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Abstract

Bone marrow-derived mesenchymal stromal cells (BMSCs) mitigate inflammation in mouse

models of acute lung injury. However, specific mechanisms of BMSC actions on CD4 T

lymphocyte-mediated inflammation in vivo remain poorly understood. Limited data suggests

promotion of Th2 phenotype in models of Th1-mediated diseases. However whether this might

alleviate or worsen Th2-mediated diseases such as allergic asthma is unknown. To ascertain the

effects of systemic administration of BMSCs in a mouse model of Th2-mediated allergic airways

inflammation, ovalbumin-induced allergic airways inflammation was induced in wild type

C57BL/6 and BALB/c mice as well as in IFNγ receptor null mice. Effects of systemic

administration during antigen sensitization of either syngeneic or allogeneic BMSC on airways

hyper-reactivity, lung inflammation, antigen-specific CD4 T lymphocytes, and serum

immunoglobulins were assessed. Both syngeneic and allogeneic BMSCs inhibited airways hyper-

reactivity and lung inflammation through a mechanism partly dependent on IFNγ. However,

contrary to existing data, BMSCs did not affect antigen-specific CD4 T lymphocyte proliferation

but rather promoted Th1 phenotype in vivo as assessed by both ova-specific CD4 T lymphocyte

cytokine production and ova-specific circulating immunoglobulins. BMSCs treated to prevent

release of soluble mediators and a control cell population of primary dermal skin fibroblasts only

partly mimicked the BMSC effects and in some cases worsened inflammation. In conclusion,

BMSCs inhibit Th2-mediated allergic airways inflammation by influencing antigen-specific CD4

T lymphocyte differentiation. Promotion of a Th1 phenotype in antigen-specific CD4 T

lymphocytes by BMSCs is sufficient to inhibit Th2-mediated allergic airways inflammation

through an IFNγ-dependent process.
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Introduction

Mesenchymal stromal cells (MSCs) are adult, multipotent progenitor cells that were first

identified in the bone marrow and have the ability to differentiate into bone, fat and cartilage

(1). MSCs have subsequently been isolated from virtually all post-natal tissues as well as

umbilical cord blood, placenta, and amniotic fluid and can be induced in vitro to

differentiate into a variety of cell types (2). While MSCs isolated from different sources

share key identifying characteristics, differences in gene expression and their secretome

have been observed. MSCs derived from bone marrow (BMSCs) have been best

characterized and have been found to have significant immunomodulatory and non-

immunogenic properties, allowing administration of allogeneic BMSCs without eliciting an

immunogenic response within the host (3-5). BMSCs inhibit the proliferation and function

of a broad range of immune cells in vitro, including T cells, B cells, natural killer (NK) cells

and dendritic cells (DCs) (6-20). Notably, BMSCs can suppress CD4 T lymphocyte

responses in vitro by inhibiting T cell proliferation induced by mitogens or specific antigens

(21-32). These effects likely occur through a paracrine effect by the release of soluble

mediators by the BMSCs although cell-cell contact may also be involved (23, 24, 27-29,

31-34). However, whether the mechanisms by which BMSCs suppress immune cells in vitro

are similar to those in vivo remains unclear.

Published reports evaluating BMSC effects on CD4 T lymphocyte differentiation in in vitro

model systems generally demonstrate that MSCs promote a Th2 phenotype in CD4

lymphocytes. In vivo, systemic administration of human BMSCs decreased numbers of Th1

and Th17 CD4 T lymphocytes, with corresponding decreases in IFNγ and IL-17 production,

and increased numbers of IL-4 producing Th2 lymphocytes when administered in a mouse

model of experimental autoimmune encephalitis (35). These findings suggest that

administration of BMSCs would be either ineffective or could potentially exacerbate the

immune response in diseases characterized by Th2-mediated inflammation, such as allergic

asthma. Since little is known about the in vivo effects of BMSC administration in Th2

models of inflammation, it was of particular interest to investigate the effects of BMSCs on

the generation of antigen-specific CD4 T cells in allergic airways inflammation, a mouse

model of allergic asthma. Sensitization to ovalbumin with the Th2-promoting adjuvant

aluminum hydroxide, followed by challenge with aerosolized ovalbumin is a well

established model of inducing Th2-mediated eosinophilic allergic airways inflammation in

mice (36). Initial clonal expansion and differentiation of antigen-specific CD4 T cells occurs

during the sensitization phase of the ova model. Given this, we investigated whether

administration of either syngeneic or allogeneic bone marrow derived BMSCs during

antigen sensitization would effect the generation of allergic airways inflammation, including

clonal proliferation and differentiation of antigen-specific CD4 Th2 lymphocytes.
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Materials and Methods

Mice

Female C57BL/6, BALB/c and IFNγRKO (IFNγ−/−) mice (6-8wk) from the Jackson

Laboratory were maintained in accordance with institutional and American Association for

Accreditation of Laboratory Animal Care standards, with studies subject to Institutional

Animal Care and Use Committee review at the University of Vermont (Burlington, VT).

