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Abstract 

Bone marrow transplantation is a valuable treatment option for patients with underlying 

hematological disorders. Unfortunately, complications associated with this course of 

treatment, such as graft versus host disease and graft failure, results in significant 

morbidity and mortality. Current clinical methodology relies mainly on the use of 

corticosteroids and pan-T-cell depletion to restrain these complications, however, their 

global immunosuppressive attributes, toxicity and increased relapse rate of certain 

cancers has prompted the search for improved therapies. The research described herein 

investigates novel cell-based methods that may be used in place of current therapies. 

More specifically, we investigate the use of mutipotent adult progenitor cells (MAPCs) 

and myeloid-derived suppressor cells (MDSC) for ameliorating acute graft versus host 

disease (aGVHD) and the use of mesenchymal stem cells (MSCs) for enhancing bone 

marrow engraftment. For GVHD, we find that both MAPCs and MDSCs have the 

capacity to inhibit allo-T-cell reactions in vitro using two distinct mechanisms. However, 

we find that when these cells are applied to a murine model of aGVHD, only MDSC 

express the appropriate homing molecules that allows them to traffic to sites of allogeneic 

T-cell recognition and activation, and therefore, only MDSC decrease GVHD-related 

mortality when administered i.v. Another major concern following BMT is BM 

engraftment failure. Currently, MSCs are employed in the clinic as means to promote or 

enhance BM engraftment, however, there is no definitive mechanism of action identified 

to be responsible for this effect. We find that MSCs secrete copious amounts of a 

molecule known to have a positive influence on hematopoietic stem cell (HSC) survival 

and proliferation, prostaglandin E2 (PGE2). We show that the secretion of PGE2 by MSCs 

increases the number and differentiation capacity of HSCs and also show that inhibiting 

the production of PGE2 from MSCs by using COX inhibitors reverses these effects. 

These data are the first to define a mechanism of action that MSCs use to promote BM 

engraftment. In conclusion, the cutting edge preclinical research described here has 

advanced the field of cell therapies following BMT and will hopefully be used to design 

clinical regimes aimed at improving the lives of patients in need.  
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INTRODUCTION: 

History of bone marrow transplantation and the recognition of graft versus host 
disease 

The era of BMT began more than half a century ago in 1949 with the observation 

that shielding the spleens of experimental rodents with lead foil from external irradiation 

followed by the infusion of bone marrow cells could rescue animals from radiation-

induced death.1 In these early studies, emphasis was placed on the protective nature of 

BM cells and the success of the transplant was measured by 20 or 30 day survival 

periods. It wasn’t until the mid-1950’s that a secondary cause of mortality was first 

reported. Here, Barnes et al., reported that lethally irradiated mice receiving syngeneic 

(i.e., genetically identical) spleen cells were afforded long-term survival, whereas more 

than half of the mice receiving allogeneic (i.e., genetically disparate) spleen cells 

succumbed to a “wasting disease” before day 100.2 Mice receiving allogeneic cells had 

very distinct clinical manifestations, including severe diarrhea, weight loss, retarded 

growth, liver abnormalities, and skin lesions. Lymphocytes were identified as the 

mediators of these effects by the observation that the severity of these manifestations 

directly correlated with the number of lymphocytes within the graft. In the 1960’s the 

term graft versus host disease (GVHD) was coined by Billingham and Simonsen, and the 

minimum criteria for its development was put forth.3,4 These criteria are: (1) 

immunocompetent donor cells must be transferred to the recipient; (2) there must be 

some degree of histoincompatibility between the donor and recipient; (3) the recipient 

must be incapable of destroying or inactivating the transplanted cells.3 These criteria 

remain as the basis of our understanding of the disease today. 
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The Major Histocompatibility Complex and the allogeneic T-cell response 

Arguably one of the most significant developments in the field of bone marrow 

transplantation was the discovery of the Major Histocompatibility Complex (MHC) 

molecules.  MHC molecules, termed HLA in humans and H-2 in mice, are responsible 

for presenting foreign antigens to T-cells. Aside from the T-cells ability to recognize the 

antigen presented by the MHC as foreign, T-cells can also recognize the MHC itself as 

foreign. In syngeneic bone marrow transplantations, there is perfect histocompatibility, 

meaning the MHC loci are genetically identical between donor and recipient. In this case, 

the donor is fully tolerant of host tissue and there is no elicitation of an immune response 

following transplant. During allogeneic bone marrow transplants, however, differences in 

MHC (termed histoincompatable) are recognized as foreign antigens, which triggers a T-

cell response. It is estimated that up to 10% of T-cells are alloreactive toward a given 

allogeneic MHC molecule.5 This T-cell alloreactivity is responsible for much of the 

morbidity and mortality associated with graft rejection and graft versus host disease. 

MHC molecules can be divided into two main subsets, class I molecules and class 

II molecules. Class I molecules are constitutively expressed by most nucleated cells and 

bind intracellular peptides derived from the cytosol for presentation to CD8+ T-cells. 

