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STEM CELLS ARE UNDIFFERENTI-
ated cells that through replica-
tion have the capability of both
self-renewal and differentiation

into mature specialized cells. In broad
terms, there are 2 types of stem cells, em-
bryonic stem cells and adult stem cells.
Human embryonic stem cells are iso-
lated from a 50- to 150-cell, 4- to 5-day-
old postfertilization blastocyst. Embry-
onic stem cells generate every specialized
cell in the human body and, while ca-
pable of indefinite ex vivo proliferation,
exist only transiently in vivo (during em-
bryogenesis). Adult stem cells are lo-
cated in tissues throughout the body and
function as a reservoir to replace dam-
aged or aging cells. Under physiologic
conditions, adult stem cells are tradi-
tionally thought to be restricted in their
differentiation to cell lineages of the or-
gan system in which they are located.

Embryonic stem cells have great
promise and versatility but, compared
with adult stem cells, are currently dif-
ficult to control due to their tendency
to form tumors containing all types of
tissue, ie, teratomas. Embryonic stem
cell biology has been associated with

ethical controversy, and feeder cell–
free and xenogeneic-free culture meth-
ods approved by the US Food and Drug
Administration are still being per-
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Context Stemcell therapy is rapidlydevelopingandhasgeneratedexcitementandpromise
as well as confusion and at times contradictory results in the lay and scientific literature.
Many types of stem cells show great promise, but clinical application has lagged due to
ethical concerns or difficulties in harvesting or safely and efficiently expanding sufficient
quantities. In contrast, clinical indications for blood-derived (from peripheral or umbilical
cordblood)andbonemarrow–derivedstemcells,whichcanbeeasily andsafelyharvested,
are rapidly increasing.

Objective To summarize new, nonmalignant, nonhematologic clinical indications for
use of blood- and bone marrow–derived stem cells.

Evidence Acquisition Search of multiple electronic databases (MEDLINE, EMBASE,
Science Citation Index), US Food and Drug Administration [FDA] Drug Site, and National
Institutes of Health Web site to identify studies published from January 1997 to Decem-
ber 2007 on use of hematopoietic stem cells (HSCs) in autoimmune, cardiac, or vascular
diseases. The search was augmented by hand searching of reference lists in clinical trials,
reviewarticles, proceedingsbooklets, FDAreports, andcontactwith studyauthorsandde-
vice and pharmaceutical companies.

Evidence Synthesis Of 926 reports identified, 323 were examined for feasibility and
toxicity, including those with small numbers of patients, interim or substudy reports, and
reports on multiple diseases, treatment of relapse, toxicity, mechanism of action, or stem
cell mobilization. Another 69 were evaluated for outcomes. For autoimmune diseases,
26 reports representing 854 patients reported treatment-related mortality of less than 1%
(2/220patients)fornonmyeloablative, lessthan2%(3/197)fordose-reducedmyeloablative,
and 13% (13/100) for intense myeloablative regimens, ie, those including total body ir-
radiation or high-dose busulfan. While all trials performed during the inflammatory stage
ofautoimmunedisease suggested that transplantationofHSCsmayhaveapotentdisease-
remitting effect, remission duration remains unclear, and no randomized trials have been
published.For reports involvingcardiovasculardiseases, including17reports involving1002
patients with acute myocardial infarction, 16 involving 493 patients with chronic coronary
artery disease, and 3 meta-analyses, the evidence suggests that stem cell transplantation
performed inpatientswithcoronaryarterydiseasemaycontribute tomodest improvement
in cardiac function.

Conclusions Stem cells harvested from blood or marrow, whether administered as
purified HSCs or mesenchymal stem cells or as an unmanipulated or unpurified prod-
uct can, under appropriate conditions in select patients, provide disease-ameliorating
effects in some autoimmune diseases and cardiovascular disorders. Clinical trials are
needed to determine the most appropriate cell type, dose, method, timing of delivery,
and adverse effects of adult HSCs for these and other nonmalignant disorders.
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fected. In contrast, adult stem cells nor-
mally behave well without formation of
tumors and follow traditional lineage-
specific differentiation patterns, fulfill-
ing their physiologic homologous func-
tion of replacing normal turnover,
aging, or damaged tissues. For these rea-
sons, this review will be confined to
adult stem cells.

Due to the inability to efficiently and
safely harvest or expand stem cells from
most adult organs (eg, liver, gastroin-
testinal tract, heart, brain), the major-
ity of human stem cell trials have fo-
cused on clinical applications for
hematopoietic stem cells (HSCs), mes-
enchymal stem cells (MSCs), or both,
which can be easily obtained in clini-
cally sufficient numbers from periph-
eral blood, bone marrow, or umbilical
cord blood and placenta.

Bone marrow, peripheral blood stem
cells (PBSCs), and umbilical cord blood
are all sources of adult HSCs; however,
most of the cells in the collected prod-
uct are mature hematopoietic and im-
mune cells, rather than HSCs. To pu-
rify for HSCs, assays for their detection
needed to be developed. Hematopoi-
etic stem cell assays may be divided into
surface antigen detection by flow cy-
tometry, clonogenic colony-forming as-
says, and in vivo transplant marrow re-
population assays.1 The gold standard for
HSCs is the ability to repopulate all he-
matopoietic lineages following marrow-
ablative total body irradiation. Serial
transplantation of stem cells from the
original transplant recipient into sec-
ondary and tertiary irradiated recipi-
ents reconstitutes hematopoiesis with re-
sultant normal life spans. Serial in vivo
transplantation demonstrates the 2 es-
sential functional criteria of HSCs: pro-
liferation to replenish the stem cell com-
partment (self-renewal) and lifelong
production of blood (terminal differen-
tiation).2,3