Bone Marrow Mesenchymal stem cells (BMSCs)

MSCs derived from bone marrow of adult male C57BL/6 mice were obtained from the

Tulane University Center for Gene Therapy (Sekiya et al., 2002). BMSCs were cultured in

Iscoves Modified Dulbecco Medium with 2mM L-glutamine, 100 U/ml penicillin, 100μg/ml

streptomycin, 10% fetal bovine serum and 10% horse serum (HS) (GIBCO, Invitrogen).

Cells were used at passage 6 or lower and maintained in culture at confluency no greater

than 70%. Purity was determined by expression of Sca-1, CD106, CD29, absent expression

of CD11b, CD11c, CD34, CD45, and the ability to differentiate into chondrocytes and

adipocytes in vitro.

OVA Sensitization

Mice were immunized by intraperitoneal (IP) injection with 20μg of ovalbumin (ova, grade

V; Sigma Aldrich) or PBS with 2.25 mg Aluminum hydroxide (Alum, ImjectAlum; Pierce),

or Complete (day 0) or Incomplete (day 7) Freud’s adjuvant on days 0 and 7. Immediately

prior to each immunization, experimental mice received tail vein injection of 2 × 106 MSCs,

while control mice received the same number of MSCs treated with the cross-linker 1-

ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDCI)(37), primary dermal

C57BL/6 fibroblasts, viable MSCs with PBS/alum-immunization, or PBS control. Mice

were challenged with aerosolized 1% ova in saline for 30 minutes on days 14, 15, and 16.

Respiratory mechanics

Pulmonary function was analyzed on day 18 using the forced oscillation technique

(flexiVent; SCIREQ Scientific Respiratory Equipment) as previously described (38). The

peak responses for airway resistance (RN), tissue resistance (G), or tissue elastance (H) were

determined in response to sequential inhalation of nebulized saline, 3.125 mg/mL and 12.5

mg/mL of methacholine.

Bronchoalveolar lavage, total and differential cell counts, and cytokine assessment

Bronchoalveolar lavage (BAL) fluid was collected by instilling and recovering 1 mL of

saline into the airways. Cells were counted using an Advia cell counter (Bayer), cytospun

onto glass slides and stained with Hema-3 (Biochemical Sciences). Two hundred cells per

slide were scored by characteristic morphology and staining. BAL cytokine levels were

measured using a mouse 23-plex kit on the Bio-Plex suspension array system (Bio-rad).
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Lung histology and inflammation scoring

Lungs were inflated, gravity fixed (20 cm) with 4% paraformaldehyde, paraffin embedded,

cut into 5-μm sections, and stained with hematoxylin and eosin. Inflammation was scored on

a scale from 0-3, in blinded fashion by a collaborating veterinary pathologist (Dr. Ziats)

based on the presence and intensity of peri-bronchial cell infiltrates compared to known

positive and negative controls using an established scoring system. 4 airways per animal

were analyzed and 6-8 animals were analyzed per condition.

Serum collection and immunoglobulin analyses

Serum samples were diluted 1:50 for IgG1, 1:20 for IgG2a and 1:15 for IgE and analyzed as

previously described (39).

CD4 T lymphocyte isolation, proliferation, and cytokine production

Splenic CD4 T lymphocytes were positively selected (MACS CD4 T lymphocyte separation

system, Miltenyi); purity was above 98% by flow cytometry with antibodies against CD4

and TCR. The irradiated (2000 Rads) CD4-negative fraction of splenocytes from naïve

C57BL/6 mice provided antigen presenting cells (APCs). Antigen specific CD4 T

lymphocyte proliferation was assessed by 3[H]-labeled thymidine (NEN #NET027A)

incorporation as previously described (40) using serial ovalbumin dilutions. IFNγ and IL-4

were measured by ELISA (R&D Systems; DuoSet ELISA Development Systems).

Statistical analyses

Mean values were compared by Students’ T test or ANOVA (Zar, 1974). For analysis of

inflammation scores, a non-parametric, Kruskal-Wallis rank sum test was performed.

Results

Systemic administration of either syngeneic or allogeneic BMSCs during antigen
sensitization inhibits methacholine-induced airways hyper-reactivity and eosinophilic lung
inflammation

To determine if systemic BMSCs administration during antigen sensitization inhibited the

ova-stimulated increase in airways hyper-reactivity of the large conducting airways, the

primary physiologic outcome, adult mice were immunized by intraperitoneal injection of

ovalbumin (ova) in the presence of the Th2 promoting adjuvant aluminum hydroxide (alum)

on days 0 and 7 (Figure 1A). BMSCs isolated from the bone marrow of adult C57BL/6 mice

(Tulane Mesenchymal Stem Cell Core Facility) or vehicle control (phosphate-buffered

saline, PBS) were administered by tail vein injection immediately prior to immunization on

days 0 and 7 to either adult C57BL/6 (syngeneic) or adult BALB/c (allogeneic) mice.