These molecules are known as human leukocyte antigens (HLA)-A, -B, and –C in 

humans and H2-K, -D, and –L in mice. Class II molecules are constitutively expressed by 

bone marrow derived APC’s (e.g., macrophages, B-cells, and DCs) and thymic epithelial 

cells, and present peptides to CD4+ T-cells for the initiation of T-helper functions such as 

cytokine production. These molecules are known as HLA-DR, -DP, -and DQ in humans 

and I-A and –E in mice (Figure 1). The variability of the MHC locus is immense. In 
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humans, polymorphisms within HLA-A, -B, and –C result in approximately 1500 

differing alleles.6  These polymorphisms underscore the difficulty in identifying suitable 

donor/recipient pairs that will not induce a strong allogeneic T-cell response.   

Allorecognition can occur via two distinct mechanisms: direct and indirect 

recognition (Figure 2). Direct allorecognition occurs when T-cells recognize and respond 

to differences within the MHC molecules themselves. During GVHD, direct 

allorecognition would be achieved by donor T-cells interacting with host APCs 

expressing disparate MHC on their surface. Although there is still some debate regarding 

the contribution of the presented peptide, it is generally believed that both peptide-

independent and peptide-dependent allorecognition occur.7 The degree of difference in 

MHC molecules between donor and host are thought to influence which factor plays the 

dominant role in recognition. For example, when the MHC is closely matched between 

donor and host, it is thought that much of the alloreactivity is directed toward epitopes of 

endogenous peptides presented on foreign MHC, however this becomes less peptide-

dependent as the MHC becomes more disparate.8 In contrast to this, the indirect pathway 

of allorecognition is entirely peptide-dependent. During GVHD, donor allospecific T-

cells can recognize alloantigens shed from the host which are processed and presented by 

donor APCs in association with MHC class II molecules. This indirect allorecognition 

pathway is mediated by CD4+ T-cells, and because alloantigen must be processed before 

being displayed by donor APCs, it is generally slower compared to the direct route of 

recognition.9 

Adding to the complexity, even when a donor and host are matched for each 

MHC allele, differences in other proteins, known as minor histocompatibility antigens 
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(mHags), can lead to GVHD or graft rejection. Although any protein with a 

polymorphism can theoretically act as a mHag, T-cell responses in mice identified to date 

seem to be restricted to only a few epitopes, which are called immunodominant 

epitopes.10 Probably the most studied mHags in relation to BMT are the male-specific H-

Y antigens. Because the Y antigen is considered ‘foreign’ to female lymphocytes, it is 

well known that an appreciable alloresponse can occur in up to 50% of male recipients of 

female BM.11  

 

Dissection of acute graft versus host disease (aGVHD) 

I. Incidence and diagnosis of aGVHD 

GVHD remains as a major complication following allogeneic BMT. Historically, 

aGVHD is defined as having occurred within 100 days of BMT and has distinctive 

pathological features usually afflicting the skin, liver and gut. This is opposed to chronic 

GVHD, which most often occurs >100 days post BMT and is characterized by 

multiorgan ‘autoimmunity’. The incidence of aGVHD ranges from 26-32% in recipients 

of sibling donor BM and 42-52% in recipients of unrelated donor BM.12 In 1974, 

Glucksberg established a clinical grading system for aGVHD that helped physicians 

diagnose the severity of the disease.13 Confirmation of this diagnosis is performed 

through histological analysis of affected tissue for the presence of lymphocytic infiltrates 

and apoptotic and necrotic tissue. Our laboratory has established a similar histological 

grading system used to diagnose severity of aGVHD in experimental mice.14 Here, Grade 

0 indicates no acute GVHD; Grade 1 is mild aGVHD with minimal lymphocyte 
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infiltration in target organs; Grade 2 is moderate multi-organ disease; Grade 3 is severe 

multi-organ dysfunction; Grade 4 is life threatening multi-organ dysfunction.  

 

Pathophysiology of aGVHD 

Graft versus host disease has been described as a multi-phase phenomenon, which 

starts with host tissue damage leading to donor T-cell activation and target-tissue 

destruction by effector cells. The availability of inbred mice has made it possible to 

elucidate the mechanisms that we now understand to directly and indirectly contribute to 

aGVHD.   

Phase I: Preconditioning-induced damage of the host. 

Damage to the host epithelium, either from underlying disease or from chemo- or 

radio-therapy, incites a massive ‘cytokine storm’ which causes increased expression of 

molecules known to attract or activate donor T-cells. For example, it is well documented 

that there is a linear association of increased dosages of radiation with increased 

concentrations of proinflammatory cytokines such as TNF-α and IL-1, and also widely 

upregulated surface expression of costimulatory molecules and MHC antigens.15 It is also 

noted that radiation damage to host epithelial cells lining the gastrointestinal tract induces 

apoptosis and allows for the translocation of microbial products into circulation.16 

Together, these processes serve to further amplify the activation state of host APCs and 

set the stage for the next phase of the cycle.    
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Phase II: Donor T-cell activation, cytokine secretion, and trafficking to target tissue. 

The second phase of aGVHD is manifested by the activation of infused donor T-

cells. In the setting of allogeneic BMT, donor T-cell activation occurs when T-cells 

recognize foreign MHC molecules presented on host APCs or peptides of host MHC 

molecules presented on donor APCs (as outlined above).  

