Human monocyte-derived suppressor cells control
graft-versus-host disease by inducing regulatory
forkhead box protein 3-positive CD8™ T lymphocytes
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Background: Adoptive transfer of immunosuppressive cells
has emerged as a promising strategy for the treatment of
immune-mediated disorders. However, only a limited number
of such cells can be isolated from in vivo specimens. Therefore
efficient ex vivo differentiation and expansion procedures are
critically needed to produce a clinically relevant amount of
these suppressive cells.

Objective: We sought to develop a novel, clinically relevant, and
feasible approach to generate ex vivo a subpopulation of human
suppressor cells of monocytic origin, referred to as human
monocyte-derived suppressive cells (HuMoSCs), which can be
used as an efficient therapeutic tool to treat inflammatory
disorders.

Methods: HuMoSCs were generated from human monocytes
cultured for 7 days with GM-CSF and IL-6. The immune-
regulatory properties of HuMoSCs were investigated in vitro
and in vivo. The therapeutic efficacy of HuMoSCs was evaluated
by using a graft-versus-host disease (GvHD) model of
humanized mice (NOD/SCID/IL-ZR'yc_/_ [NSG] mice).
Results: CD33* HuMoSCs are highly potent at inhibiting the
proliferation and activation of autologous and allogeneic
effector T lymphocytes ir vitro and in vivo. The suppressive
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activity of these cells depends on signal transducer and activator
of transcription 3 activation. Of therapeutic relevance,
HuMoSCs induce long-lasting memory forkhead box protein
3—positive CD8* regulatory T lymphocytes and significantly
reduce GVHD induced with human PBMCs in NSG mice.
Conclusion: Ex vivo-generated HuMoSCs inhibit effector

T lymphocytes, promote the expansion of immunosuppressive
forkhead box protein 3—positive CD8* regulatory T cells,

and can be used as an efficient therapeutic tool to prevent
GvHD. (J Allergy Clin Immunol 2015;mun:NEE-EEN,)

Key words: Human  monocyte-derived  suppressor  cells,
T lymphocytes, regulatory T cells, signal transducer and activator
of transcription 3, graft-versus-host disease, inflammation

The induction and maintenance of immune tolerance represent
major therapeutic goals in autoimmunity and transplantation. In
allogeneic hematopoietic cell transplantation current strategies
for controlling lethal graft-versus-host disease (GvHD) are based
on administration of immunosuppressive drugs resulting in
general immune suppression responsible for severe infections
or patient relapse after drug withdrawal.' Therefore more targeted
approaches are needed. In this context the administration of
suppressive (regulatory) immune cells, such as regulatory T
(Treg) cells, has been tested as a more refined strategy to inhibit
donor T cells with limited adverse side effects.”® However, the
implementation of immunosuppressive cells in clinical trials
has been limited by their low frequency in human subjects.””
Many recent protocols have reported on the possibility of
generating or clonally expanding Treg cells in vitro.'"'®
However, several challenges have limited the clinical use of
ex vivo—expanded Treg cells, including maintenance of their
survival, regulatory function, alloantigen specificity, and
appropriate homing properties in transplant recipients.'”* In
addition to conventional CD4" Treg cells, immunosuppressive
CD8™" T lymphocytes have been noted for their protective role
against GvHD.'"**"* This subset of suppressive T lymphocytes
exhibits higher CD8 expression (CD8™) compared with their
effector counterparts and coexpress CD25, CD103, and forkhead
box protein 3 (FoxP3).”°* Recent reports have indicated that
CD8" Treg cell induction negatively correlates with GvHD
development in mice after allogeneic bone marrow transplanta-
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tion.”~ However, the possible therapeutic advantage of inducing
CD8™" Treg cells has never been explored in patients undergoing
transplantation. Similarly, although studies conducted in animals
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Abbreviations used
FoxP3: Forkhead box protein 3
GvHD: Graft-versus-host disease
HuMoSC: Human monocyte-derived suppressive cell
MCP-1: Monocyte chemotactic protein 1
MSC: Mesenchymal stem cell
NSG mice: NOD/SCID/IL-2Ry. /™ mice
STAT: Signal transducer and activator of transcription
Treg: Regulatory T

and transplant recipients have demonstrated that myeloid-derived
suppressor cells can promote transplant tolerance,”’ ™ the
therapeutic benefits of ex vivo—generated human myeloid
suppressor cells have not been investigated.