Following aerosol challenge with ova on days 14-16, airways hyper-reactivity was assessed

on day 18. C57BL/6 mice receiving syngeneic BMSCs during immunization demonstrated

significant inhibition of the ova-stimulated increase in methacholine-induced airways hyper-

reactivity in the large conducting airways (Rn) (Figure 1B). BMSC administration had no

effects on the other physiologic parameters measured, lung tissue elastance (H) or tissue

resistance (G) (Schuessler and Bates, 1995) (Figures E1A, E1B). Adult BALB/c mice
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receiving allogeneic BMSCs during antigen sensitization comparably demonstrated a

significant decrease in airways hyper-reactivity (Rn) in response to the higher methacholine

dose (Figure 1C). Allogeneic BMSC administration to the BALB/c mice also decreased

tissue elastance (H) but no effects were observed on tissue resistance (G) (Figures E1C,

E1D). Administration of BMSCs to mice receiving control (PBS/alum) immunizations (ie,

“MSCs, Sham OVA”) followed by ova challenge did not affect airways hyper-reactivity in

either the C57BL/6 or BALB/c mice (Figures 1A, B).

We next evaluated whether BMSC administration during antigen sensitization would also

inhibit the Th2-mediated eosinophilic lung inflammation induced by ova/alum sensitization

and subsequent challenge. In ova-treated C57BL/6 mice receiving syngeneic BMSCs during

ova/alum sensitization, the total numbers of eosinophils in bronchoalveolar lavage (BAL)

fluid was significantly decreased two days after final aerosol challenge compared to the

characteristic increase provoked by ova/alum sensitization and ova challenge (Figure 1D).

While BMSC administration had no effects on the small increase in numbers of BAL fluid

lymphocytes and neutrophils observed in ova-treated mice, administration did result in

significant increases in BAL fluid macrophages compared to ova treated mice. Similar

effects were observed in BALB/c mice receiving allogeneic BMSCs whereby there was a

significant decrease in the number of eosinophils with a concordant increase in numbers of

macrophages and no effect on lymphocyte or neutrophil counts (Figure 1E). BMSCs

administered in both the syngeneic and allogeneic sham ova models resulted in similar

cellular profiles as to what was observed in naïve mice (Figures 1D, E). The Th2 cytokines

IL-4 and IL-5 are known promoters of eosinophil recruitment, and immunoglobulin class

switching, and are elevated in BAL fluid on day 18 following aerosolized ova challenge in

both C57BL/6 and BALB/c ova-treated mice. Administration of BMSCs in either the

syngeneic or allogeneic models resulted in a significant decrease in levels of IL-4 and IL-5

in the BAL fluid (Figures 1F,G). Levels of another prominent Th2 cytokine, IL-13, which

characteristically peak earlier after ova challenge, were not elevated in BAL fluid of

C57BL/6 ova-treated mice on day 18 and were otherwise not affected by syngeneic BMSC

administration (Figure 1F). Although IL-13 levels were still detectable on Day 18 in the

BALB/c mice, BMSC administration did not result in a significant decrease compared to

ova controls. (Figure 1G). No detectable levels of IFNγ or IL-17, indicative of a Th1 or

Th17 response respectively, were measured in BAL fluid for any of the groups (data not

shown). IL-6 is rapidly produced by stimulated antigen presenting cells and promotes a Th2

phenotype in CD4 cells. Syngeneic BMSC administration significantly decreased IL-6 levels

in the BAL fluid compared to OVA treated mice (Figure 1F) No measurable levels of BAL

fluid IL-6 was detected in any of the BALB/c treated mice (Figure 1G).

Qualitative and quantitative assessment of histologic lung inflammation demonstrated that

administration of allogeneic BMSCs to BALB/c mice decreased peribronchial inflammatory

cell infiltrates characteristic of this model (Figures 2A,B). Similarly, administration of

syngeneic BMSCs to C57BL/6 mice also resulted in a significant decrease in lung

inflammation as assessed by the number of inflammatory cells surrounding the airways

(Figures E2A, E2B).
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To determine whether soluble mediators secreted by BMSCs were required for the observed

inhibition of airways hyper-reactivity and Th2-mediated, eosinophil lung inflammation,

administration of BMSCs treated with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide

hydrochloride (EDCI) to prevent release of soluble mediators (“EDCI-MSCs”) was assessed

(37). Unlike viable MSCs, administration of the EDCI-MSCs did not inhibit all the end

points assessed. EDCI-MSCs suppressed AHR only at the lower 3.125 mg/mL dose in the

syngeneic model as opposed to the allogeneic model whereby EDCI-MSCs were only

effective at suppressing AHR at the higher 12.5 mg/mL dose (Figures 1A, B). While

administration of EDCI-MSCs decreased levels of IL-4 and IL-5 in both the syngeneic and

allogeneic models, they were only able to decrease BAL fluid eosinophils within the

syngeneic model (Figures 1B,C,D,E). The effects of EDCI-MSCs were also variable with

respect to their effects on airways hyper-reactivity. Furthermore, administration of EDCI-

MSCs did not reduce histologic inflammation in either the syngeneic or allogeneic models

as assessed by the number of inflammatory cells found surrounding the airways (Figure 2,

Figures E2A, E2B). These results suggest that while cell surface structures contribute to the

BMSC effects, soluble mediators are required in order for BMSCs to exhibit their full

suppressive capabilities in this model.