Costimulatory signals are also needed for maximum activation of T-cells. There 

are two major superfamilies of costimulatory molecules: 1) CD28 family members 

include CD28, cytotoxic T-lymphocyte antigen 4 (CTLA-4), inducible costimulatory 

(ICOS), and programmed death-1 (PD-1); 2) TNF receptor family members include 

CD40 ligand (CD154), 4-1BB (CD137), OX40 (CD134), and herpesvirus entry mediator 

(HVEM). While interaction of most of these molecules with their ligands located on 

APCs results in positive costimulation, at least two of these, CTLA-4 and PD-1, produce 

a negative costimulatory signal that results in an immune-dampening effect. Great effort 

has been made to determine the effects of blocking positive costimulatory signals or 

augmenting negative costimulatory signals for GVHD prevention.  

Recognition of foreign MHC molecules and appropriate costimulatory molecules 

induces CD4+ T-cells to secrete pro-inflammatory TH1 cytokines such as IFN-γ, IL-2, 

and TNF-α.17 These cytokines, together with other pro-inflammatory chemokines, further 

amplify the immune response toward allo-antigens which leads to an increase in the 

surface expression of molecules known to be involved in cellular trafficking. After 

priming and activation in the secondary lymphoid organs (spleen and LN), donor T-cells 

migrate to GHVD target tissues to cause tissue destruction. Expression of distinct homing 



7	  
	  

molecules (selectins, integrins, and chemokines)  direct the trafficking to specific target 

organs.18 For example, the expression of the chemokine CCR6 on donor CD4+ T-cells 

targets them to the gut and skin, while the expression of CXCR3 or CCR2 on donor 

CD8+ T-cells targets these cells to the gut and liver in murine models.19-21 Once they have 

arrived at their target, these T-cells complete the cycle by eliciting considerable tissue 

destruction.  

 

Phase III: Target tissue destruction. 

T-cells employ multiple effector mechanisms to cause GVHD. First, CD4+ T-cells 

can induce tissue damage in a contact-independent manner through the secretion of pro-

inflammatory cytokines such as TNF-α and IL-1. Upon their activation through donor or 

host APCs, they produce high concentrations of these molecules, which induces 

apoptosis and necrosis of host epithelium.22 Although, clinical studies using anti-TNF-α 

mAbs have shown promise in reducing aGVHD, especially when gastrointestinal 

involvement is prominent, the vast majority of these patients develop viral, bacterial, and 

fungal infections, which limit their use.23,24 

Secondly, CD8+ T-cells and NK cells induce direct cell-cell mediated tissue 

damage through perforin/granzyme and Fas/FasL pathways. After allorecognition and 

activation, effector cells secrete the pore-forming molecule, perforin, into the cell 

membranes of target cells. This acts as a gateway that allows for the entrance of the 

serine protease, granzyme B. Catalytically active granzyme B cleaves BCL-2 family 

proteins, which results in the loss of mitochondrial membrane integrity and release of 
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cytochrome c, and finally, DNA fragmentation and apoptosis of the target cell.25 

Fas/FasL (CD95/CD95L) are members of the TNF-receptor superfamily. Fas expression 

on host tissue is increased in response to IFN-γ and TNF-α.26 Fas becomes activated 

upon binding to FasL expressed on donor T-cells, which induces the formation of a 

death-inducing signaling complex (DISC) and subsequent activation of caspases and 

apoptosis of target cells.27 

Each of these three phases has the potential to amplify the next and to feedback 

into previous stages resulting in a continuous cycle that leads to the clinical features of 

aGVHD (outlined in figure 3). 

 

Methods of preventing aGVHD in mouse and man 

Understanding the pathophysiology of aGVHD allows us to uncover new 

pathways that may be exploited to treat or prevent this disease. Next, I will outline some 

of the techniques used in experimental mice and in the clinic designed to target these 

specific pathways.  

The GVHD cascade starts with damage to gut epithelium and release of microbial 

products into systemic circulation. This may be the most straightforward point of 

intervention and can be accomplished in a number of ways: 1) reducing irradiation, 2) 

reducing the load of bacteria in the GI tract, and 3) strengthening the epithelial cell 

barrier prior to preconditioning.  Less intense irradiation doses have, in fact, proven 

effective in reducing GVHD in animal models. Hill et al., showed that when irradiation 

dosage was decreased from 1,300 cGy to 900 cGy, there was decreased macrophage 
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priming due to less LPS-leakage from the GI tract. This resulted in significantly lower 

concentrations of pro-inflammatory TNF-α and less severe GVHD.15 Secondly, studies 

using germ-free or completely decontaminated rodents showed that the absence or 

complete elimination of intestinal microflora prevented the development of aGVHD in 

allogeneic recipients.28,29 To add to this, a retrospective clinical study was performed to 

determine the influence of intestinal bacteria decontamination on the occurrence of grade 

