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ABSTRACT

Cell-based therapy has potential therapeutic value in autoimmune diseases such as rheumatoid ar-
thritis (RA). In RA, reduction of disease activity has been associatedwith improvement in the function
of regulatory T cells (Treg) and attenuated responses of proinflammatory effector T cells (Teff). Mes-
enchymal stem cells (MSCs) and related multipotent adult progenitor cells (MAPC) have strong anti-
inflammatory and immunomodulatory properties andmaybe able to “reset” the immune system to a
pre-RA state. MAPC are MSC-like cells that are slightly earlier in lineage, have greater expansion ca-
pacity, and can be used as “off-the-shelf” therapy. Assessment of cell-based therapy to treat arthritis
and related diseases is limited by the lack of available biological correlates that can bemeasured early
onand indicate treatment response.Wesetout todevelopa functionalmeasure that couldbeusedex
vivo as a biomarker of response.Wewere able to demonstrate thatMAPC products could inhibit Teff
responses from patients with active RA and that Treg from RA patients suppressed Teff. This assay
used ex vivo can be used with MAPC or Treg alone or in combination and reflects the overall level
of Teff suppression. Use of a novel functional biomarker as an exploratory endpoint in trials of
cell-based therapy should be of value to detect biological outcomes at a point prior to the time that
clinical response might be observed. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:628–631

SIGNIFICANCE

Therapywithmesenchymal stemcells and relatedmultipotent adult progenitor cells is immunemod-
ifying in a variety of diseases. There is interest in using cell-based therapy in rheumatoid arthritis (RA)
to induce tolerance and “reset” the immune system to its pre-RA state. In a clinical trial, it should be
known as soon as possible if there is a chance of response. A biomarker has been developed that
permits measurement of the effects of cell-based therapy on effector T cell function.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoim-
mune disease for which major advances in etio-
pathogenesis and therapy have occurred during
the past two decades. The presence of disease-
associated auto-antibodies (rheumatoid factor
andanti-citrullinatedpeptide antibodies), referred
to as seropositive RA, confers high risk for joint
damage and work disability. In seropositive RA,
breaks in B-cell tolerance also appear to be accom-
panied by breaks in T-cell tolerance; in systemic lu-
pus erythematosus, B-cell depletion may improve
T-regulatory cell (Treg) numbers and function [1].
Peripheral blood Treg function is attenuated in ac-
tive RA andmay be restored, at least in part, by ef-
fective therapy [2]. For patients with seropositive

RA, therapy is generally lifelong and has side ef-
fects including risk for infection; disease remission
is rarely sustained once disease-modifying anti-
rheumatic drugs (DMARDs) or biological DMARDs
are withdrawn. Most agents do not restore “im-
mune tolerance,” although there is someevidence
that therapy-inducedclinical response is accompa-
niedby increased Tregnumber and, in some cases,
improvements in Treg function [2, 3].

Mesenchymal stem cells (MSCs), usually ob-
tained from bone marrow of healthy adults,
were originally described according to their
adherence to plastic and capacity to differentiate
into skeletal tissue (cartilage and bone), skin, and
fat [4]. A major therapeutic effect of MSCs lies in
their capacity to respond to immune derangement
and restore immune homeostasis [5]. Use of adult
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adherent cell therapywithMSCs is an emerging therapeutic strategy
promising foranumberofhumandiseasesand,unlikehematopoietic
stem cell therapy, can be used without prior bone marrow ablation.
Multipotent adult progenitor cells (MAPCs) appear to be an earlier
lineage cell type thanMSCs and possess greater proliferation poten-
tial thanMSCs, althoughMAPCs appear to have the same or greater
anti-inflammatory and immunemodulatory capacity comparedwith
MSCs. MAPCs have greater expansion capacity and can be used as
“off-the-shelf” therapy.MAPCshave improveddisease in severalpre-
clinical animalmodels, includingmodelsof ischemicstroke, traumatic
brain injury, spinal cord injury, acute myocardial infarct, solid organ
transplant, and graft-versus-host disease [6–10].