To further examine whether the effects observed were specific to the administration of

BMSCs and not a result of introducing a foreign cell type into circulation, we assessed the

effects of a control cell type, primary mouse dermal fibroblasts obtained from skin biopsies

of C57BL/6 mice. Notably, syngeneic administration of C57BL/6 mouse primary dermal

fibroblasts significantly inhibited airways hyper-reactivity (Rn) in C57BL/6 mice (Figure

1B) and decreased levels of Th2-associated cytokines in the BAL fluid (Figure 1F).

However, administration of syngeneic primary dermal fibroblasts did not decrease the

numbers of BAL fluid eosinophils and, importantly, significantly increased histologic

airways inflammation compared to the control ova-treated mice (Figure 1D and Figures

E2A, E2B).

The above results demonstrate that both syngeneic and allogeneic administration of BMSCs

during sensitization to ovalbumin decreases airways hyper-responsiveness and eosinophilic

Th2-mediated lung inflammation following subsequent challenge with aerosolized

ovalbumin. Furthermore, administration of the control cell types, EDCI-MSCs and primary

dermal fibroblasts only partially mimicked the suppressive effects observed compared to the

administration of viable BMSCs and in some cases increased cellular infiltration.

Systemic administration of syngeneic or allogeneic BMSCs during antigen sensitization
does not inhibit in vivo antigen-specific CD4 T lymphocyte proliferation but alters antigen-
specific CD4 T lymphocyte differentiation

As BMSCs have been demonstrated to inhibit CD4 T lymphocyte proliferation in in vitro

mixed lymphocyte reactions (21, 24, 41), we reasoned that inhibition of antigen (ie.,

ovalbumin)-specific CD4 T lymphocyte generation might be a mechanism by which the

BMSCs inhibit allergic airways inflammation. To assess this, C57BL/6 or BALB/c mice

were immunized with ova/alum on days 0 and 7 and splenic CD4 T lymphocytes were

harvested on day 14 (Figure 4A). C57BL/6 BMSCs or PBS control was administered by tail
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vein injection 15 minutes prior to each immunization. Notably, BMSC administration during

ova immunization had no effect on ovalbumin-specific CD4 T lymphocyte proliferation

following either syngeneic administration to C57BL/6 mice or allogeneic administration to

BALB/c mice (Figures 3B and Figures E3A). While the in vitro re-stimulation of CD4

lymphocytes occurred in the absence of BMSCs, we conclude that ova-specific T cell

proliferation was unaffected by in vivo exposure to BMSCs due to the fact that any

differences in the generation of ova-specific T lymphocytes during clonal expansion would

be reflected by in vitro antigen-specific stimulation of proliferation.

We next assessed whether systemic BMSC administration during antigen sensitization

would affect antigen-specific CD4 T lymphocyte differentiation. Use of the adjuvant alum

during ova immunization results in generation of Th2 antigen-specific CD4 T lymphocytes.

Notably, administration of allogeneic BMSCs during ova sensitization had no effect on IL-4

release from antigen-specific splenic CD4 T lymphocytes cultured ex vivo in the presence of

ova and irradiated splenic antigen presenting cells (Figure 3C)) and had either no effect or

increased levels of IL-4 as a result of syngeneic BMSC administration (Figure E3B).

However, administration of either syngeneic or allogeneic BMSCs, resulted in significant

increases in the production of IFNγ by antigen-specific splenic CD4 T lymphocytes (Figure

3D and Figure E3C). No significant change in either IL-4 or IFNγ release by antigen-

specific splenic CD4 T lymphocytes was observed in sham-ova treated mice that received

allogeneic BMSCs compared to naïve mice (Figures 3C,D).

Systemic administration of sygeneic or allogeneic MSCs during antigen sensitization
alters levels of circulating antigen-specific immunoglobulins

As BMSC administration during ova sensitization promoted Th1 differentiation of antigen-

specific CD4 T lymphocytes, we assessed whether MSC administration affected levels of

circulating antigen-specific antibodies provoked by ova sensitization and challenge.