We have developed an original approach to generate ex vivo
large numbers of a subpopulation of human suppressor cells of
monocytic origin, herein called human monocyte-derived
suppressive cells (HuMoSCs). HuMoSCs inhibit the proliferation
and activation of both autologous and allogeneic effector CD4™"
and CD8" T lymphocytes. HuMoSC suppressive function
depends on signal transducer and activator of transcription
(STAT) 3 signaling and is associated with deprivation of the
essential amino acids tryptophan and cysteine. Importantly, using
a clinically relevant GYHD model in NOD/SCID/IL-2Ry, "~
(NSG) mice, we demonstrate for the first time that HuMoSCs
reduce GvHD symptoms, resulting in prolonged animal survival.
HuMoSC-mediated prevention of GvHD positively correlates
with induction of memory FoxP3"CD8™ Treg cells.

METHODS

Generation of HuMoSCs

Human study was approved by the Establissment Francgais du Sang (EFS:
ENR-B1-051, Besangon, France), with informed consent in compliance with
the Declaration of Helsinki. PBMCs were isolated from buffy coats of healthy
donors by means of Ficoll density gradient centrifugation. Monocytes were
purified from PBMCs by means of Percoll density gradient centrifugation.
HuMoSCs were generated by incubating monocytes (5 X 10° cells/mL) in
RPMI 1640 (BioWhittaker, Basel, Switzerland) supplemented with 10%
FBS and recombinant human GM-CSF (10 ng/mL) and IL-6 (10 ng/mL;
both from Miltenyi Biotec, Bergish Gladbach, Germany) for 7 days. The
medium was replaced every 3 days.

Magnetic cell isolation and sorting

HuMoSCs, total T cells, naive T cells, and Treg cells were purified by
means of magnetic cell sorting with human CD33", Pan-T, naive CD4 " T, and
CD4"CD25" cell isolation kits, respectively, and an autoMACS Pro
Separator, according to the manufacturer’s instructions (Miltenyi Biotec).
CD8"CDI103™ cells were sorted from cocultures by using a FACSAria cell
sorter (BD Biosciences, Franklin Lakes, NJ).

T-cell proliferation and suppression assays

Total T lymphocytes and CD4"CD25™ T cells were stained by using Cell
Trace Violet (Invitrogen, Cergy Pontoise, France), according to the manufac-
turer’s procedure. Labeled cells were cultured with anti-CD3/CD28—coated
T-cell expander beads (Dynabeads; Invitrogen, Carlsbad, Calif) with or
without HuMoSCs (T-cell/HuMoSC ratio = 4:1). T-cell division was detected
after 4 days by using flow cytometry with an LSRII cytometer (BD
Biosciences) and analyzed by using the ModFit software (version 3.0).
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In some experiments Treg cell suppressor inspector beads (Miltenyi Biotec)
were used for stimulation.

Morphologic analysis

Wright-Giemsa staining (Protocol Hema 3; Fisher Scientific, Kalamazoo,
Mich) of CD33™ cell cytospin preparations was performed to assess HuiMoSC
morphology after purification of CD33™ cells. Observation, evaluation, and
image acquisition were performed with a Carl Zeiss Axiovert 40 CFL inverted
microscope (Fisher Scientific).

Antibodies and flow cytometric analysis

Flow cytometric analyses were performed, as previously reported,’® by
using mAbs against CD33, CDla, CDl1lc, CD11b, CD14, CD16, CD40,
CD80, CD86, HLA-DR, CD123, CD163, CD44, CD31, CD105, CCRS,
CCR6, CCR7, CD3, CD20, CD56, CD4, CD8, CD103, CD62 ligand,
IFN-vy, granzyme B, and perforin (eBioscience, Paris, France). Treg
cells were stained with anti-CD4 (phycoerythrin-Cy5.5), anti-CD25
(phycoerythrin) and anti-Foxp3 (Alexa Fluor 488, Human Treg Flow Kit;
BioLegend, San Diego, Calif). Cells were analyzed with an LSRII cytometer
(BD Biosciences), and data analysis was performed with FlowJo software
(version 5.7.2).

Inhibitors and proteins

Specific inhibitors were used to suppress/neutralize various immuno-
suppressive enzymes or pathways: nor-NOHA (inhibitor of arginase-1,
50 wmol/L; Calbiochem, Bad Soden, Germany), L-NMMA (inhibitor of
induced nitric oxide synthase, 1 mmol/L; Sigma-Aldrich, St Louis, Mo),
FeTPPS (peroxynitrite catabolism accelerator, 50 wmol/L, Calbiochem),
NAC (inhibitor of ROS, 3 mmol/L, Sigma-Aldrich), 1-MT (inhibitor
of indoleamine-2,3-dioxygenase, 500 wmol/L, Sigma-Aldrich), tin
protoporphyrin/SnPP (inhibitor of heme oxygenase-1, 50 wmol/L; Frontier
Scientific, Logan, Utah), NS398 (inhibitor of COX-2, 10 wmol/L; Cayman
Chemicals, Ann Arbor, Mich), APCP (antagonist of CD73, 100 wmol/L,
Sigma-Aldrich), and Stattic (STAT3 inhibitor, 10 wmol/L, Calbiochem).
Exogenous L-arginine (400 pmol/L, Sigma-Aldrich), L-cysteine (100 wmol/
L, Sigma-Aldrich), and recombinant IL-10 (50 wmol/L, Miltenyi Biotec) were
also used. In other experiments (-mercaptoethanol (50 pmol/L, Sigma-
Aldrich) was added to the culture to prevent L-cysteine oxidation.

