsma et al., Are glucocorticoids DMARDs?, Ann NY Acad. Sci. 1069
(2006) 268-274.

[180] S. Nanda, J.M. Bathon, Etanercept: a clinical review of current and emerging
indications, Expert Opin. Pharmacother. 5 (5) (2004) 1175-1186.

[181] N. Shakoor et al., Drug-induced systemic lupus erythematosus associated
with etanercept therapy, Lancet 359 (9306) (2002) 579-580.

[182] C.A. Dinarello, Anti-cytokine therapeutics and infections, Vaccine 21 (Suppl.
2) (2003) S24-S34.

[183] D.E. Trentham, A.S. Townes, A.H. Kang, Autoimmunity to type II collagen an
experimental model of arthritis, J. Exp. Med. 146 (3) (1977) 857-868.

[184] D.E. Trentham, R.A. Dynesius, ].R. David, Passive transfer by cells of type II
collagen-induced arthritis in rats, J. Clin. Invest. 62 (2) (1978) 359-366.

[185] M. Londei et al., Persistence of collagen type II-specific T-cell clones in the
synovial membrane of a patient with rheumatoid arthritis, Proc. Natl. Acad.
Sci. USA 86 (2) (1989) 636-640.

[186] T. Sekine et al., Type II collagen is a target antigen of clonally expanded T cells
in the synovium of patients with rheumatoid arthritis, Ann. Rheum. Dis. 58
(7) (1999) 446-450.

[187] D.E. Trentham et al., Effects of oral administration of type II collagen on
rheumatoid arthritis, Science 261 (5129) (1993) 1727-1730.

[188] http://www.autoimmuneinc.com/clinic/coll.html.

[189] A. Nasef et al., Selected Stro-1-enriched bone marrow stromal cells display a
major suppressive effect on lymphocyte proliferation, Int. J. Lab. Hematol. 31
(1) (2009) 9-19.

[190] Y. Lepelletier et al., Galectin-1, semaphorin-3A are two soluble factors
conferring T cell immunosuppression to bone marrow mesenchymal stem
cell, Stem Cells Dev. (2009). November 3 [Epub ahead of print].

[191] P. Renner et al, Mesenchymal stem cells require a sufficient, ongoing
immune response to exert their immunosuppressive function, Transplant.
Proc. 41 (6) (2009) 2607-2611.

[192] W. Lisheng, E. Meng, Z. Guo, High mobility group box 1 protein inhibits the
proliferation of human mesenchymal stem cells and promotes their
migration and differentiation along osteoblastic pathway, Stem Cells Dev.
(2008). March 14 [Epub ahead of print].

[193] T. Kitaori et al., Stromal cell-derived factor 1/CXCR4 signaling is critical for
the recruitment of mesenchymal stem cells to the fracture site during
skeletal repair in a mouse model, Arthritis Rheum. 60 (3) (2009) 813-823.

[194] Y. Wang, Y. Deng, G.Q. Zhou, SDF-10/CXCR4-mediated migration of
systemically transplanted bone marrow stromal cells towards ischemic
brain lesion in a rat model, Brain Res. 1195 (2008) 104-112.

[195] M. Shi et al., Regulation of CXCR4 expression in human mesenchymal stem
cells by cytokine treatment: role in homing efficiency in NOD/SCID mice,
Haematologica 92 (7) (2007) 897-904.

[196] W.H. Gunzberg, B. Salmons, Stem cell therapies: on track but suffer setback,
Curr. Opin. Mol. Ther. 11 (4) (2009) 360-363.

[197] P. Kebriaei et al., Adult human mesenchymal stem cells added to
corticosteroid therapy for the treatment of acute graft-versus-host disease,
Biol. Blood Marrow Transplant. 15 (7) (2009) 804-811.

[198] G.W. Dryden, Overview of stem cell therapy for Crohn’s disease, Expert Opin.
Biol. Ther. 9 (7) (2009) 841-847.