Systemic administration of allogeneic BMSCs to the BALB/c mice significantly mitigated

the increases in ovalbumin-specific IgE and IgG1 typically provoked by ova/alum

sensitization and ova challenge (Figure 4A,B). However, levels of circulating antigen-

specific IgG2a, indicative of a Th1 phenotype, were significantly increased in mice

receiving BMSCs (Figure 4C). In contrast, administration of syngeneic BMSCs to C57BL/6

mice during ova sensitization had no effect on the characteristic increase in antigen specific

IgE or IgG1, however, did resulted in a significant increase in the Th1-associated ova-IgG2a

(Figures E4A, E4B, E4C). No significant change in levels of circulating ovalbumin-specific

IgE or IgG1 were observed in sham-ova treated mice that had received either syngeneic or

allogeneic BMSCs compared to naïve mice (Figures 4A-C and Figures E4A, E4B, E4C).

Increases in ova-specific IgG2a were observed in sham-ova treated mice receiving

allogeneic BMSCs whereby, ova-specific responses were generated during the challenge

phase of the experimental protocol.

These results demonstrate that while neither syngeneic nor allogeneic BMSC administration

alters genesis and proliferation of antigen-specific CD4 lymphocytes in vivo, differentiation

of these cells is skewed from a Th2 phenotype towards a Th1 as measured both by release of

IL-4 and IFNγ as well as by patterns of circulating antigen-specific immunoglobulins. The
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promotion of a Th1 phenotype in CD4 lymphocytes was observed in both the Th1 biased

C57BL/6 mouse strain and notably in the Th2 biased BALB/c strain. Differences between

syngeneic and allogeneic BMSC administration on levels of circulating IgE and IgG1 were

observed, however, it is unclear whether this is due to strain differences in production or a

result of the different types of transplants performed.

Systemic administration of syngeneic BMSCs during antigen sensitization has no effect
on Th1-mediated allergic airways inflammation

As MSC administration promotes differentiation of antigen-specific Th1 CD4 T

lymphocytes in this Th2 model of allergic airways inflammation, we questioned what the

BMSCs might do in a model of Th1-mediated allergic airways inflammation in the Th1-

biased C57BL/6 mice. To assess this, we utilized complete Freund’s adjuvant (CFA) rather

than alum to create a model of ova-induced Th1-mediated lung inflammation (Figure 5A).

Administration of BMSCs during ova sensitization had no effect on the characteristic Th1-

mediated increase in BAL fluid neutrophils and lymphocytes (Figure 5B). Notably, BMSC

administration did not increase but rather slightly decreased IFNγ release from antigen-

specific splenic CD4 T lymphocytes (Figure 5C). IL-4 release by antigen-specific CD4 T

lymphocytes was not detected under any experimental condition (data not shown). In

parallel, BMSCs did not alter levels of the circulating antigen-specific Th1 immunoglobulin

IgG2a (Figure 5D). These studies demonstrate that while BMSCs promote a Th1 phenotype

in the setting of an in vivo antigen-stimulated Th2 response in both Th1 and Th2-biased

mouse strains, MSCs do not either augment the Th1-mediated inflammation or promote a

Th2 phenotype in the setting of an antigen-stimulated allergic airways Th1 response in a

Th1-biased mouse.

BMSC inhibition of allergic airways inflammation is partly dependent on IFNγ

Promotion of a Th1 phenotype and production of IFNγ by antigen-specific CD4 T

lymphocytes has been demonstrated to be sufficient for ameliorating Th2-mediated allergic

airways inflammation (26, 42). To determine if amelioration of allergic airways

inflammation by BMSCs was comparably dependent on IFNγ, studies were repeated in

IFNγ receptor null mice (IFNγR−/−), which develop ova/alum-stimulated allergic airways

inflammation comparable in many respects to wild type mice (43, 44). In contrast to strain

control C57BL/6 mice, systemic administration of syngeneic BMSCs during antigen

sensitization of IFNγR−/− mice did not inhibit the ova-stimulated increase in BAL fluid

eosinophils or BAL fluid IL-4, IL-5, or IL-13 content (Figure 6A, C). Another cytokine,

TGFβ1, which has been implicated in generation of allergic airways hyper-responsiveness in

the ovalbumin model (45), was significantly increased by ova/alum treatment in BAL fluid

of both strain control C57BL/6 and IFNγR−/− mice compared to respective naive controls

(Figure 6B). However, while BMSC administration during antigen sensitization decreased

the ova/alum-stimulated increase in BAL fluid TGFβ levels in the C57BL/6 mice, BMSC

administration significantly increased BAL fluid TGFβ in the IFNγR−/− mice (Figure 6B).