Humanhematopoieticprogenitorcells
are identified by glycoproteins CD34�,
CD133�, or both. Most human marrow
or blood CD34� or CD133� cells are
committedprogenitors,andonlyaminor-
ityare lifelongrepopulatingstemcells.A
CD34-orCD133-enrichedHSCproduct

will reconstitute lifelong hematopoiesis
andmaybeeasilypurified fromthemar-
row or peripheral blood using commer-
cially available instruments.4-6

When cells from a bone marrow as-
pirate are cultured in plastic flasks, he-
matopoietic cells and HSCs do not ad-
here to the plastic and are removed with
change of media. The remaining plastic-
adherent cells were originally termed
colony-forming unit fibroblasts be-
cause they formed fibroblast-like colo-
nies ex vivo.7 Subsequently, these ad-
herent cells have been termed MSCs, an
abbreviation for both mesenchymal stro-
mal cells and mesenchymal stem cells.
The former refers to the ability of MSCs
to contribute to the structural matrix of
bone marrow and to support hemato-
poiesis; the latter describes the ability of
MSCs to differentiate under various ex
vivo culture conditions into different
mesenchymal-derived cells.

MSCs have no unique phenotypic
marker. The minimal criteria by the In-
ternational Society of Cellular Therapy
to define MSCs are (1) plastic-adherent
in culture; (2) expression of CD105,
CD73, and CD90; 3) lack of expression
of hematopoietic markers such as CD45,
CD34, CD14, CD11b, CD19, CD79a,
and HLA-DR; and 4) able to differenti-
ate into osteoblasts, adipocytes, and
chondrocytes.8 The ratio of MSCs to mar-
row mononuclear cells is estimated to be
only 10 MSCs per million marrow cells.9

Despite relatively low numbers, a 2-mL
aspirate of bone marrow can be ex-
panded 500-fold ex vivo to 12 billion to
35 billion MSCs within 3 weeks.9

EVIDENCE ACQUISITION
A search of multiple electronic data-
bases (MEDLINE, EMBASE, and Sci-
ence Citation Index), the Food and
Drug Administration Drug Site (http:
//www.fda.gov), and the National In-
stitutes of Health Web site (http://www
.clinicaltrials.gov) was conducted to
identify studies published from Janu-
ary 1997 to December 2007 on use of
hematopoietic, bone marrow, periph-
eral blood, mesenchymal, or umbili-
cal cord blood stem cells in autoim-
mune, cardiac, or vascular disease. This

search was augmented by hand search-
ing of reference lists in clinical trials,
review articles, proceedings booklets,
Food and Drug Administration re-
ports, and contact with study authors
and device and pharmaceutical com-
panies. Author names that recurred re-
peatedly (�6 times) within a given sub-
ject area were also searched for all
published reports.

The following data terms were in-
cluded in the search: stem cell transplan-
tation, bone marrow transplantation, pe-
ripheral blood stem cell transplantation,
hematopoietic stem cell transplantation,
mesenchymal stem cell transplantation,
circulating progenitor cell, autoimmune
diseases, multiple sclerosis, systemic scle-
rosis, systemic lupus erythematosus,
Crohn’s disease, rheumatoid arthritis, ju-
venile idiopathic arthritis, vasculitis, Weg-
ner’s, Sjögren’s, Behcet’s, celiac disease,
dermatomyositis, polymyositis, relaps-
ing polychondritis, chronic inflammatory
demyelinating polyneuropathy, myasthe-
nia gravis, diabetes, coronary artery dis-
ease, myocardial infarction, myocardial is-
chemia, coronary circulation, and
peripheral vascular disease. Animal data,
abstracts, and non–English-language
publications were excluded from the
search.

EVIDENCE SYNTHESIS
Four reviewers (R.K.B., Y. W., Y.L., and
J.A.R.) judged eligibility of studies inde-
pendently and simultaneously. The ini-
tialsearchidentified926articles(FIGURE).
Ofthese,603wereexcludedbecausethey
were reviews, editorials, commentaries,
ethicaldiscussions,orcancer-related.An-
other323wereexaminedfortoxicityand
feasibility. These included mechanistic,
stem cell collection, or toxicity reports,
treatment of relapse, multiple diseases
in a single report, interim or substudy
reports, andreportswitha limitednum-
ber of patients (�3 patients with auto-
immunedisorders,�10withperipheral
vascular disease, �20 with chronic is-
chemic heart disease, or �30 with acute
ischemic heart disease).

Outcome was reviewed in 69 re-
ports (20 on acute ischemic heart dis-
ease that included �30 patients, 17 on
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disease [�20 patients], 6 on peripheral
vascular disease [�10 patients], and 26
onautoimmunedisorders [�4patients]
that reported on a single autoimmune
disease and were not subsequently re-
ported as part of a later study or analy-
sis). These 69 reports included 854 pa-
tients with autoimmune diseases, 1002
patients with acute myocardial infarc-
tion, 493 patients with chronic myocar-
dial ischemia, and 169 with peripheral
vascular disease.

Stem Cells
for Autoimmune Diseases

Hematopoietic stemcell transplantation
(HSCT)for treatmentofpatientswithse-
vere autoimmune diseases began in the
late1990s.Theseclinicaltrialswerebased
onextensivepreclinicalanimaltransplan-
tationexperiments.Someanimalautoim-
mune diseases are environmentally in-
ducedbyvaccinationwithself-peptides,
adjuvant, or both and may be cured by a
syngeneicorpseudoautologous(theani-
malequivalentofautologous)HSCT.The
rationale of autologous HSCT for auto-
immune diseases is to immune reset, ie,
togeneratenewself-tolerantlymphocytes
afterchemotherapy-inducedelimination
of self- or auto-reactive lymphocytes (ie,
lymphoablation).Otheranimal autoim-
mune disorders occur spontaneously
without intentional or obvious environ-
mentalstimuli.Thesespontaneous-onset
animal autoimmune diseases require al-
logeneicHSCTforcure.AllogeneicHSCT
isbasedontherationaleofboth immune
reset (similar to autologous HSCT) and
of correcting the genetic predisposition
todiseasebyreinfusingnon–disease-prone
HSCs from a normal donor.