II-IV aGVHD.30 After analysis of 194 patients, it was determined that patients with 

sustained growth suppression of, or completely decontaminated of anaerobic bacteria 

microflora had a markedly reduced risk of aGVHD.30 Finally, growth factors such as 

keratinocyte growth factor (KGF) have been shown to prevent GI tract damage and 

subsequent inflammatory response. When KGF was given in an allogeneic murine BMT 

model, KGF-treated mice exhibited a significantly increased survival rate compared to 

untreated mice.31 Upon histological analysis, it was found that treated mice had reduced 

tissue damage in nearly all aGVHD-target organs.31 

TNF-α contributes to aGVHD progression in a number of ways. TNF-α activates 

APCs and donor T-cells, induces the expression of adhesion molecules and chemokines 

on host epithelium which promotes donor T-cell migration, and finally causes direct 

tissue damage by inducing apoptosis and necrosis.22 It is not surprising, therefore, that 

methods have been developed to block TNF-α signaling with the hopes of halting 

aGVHD progression. One study in mice using a rat/mouse chimeric monoclonal antibody 

against TNF-α showed that CD4+ T-cell mediated aGVHD was significantly improved 

(MST= 13 days control antibody vs. 100% survival in anti-TNF-α  treated), while there 

was only a moderate effect on CD8+ T-cell mediated aGVHD (MST= 29 days in control 
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antibody treated vs. 48 days anti-TNF-α  treated).32 Importantly, this study also 

demonstrated that anti- TNF-α therapy still allowed for an effective GVL response. 

Another chimeric mouse/human anti-TNF-α  mAb (Infliximab) that blocks the 

interaction of TNF-α with its receptor and also causes lysis of TNF-α-producing cells has 

been produced for clinical purposes. Retrospective studies have been performed to 

determine the efficacy of Infliximab in minimizing the severity of aGVHD. Couriel and 

colleagues reported that 59% of 32 patients treated with Infliximab for steroid-refractory 

aGVHD had a complete response.33 Unfortunately, because Infliximab also causes lysis 

of monocytes, there is an increased incidence of infections associated with its use.  

Lastly, methods used to inhibit T-cell effector mechanisms have also been 

examined. One of the most studied of these is Fas/FasL pathway. Miwa et al. showed that 

administration of anti-Fas-L inhibitory mAb reduced GVHD-related weight loss and 

mortality in a P-F1 murine model of semi-allogeneic BMT.34 Furthermore, when donor 

T-cells were isolated from B6 mice unable to express a functional ligand for Fas 

(gld/gld), GVHD lethality was completely abolished.34 Taken together, these data 

demonstrate that by targeting specific mechanisms known to operate in the 

pathophysiology of aGVHD, we can have a positive impact on the outcome and severity 

of the disease.  
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Graft versus tumor effect 

The first attempt to treat leukemia in mice using radiation therapy was performed 

using high dose radiation and syngeneic BM.35 The authors immediately observed a 

recurrence of leukemic relapse and went on to postulate that a graft having a reaction 

against the leukemia may be needed. This graft versus leukemia (GVL; or graft versus 

tumor, GVT) theory was confirmed in 1979 when it was shown that human leukemia 

patients that underwent BMT were less likely to suffer relapse if they presented with 

aGVHD.36 Furthermore, genetically identical twins that underwent BMT, and patients 

receiving T-cell depleted bone marrow grafts both demonstrated a reduced incidence of 

aGVHD, but an increased risk of leukemic relapse.37,38 The evidence that GVT effect can 

occur independently of GVHD was described by Ringden et al. when he published a 

retrospective study of over 6000 BMT’s over a 13 year period.39 Here, he showed that 

recipients of bone marrow from HLA-identical siblings that had not presented with 

aGVHD had a lower risk of relapse and a better leukemia-free survival than recipients of 

autologous grafts.39 Donor natural killer (NK) cells also exhibit GVT activity. Studies in 

this arena revealed that adoptive transfer of Ly49-mismatched, MHC-matched NK cells 

reduced pulmonary tumor burden while presenting with less GVHD.40 Another study 

performed here at the University of Minnesota evaluated the use of NK cells for tumor 

therapy in a non-transplant setting. In this clinical trial, patients with acute myeloid 

leukemia were given infusions of NK cells from HLA-haploidentical related donors 

following a preparative regimen that included high-dose cyclophosphamide and 

fludarabine.41 Results showed that 5 of 19 patients achieved a complete remission with no 
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sign of GVHD.41 In light of these studies, research is now focused on augmenting 

beneficial GVT reactions, while dampening unwanted GVHD. 

 

Cellular therapy for the prevention or amelioration of GVHD and enhancement of 

bone marrow engraftment 

Although the corticosteroids prednisone and methylprednisone remain the first-

line therapy for GVHD, their global immunosuppressive characteristics, toxicity, and the 

development of corticosteroid resistant forms of GVHD have set the foundation for the 

advancement of novel cell-based approaches that may be used in place of, or possibly in 

conjunction with, current methodology. In the next few sections, I will outline some of 

the key features of two well-defined suppressor cell types (regulatory T-cells and 

mesenchymal stem cells) as they relate to the treatment of acute GVHD and bone marrow 

graft failure. I will also introduce two additional cell types with suppressive capabilities 

that will be discussed in detail in chapters 2 and 3 (multipotent adult progenitor cells and 

myeloid-derived suppressor cells, respectively). 

Regulatory T-cells 

One cannot have a comprehensive discussion on the topic of cells with suppressor 

function without the inclusion of regulatory T-cells, or Tregs. Tregs are a subpopulation 

of CD4+ T-cells that constitutively express the interleukin-2 receptor α-chain (CD25). 