While BMSC administration inhibited the increase in histologic inflammation provoked by

ova/alum sensitization and ova challenge in the strain control C57BL/6 mice, histologic

inflammation was not inhibited following BMSC administration to the IFNγR−/− mice

(Figures 6D,E). In contrast to strain control C57BL/6 mice, BMSC administration to the
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IFNγR−/− mice during ovalbumin sensitization increased ova-stimulated IL-4 release from

ovalbumin-specific CD4 T lymphocytes (Figure 7A). However, IFNγ release from ova-

specific CD4 T lymphocytes was not significantly increased in the IFNγR−/− mice,

compared to the increase observed in the C57Bl/6 control mice (Figure 7B). Circulating

ova-specific IgE levels were blunted in the IFNγR−/− mice compared to strain control mice,

however BMSCs had no effect in either cohort (Figure 7C). MSC administration had no

effect on circulating ova-specific IgG1 in either wildtype or IFNγR−/− mice (Figure 7D),

but in contrast to strain control mice in which ova-specific IgG2a is increased in MSC–

treated mice, circulating ova-specific IgG2a was nearly undetectable under all experimental

conditions in the IFNγR−/− mice (Figure 7E). Therefore, the mechanism by which BMSCs

suppress Th2-mediated allergic airways inflammation in this model is thus partly through

development of a Th1 response and the ability of the recipient to respond to IFNγ.

Discussion

Mesenchymal stromal cells are increasingly being found to have potent anti-inflammatory

effects in a wide range of inflammatory and immune-mediated disease models (3-5) .

However, the mechanisms of MSC actions in vivo, particularly those affecting CD4 T

lymphocyte-mediated inflammation, remain poorly understood. Although MSCs can inhibit

CD4 T lymphocyte proliferation in in vitro assays, whether this occurs in vivo remains

unclear. Further, the few published reports evaluating MSC effects on CD4 T lymphocyte

differentiation generally demonstrate that MSCs tend to shift CD4 T lymphocytes towards a

Th2 phenotype both in vitro and in vivo (35, 46). These findings suggest that administration

of MSCs might be either ineffective or could potentially exacerbate immune responses in a

model of Th2 mediated inflammation, such as allergic asthma. As such, it was of particular

interest to investigate the effects of MSCs on the generation and differentiation of antigen-

specific CD4 T cells in a model of Th2-mediated inflammation. Utilizing a mouse model of

ovalbumin-induced Th2-mediated eosinophilic allergic airways inflammation, we found that

systemic administration of either syngeneic or allogeneic BMSCs during antigen

sensitization inhibited both airways hyper-reactivity and lung inflammation through a

mechanism partly dependent on IFNγ. BMSCs promoted a Th1 phenotype in vivo as

assessed by both IFNγ production following antigen-specific CD4 T lymphocyte stimulation

and antigen-specific circulating immunoglobulins, in both the Th1-biased C57BL/6 and

Th2-biased BALB/c mouse strains. As promotion of a Th1 CD4 lymphocyte and

subsequent, IFNγ production can inhibit Th2-mediated allergic airways inflammation (26,

42), BMSCs therefore inhibit Th2-mediated allergic airways inflammation by influencing

antigen-specific CD4 T lymphocyte differentiation and promoting IFNγ production. Further,

the BMSC effects on allergic airways inflammation are dependent on the ability of the

mouse to respond to IFNγ.

To address whether soluble mediators released by the BMSCs played a role in amelioration

of allergic airways inflammation, we utilized BMSCs treated with EDCI to inhibit secretion

of soluble mediators yet preserve cell surface epitopes. Administration of either syngeneic or

allogeneic EDCI-treated BMSCs did not inhibit airways hyper-reactivity or significantly

decrease ova-stimulated histologic inflammation. However, BAL fluid eosinophilia and

levels of Th2 cytokines were reduced similarly to that observed in the mice receiving
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untreated BMSCs. This suggests that cell surface molecules play a role in the BMSC actions

in vivo but that soluble mediators are required for MSCs to exhibit their full suppressive

potential in this model.

MSCs were first identified as an adherent, fibroblast-like population of cells in the bone

marrow and initially identified as colony-forming fibroblasts. Several recent publications

have argued that their immunosuppressive properties are not unique to MSCs, but rather a

fundamental property shared among stromal cells and fibroblasts (47, 48). For example,

fibroblasts derived from a variety of sources including skin, are capable of inhibiting T

lymphocyte proliferation and TNFα and IFNγ production in response to polyclonal

stimulation in vitro (48). To investigate whether fibroblasts could mimic the inhibitory

affects of BMSCs in allergic airways inflammation, we included primary dermal fibroblasts

obtained from skin biopsies from C57BL/6 mice as a cell control. While systemic

administration of these fibroblasts during ova/alum sensitization decreased airways hyper-

responsiveness and levels of Th2 cytokines in the BAL fluid, syngeneic fibroblast

administration did not decrease the number of eosinophils in the airways and conversely

increased the number of peribronchial inflammatory cell infiltrates compared to ova-treated

mice. While we are uncertain as to why fibroblast administration resulted in beneficial

effects for some of the end points investigated, syngeneic fibroblast administration did not

result in comparable overall anti-inflammatory actions and in some cases promoted

inflammation and antigen-specific immune responses. These data correspond to findings in

endotoxin-induced injury in mouse lungs where intratracheal administration of 3T3

fibroblasts did not improve survival or severity of disease as did MSC administration (49).

Precisely how BMSCs induce a Th1 response in vivo in this model remains unclear.