Treatment-related mortality for au-
tologous HSCT of autoimmune dis-
eases in the European Group for Blood
and Marrow Transplantation registry is
approximately 7%,10 and some trials have
reported rates of up to 23%.11 Treatment-
related mortality, although generally im-
proving with greater experience and
more careful patient selection, has jus-
tifiably dampened enthusiasm for the
field. Autologous HSCT for autoim-
mune diseases may be performed with
either myeloablative or nonmyeloabla-

tive regimens.12 Myeloablative regi-
mens use cancer-specific treatments that
destroy the entire marrow compart-
ment, including marrow stem cells, re-
sulting in irreversible and lethal mar-
row failure if HSCs are not reinfused.
Nonmyeloablative regimens are de-
signed specifically for autoimmune dis-
eases, ie, for lymphoablation without ir-
reversible destruction of marrow stem
cells. Following a nonmyeloablative regi-
men, hematopoietic recovery will oc-
cur without infusion of HSCs; how-
ever, autologous HSCs provide support
and shorten the duration of chemo-
therapy-induced marrow suppression.13

The essential argument in favor of
nonmyeloablative regimens is that treat-
ment-related mortality needs to be very
low for nonmalignant diseases, and non-
myeloablative regimens appear safer than
myeloablative regimens11,14-37 (TABLE 1).

A percentage of patients may be cured
by autologous HSCT, but—indepen-
dent of using a myeloablative or non-
myeloablative regimen—disease re-
lapse may occur, and the incidence of
serologic remissions and the correla-
tion, if any, to duration of clinical remis-
sion has not been evaluated. Therefore,
until and unless proven otherwise, au-
tologous HSCT for autoimmune dis-
eases should not be viewed as a cure but
rather as changing the natural history of
disease. This second point should be con-
sidered as the more realistic expecta-
tion in justifying mortality end points in
favor of nonmyeloablative regimens.

A third point in favor of nonmyelo-
ablative regimens is that immune-
mediated diseases may, despite signifi-
cant morbidity, remit or “burn out.”
While probability of poor outcomes can
be determined for a given population,

Figure. Flow of Eligible Studies of Stem Cell Transplantation for Nonmalignant
Nonhematologic Diseases

43 Reports on treatment of vascular disease
20 Reports (1002 patients) on treatment

of acute myocardial infarction
17 Studies
3 Meta-analyses

16 Studies
1 Meta-analysisa

17 Reports (493 patients) on treatment
of chronic myocardial ischemia

6 Studies (169 patients) on treatment
of peripheral vascular disease

26 Reports (854 patients) on treatment of
autoimmune diseases

69 Included in analysis of hematopoietic
stem cell therapy

254 Excluded
115 Small number of patients

2 Treatment of relapse disease
25 Toxicity studies
55 Interim reports
11 Multiple diseases in one report
6 Allogeneic hematopoietic stem

cell therapy studies
33 Mechanistic studies
7 Stem cell collection method studies

603 Excluded
579 Reviews, editorials, commentaries,

or ethical discussions
24 Cancer related

323 Reviewed

926 Articles identified in initial search

aAssessedbothacute infarctionandchronic ischemia; this study is also included in the3meta-analyses shownabove.
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individual patients who may eventu-
ally remit or stabilize spontaneously
cannot always be excluded a priori. It
is debatable whether a subset of pa-
tients who may remit without HSCT

should be exposed to myeloablative
regimens, especially those including
total body irradiation, which cause a
relatively high incidence of a more le-
thal disease, ie, myelodysplastic syn-

drome (MDS)/leukemia.12 Treatment of
systemic sclerosis and multiple sclero-
sis with myeloablative regimens includ-
ing total body irradiation has already
been reported to be complicated by

Table 1. Treatment-Related Mortality Following Autologous Hematopoietic Stem Cell Transplantation for Autoimmune Diseasesa

Source Disease

Multicenter
or Single
Center

Treatment-Related
Deaths/Patients,

No. (%) Response

Nonmyeloablative Regimenb

Burt et alc Relapsing-remitting MS Single 0/21 (0) 0% progression at 2 y; 62% improved

Craig et ald Crohn disease Single 0/21 (0) 100% remission; 33% relapse

Oyama et al,15 2007 Systemic sclerosis Single 0/10 (0) 70% progression-free survival at 2 y

Statkute et al,16 2007 Vasculitis Single 0/4 (0) Complete remission (n = 3); partial response (n = 1)

Voltarelli et al,17 2007 Type 1 diabetes mellitus Single 0/15 (0) 13/15 patients remaining insulin-free

Vonk et al,18 2007 Systemic sclerosis Multiple 1/26 (4) 64% event-free survival at 5 ye

Burt et al,19 2006 SLE Single 1/50 (2) 50% disease-free survival at 5 y

Snowden et al,21 2004 Rheumatoid arthritis Multiple 0/73 (0)f 50% ACR criteria 50 or greater response at 12 mo

Total 2/220 (�1)

Low-Intensity Myeloablative Regimeng

Al-toma et al,22 2007 Celiac Single 0/7 (0) NA

Ni et al,23 2006 Progressive MSh Single 2/21 (9.5) 42% progression-free survival at 42 mo