These cells account for 5-10% of the normal CD4 T-cell compartment in mice and 

humans, and are phenotypically distinguished from activated CD4 T-cells (which also 

transiently express CD25) by the co-expression of the transcription factor FoxP3.42  Tregs 
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are defined by their ability to mediate suppression of conventional CD4+ or CD8+ T-cells 

by preventing their activation and inducing anergy, which subsequently leads to limited 

effector functions in vivo.43,44 In fact, mice harboring a loss-of-function mutation in the 

gene FoxP3 are unable to restrain autoreactive T-cells and present with CD4 T-cell 

lymphoproliferative disease resulting from defective maintenance of T-cell tolerance.42 

The functional properties of Tregs appear to vary depending on the effector response 

being regulated, but cell surface molecules such as CTLA-445, Glucocorticoid-induced 

tumor necrosis factor receptor (GITR)46, and PD-147, and suppressive cytokines such as 

IL-1048 and transforming growth factor-beta (TGF-β)49 have all been implicated as 

various mechanisms of action.  

It wasn’t long before it was realized that Tregs might be beneficial for prevention 

of GVHD. Accordingly, it was determined that when using either a partial or complete 

MHC-mismatched donor-recipient pair, Treg depletion from the donor innoculum or the 

host accelerated GVHD, while Treg repletion inhibited GVHD lethality.50,51 Importantly, 

when Tregs were provided after the onset of the disease, they produced similar protective 

effects, indicating they may be used to ameliorate ongoing GVHD.52 The mechanism of 

action of Tregs in this setting was elucidated further when it was shown that the 

population of Tregs responsible for these observations expressed the homing receptor L-

selectin (CD62L). Here, the purified CD62L+ subpopulation of Tregs efficiently migrated 

to the lymph nodes where they restricted the expansion of alloreactive T-cells and 

enhanced survival of recipient mice, whereas the CD62L- subpopulation had no such 

properties.53 These studies also reaffirmed the previously held belief that the secondary 
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lymphoid organs are the primary site of allopriming and alloactivation of donor T-cells, 

and are therefore critical for GVHD progression.  

The next important step forward for the application of Tregs in a clinical setting 

was to determine their effects on Teffector cells within the context of a tumor. As 

discussed above in detail, the ultimate goal of GVHD therapy is to dampen or eliminate 

the negative effects of GVHD while, at the same time, preserving the ability of allogeneic 

Teffector cells to eradicate residual tumor cells. Edinger et al. showed that when mice 

were given luciferase-tagged allogeneic A20 leukemia cells along with conventional 

GVHD-causing T-cells and Tregs, GVL activity was preserved with reduced GVHD.54 

This finding indicated that Tregs were capable of separating the beneficial effects of 

GVL from the detrimental effects of GVHD. The authors went on to determine that in 

this instance, perforin-mediated killing and FAS-FASL interactions were responsible for 

the observed GVL effects.54 

The same T-cell inhibitory properties that allow Tregs to inhibit GVHD also 

allows them to influence donor bone marrow cell engraftment. Several reports have 

shown that Tregs promote donor cell engraftment in semiallogeneic (B6>B6D2F1) and 

fully MHC-mismatched models (B6>BALBc).53,55-57 More specifically, work performed 

in our lab using a fully mismatched murine model of host-mediated graft rejection has 

shown that engraftment was significantly improved upon the addition of either donor-

derived or host-derived Tregs.53 In this model, sub-lethal irradiation of the host allows for 

residual T-cells to recognize and reject donor alloantigen by day 35 post transplant.53 

When mice were given as little as 3.5x106 CD62Lhigh Tregs, engraftment of donor bone 
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marrow was stable, multilineage, and long term (>3 months)  in 10 out of 10 mice 

examined.53  

Based on these exciting findings using animal models of BMT, clinical trials have 

begun to determine the maximum tolerated dose of CD4+CD25+ Tregs that can be safely 

administered to patients undergoing HLA-identical sibling donor peripheral blood 

progenitor cell transplantation.58 Secondary outcome measures taken in this study are to 

evaluate the incidence of acute and chronic GVHD, relapse, and survival after the 

administration of Tregs.58 In terms of assessing engraftment promotion, another phase I 

clinical trial is underway in which umbilical cord blood-derived Tregs are to be co-

administered with umbilical cord blood progenitor cells.59 Here, in addition to 

determining the maximum tolerated dose of  Tregs capable of being administered, 

secondary outcome measures will determine the proportion of patients with sustained 

donor engraftment.59 Results from these trials will establish whether the protective effect 

of Tregs, as demonstrated in experimental systems, can be effectively translated to a 

clinical setting.  
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Mesenchymal Stem Cells 

Mesenchymal stem cells (ie, mesenchymal stromal cells, MSC) are a 

heterogeneous, nonhematopoietic, multipotent cell population capable of generating a 

wide variety of cells. MSCs have been isolated from a number of animals including 

human, mouse, rat, and sheep. The main source of MSC is the bone marrow, where they 

represent approximately 0.01-0.001% of mononuclear cells60, but have also been isolated 

from umbilical cord blood61, adipose tissue62, peripheral blood63, lung64, and fetal liver65. 