Cytokine assay

Concentrations of IFN-y, TNF-a, IL-10, IL-6, IL-5, IL-4, IL-13, IL-12p70,
CCL2 (monocyte chemotactic protein 1 [MCP-1]), CCL20, granzyme B,
soluble Fas ligand, and TGF-1 were determined in cell-culture supernatants
by using Multiplex and ELISA kits, according to the manufacturer’s
procedures (eBioscience).

HPLC assay

JEOL Aminotac 500 (Tokyo, Japan), an automated amino acid analyzer,
was used for quantification of all amino acids within cell supernatants. Data
acquisition and calculations were made with JEOL Workstation software.

Xenogeneic model of GvHD

NSG mice were purchased from the Jackson Laboratory (Bar Harbor, Me)
and housed in specific pathogen-free conditions. Mice were used at
8 to 12 weeks of age. Mice were injected intravenously with human PBMCs
(20 X 10° per mouse) with or without autologous HuMoSCs (5 X 10° per
mouse). The mix of PBMCs with HuMoSCs was made before injections.

Mice were scored every day for 60 days in a blind fashion for clinical signs
of GvHD (weight loss, general appearance of the fur, and mobility). Incidence
of GvHD, clinical score, weight, and survival were noted for each mouse.
Mice were killed when the clinical end points were reached (>15% weight
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FIG 1. Exvivo-generated HuMoSCs. Peripheral blood monocytes were purified from PBMCs and cultured in
complete medium supplemented with recombinant human GM-CSF and IL-6 for 7 days. A, Percentage of
CD33" cells obtained after 7 days. CD33" cells were then magnetically sorted at the end of the culture
and analyzed. B, Morphologic analysis of HuMoSCs performed by using Wright-Giemsa staining of
cytospin preparations. C, After sorting of CD33™ cells, the phenotype of HuMoSCs was determined by
means of flow cytometric analysis. Representative results of 10 independent experiments are shown.
SSC, Side scatter. D, HuMoSC cell-culture medium (48 hours) was collected and analyzed by using
Multiplex. Data are shown as means = SDs of 3 representative experiments.
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FIG 2. HuMoSCs suppress T-lymphocyte proliferation and activation. A, Cell Trace Violet-labeled
T lymphocytes stimulated with anti-CD3/CD28 activation beads were cocultured with myeloid
dendritic cells as controls or HuMoSCs from day 0 (T[st/]+ HuMoSC) or after 48 hours of stimulation
(Tlpre-stim]+HuMoSC). The T-cell proliferation index was determined after 5 days, and the percentage
of T-cell proliferation inhibition was calculated. Results of 10 independent experiments are shown.
B, Proliferation index (upper panels) and Ki67 expression in T cells (lower panels) cocultured for 5 days
with HuMoSCs at different ratios. Representative results of 5 independent experiments are shown.
C, Percentage of T-cell proliferation inhibition was determined separately for CD4* and CD8" T-cell
populations. Results of 5 independent experiments are shown. D, Percentage of T-cell proliferation
inhibition was determined separately for autologous or allogeneic T lymphocytes. Results of 5 independent
experiments are shown. E, CD25 expression by T cells cocultured with HuMoSCs. F, IFN-y and TNF-a
concentrations were measured in the culture supernatant from stimulated T cells cocultured with
HuMoSCs. Results of 5 independent experiments are shown. Data are shown as means = SEMs of
representative experiments. P values are the result of the Student t test: *P < .05, **P < .01, and
***¥P < .001. NS, Nonsignificant.
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FIG 3. HuMoSC suppressive function depends on STAT3. A, HuMoSCs were separated from activated T
lymphocytes by a microporous membrane (HuMoSC[TW]), and percentages of T-cell proliferation inhibition
were compared with those of T cells cultured with HuMoSCs in direct contact. The culture medium from
HuMoSCs was collected after 48 hours (HuMoSCsup) and added to stimulated T lymphocytes, and the
T-cell proliferation index was compared with that of T cells cultured with HuMoSCs. Stimulated T cells
cultured alone were used as positive controls for proliferation. Results of 5 independent experiments are
shown. Data are presented as means = SEMs. One-way ANOVA and the Dunnett test were used. B, HuMoSCs
pretreated with Stattic for 24 hours were washed and added to activated T lymphocytes. Inhibition of T-cell
proliferation was then analyzed. Results of 5 independent experiments are shown. C, Culture medium
from HuMoSCs treated or not with Stattic was collected and analyzed by using Multiplex. Results of 5 inde-
pendent experiments are shown. D, Concentrations of tryptophan and cysteine were determined in culture
supernatants by using HPLC. Results of 3 independent experiments are shown. Data are presented as
means = SEMs of representative experiments. Student ttest: *P< .05 and ***P < .001. NS, Nonsignificant.