Xu et al,24 2006 Secondary progressive MS Single 0/22 (0) 77% progression-free survival

Capello et al,25 2005 MS Single 0/21 (0) 20 improved or stable

Carreras et al,26 2003 MS Single 0/14 (0) 3 improved

Fassas et al,27 2002 Progressive MSh Single 1/24 (4) 78% improved or stabilized

Kozák et al,28 2000 Secondary progressive MS Single 0/8 (0) 3 improved

Total 3/197 (�2)

High-Intensity Myeloablative Regimeni

Nash et al,11 2007 Systemic sclerosis Multiple 8/34 (23) j 64% progression-free survival at 5 y

Samijin et al,14 2006 Secondary progressive MS Single 1/14 (7)k 64% 3-y disease progression

Burt et al,29 2003 Secondary progressive MS Single 1/21 (5)k 38% progression in 2 y

Nash et al,30 2003 Secondary progressive MS Multiple 1/26 (4) 27% progression in 3 y

Openshaw et al,31 2000 Secondary progressive MS Single 2/5 (40) NA

Total 13/100 (13)

Mixed Myeloablative and Nonmyeloablative Regimens
Daiker et al,32 2007 Vasculitis Multiple 0/14 (0) Complete remission (n = 6); partial response (n = 5)

Saccardi et al,33 2006 MSl Multiple 10/178 (5.3)m 63% improvement or stabilization

De Kleer et al,34 2004 JIA Multiple 3/34 (9) 53% complete remission

Farge et al,35 2004 Systemic sclerosis Multiple 5/57 (8.7) Complete remission or partial response in 92%

Jayne et al,36 2004 SLE Multiple 7/53 (13) 55% disease-free survival at 5 y

Binks et al,37 2001 Systemic sclerosis Multiple 7/41 (17) NA

Total 32/337 (9.4)
Abbreviations: ACR, American College of Rheumatology; CIDP, chronic inflammatory demyelinating polyneuropathy; JIA, juvenile idiopathic arthritis; MS, multiple sclerosis; NA, not

available; SLE, systemic lupus erythematosus.
aExcludes reports having �4 patients, reports with multiple autoimmune diseases, and results included in interim or substudy analyses.
bNonmyeloablative regimens include combinations of cyclophosphamide, fludarabine, or antilymphocyte antibodies.
cR. K. Burt, Y. Loh, B. Cohen, et al., Autologous non-myeloablative hematopoietic stem cell transplantation for relapsing-remitting multiple sclerosis reverses neurologic disability,

unpublished data, 2008.
dR. M. Craig, Y. Oyama, K. Quigley, et al, Autologous nonmyeloablative hematopoietic stem cell transplantation in patients with refractory Crohn disease 2001-2007, unpublished

data, 2008.
eProgression-, relapse-, and mortality-free survival.
fTwo patients received a myeloablative regimen.
gLow-intensity myeloablative regimens may include nonmyeloablative agents as well as either BEAM (carmustine, etoposide, cytarabine, melphalan) or melphalan (�140 mg/m2).
hNot categorized as secondary or primary progressive.
iHigh-intensity myeloablative regimens may include nonmyeloablative agents as well as either total body irradiation (�8 Gy) or full-dose busulfan.
jDoes not include 2 cases of late radiation-induced myelodysplastic syndrome/leukemia.
kOne case of late radiation-induced myelodysplastic syndrome/leukemia included in mortality.
l Includes primary and secondary progressive, relapsing progressive, and relapsing-remitting multiple sclerosis.
mTransplant-related mortality lower with less intense regimens.
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MDS/leukemia,11,14 an occurrence con-
sistent with the approximately 10% in-
cidence of MDS after autologous HSCT
using total body irradiation regimens
in low-grade lymphomas.38,39

Independentofwhethermyeloablative
or nonmyeloablative regimens are used,
anothercomplication, latesecondaryau-
toimmunedisorders,mayarisefromsome
agentsused intheconditioningregimen.
The initial standard nonmyeloablative
regimen of cyclophosphamide and rab-
bit antithymocyte globulin (rATG) was
well tolerated.Asecond-generationnon-
myeloablativeregimenusedcylophospha-
mide and a broader- and longer-acting
agent,alemtuzumab,insteadofrATG.Po-
tential life-threatening secondary auto-
immunecytopenias, includingidiopathic
thrombocytopenicpurpura,autoimmune
neutropenia,andautoimmunehemolytic
anemia, occurred late (2 to 18 months)
after transplantation in patients receiv-
ingregimenscontainingalemtuzumab.40

Athird-generationnonmyeloablativeregi-
men, termed“rituximabsandwich,”en-
tails1doseof rituximabgivenbeforeand
after cyclophosphamide and rATG. To
date, thisregimenhasbeenwell tolerated.

Both early and late toxicity are a con-
sequence of the regimen used for trans-
plantation and of the increase in trans-
plant-related mortality that occurs with
increased intensity of the transplant regi-
men. Treatment-related mortality is less
than 1% for nonmyeloablative, less than
2% for low-intensity myeloablative, and
13% for high-intensity myeloablative
regimens (Table 1). A number of re-
ports combined data from patients
treated with different conditioning regi-
mens or from those with different dis-
eases complicating interpretation, be-
cause toxicity is both regimen- and
disease-specific (Table 1). Although
transplant regimen intensity may corre-
late with remission duration it is un-
clear if, at some point in dose intensity,
a response plateau occurs independent
of any further increase in regimen in-
tensity. It is also unclear if any regimen
may be viewed as curative. However, my-
eloablative as well as nonmyeloablative
regimens, regardless of intensity, when
used during the inflammatory stage of

disease, have demonstrated a potent dis-
ease-ameliorating and remission-
inducing effect.