Unfortunately, there are no specific cell surface markers that can be used to prospectively 

isolate MSCs and therefore isolation methods rely on their ability to adhere to plastic 

tissue culture dishes and propagate in vitro. Generally speaking, after a 3-4 week 

isolation period, MSCs express a number of cell surface antigens such as CD105 (SH2 or 

endoglin), CD73 (SH3 or SH4), CD106, CD34, CD166, CD44, Sca1 and CD29.66 They 

lack the expression of common hematopoietic and endothelial markers such as CD90, 

CD11b, CD14, CD31, and CD45.66 More commonly, MSCs are defined using functional 

criterion that requires them to be capable of differentiating in vitro into bone, fat, and 

cartilage.  

Numerous experimental models highlight the immune-dampening effects of MSC 

in vitro. In these studies, MSCs suppressed T-cell proliferation induced by a variety of 

stimuli, including nonspecific mitogenic stimuli, allogeneic stimuli, and memory cell 

recognition of cognate antigen.67,68 Most studies indicate that cell-cell contact was not 

necessary for suppression to occur.  Soluble factors such as prostaglandin E2 (PGE2), IL-

10, TGF-β, hepatocyte growth factor (HGF) and also the depletion of the essential amino 

acid tryptophan by the enzyme indoleamine 2,3-dioxygenase (IDO) have been described 
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to participate in suppression.67,69,70 In vivo application of MSCs for the suppression of 

GVHD in rodent models have resulted in somewhat conflicting data. While most reports 

cite a reduction in the occurrence or severity of GVHD, at least one report shows that 

MSCs had no clinical benefit on the incidence or severity of GVHD in mice.71 Although 

the MSCs used here possessed immune suppressive properties in vitro, when the cells 

were applied in vivo they were found to have migrated to the bone marrow, and only very 

few had established themselves within the LN and spleens.71 This suggested that the 

ability of MSCs to influence GVHD may not only depend on their suppressive properties 

in vitro, but also on their capacity to traffic to sites of allorecognition and allopriming of 

donor T-cells. 

Clinical trials using human MSCs for the treatment of GVHD are at various 

stages of completion. Lee et al. was the first to report that the injection of MSCs 

following T-cell depleted HLA haplotype-mismatched BMT not only suppressed GVHD 

following transplant, but also enhanced engraftment, and accelerated immune 

reconstitution.72 Another completed trial was performed by the European Group for 

Blood and Marrow Transplantation Consortium for patients with steroid-resistant, severe, 

acute GVHD.73 This group of clinicians treated 55 patients with bone marrow-derived 

MSCs at doses of 0.4-9x106 cells per kg bodyweight in one or multiple doses (up to 5). 

They found that 39 patients (71%) responded to treatment with MSCs; 30 of these 

patients had a complete response with no signs of GVHD, while 9 patients had a partial 

response.73 Importantly, third party MSCs were as effective at producing a response as 

HLA-identical or haploidentical MSCs, indicating that third party MSCs can be selected 

for their immune suppressive properties and stored for the infusion of multiple patients 
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regardless of haplotype.73 Another phase II clinical trial using a patented mixture of 

MSCs, termed PROCHYMALTM, isolated from the bone marrow of healthy adult donors 

to treat patients with newly diagnosed acute GVHD has recently been completed.74 Here, 

it was reported that 29 of 31 patients (94%) had a positive response after receiving two 

infusions of MSCs, and 23 patients (74%) achieved a complete response with total 

clinical resolution of the disease.75 These highly encouraging results have prompted a 

phase III study currently underway to evaluate the efficacy of using PROCHYMALTM to 

treat pediatric patients with steroid-refractive acute GVHD.76 In a recently issued release 

from Osiris Therapeutics Inc. it was stated that children receiving PROCHYMALTM had 

an overall response rate of 63% compared with 36% of patients receiving placebo.77 This 

resulted in a 30-point improvement in 100 day survival compared to placebo (79% vs. 

50%).77  

Although initial results regarding the use of MSCs to treat GVHD are promising, 

there have been conflicting results in terms of their ability to retain a GVL effect. Ning et 

al. treated 30 patients with hematological malignancies undergoing allogeneic BMT with 

HLA-identical donor derived MSCs. They found that only 10% of patients receiving 

MSCs developed grade II acute GVHD, compared to 53% of patients in the untreated 

group.78 However, when they compared the relapse rate of treated versus untreated 

patients, they found there was a significant increase in patients given MSCs (60% vs. 