Notably, induction of a Th1 CD4 phenotype was observed in two strains of mice, including

BALB/c mice which are known to exhibit an inherent Th2 bias in response to inflammatory

injuries (50). Administration of either syngeneic or allogeneic BMSCs to sham (ie., PBS)-

treated mice was well tolerated and did not affect any of the measured endpoints of airways

hyper-reactivity, lung inflammation, antigen-specific CD4 T lymphocyte differentiation, or

levels of antigen-specific circulating immunoglobulins, as compared to naïve control mice.

This is an important observation which highlights a specific immunomodulatory role of

BMSCs only under conditions of immune stimulation or disruption. Further, BMSCs

administration to mice with ova/CFA-mediated Th1-mediated allergic airways inflammation

did not worsen the inflammation suggesting that MSCs do not further contribute to a

comparable Th1-mediated allergic airways injury. These data contrast with data in other

experimental models of Th1-mediated inflammatory or immune injury in which MSC

administration decreases injury by promoting Th2 CD4 T lymphocyte differentiation and

demonstrates that MSC effects are dependent on the model utilized. This suggests that the

specific local inflammatory environments both in vitro and in vivo affect MSC actions as has

been recently found in other model systems (51, 52).

It has recently been demonstrated by Nemeth and colleagues that systemic administration of

either syngeneic or allogeneic BMSCs in a ragweed induced model of allergic airways

disease also led to a decrease in airways inflammation as assessed by BAL cytokine levels,

circulating antibodies and histology (53). In contrast to our study where MSCs were
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administered during immunization, MSCs were delivered during challenge, a time when

antigen specific CD4 T cells previously generated during sensitization are re-stimulated. In

this model, no increase in Th1-specific immunoglobulins or levels of IFNγ in BAL fluid was

observed. Rather release of TGFβ from the BMSCs stimulated an increase in T regulatory

cells in the lung with subsequent suppression of allergic airways inflammation. Thus BMSC

administration can decrease airways inflammation when given during either immunization

or challenge, however the mechanism by which they do so differs. This highlights a growing

appreciation of MSCs to “sense” their microenvironment and respond in different ways to

suppress inflammatory and immune responses. Further, administration of dermal fibroblasts

to the ragweed-sensitized mice also partly mimicked the BMSC responses reinforcing the

growing appreciation that stromal cells such as fibroblasts may share some of the

immunosuppressive effects of BMSC.

Syngeneic adipose-derived MSCs (ASCs) have also been described to inhibit both

ovalbumin-induced allergic rhinitis and allergic airways inflammation when administered

during or prior to antigen challenge in previously sensitized mice (54,55). Interestingly, the

mechanisms appear similar to our findings as the ASCs appear to promote a Th1

environment as measured by levels of BAL fluid IFNγ levels and by polyclonally activated

CD4 T lymphocytes recovered from BAL and spleen which stained positively for

intracellular IFNγ. Most recently xenogeneic administration of human bone marrow-derived

MSCs (hBMSCs) during challenge in a mouse model of ova-induced chronic airway

inflammation decreased airways inflammation (56) Although the mechanisms for the

hBMSC effects are not clear, hBMSC administration increased serum IFNγ when in mice

challenged with ova but not saline, indicating that the ability of MSCs to induce IFNγ

release only occurred in the context of an on going inflammatory response.

To further assess the importance of IFNγ in the ability of BMSCs to suppress inflammation

in our model, we utilized IFNγR deficient mice that are known to have an impaired ability to

generate a Th1 inflammatory response. We found that not only do BMSCs induce a Th1

phenotype in CD4 cells which are capable of secreting IFNγ upon antigen stimulation, but

that the ability of the host to respond to IFNγ is necessary to achieve the suppressive effects

exerted by the BMSCs. We are currently working to address the mechanisms by which

BMSCs are inducing Th1 phenotype in CD4 cells as well as which are the critical cell types

which need to be able to respond to IFNγ.

In conclusion, the current study demonstrates that systemic administration of syngeneic or

allogeneic BMSCs during antigen sensitization suppresses allergic airways inflammation in

mice, in part by promotion of Th1 differentiation of antigen-specific CD4 T lymphocytes.

Elucidation of the mechanisms by which MSCs induce a Th1 inflammatory response and

other mechanisms by which the MSCs may be acting in this model is the subject of ongoing

investigations. Due to the timing of administration of the BMSCs during antigen

sensitization, our studies were not designed to serve as a model for BMSC treatment as a

possible therapy for pre-established asthma but rather to investigate the effects of BMSCs on

CD4 T lymphocyte differentiation in a model of Th2-mediated inflammation. Collectively,

our study along with previously published reports whereby BMSCs were administered either

before or during antigen challenge provide a better overall understanding of how MSCs can
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suppress the inflammatory response generated in asthma, beginning with the initial

development of antigen specific T cells, to their suppressive effects on effector functions.