In a single experienced center, non-
myeloablative autologous HSCT for pa-
tients with systemic lupus erythema-
tosus, when performed as salvage
therapy for treatment-refractory dis-
ease, resulted in marked serologic, clini-
cal, and organ improvement, with 2%
(1/50) treatment-related mortality and
50% probability of maintaining remis-
sion for 5 years.19 In comparison, a mul-
ticenter analysis of HSCT for systemic
lupus erythematosus that included both
myeloablative and nonmyeloablative
regimens from 23 different centers re-
ported a similar 55% 5-year disease-
free survival, but treatment-related mor-
tality was 13% (7/53).36

Inpatientswithsystemicsclerosis, au-
tologousHSCTresultedinremarkablere-
versal of skin tightness, improved joint
flexibility and quality of life, and rever-
salofpulmonaryalveolitis.15,18 Twostud-
ies of nonmyeloablative regimens dem-
onstrated 0% (0/10) and 4% (1/26) rates
oftreatment-relatedmortality,15,18 respec-
tively, while a study using a myeloabla-
tive approach including total body irra-
diation reported a rate of 23% (8/34).11

Both myeloablative11 and nonmyeloab-
lative18approachesreportedidentical64%
5-year event-free survival.

For multiple sclerosis, original trans-
plantation regimens were myeloabla-
tive and performed predominantly in pa-
tients with secondary progressive and, to
a lesser extent, primary progressive dis-
ease. In this subset of patients, intense
myeloablative regimens generally failed
to improve neurologic disability or to
convincingly halt or change the rate of
progressive neurologic disability.27,29-31

High-intensity myeloablative regimens
including total body irradiation or bu-
sulfan demonstrated high mortality (in-
cluding MDS/leukemia),29-31 whereas
BEAM (carmustine, etoposide, cy-
tarabine, melphalan), a less intense my-
eloablative regimen and the most com-
monregimenused inEurope formultiple
sclerosis, was better tolerated with no
deaths among the last 53 patients un-
dergoing transplantation.33 Despite lack

of clinical benefit in patients with pro-
gressive multiple sclerosis, magnetic
resonance imaging evidence of inflam-
mation was abrogated, while loss of brain
volume continued for 2 years before sub-
siding.41 In retrospect, the predomi-
nant pathophysiology in primary and
secondary progressive multiple sclero-
sis is axonal degeneration, which would
not be expected to improve after autolo-
gous HSCT, a method that allows deliv-
ery of intense immune suppression.
Learning from these studies, a trial of au-
tologous HSCT for relapsing-remitting
multiple sclerosis, which is an immune-
mediated inflammatory disease, was per-
formed with a safer nonmyeloablative
regimen. There was no treatment-
related mortality, no disease progres-
sion, and two-thirds of patients had sig-
nificant improvement in neurologic
function (R.K. Burt, Y. Loh, B. Cohen,
et al; Autologous non-myeloablative he-
matopoietic stem cell transplantation for
relapsing-remitting multiple sclerosis re-
verses neurologic disability; unpub-
lished data, 2008).

The lessons learned from multiple
sclerosis—ie, treatearlywhile thedisease
is inflammatory and use nonmyeloabla-
tive regimenswith lowriskof treatment-
relatedmortality—wereappliedtopatients
with type 1 diabetes by using a nonmy-
eloablativeregimenandselectingpatients
within 6 weeks of diagnosis before com-
plete lossof insulin-producing isletcells.
AutologousnonmyeloablativeHSCTre-
sulted in insulin-free remission of type 1
diabetesin13of15patients,andsomepa-
tientshavemaintainednormalbloodglu-
coselevels(asdeterminedbylevelsofgly-
cated hemoglobin) despite no insulin or
other therapyformorethan3yearsat last
follow-up.17

Both rheumatoid arthritis and Crohn
disease have been treated almost ex-
clusively with nonmyeloablative regi-
mens (Table 1) (R.M. Craig, Y. Oyama,
K. Quigley, et al; Autologous nonmy-
eloablative hematopoietic stem cell
transplantation in patients with refrac-
tory Crohn disease; unpublished data,
2008).20,21 For rheumatoid arthritis, the
majority achieved at least a 50% or
greater response; demonstrated re-
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newed responsiveness to traditional dis-
ease-modifying medications; had re-
duction in the rate of joint damage for
at least 2 years after transplantation42;
and, when compared with baseline,
had improvement on health status as-
sessment questionnaires for at least 5
years.43 Crohn disease, an immune-
mediated disorder that arises from dys-
regulated immune responses to intes-
tinal pathogens rather than from
autoantigens per se, also remitted fol-
lowing autologous nonmyeloablative
HSCT (R.M. Craig, Y. Oyama, K. Quig-
ley, et al; Autologous nonmyeloabla-
tive hematopoietic stem cell transplan-
tation in patients with refractory Crohn
disease; unpublished data, 2008).20

Other immune-mediateddiseases that
have been treated with encouraging ini-
tial resultsbyautologousnonmyeloabla-
tive or low-intensity myeloablative regi-
mens include chronic inflammatory
demyelinatingpolyneuropathy,44 relaps-
ingpolychondritis,45autoimmune-related
retinitis andopticneuritis (Y.Oyama,R.
K. Burt, C. Thirkill, E. Hanna, K. Merril,
J.Keltner;Autoimmune-relatedretinopa-
thy and optic neuropathy [ARRON]
syndrometreatedbyautologousnonmy-
eloablativehematopoieticstemcell trans-
plantation; unpublished data, 2008),
dermatomyositis/polymyositis,46 celiac
disease,22 polyarteritis nodosa,32 neuro-

vascularBehçetdisease,16 neurovascular
Sjögren syndrome,16 Takyasu arteritis,47

andWegnergranulomatosus.16 Although
results are not yet reported, several ran-
domized controlled trials of autologous
HSCT for autoimmune diseases are on-
going, most of which use nonmyeloab-
lative regimens (TABLE 2).