loss, hunched posture, ruffled fur, reduced mobility, and tachypnea). Animal
protocols were approved by the Institutional Animal Care and Use Committee
at the University of Franche-Comté.

Immunophenotypic analysis of transplanted human

cells

Blood samples were collected from NSG mice by means of cardiac
puncture. Red blood cells were lysed (hemolytic buffer, BD Biosciences), and
flow cytometric analysis was performed. Anti-human CD45 staining was used
to detect the total count of human cells. Percentages of CD33-, CD3-, CD4-,
CD8-, and FoxP3-expressing human cells were determined by using flow
cytometry after staining with the appropriate antibodies.

Histologic analysis of GvHD lesions

Mouse livers were fixed in 3.7% formaldehyde immediately after
collection and embedded in paraffin. Five-micrometer-thick sections were
cut, stained with hematoxylin and eosin, and examined for immune cell
infiltration and apoptotic hepatocytes. Trichrome labeling was used to stain
collagen and identify fibrosis within hepatic tissues. Perls iron staining was
performed to visualize iron overload associated with hemorrhagic lesions. For
immunochemistry, anti-CD8 (Dako, Glostrup, Denmark) antibodies were

used. Staining was performed with a BenchMark Ultra instrument
(Ventana Medical Systems, Roche Diagnostic, Mannheim, Germany).
Diaminobenzidine and Ultra Red (Ventana Medical Systems) were used for
staining visualization.

Statistical analyses

Analyses were performed with GraphPad Prism software (GraphPad
Software, San Diego, Calif). The Student # test or paired # test was used, where
appropriate. One-way ANOVA and the Dunnett multiple comparison test were
used when comparing more than 2 groups. Overall survival was calculated as
the time from the day of injection to death. Data were censored after 60 days of
follow-up. Kaplan-Meier curves were plotted, and differences were evaluated
by using the log-rank test. For all statistical analyses, a 2-tailed P value of .05
or greater was considered significant.

RESULTS
Generation of HuMoSCs ex vivo

We have developed a novel procedure for producing ex vivo
clinically relevant numbers of suppressor cells of monocytic
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FIG 4. HuMoSCs protect mice from acute GVHD. Human PBMCs were adoptively transferred into NSG mice
to induce acute GVHD. Two groups of mice were defined: one receiving PBMCs only and another receiving
the same PBMCs mixed with HuMoSCs. A, Clinical disease score was graphed at day 50 after injection
(n = 17). B and C, Mean percentage of weight variations from original weight was followed (Fig 4, B),
and mouse survival was assessed (Fig 4, C). Data were censored after 60 days of follow-up. The survival
curves were compared by using the log-rank test and odds ratio. Pooled data from 2 independent
experiments with 8 mice in each group are shown. D, Liver histopathology around the portal tract
(x40 magnification). a, Dark coloration is indicative of infiltration by human lymphocytes. Apoptotic bodies
are indicated by yellow arrows. b, Green coloration developed by using trichrome labeling is associated
with collagen and indicates fibrosis. ¢, Dark areas indicate hemorrhagic lesions visualized by iron overload.
E, Regenerative hepatocytes undergoing mitosis are indicated by yellow circles. ***P < .001.

origin. Peripheral blood monocytes were purified from PBMCs  referred to as HuMoSCs, were then magnetically sorted and
and cultured in medium supplemented with recombinant human  analyzed. These cells encompassed a homogeneous population
GM-CSF and IL-6 for 7 days. About 50% of the cells express  characterized by large mononuclear cells with basophilic granular
the marker CD33 at the end of culture (Fig 1, A). CD337 cells,  cytoplasm (Fig 1, B). Phenotypically, HuMoSCs exhibited
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FIG 5. HUMoSCs induce expansion of FoxP3*CD8" T lymphocytes in vivo.
At day 30 after human PBMC transfer, blood samples were collected by
means of cardiac puncture from NSG mice administered PBMCs or PBMCs
plus HuMoSCs. A, Percentages of CD4" and CD8" T lymphocytes were
determined after gating on CD3" cells. CD4/CD8 ratios were compared
between groups. B, CD8" T lymphocytes were detected in liver
sections by using immunohistochemical staining. C, Percentages of
FoxP3-expressing CD3*, CD4", and CD8" lymphocytes were determined
after gating on CD3" cells. Representative results of 8 mice are shown.
Data are shown as means + SEMs of representative experiments. Student
ttest: *P < .05, **P < .01, and ***P < .001.