[199] S.M. Richardson et al., Mesenchymal stem cells in regenerative medicine:
opportunities and challenges for articular cartilage and intervertebral disc
tissue engineering, J. Cell. Physiol. 222 (1) (2010) 23-32.

[200] C. Bouffi et al, Multipotent mesenchymal stromal cells and rheumatoid
arthritis: risk or benefit?, Rheumatology (Oxford) 48 (10) (2009) 1185-1189

[201] S. Nakagawa et al., Bone marrow stromal cells contribute to synovial cell
proliferation in rats with collagen induced arthritis, J. Rheumatol. 23 (12)
(1996) 2098-2103.

[202] T. Ochi et al., Mesenchymal stromal cells. Nurse-like cells reside in the
synovial tissue and bone marrow in rheumatoid arthritis, Arthritis Res. Ther.
9 (1) (2007) 201.

[203] M.C. Kastrinaki et al., Functional, molecular and proteomic characterisation
of bone marrow mesenchymal stem cells in rheumatoid arthritis, Ann.
Rheum. Dis. 67 (6) (2008) 741-749.

[204] H.A. Papadaki et al., Bone marrow progenitor cell reserve and function and
stromal cell function are defective in rheumatoid arthritis: evidence for a
tumor necrosis factor a-mediated effect, Blood 99 (5) (2002) 1610-1619.

[205] F. Djouad et al., Reversal of the immunosuppressive properties of
mesenchymal stem cells by tumor necrosis factor o in collagen-induced
arthritis, Arthritis Rheum. 52 (5) (2005) 1595-1603.

[206] F. Mao et al., Immunosuppressive effects of mesenchymal stem cells in
collagen-induced mouse arthritis, Inflamm. Res. 59 (3) (2010) 219-225.

[207] M.A. Gonzalez et al., Treatment of experimental arthritis by inducing immune
tolerance with human adipose-derived mesenchymal stem cells, Arthritis
Rheum. 60 (4) (2009) 1006-1019.

[208] Z.H. Zheng et al., Allogeneic mesenchymal stem cell and mesenchymal stem
cell-differentiated chondrocyte suppress the responses of type II collagen-
reactive T cells in rheumatoid arthritis, Rheumatology (Oxford) 47 (1) (2008)
22-30.

[209] D. Karussis, 1. Kassis, The potential use of stem cells in multiple sclerosis: an
overview of the preclinical experience, Clin. Neurol. Neurosurg. 110 (9)
(2008) 889-896.

[210] E. Zappia et al, Mesenchymal stem cells ameliorate experimental
autoimmune encephalomyelitis inducing T-cell anergy, Blood 106 (5)
(2005) 1755-1761.

[211] 1. Boumaza et al., Autologous bone marrow-derived rat mesenchymal stem
cells promote PDX-1, insulin expression in the islets, alter T cell cytokine
pattern, preserve regulatory T cells in the periphery, induce sustained
normoglycemia, J. Autoimmun. 32 (1) (2009) 33-42.

[212] K. Zhou et al., Transplantation of human bone marrow mesenchymal stem
cell ameliorates the autoimmune pathogenesis in MRL/Ipr mice, Cell. Mol.
Immunol. 5 (6) (2008) 417-424.

[213] M. Fuchtenbusch et al., Delay of type I diabetes in high risk, first degree
relatives by parenteral antigen administration: the Schwabing Insulin
Prophylaxis Pilot Trial, Diabetologia 41 (5) (1998) 536-541.

[214] C.Darlington, MBP-8298, a synthetic peptide analog of myelin basic protein for
the treatment of multiple sclerosis, Curr. Opin. Mol. Ther. 9 (4) (2007) 398-402.

[215] C. Xi et al., A novel recombinant peptide containing only two T-cell tolerance
epitopes of chicken type II collagen that suppresses collagen-induced
arthritis, Mol. Immunol. 46 (4) (2009) 729-737.