Recently,allogeneicHSCTusingasib-
ling’s HSCs has also been reported for
treatment of several autoimmune dis-
eases.48-52 Because it changesgeneticpre-
disposition to disease, allogeneic HSCT
isconsideredmore likely tocureautoim-
munediseasescomparedwithautologous
HSCT.Graft-vs-hostdisease(GVHD),an
oftenmore lethal immune-mediateddis-
ease, is not an acceptable risk following
allogeneicHSCTforautoimmunedisor-
ders rather than for malignancies and
shouldbeminimizedbydepletionoflym-
phocytes fromthedonorgraft.Although
yet unproven, some animal and limited
human data48,49,53 suggest that an alloge-
neic graft-vs-autoimmunity effect may
occur without GVHD via use of a
lymphocyte-depleted graft.

When administered intravenously
without prior chemotherapy or radio-
therapy, MSCs have an immune sup-
pressive effect that can ameliorate ani-
mal autoimmune diseases, although the
mechanisms remain poorly defined.54

Human trials of MSCs for numerous im-

mune-mediated diseases are being dis-
cussed and have been initiated in pa-
tients with GVHD. Since MSCs can be
easily obtained and culture-expanded,
bone marrow– or adipose tissue–
derived MSCs from third parties or from
the original marrow donor have been in-
fused tomodulate refractoryGVHD,with
reports of beneficial effects in nonran-
domized,noncontrolled trials.55,56 Innon-
randomized trials, 94% of patients with
acute GVHD responded to intravenous
infusion of MSCs.56

Stem Cells for Vascular Disease

Numerous animal models of different
disease states have reproducibly and re-
peatedly demonstrated improvement in
nonhematopoietic organ function after
injection of unmanipulated marrow, pe-
ripheral blood, or umbilical cord blood
cells, or of enriched HSCs/MSCs. Pos-
sible mechanisms by which blood or
marrow stem cells improve visceral or-
gan function is cell fusion or transdif-
ferentiation, ie, the phenomenon of in
vivo transformation or epigenetic repro-
gramming of HSCs into somatic cells of
nonmarrow, nonhematopoietic lineage
such as cardiomyocytes or neurons.
While cell fusion and transdifferentia-
tion both may occur ex vivo, the pre-
ponderance of evidence suggests that in
vivo these mechanisms are not clini-
cally relevant.

The mechanism by which blood- and
marrow-derived cells improve nonhe-
matopoietic organ function may be at-
tributable to vasculogenesis from en-
dothelial progenitor cells contained
within PBSCs or from bone marrow
mononuclear cells (BMMCs) that un-
dergo lineage-specific differentiation
into new blood vessels; alternatively, a
concept gaining broader acceptance is
that numerous stem cells provide a lo-
cal paracrine or cell-help-cell effect.
This chaperone or paracrine effect is
mediated through release of growth fac-
tors, antiapoptotic proteins, angio-
genic proteins, or other trophic fac-
tors, immune-modulating factors, and
improvement of function through
physical remodeling of 3-dimensional
architecture. While the exact mecha-

Table 2. Ongoing Randomized Controlled Trials of Autologous Hematopoietic Stem Cell
Transplantation for Autoimmune Diseases

Trial Disease Country URL (Trial Identifier)

Nonmyeloablative Regimen

ASSIST Systemic sclerosis United
States/Brazil

http://www.clinicaltrials.gov
(NCT00278525)

ASTIL Systemic lupus
erythematosus

Europe Pending

ASTIS Systemic sclerosis Europe http://www.astistrial.com

KISS Crohn disease United States http://www.clinicaltrials.gov
(NCT00271947)

MIST Multiple sclerosis United States/
Canada/Brazil

http://www.clinicaltrials.gov
(NCT00273364)

Myeloablative Regimen

ASTIMS Multiple sclerosis Europe http://www.astims.org

SCOT Systemic sclerosis United States http://www.clinicaltrials.gov
(NCT00114530)

Abbreviations: ASSIST, American Scleroderma Stem Cell vs Immune Suppression Trial; ASTIL, Autologous Stem Cell
Transplantation International Lupus; ASTIMS, Autologous Stem Cell Transplantation International Multiple Sclerosis;
ASTIS, Autologous Stem Cell Transplantation International Scleroderma; KISS, Crohns Immune Suppression vs Stem
Cells; MIST, Multiple Sclerosis International Stem Cell Transplant; SCOT, Scleroderma Cyclophosphamide Or Trans-
plantation; URL, uniform resource locator.
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nisms remain controversial, a substan-
tial number of clinical trials have been
initiated using BMMCs, PBSCs, puri-
fied HSCs, or cultured MSCs to treat
vascular diseases.

Acute Myocardial Infarction. In pa-
tientswithST-segmentelevationmyocar-
dialinfarction,standardtreatment,includ-
ing percutaneous coronary intervention
of the infarct-relatedarterywithorwith-
outstentplacementplusanticoagulation,
has been followed several days to weeks
laterbyrepeatpercutaneouscoronary in-
terventionand intracoronary infusionof
stemcells57-73 (TABLE3).Theinfusedstem
cellshaveincludedautologousunmanipu-
latedBMMCs,CD133-orCD34-purified
HSCs,unselectedPBSCs,MSCs,orcircu-
latingprogenitorcells (CPCs),whichare
peripheralbloodcellsculturedexvivo to

express endothelial characteristics. This
mixtureofcells,whetherunselected,en-
riched fora stemcellmarker,ormanipu-
lated incultureandfromdiversesources,
canbeusedinintracoronaryorintramyo-
cardialtransplantationwithoutacleardis-
tinction of superiority of one cellular
source or type over another.