features similar to those reported for immunosuppressive/
regulatory CD33"CD11b"CD14"CD163*CD206 " "HLA-DR"
cells, with high expression of the adhesion molecules CD44,
CD31, and CD105 (Fig 1, C). The chemokine receptor CCRS5
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was highly expressed by these cells, whereas CCR6 expression
was marginal, and CCR7 was absent (Fig 1, C). HuMoSCs lack
the expression of markers defining mature activated dendritic
cells (CD1a, CD80, and CD86), granulocytes (CD16), natural
killer cells (CD56), and lymphocytes (CD3 and CD19; Fig 1, C,
and data not shown). Additionally, these cells produced CCL2
(MCP-1) and IL-6, moderate levels of IL-10 (Fig 1, D), and no
IL-4, IL-5, IL-12p70, TNF-a, IL-13, CCL20, IFN-vy, granzyme
B, soluble Fas ligand, or TGF-f (data not shown).

HuMoSCs suppress T-lymphocyte proliferation and
activation

Functionally, HuMoSCs were capable of inhibiting the
proliferation of responder T lymphocytes induced with
anti-CD3/CD28-coated beads (Fig 2, A). HuMoSCs added from
the beginning of the T-cell culture with activation beads or
48 hours later inhibited responder T-lymphocyte proliferation
(Fig 2, A, and see Fig El, A, in this article’s Online Repository
at www.jacionline.org). The efficacy of HuMoSC-mediated
suppression of T-lymphocyte proliferation depended on the
HuMoSC/T-cell ratio (Fig 2, B). Consistent with these results,
HuMoSCs also reduced T-lymphocyte expression of the nuclear
protein Ki67, a marker of cell proliferation (Fig 2, B).

Further analyses indicated that the proliferation of both CD4 ™"
and CD8" T lymphocytes was suppressed by HuMoSCs to a
comparable extent (Fig 2, C). Furthermore, HuMoSCs were
not only capable of suppressing autologous T-lymphocyte
proliferative responses but also blocked allogeneic T-cell
proliferation (Fig 2, D, and see Fig El, B). Additionally,
HuMoSCs reduced the expression of the activation marker
CD25 (Fig 2, E) and impaired IFN-y and TNF-a production by
responder T lymphocytes (Fig 2, F). It is noteworthy that T cells
did not lose their viability throughout culture with HuMoSCs
(data not shown).

HuMoSC suppressive function depends on STAT3

Further analysis indicated that the suppressive activity of
HuMoSC:s did not depend on direct cell-cell contact but required
a soluble factor or factors (Fig 3, A, and see Fig E2). Interestingly,
HuMoSC inhibitory function was not affected by blockade of the
most commonly reported mechanisms of immunosuppression,
including arginase-1, inducible nitric oxide synthase, COX2,
heme oxygenasell, indoleamine-2,3-dioxygenase, adenosine,
or IL-10 (see Fig E3, A, in this article’s Online Repository at
www.jacionline.org). Of note, control T-cell proliferation was
not modified by the tested inhibitors, thus excluding a possible
direct cytotoxic or cytostatic effect of these molecules on
responder T cells (see Fig E3, B). However, the transcription
factor STAT3 was required for HuMoSC inhibitory function
because pretreatment of HuMoSCs with a specific inhibitor of
phosphorylated STAT3, Stattic, led to the abrogation of their
suppressive activity (Fig 3, B) and impaired secretion of CCL2
and IL-6 (Fig 3, C) without affecting HuMoSC viability (data
not shown). Interestingly, levels of the essential amino acids
tryptophan and cysteine were significantly reduced by the
presence of HuMoSCs in the coculture (Fig 3, D). Importantly,
this effect was not observed when HuMoSCs were pretreated
with Stattic (Fig 3, D). Therefore HuMoSC suppressive activity
depends on STAT3 and is associated with the deprivation of
tryptophan and cysteine.


http://www.jacionline.org
http://www.jacionline.org

8 JANIKASHVILI ET AL J ALLERGY CLIN IMMUNOL
mmm 2015

A T(st)
T(st) +HuMoSC &S T(st) +HuMoSC
=
||
\
CD3 CDS
B T(st)- gated on CDS

== T(st) +HuMoSC - gated on CDS8lv
== T(st) +HuMoSC - gated on CD8hi

Events

4
4

v

CD25  FoxP3  CD103  CD62L

(o T(st)
== T(st) +HuMoSC
= A (W N
= ’KIA '1
IFNy  GranzB Perforin
D
Pi: 1.8 [ . Pi:1.1