[216] S. Kamphuis et al., Tolerogenic immune responses to novel T-cell epitopes
from heat-shock protein 60 in juvenile idiopathic arthritis, Lancet 366 (9479)
(2005) 50-56.

[217] I. Popov et al.,, Preventing autoimmune arthritis using antigen-specific
immature dendritic cells: a novel tolerogenic vaccine, Arthritis Res. Ther. 8
(5) (2006) R141.


http://www.autoimmuneinc.com/clinic/coll.html

T.E. Ichim et al./ Cellular Immunology 264 (2010) 7-17 17

[218] A. Friedman et al., Oral tolerance: a biologically relevant pathway to generate
peripheral tolerance against external and self antigens, Chem. Immunol. 58
(1994) 259-290.

[219] G. Chen et al., Glutamic acid decarboxylase-derived epitopes with specific
domains expand CD4(+)CD25(+) regulatory T cells, PLoS One 4 (9) (2009)
e7034.

[220] A.L. Rakhmilevich, RJ. North, E.S. Dye, Presence of CD4+ T suppressor cells in
mice rendered unresponsive to tumor antigens by intravenous injection of
irradiated tumor cells, Int. ]. Cancer 55 (2) (1993) 338-343.

[221] W. Seidel-Guyenot et al., Low zone tolerance induced by systemic application
of allergens inhibits Tcl-mediated skin inflammation, ]. Allergy Clin.
Immunol. 117 (5) (2006) 1170-1177.

[222] R. Fischer et al., Use of rapamycin in the induction of tolerogenic dendritic
cells, Handb. Exp. Pharmacol. 188 (2009) 215-232.

[223] Y. Onishi et al., Foxp3+ natural regulatory T cells preferentially form
aggregates on dendritic cells in vitro and actively inhibit their maturation,
Proc. Natl. Acad. Sci. USA 105 (29) (2008) 10113-10118.

[224] K. Mahnke et al., Induction of immunosuppressive functions of dendritic cells
in vivo by CD4+CD25+ regulatory T cells: role of B7-H3 expression and
antigen presentation, Eur. ]. Immunol. 37 (8) (2007) 2117-2126.

[225] G.M. Spaggiari et al., MSCs inhibit monocyte-derived DC maturation and
function by selectively interfering with the generation of immature DCs:
central role of MSC-derived prostaglandin E2, Blood 113 (26) (2009) 6576-
6583.

[226] K.C. Herold et al., Treatment of patients with new onset Type 1 diabetes with
a single course of anti-CD3 mAb Teplizumab preserves insulin production for
up to 5 years, Clin. Immunol. 132 (2) (2009) 166-173.

[227] L. Hang-Fu, G. Marmolya, D.H. Feiglin, Liposuction fat-fillant implant for
breast augmentation and reconstruction, Aesthetic Plast. Surg. 19 (5) (1995)
427-437.

[228] A.W. Klein, Skin filling. Collagen and other injectables of the skin, Dermatol.
Clin. 19 (3) (2001) 491-508 (ix).

[229] J.H. Esensten, D. Wofsy, J.A. Bluestone, Regulatory T cells as therapeutic
targets in rheumatoid arthritis, Nat. Rev. Rheumatol. 5 (10) (2009) 560-565.



	Autologous stromal vascular fraction cells: A tool for facilitating tolerance in rheumatic disease
	Introduction
	Four examples of immunological tolerance
	Dendritic cells as initiators of tolerance
	T regulatory cells as effectors of tolerance
	Tissue injury as enemy of tolerogenesis
	Stromal vascular fraction: MSC, HSC, and Tregs
	MSC
	Hematopoietic stem cells
	Treg cells

	The problem of rheumatoid arthritis
	Tolerance induction in RA

	MSC as tolerizers
	Case report
	Future directions
	Disclosure
	References