An obstacle to evaluating the therapeutic utility of cell-
based therapies in autoimmune disease(s) is the lack of identi-
fied biomarkers that precede and predict clinical response. We
hypothesized that early in RA, a window of opportunity exists
duringwhich therapeutically deliveredMSCs/MAPCs can induce
“immune tolerance,” thus “resetting” immune homeostasis to a
pre-RA state. This state is as close to cure as is currently possible.
A specific goal of our studies was to develop a functional bio-
marker that would predict response to cell-based therapy in RA.

We aimed to (a) determine whether medium conditioned via
culture on MAPCs (CCM) could inhibit effector T-cell (Teff) re-
sponses of patients with active RA, (b) determine whether Tregs
frompatientswithRA suppressed Teffs, and (c) determine thepo-
tential for using this suppression assay as a functional biomarker
in clinical trials of cell-based therapy.

MATERIAL AND METHODS

TheHumanUseCommitteeatMetroHealthMedicalCenterapproved
our studies. Seropositive patients with active RA (disease activity 28
scores: 4.5–5.8) starting a DMARD or biological DMARD were in-
cluded. Control assayswere performed using blood fromhealthy do-
nors (HD).MAPCswere obtained fromabonemarrow isolate (Lonza,
Walkersville, MD, http://www.lonza.com) and then cultured as de-
scribed [11] (supplemental online data). Peripheral blood T cellswere

isolated and separated into T-regulatory CD41CD25hi cells and Effec-
tor CD41CD25lo T cells by flow cytometry. Teffs were stimulated by
cross-linking CD2/CD3/CD28 (Miltenyi Biotec, Auburn, CA, http://
www.miltenyibiotec.com) in the presence of various amounts or
combinations of CCMand Tregs. Tregs and Teffswere used from sin-
gle donors or patients. Proliferation rates were measured using
eFluor670 far-red vital dye (eBioscience, San Diego, CA, http://
www.ebioscience.com), and suppression indices calculated [12].

RESULTS AND DISCUSSION

To characterize the effects of MAPC products on Teff prolifer-
ation or suppression, Teffs were stimulated using anti-CD2, -3,

Figure 1. Multipotent adult progenitor cells (MAPCs) suppressed active RA and HD effector T-cell (Teff) response. CD41 cells were isolated from
peripheralbloodmononuclear cells fromHDandpatientswithRA.Cellswerestainedand thensorted intoTeff andTregpopulationsbasedonCD4and
CD25expression. Teffswere stimulatedwith anti-CD2/CD3/CD28-coatedbeads and then loadedwith eFluor670 vital dye. Teff proliferationwasmea-
sured using flow cytometry. (A): T-cell suppression assays were performed in the presence of BCMwith or without Tregs at ratios of 1:1 and 1:2. (B):
T-cell suppression assayswereperformedwithCCMorGMC.Abbreviations: BCM,basalmedium;CCM,multipotent adult progenitor cell-conditioned
medium; GMC, control growth medium; HD, blood from healthy donors; RA, rheumatoid arthritis patient; Treg, T-regulatory cell.

Figure 2. Effector T cells are suppressed by multipotent adult pro-
genitor cell (MAPC)-conditioned medium in a dose-dependent man-
ner in RA and HD. MAPCs were grown in serum-free MAPC medium
that contains tumor necrosis factor-a (10 ng/ml), interleukin-1b
(10 ng/ml), and an equivalent amount of interferon (IFN) g. After 3
days IFNg was immunodepleted. Control growth medium was used
as a control for CCM; it is the initialmediumbut has not been exposed
toMAPCs. CCMconcentrations between12.5%and87.5%of the total
medium were tested. Suppression was observed at CCM concentra-
tions of greater than 50% by volume. Abbreviations: CCM, multipo-
tent adult progenitor cell-conditioned medium; HD1–HD3, blood
from healthy donors specific to this experiment; RA1–RA4, distinct
rheumatoid arthritis patients specific to this experiment.
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and -28antibodybeads. Teff fromHDandRAproliferatedandwere
suppressed by Tregs (Fig. 1A). HD and RA Teffs were both sup-
pressed when cultured in CCM (Fig. 1B). Proliferation rates that
dropped to 7% for HD and 10% for RA were observed in the pres-
ence of CCM. This correlated with 87% suppression of Teff prolif-
eration in HD and 78% suppression in RA. Because might be
anticipated for a drug, the effects of CCM on Teffs were dose de-
pendent with concentrations from 12.5% to 87.5% of CCM tested.
The greatest effects of CCM were observed at concentrations of
CCM greater than 50% by volume (Fig. 2).