Teff ' Teff
+ CD8reg[HuMoSC]

FIG 6. HuMoSCs promote FoxP3"CD8* T-lymphocyte development in vitro. A, Stimulated total
T lymphocytes were cocultured with HuMoSCs, and expression of CD8 was detected within CD3" cells.
B, Expression of CD25, FoxP3, CD103, CD62 ligand, and CCR7 was examined within the CD8" and CD8'°"
T-cell populations after gating on CD3" cells. Representative results of 4 independent experiments are
shown. C, IFN-y, granzyme B, and perforin expression by T cells gated on the CD8" population was
evaluated. Representative results of 4 independent experiments are shown. D, Stimulated total
T lymphocytes were cocultured with HuMoSCs, and CD8"CD103" T cells were sorted and cocultured
with Cell Trace Violet-labeled CD4"CD25~ (Teff) cells. The proliferation index (Pi) was determined within
Cell Trace Violet-positive Teff cells. Representative results of 4 independent experiments are shown.

HuMoSCs prevent acute GvHD induced by human posture, ruffled fur, reduced mobility, skin integrity, and
PBMCs in immunocompromised mice diarrhea).”! We demonstrated that the coadministration of

The therapeutic potential of HuMoSCs was next explored by =~ HuMoSCs with PBMCs efficiently prevented the development
using a clinically relevant model of GVHD.”’* Human PBMCs  of GVHD in NSG mice (Fig 4, A and B), resulting in significantly
administered to NSG mice induce GvHD (weight loss, hunched ~ improved long-term survival (odds ratio, 4.577;95% CI, 1.3-16.4;
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P = .0196; Fig 4, C). In addition to clinical symptoms and
outcome, histologic analysis of GvHD severity in the liver
demonstrated that HuMoSCs significantly decreased immune
cell infiltration and reduced the numbers of apoptotic bodies
around the portal tract, as identified by using hematoxylin and
eosin staining (Fig 4, D, a). Trichrome labeling of collagen further
emphasized the protective effect of HuMoSC treatment on liver
fibrosis (Fig 4, D, b). In addition, HuMoSC-treated mice were
protected from hemorrhagic lesions in the liver, as indicated by
Perls iron staining (Fig 4, D, c). Interestingly, the same liver
sections contained regenerative hepatocytes that were not present
in the PBMC control group (Fig 4, E). Therefore these results
indicate that HuMoSCs are potent therapeutic tools to relieve
symptoms and promote overall survival in a clinically relevant
mouse model of human PBMC-induced GvHD.

HuMoSCs induce expansion of immunosuppressive
FoxP3*CD8" T lymphocytes

Treg cells represent a major population of suppressive cells
capable of promoting alloantigen-specific tolerance.**** CD8™"
Treg cells have been reported recently as a new regulatory cell
population capable of controlling GvHD in mouse”’*” and human
acute GvHD models.'” Our current results indicate that
HuMoSC administration promotes the development of a CD8*
T-lymphocyte subset expressing FoxP3. In NSG mice
administered human PBMCs, a significant decrease in the
CD4/CD8 ratio was observed within human circulating CD3™
T lymphocytes (CD4/CDS8 ratio = 1:3; Fig 5, A, and see
Fig E4, A, in this article’s Online Repository at www.jacionline.
org). Consistently, CD8 " T cells were detected in higher numbers
within liver-infiltrating lymphocytes in untreated mice compared
with those seen in HuMoSC-treated mice (Fig 5, B). It is
worth noting that CD33™ cells were not detectable in the
circulation at day 30 (data not shown). Importantly, HuMoSC
coadministration resulted in a substantial increase in the
frequency of CD3% T cells expressing the transcription
factor FoxP3 and particularly of FoxP3-expressing CD8™
T lymphocytes (Fig 5, C, and see Fig E4, B). A less significant
increase in the number of FoxP3-expressing CD4" T cells was
detected (Fig 5, C, and see Fig E4, B).