20%).78 While this study reinforced the idea that MSCs could have a beneficial impact on 

GVHD, it also cautioned their use in patients with underlying malignancies.    
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Multipotent Adult Progenitor Cells 

Multipotent adult progenitor cells (MAPCs) are unique cells found in human and 

rodent postnatal bone marrow, muscle, and brain.79 These cells are selected for by 

depleting adult bone marrow of hematopoietic cells expressing CD45 and glycophorin-A, 

followed by long term culture on fibronectin with the addition of epidermal growth factor 

(EGF) and platelet-derived growth factor (PDGF), all under low serum conditions. A 

homogenous population of MAPCs emerge from this culture after a period of about 3-4 

months. Like embryonic stem (ES) cells, MAPCs express Oct-4, Rex-1, and SSEA-1, and 

when isolated from a rodent require the presence of leukemia inhibitory growth factor 

(LIF) in the culture media. MAPCs do not, however, express classical hematopoietic 

stem cell markers such as CD34 and c-kit, nor do they express MHC class I or MHC 

class II antigens. Surface markings show that a single MAPC can differentiate into cells 

representing all three germ layers in vitro and in vivo. This includes MSCs that produce 

cells of the limb-bud mesoderm derivation (osteoblasts, chondrocytes, adipocytes), 

endothelial cells which express vWF and CD31, and also cells of endodermal 

(hepatocytes being HNF1+ and albumin+) and ectodermal (neurons being GFAP+ and 

NF200+) origin.79,80 Upon injection of MAPC’s into irradiated (250 cGy) NOD/SCID 

mice, high levels of MAPC engraftment and differentiation were observed in 

radiosensitive organs known to be primary targets of GVHD (i.e., intestinal epithelium 

and liver).80 Furthermore, it was found that MAPCs express telomerase and have long 

telomeres that do not shorten after a period of over 80 population doublings,80 indicating 

that these cells do not undergo proliferative senescence. These features of MAPCs make 
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them an ideal cell type for the prevention or treatment of aGVHD. I will explore this 

possibility in depth in chapter 2. 

 

Myeloid-Derived Suppressor Cells 

Early studies of Bronte and colleagues described a suppressor cell population 

capable of inducing apoptosis of tumor-reactive cytotoxic T-cells.81 In this report, it was 

shown that the depletion of CD11b+Gr1+ cells from tumor-bearing mice completely 

restored the capacity of these T-cells to mount a cytolytic reponse.81 Morphologically, 

these suppressor cells are composed of a mixture of myeloid cells such as granulocytes, 

monocytes, and macrophages, and also myeloid precursor cells and were later given the 

classification of myeloid-derived suppressor cells (MDSCs). Since Bronte’s seminal 

publication, there has been a flurry of primary research articles that demonstrate a clear 

linear association of MDSC number with tumor progression. In a wild type mouse, 

MDSCs represent approximately 2-4% of all nucleated splenocytes, whereas in tumor-

bearing mice as much as 50% of the total splenocytes may be MDSCs.82 The 

accumulation of these cells in tumor-bearing hosts suppresses antigen specific T-cell 

responses and therefore contributes to the failure of immune therapy in these patients. 

Although a number of mechanisms have been linked to the suppressive ability of these 

cells, including the production of TGF-β83 and reactive oxygen species84, the catabolism 

of the amino acid L-arginine appears to play a dominant role.85  

L-arginine serves as a substrate for two distinct enzymes: nitric oxide synthase 

(NOS) and arginase. The catabolism of L-arginine by NOS produces nitric oxide (NO) 
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and citrulline. However, when L-arginine is present in low concentrations, NOS will 

produce more superoxide (O2
-).86 Superoxide can spontaneously be converted to H2O2 

and oxygen, or combine with nitric oxide to form peroxynitrite (ONOO-). Peroxynitrite is 

an oxidant that can inhibit T-cell activation, induce apoptosis and injure host 

epithelium.86 Studies by Gabrilovich et. al., implicated peroxynitrite-mediated 

mechanism for  T-cell inhibition by MDSCs in tumor bearing mice.87 Arginase is a major 

enzyme in the urea cycle and catalyzes the hydrolysis of L-arginine to urea and L-

ornithine. Rodriguez et. al., has demonstrated that when arginase-1 activity is increased 

and L-arginine availability is reduced, CD3ζ expression on T-cells is diminished, leaving 

the T-cells unable to respond.85 Increased arginase activity in MDSCs results in local 

depletion of L-arginine and the accumulation of the byproduct urea. The combination of 

these effects is to alter the translation of mRNA in other cell types through kinase 

pathways involving general control non-depressible 2 (GCN2). The decrease in amino 

acid concentrations as a result of arginase activity results in an increased amount of 

uncharged tRNA, which subsequently activates GCN2.88,89 GCN2 binds to uncharged 

tRNA and acts as a sensor for amino acid starvation and reacts to this by phosphorylating 

the serine residue at position 51 of the α-subunit of eukaryotic translation initiation factor 

2 (EIF2α), and P-EIF2α turns off protein synthesis by impeding translation.88-90 

These findings have led many to hypothesize that multiple types of cancers have 

evolved to utilize MDSCs as a means to evade T-cell-mediated clearance. While these 

cells represent a significant barrier to tumor-immunotherapy, the induction or isolation of 

these cells could signify a powerful tool useful in the control of autoimmunity, transplant 
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rejection, and GVHD. The use of MDSCs that have been generated from wild-type bone 

marrow as cellular therapy for aGVHD will be discussed in detail in chapter 3. 