The TOPCARE-AMI (Transplanta-
tion of Progenitor Cells and Regenera-
tion Enhancement in Acute Myocar-
dial Infarction) study has published
several reports comparing intracoro-
nary transplantation of BMMCs with
that of CPCs.57,74-77 BMMC- as well as
CPC-treated patients had similar im-
provements in infarct size, left ventricu-
lar ejection fraction (LVEF), coronary
blood flow, and perfusion. Benefit was
maintained for at least 12 months.57

The REPAIR-AMI (Reinfusion of En-
riched Progenitor Cells and Infarct Re-
modeling in Acute Myocardial Infarc-
tion) trial compared injection of
intracoronary BMMCs with placebo 3 to
7 days after successful percutaneous
coronary intervention and demon-
strated improved recovery of left ven-
tricular contractility in the cell treat-
ment group.5 8 Benefit was also
maintained for at least 12 months.59,78

TheBOOST(BoneMarrowTransfer to
Enhance ST-Elevation Infarct Regenera-
tion) trial reported that BMMCs signifi-
cantly improvedLVEF6monthsafter in-
tracoronarytransplantation.60 Incontrast
to theTOPCARE-AMIandREPAIR-AMI
studies, theBOOSTtrial reportedthat the
beneficial effect on LVEF was no longer
significant after 12 months.61,62

Table 3. Clinical Trials of Stem Cell Therapy for Acute Myocardial Infarction With �30 Patients

Source Trial
No. of

Patients
Days After
Acute MI

Follow-
up, mo

Control
Infusion

Stem Cell
Source

LVEF Outcome,
Treatment/Control;

Comment

Choi et al,73 2007 Unblinded 73 5-19 24 None Peripheral blood NS

Kang et al,64 2007 MAGIC Cell 1 30 NAa 24 G-CSF Peripheral blood Improved in infusion group
compared to G-CSF

Li et al,70 2007 Unblinded 70 6 6 Untreated Peripheral blood Improved 7.1%/1.6%

Tatsumi et al,72 2007 Unblinded 54 �5 6 None Peripheral blood Improved 13.4%/7.4%

Janssens et al,67 2006 Randomized 67 1-2 4 Placebo Bone marrow 3.3%/2.2% reduced infarct
size (NS)

Kang et al,65 2006 MAGIC Cell-3-DES 82 NA 6 Acute MI/old
MI/untreated

Peripheral blood Improved 5.1%/−0.2%

Lunde et al63 2006 ASTAMI 100 4-8 6 None Bone marrow Improved 3.1%/2.1% (NS)

Meyer et al,61 2006 BOOST 60 4.8b 18 None Bone marrow Improved 5.9%/3.1% (NS)

Mansour et al,69 2006 Nonrandomized 38 NA 4-8 None CD133 LVEF not examined;
increased infarct-related
artery restenosis

Meluzin et al,71 2006 Randomizedc 66 5-9 3 None Bone marrow Improved 5%/2% in high dose

Schächinger et al,58 2006 REPAIR-AMI 204 3-7 4 Placebo Bone marrow Improved 5.5%/3.0%

Schächinger et al,59 2006 REPAIR-AMI 204 3-7 12 Placebo Bone marrow Improved outcome of death,
reinfarction,
revascularization

Schaefer et al,62 2006 BOOST 59 4.5b 18 None Bone marrow Improved diastolic function
(NS)

Bartunek et al,68 2005 Unblinded 35 11.6c 4 None CD133 Improved/increased
infarct-related artery
restenosis

Chen et al,66 2004 Randomized 69 �18 6 Placebo Mesenchymal Improved 18%/6%

Schächinger et al,57 2004 TOPCARE-AMI 54 3-7 12 None Bone marrow
or CPCs

Improved 8% for both bone
marrow and CPCs at 4 mo

Wollert et al,60 2004 BOOST 60 4.8b 6 None Bone marrow Improved 6.7%/0.7%
Abbreviations: ASTAMI, Autologous Stem Cell Transplantation in Acute Myocardial Infarction; BOOST, Bone Marrow Transfer to Enhance ST Elevation Infarct Regeneration Trial; CPC,

circulating progenitor cell; G-CSF, granulocyte colony–stimulating factor; LVEF, left ventricular ejection fraction; MAGIC, Myocardial Regeneration and Angiogenesis in Myocardial
Infarction With G-CSF and Intracoronary Stem Cell Infusion; MAGIC Cell-3-DES, MAGIC-3-Drug Eluting Stents; MI, myocardial infarction; NA, not available; NS, not significant; REPAIR-AMI,
Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial Infarction; TOPCARE-AMI, Transplantation of Progenitor Cells and Regeneration Enhancement in
Acute Myocardial Infarction.

aStudy assessed both acute and old MI.
bMean value.
cRandomized to high-dose, low-dose, or no cells.
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The ASTAMI (Autologous Stem Cell
Transplantation in Acute Myocardial In-
farction) trial found no significant ben-
eficial effects from intracoronary trans-
plantation of BMMCs on LVEF.63

Compared with controls, BMMCs
tended to improve LVEF as demon-
strated by echocardiography (3.1%-
2.1%) and single photon emission com-
puted tomography (8.1%-7.0%) and
tended to diminish infarct size (−11%
to −7.8%). These changes were not sig-
nificantly different.