The ability of HIMoSCs to promote FoxP3"CD8 ™" T-lymphocyte
development in vitro was next assessed. Total T lymphocytes
exposed to HuMoSCs in vitro were analyzed for the
expression of CD8" regulatory cell markers, including
CD25, FoxP3, and CD103 (integrin ogB,). After gating on CD3™
cells, 2 subpopulations of CD8" T cells were detected in total
T-lymphocyte/HuMoSC cocultures, which were distinguished based
on CD8 expression levels: CD8" and CD8'°Y (Fig 6, A). CD8"CD3™*
T lymphocytes were induced by HuMoSCs and were not detected in
cultures of lymphocytes performed in the absence of HuMoSCs.
After gating on CD3™ T cells, CD8" and CD8"™" cells were then
gated separately and analyzed further. CD8" T cells expressed
high levels of CD25, FoxP3, and CD103 compared with CD8'% cells
from the same samples (Fig 6, B). Expression of the homing marker
CD62 ligand and the chemokine receptor CCR7 by CD8"™ T
lymphocytes was increased, indicating a central memory phenotype
(Fig 6, B). Furthermore, the expression of IFN-vy, granzyme B, and
perforin by CD8" T cells in T lymphocytes plus HuMoSC
cocultures was lower compared with that by CD8* T cells in
T lymphocytes cultured in the absence of HuMoSCs (Fig 6, C).
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More importantly, CD8*CD103* T cells induced in the
presence of HuMoSCs were potent suppressors of CD4*CD25~
T-lymphocyte proliferation induced with activation beads
(Fig 6, D), demonstrating that these cells were endowed with
immunosuppressive properties.

DISCUSSION

Immunosuppressive/regulatory immune cell-based therapy is
a relatively recent approach that might allow reduction of the
doses of immunosuppressive drugs being administered to patients
with autoimmune diseases, patients having undergone allogeneic
transplantation, or both. The evaluation of these cells has
highlighted their potential in preclinical studies,®'%****** but
their therapeutic efficacy in human subjects remains unclear.
A major pitfall precluding clinical studies with suppressive cells
of both myeloid and lymphoid origin is their low frequency in
human subjects.””** Therefore strategies aimed at promoting
their expansion and enhancing their suppressive function
ex vivo are critically needed. The benefit of targeted strategies
to promote Treg cell expansion, function, or both in vivo in
transplant recipients has been demonstrated.”’ Several
pharmacologic agents (immunosuppressive drugs and mAbs)
currently used in human transplantation are being assessed for
their effects on Treg cells in experimental and clinical studies.’®"
Because they target global T-cell activation pathways (eg,
blockade of IL-2 signaling with cyclosporine, tacrolimus,
anti-CD25 antibodies, and others), these molecules also impair
Treg cell-mediated regulatory responses to donor alloantigens.
In addition, all these studies have only focused on conventional
CD4™ Treg cells, and the possibility of harnessing the suppressive
potential of CD8" Treg cells has not been examined.
Mesenchymal stem cells (MSCs) have also been considered an
alternative to immunosuppressive drugs for GvHD.?*”* However,
MSCs are not constitutively immunosuppressive, and their
inhibitory function highly depends on the environmental
proinflammatory milieu.* This explains why the efficacy of
MSC:s to prevent GVHD development remains unclear.

In the current study we report on an original and clinically
applicable method to generate human suppressor cells of
monocytic origin ex vivo (HuMoSCs). Two studies have reported
on the ex vivo generation and expansion of human CD33" or
CD11b™ myeloid-derived suppressor cells from total PBMCs
by using various cytokine cocktails (IL-1@, IL-6, vascular
endothelial growth factor, TNF-a, and GM-CSF), tumor-
derived factors, or tumor cell lines,””° conditions that restrict
the clinical application of these cells. Of clinical importance, in
our study HuMoSCs were generated without exposure to cancer
cells or tumor-derived factors. In addition, HuMoSCs were
phenotypically and functionally different from the cells described
in the studies mentioned above’>® because they exhibited high
CD14 expression and lacked the granulocytic marker CD66b.
As an additional difference, the suppressive activity of HuMoSCs
did not require direct cell-cell contact.

HuMoSCs are capable of inhibiting both autologous and
allogeneic T lymphocytes. This is an important observation
because T cell-mediated alloresponses represent a main
impediment in transplantation. Donor alloantigens (major and
minor histocompatibility antigens) result in alloreactive effector
T-cell responses, leading to graft rejection.”’”’” Therefore
controlling these alloreactive T cells is of paramount importance


http://www.jacionline.org
http://www.jacionline.org

10 JANIKASHVILI ET AL

for the regulation of immune responses after transplantation.
Therefore the ability of HuMoSCs to suppress both autologous
and allogeneic T lymphocytes makes these cells ideal candidates
for therapeutic interventions aimed at regulating alloreactive
responses in the clinic. One might propose to use donor-derived
monocytes to generate HuMoSCs. Several therapeutic schemes
can be proposed, as already reported in clinical trials with
Treg therapy.®'® Donor-derived HuMoSCs can be infused to
prevent GVHD and to reduce immunosuppressive drug use at
the time of hematopoietic cell transplantation. Moreover, as
performed in a clinical trial, HuMoSCs can be administrated
after a myeloablative conditioning regimen and before a
CD34-selected hematopoietic stem cell graft together with a
defined number of donor T cells without posttransplantation
immunosuppressive drugs. This has the advantage of using a
defined donor T-cell/HuMoSC ratio comparable with those used
in our study (ie, 4/1). On the other hand, HuMoSCs can be
generated from donor monocytes, frozen, and then thawed to
treat ongoing corticoid-resistant acute GvHD. Overall,
HuMOoSC therapy can be developed in allogeneic hematopoietic
cell transplantation by taking into account other cell-based
therapeutic strategies.