Collectively, these data will be necessary should MSCs be one day used as a therapy for

asthma. Allergic asthma is an immune-mediated inflammatory disease of the lung in which

Th2 CD4 T lymphocytes are central to the pathogenesis. While most patients can be

effectively managed with a combination of medications, commonly β-agonists and inhaled

corticosteroids, approximately 5% of patients have severe refractory disease that is difficult

to treat (54-57). In addition to higher morbidity and mortality, these patients also account for

a disproportionate use of health care resources with estimates of up to 50% of health care

costs associated with asthma being utilized by the 5% of patients with severe refractory

disease. Currently available treatments for severe refractory asthma are either poorly

effective or have significant toxicities and new treatment approaches are thus urgently

needed. (58, 59).
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Figure 1. Systemic administration of syngeneic and allogeneic BMSCs during ova/alum
sensitization inhibits airways hyper-responsiveness and allergic airways inflammation
A) Schematic of experimental studies. B) Airways hyper-responsiveness in syngeneic or C)

Allogeneic BMSC, EDCI-MSC, fibroblast or PBS-treated ova immunized mice as

determined by peak airways resistance responses at each methacholine dose as a function of

% change from resting baseline. D) BAL fluid cell differentials in syngeneic or E)

Allogeneic BMSC, EDCI-MSC, fibroblast or PBS-treated ova immunized mice models.

Data represents percent of total cells counted. F) Syngeneic and G) allogeneic BAL fluid

cytokine levels as measured using luminex multi-bead technology (Bioplex, Biorad,

Hercules, CA). Data depicts means and ± SE from one of 3 similar experiments w/ 6-8 mice

per condition for each experiment. * p<0.05 compared to ova.
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Figure 2. Systemic administration of allogeneic BMSCs during ova/alum sensitization decreases
peribronchial inflammation
A) Representative photomicrographs, stained with hematoxylin and eosin, depicting

histologic inflammation on day 18 for allogeneic models are depicted for each experimental

condition. Arrows designate areas of peribronchial inflammatory cell infiltration. Original

magnification 100X. B) Airways inflammation scoring. Data depicts means and ± SE from

one of 3 similar experiments w/ 6-8 mice per condition for each experiment. * p<0.05

compared to ova.
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Figure 3. Systemic administration of allogeneic BMSCs does not affect antigen-specific CD4 T
lymphocyte proliferation but promotes CD4 Th1 differentiation
A) Schematic of experimental protocol. B) Allogeneic antigen specific CD4 T lymphocyte

proliferation as assessed by 3[H]-thymidine incorporation. C) IL-4 content in conditioned

media from splenic CD4 T lymphocytes isolated from allogeneic model. D) IFNγ content in

conditioned media from splenic CD4 T lymphocytes isolated from the allogeneic model.

Data depicts means and ± SE from one of 3 similar experiments w/ 6-8 mice per condition

for each experiment. * p<0.05 compared to ova.
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Figure 4. Systemic administration of allogeneic BMSCs increases circulating antigen-specific
IgG2a but has no effect on IgGE or IgG1
A) Total IgE from the allogeneic model. B) Ova-specific IgG1 from the allogeneic model.

C) Ova-specific IgG2a from the allogeneic model. Data depicts means and ± SE from one of

3 similar experiments w/ 6-8 mice per condition for each experiment. * p<0.05 compared to

ova.
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Figure 5. Systemic administration of syngeneic BMSCs does not augment Th1-mediated allergic
airways inflammation
A) Schematic of experimental studies. B) BAL fluid cell differentials. Data represent

percent of total cells counted. C) Antigen-specific CD4 T lymphocyte IFNγ production 72

hours after ova stimulation. D) Circulating ova-specific IgG2a levels. Data depict means and

± SE of 1 experiment w/ 4 mice per condition * p<0.05 compared to ova.
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Figure 6. Administration of syngeneic BMSCs does not abrogate allergic airways inflammation
in IFNγR−/− mice
A) BAL cell differentials. Data represent percent of total cells counted. B) BAL fluid

cytokine content. C) BAL fluid TGFβ levels as measured by ELISA. D) Semiquantitative

scoring of histologic peribronchial inflammation. E) Representative histologic inflammation

on Day 18. Arrows designate areas of peribronchial inflammatory cell infiltration. Lungs

sections were stained with hematoxylin and eosin. Original magnification 100X. Values

represent means ± SE of one of 3 similar separate experiments with 5-8 mice studied for

each experimental condition. * p<0.05 compared to ova.
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Figure 7. BMSCs do not promote Th1 phenotype in IFN R−/− mice
A) IL-4 and B) IFNγ content in conditioned media from splenic CD4 T lymphocytes. C)

Total IgE. D) Ova-specific IgG1. E) Ova-Specific Ig2a measured by ELISA from serum.

Values represent means ± SE of one of 3 similar separate experiments with 5-8 mice studied

for each experimental condition. * p<0.05 compared to ova.
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