The MAGIC (Myocardial Regenera-
tion and Angiogenesis in Myocardial In-
farction With G-CSF and Intracoronary
Stem Cell Infusion) Cell 1 study com-
pared intracoronary transplant of granu-
locyte colony–stimulating factor (G-
CSF)–mobilizedPBSCsvs treatmentwith
G-CSF alone vs an untreated control
group.64,79 Left ventricular ejection frac-
tion improved in the PBSC group com-
pared with the G-CSF-alone group, and
there was an increase in restenosis in pa-
tients receiving G-CSF. The subsequent
MAGIC Cell-3-DES (Myocardial Regen-
eration and Angiogenesis in Myocar-
dial Infarction With G-CSF and Intra-
coronary Stem Cell Infusion-3-Drug
Eluting Stents) study compared intra-
coronary transplantation of G-CSF–
mobilized PBSCs vs an untreated con-
trol group.65 Left ventricular ejection
fraction and remodeling improved com-
pared with controls in the cell-treated
group with acute myocardial infarc-
tion. Significant improvement in LVEF
has been reported following injection of
MSCs as well as of BMMCs, CPCs, and
PBSCs.66

Taken as a whole, the results of in-
tracoronary transplantation of progeni-
tor cells following ST-segment eleva-
tion acute myocardial infarction are
generally viewed as conveying a mod-
est benefit. Single-group studies must
be tempered by the realization that
LVEF normally improves a few months
after acute myocardial infarction, even
without stem cell transplantation. In-
terstudy and intrastudy reproducibil-
ity of LVEF demonstrated by echocar-
diography and cardiovascular magnetic
resonance imaging varies signifi-

cantly, with conservative estimates
of 8.6% and 2.4%, respectively.80 Re-
producibility of LVEF measurement,
therefore, overlaps with anticipated im-
provement (2%-5%) from stem cell
transplantation. Nevertheless, 3 sepa-
rate meta-analyses of controlled clini-
cal trials of stem cell therapy in acute
myocardial infarction have indicated
modest benefit.81-83

Chronic Coronary Artery Disease.
In chronic ischemic cardiac disease or old
myocardial infarction, noncontracting
but viable myocardium, termed hiber-
nating myocardium, is a physiologic re-
sponse to hypoxic stress that halts the en-
ergy demands of contraction to prevent
cardiomyocyte death. In the laboratory,
hibernating myocardium is identified by
areas of electromechanical dissocia-
tion, ie, myocardium that conducts elec-
tricity but does not contract.

Initial trials using stem cells in old
myocardial infarction or chronic ische-
mia involved thoracotomy and coro-
nary artery bypass graft surgery with
simultaneous epicardial-directed intra-
myocardial injection of BMMCs or
PBSCs while the heart was still arrested
during cardiopulmonary bypass. Subse-
quently, most patients with chronic is-
chemic heart disease received stem cells
by either percutaneous intracoronary or
endomyocardial delivery without under-
going simultaneous coronary artery by-
pass graft surgery84-99 (TABLE 4). Erbs et
al84 treated chronic (�30-day) total coro-
nary occlusion with recanalization, fol-
lowed 10 days later by randomization to
intracoronary CPC infusion or no cells.
Patients receiving CPCs had significant
improvement in LVEF. In the IACT (In-
tracoronary Autologous Bone Marrow
Cell Transplantation in Chronic Coro-
nary Artery Disease) trial, Strauer et al85

treated old myocardial infarction (5
months to 8.5 years prior) with intra-
coronary BMMCs, with significant
improvement in LVEF. Assmus et al86

randomized 75 patients in the
TOPCARE-CHD (Transplantation of
Progenitor Cells and Recovery of Left
Ventricular Function in Patients With
Chronic Ischemic Heart Disease) trial to
intracoronary infusion of BMMCs, CPCs,

or no cells. Bone marrow mononuclear
cells, but not CPCs, improved LVEF
compared with controls86; if heart fail-
ure was present, injection of BMMCs re-
sulted in significant reduction of brain
natriuretic peptide, a serum marker for
heart failure.87

In summary, pump failure has been
a historically vexing problem and, de-
spite maximizing medical therapy, of-
ten progressive and irreversible. Symp-
tomatic relief of pain may be a placebo
effect. Nevertheless, stem cell treat-
ment of chronic myocardial ischemia
has generally been reported to in-
crease regional perfusion, wall mo-
tion, and global LVEF, and to relieve an-
gina pectoris. A recent meta-analysis
reported a modest association be-
tween blood- or marrow-derived stem
cell injection and improvement in
chronic ischemic heart disease.81

Peripheral Vascular Disease. Tis-
sue limb ischemia from peripheral vas-
cular disease usually manifests in the
lower extremities and may be due to
thromboangiitis obliterans (Buerger dis-
ease) or atherosclerosis obliterans. The
mainstay of treatment for peripheral
vascular disease has been surgical re-
vascularization. Patients with critical
limb ischemia that have exhausted op-
erative revascularization procedures are
traditionally treated by limb amputa-
tion. Several reports have suggested that
injection of blood- or bone marrow–
derived stem cells into the affected limb
may have some benefit. As in cardiac
disease, a variety of stem cell sources
have been used, including unselected
bone marrow, G-CSF–mobilized PBSCs,
MSCs, CPCs, and purified CD34 or
CD133 stem cells obtained from mar-
row or peripheral blood.

Progenitor cells are injected directly
via a syringe through a 22- to 26-gauge
needle into multiple sites 1 to 3 cm apart
into the gastrocnemius/soleus muscle or
into the foot or quadriceps muscle, or
both, of the involved leg. The proce-
dure has generally been performed safely,
although 1 case of an arteriovenous fis-
tula at the injection site has been re-
ported.100 While most investigators pre-
fer percutaneous injection into the
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