We demonstrate that HuMoSCs are potent therapeutic tools to
mitigate the symptoms of GVHD and promote overall survival in a
humanized mouse model of GvHD. Importantly, we demonstrate
that HuMoSCs administered in vivo promote the development of a
CD8" T-lymphocyte subset expressing FoxP3, which likely
represents a critical event in the establishment of a sustained state
of specific tolerance. CD8" Treg cells have recently been
reported as a new regulatory population with potential to mitigate
GvHD symptoms.'’?”*° These cells can impair alloreactive
T-lymphocyte infiltration in target organs. However, the
possibility of successfully inducing and expanding these cells
in vivo has not been reported. Therefore our study, by highlighting
HuMoSCs as major inducers of CD8" Treg cells, provides
important new data to address this aspect. Further underlying
the therapeutic interest of HuMoSCs, our results demonstrate
that these cells were also capable of promoting classical CD4*
Treg cell suppressive function (not shown).

Several chemokines and their receptors have been reported as
having roles in regulatory immune cell accumulation and
anti-inflammatory responses in vivo. For instance, 2 recent
publications described the role of CCRS in the recruitment of
Treg cells by myeloid-derived suppressive cells to the graft58
and tumor environment,”” where they play a key role in blockade
of effector immune responses. It is interesting to note that
HuMoSCs produce high concentrations of MCP-1 (CCL2), a
CCRS5 ligand, while expressing CCRS. This mechanism
might represent an autocrine amplification loop for HuMoSC
accumulation and for recruitment of Treg cells.

In summary, for the first time, we report on a clinically relevant
and feasible approach to generate ex vivo a new population of
HuMoSCs endowed with the peculiar ability to promote
expansion of immunosuppressive FoxP3"CD8" Treg cells that
can be used as an efficient therapeutic tool to prevent GvHD,
transplant rejection, and autoimmune diseases.

Flow cytometric experiments were performed and analyzed in Plateforme
de Cytométrie, Institut Férératif de Recherche 100, Université de Bourgogne.
We thank Jessica Borgeot for the technical help.
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Key messages

o HuMoSCs can be routinely generated ex vivo.

o HuMoSCs induce FoxP3"CD8" Treg lymphocytes.
o HuMoSCs prevent GVHD development.
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FIG E1. Inhibition of T-cell proliferation by autologous and allogeneic HuMoSCs. A, Proliferation of T cells
cocultured with activation beads and HuMoSCs added at day 0 (T[st]+ HuMoSC) or after 48 hours of
prestimulation (T[pre-stim]+HuMoSC). B, Proliferation of T cells cocultured with autologous or allogeneic
HuMoSCs. Representative ModFit analyses are shown. Pi, Proliferation index.
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FIG E2. Inhibition of T-cell proliferation by soluble factors produced by HuMoSCs. A, Proliferation of T cells
cultured with activation beads and HuMoSCs or with the supernatant of HuMoSC cultures, as indicated.
Pi, Proliferation index. B, Percentage of inhibition of T-cell proliferation in the presence of HuMoSC culture
supernatants added at different volumes.
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FIG E3. Inhibition of T-cell proliferation by HuMoSCs after blockade of
different inhibitory pathways. A, Inhibition of T-cell proliferation by
HuMoSCs in the presence of the indicated inhibitory agents, blocking
antibodies, or exogenous metabolites. Activated T cells cultured alone
and treated with the same agents were used as controls to calculate
percentages of proliferation inhibition for each sample. Results of 3
independent experiments are shown. Data are presented as
means = SEMs. One-way ANOVA and the Dunnett test were used.
B, Proliferation of T cells in the presence of HUMoSCs and the indicated
inhibitory agents. Representative results of 3 independent experiments
are shown. Pi, Proliferation index.
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FIG E4. Induction of FoxP3"CD8"
A, Total PBMCs were cultured alone or in the presence of HuMoSCs.

Percentages of CD4" and CD8" T lymphocytes were determined after
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CD8" T lymphocytes was assessed after gating on CD3™ cells.
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