We further hypothesized that in vivo,MAPCs andMSCs might
act directly and indirectly on Teffs by also improving Treg function.
To determine whether CCM improved Treg function, we per-
formed suppression assays using 50%CCM, a concentration that
suboptimally suppressed Teffs (Fig. 2). Using CCM alone, sup-
pression of Teffs (mean6 SEM) was 59%6 6% (Fig. 3). Addition
of Tregs increased suppression to 90%6 3% (1:1 Tregs to Teffs),
84%6 3% (1:2 Tregs to Teffs), and 71%6 6% (1:4 Tregs to Teffs).

The major findings of our investigation are that (a) products
secreted into culture supernatant from MAPCs (i.e., CCM) sup-
pressed Teff responses from active RA and HD, (b) CCM sup-
pressed Teffs in a dose-dependent fashion, and (c) there was a
trend toward combinations of CCM(50%byvolume) andRATregs
suppressing RATeffs beyond that of CCMalone. Themain focus of
ourworkwas to test the hypothesis that an ex vivo T-cell suppres-
sion assay could estimate response to novel cell-based therapy.
Suppression of Teffs by soluble MAPC products has previously
pointed toward indoleamine 2,3-dioxygenase being the major
factor in contact-dependent suppression of Teffs [11]. To our
knowledge, our assays are the first to demonstrate that MAPC
products suppress Teffs in a system that lacks professional
antigen-presenting cells and thereby lacks replenishment of cyto-
kines and related secreted products. This is also the first study, to
our knowledge, that demonstrates suppression specifically of RA
Teffs by MAPC products. Importantly, this study demonstrated
the feasibility of using suppressor assays to detect biological ef-
fects of cell-based therapy in RA and our ex vivo data suggest that
these effects are dose dependent. Our hypothesis is that toler-
ance, an active state in which Teff have attenuated responses

to specific antigen but are not globally suppressed, may be in-
duced by MAPCs delivered therapeutically.

In active RA, derangement in Treg function has been reported,
but controversyexists because there are also reports of normal Treg
function in active RA.MSCs from aging and diseased individuals are
also prematurely senescent [13], and RA MSCs display defects in
their capacity to inhibit Th17-cell polarization [14]. Methotrexate,
aconventionalDMARD,hasrecentlybeendemonstratedto improve
Treg function through demethylation of the FoxP3 promoter [15,
16].Thesedata, combinedwithourability tooptimizemeasurement
of a functional biomarker across applications and diseases, makes
our study of the effects of allogeneicMAPCs relevant to future ther-
apeutic applications. Our data are compatible with our hypothesis
that MAPC-dependent effects on Teffs and MAPC-dependent ef-
fects on regulatory cell populations may be synergistic.

Weproposethatourapproachofusingafunctional suppressorex
vivo in clinical trials is vital tounderstandingearly ina trial if cell-based
therapyishavingabiologicaleffectandthenatureofthateffectonthe
effector and regulatory compartments. This system can also bemod-
ified to measure other critical Teff function(s), such as cytokine pro-
duction, that are also known to be regulated by MAPCs or MSCs.

CONCLUSION

Taken together, ourdata suggest that early studiesof cell-based ther-
apy in RA can and should include functional measures of immune
status. Longitudinal use of this assay, proposed as a “functional bio-
marker” before and after cell-based therapy, should give us a more
complete understanding ofwhen andhowcell-based therapy canbe
used to redirect the immune system to its pre-RA status.
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Figure 3. CCM improved Treg function. Suppression assays of effec-
tor T cells (Teffs) using combination of 50%by volume CCMand Tregs
at ratios of Teff to Tregs varying from 1:1 to 1:4. Bars represent the
mean values. Abbreviations: CCM, multipotent adult progenitor
cell-conditioned medium; HD1–HD3, healthy donors specific to each
experiment; RA1–RA4, distinct rheumatoid arthritis patients specific
to this experiment; Treg, T-regulatory cell.
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