 

 

Thesis Statement 

Any person with an immune or hematopoietic deficiency or pathology or that has 

a hematopoietic compartment which lacks the ability to produce an essential enzyme is a 

candidate for a bone marrow transplant (BMT). According to the National Marrow Donor 

Program (NMDP), there are approximately 20,000 BMTs, syngeneic and allogeneic, 

performed annually world-wide (the most common diseases requiring a BMT are 

included in figure 4). Although this is a proven life-saving procedure, it is not without 

significant risks. The focus of this dissertation is to identify new suppressor cell types 

that may hold clinical benefit for the treatment of aGVHD and the promotion of bone 

marrow engraftment. In the chapters that follow, I will employ the use of a fully MHC-

mismatched model of murine allogeneic BMT. Chapter 2 explores the use of Multipotent 

Adult Progenitor Cells (MAPCs) for amelioration of aGVHD, and highlights the 

importance of cellular trafficking to T-cell priming sites to obtain the desired effects. In 

chapter 3, I discuss a novel culture method that I developed to generate myeloid-derived 

suppressor cells (MDSCs) from tumor-free mice. These MDSCs are then tested for their 

ability to inhibit allogeneic T-cell responses in vitro and in vivo, and the mechanism of 

action these cells use for suppressor function is determined. Lastly, in chapter 4, I use 

mesenchymal stromal cells (MSCs) as a means to promote bone marrow engraftment. It 
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is widely accepted that MSCs have the ability to promote engraftment in rodent models 

and in the clinic. However, the mechanism behind this phenomenon is still debated. We 

identify the soluble molecule prostaglandin E2 (PGE2), which is secreted from MSCs, as 

the main factor responsible for mediating these beneficial effects. Collectively, the data 

presented in this thesis will shed light on novel cellular methods that one day may be 

used in a clinical setting to ameliorate the negative side effects of allogeneic BMT. 
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Chapter 2 

 

 

Multipotent Adult Progenitor Cells (MAPC) can suppress graft-versus-

host disease via prostaglandin E2 synthesis and only if localized to sites 
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Foreward 
  

 
Multipotent adult progenitor cells (MAPCs) are non-hematopoietic stem cells capable of 

giving rise to a broad range of tissue cells. As such, MAPCs hold promise for tissue 

injury repair post-transplant. In vitro, MAPCs potently suppressed allogeneic T cell 

activation and proliferation in a dose-dependent, cell contact-independent and 

Tregulatory cell independent manner.  Suppression occurred primarily through 

prostaglandin E2 (PGE2) synthesis in MAPCs, which resulted in decreased 

proinflammatory cytokine production. When given systemically, MAPCs did not home to 

sites of allopriming and did not suppress GVHD. To ensure that MAPCs would co-

localize with donor T cells, MAPCs were injected directly into the spleen at BMT. 

MAPCs limited donor T cell proliferation and GVHD-induced injury via PGE2 synthesis 

in vivo. Moreover, MAPCs altered the balance away from positive and toward inhibitory 

costimulatory pathway expression in splenic T cells and antigen presenting cells (APCs). 

These findings are the first to describe the immunosuppressive capacity and mechanism 

of MAPC-induced suppression of T cell alloresponses and illustrate the requirement for 

MAPC co-localization to site of initial donor T cell activation for GVHD inhibition. Such 

data have implications for the use of allogeneic MAPCs and possibly other 

immunomodulatory non-hematopoietic stem cells for preventing GVHD in the clinic.  
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Introduction 

  
The wider application of BMT has been limited, in part, by graft-versus-host 

disease (GVHD) complications. Human and mouse mesenchymal stem cells (MSCs) 

have been shown to suppress allogeneic-induced and nonspecific mitogen-induced T cell 

proliferation in vitro (reviewed in detail 91,92). Implicated suppressive mechanisms have 

included IL-10 93, TGF-β, hepatocyte growth factor 67, indoleamine 2,3 dioxygenase 

(IDO) 94, nitric oxide 95, prostaglandin E2 69, increased Tregulatory cells (Tregs) 96, and 

activation of the PD-1 negative costimulatory pathway 97. In vivo, there have been 

conflicting data regarding the potential of Mesenchymal Stem Cells (MSCs) to suppress 

GVHD 98,99,71.  

Multipotent adult progenitor cells (MAPC) are non-hematopoietic stem cells that 

can be co-purified with MSCs from bone marrow cells. MAPCs express the pluripotent 

state-specific transcription factors Oct-3/4 and Rex1, and can differentiate into cell types 

representative of all three germ layers 79,80; thus, MAPCs are generally believed to be a 

more primitive cell type than MSCs. MSCs kept for prolonged periods in culture tend to 

lose their differentiation capabilities and undergo senescence at ~20-40 population 

doublings 100,101. In contrast to MSCs, MAPCs have an average telomere length remained 

constant for up to 100 population doublings in vitro 80. Based upon their differential 

potential and reduced senescence, MAPCs have been considered as a potentially 

desirable non-hematopoietic stem cell source for use in allogeneic BMT.  

In this study, we sought to determine whether MAPCs might be useful for GVHD 

prevention.  We demonstrate that murine MAPCs are potently immune suppressive in 

vitro and can reduce GVHD lethality in vivo when present in the spleen, a site of initial 
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allopriming, early post-BMT. Furthermore, we identify the mechanism of action MAPCs 

employ to elicit T cell inhibition and reduce GVHD-induced tissue injury in vivo.   

 

Materials and Methods 

 

Mice. BALB/c (H2d), C57BL/6 (H2b)(termed B6) or B6-Ly5.2 (CD45 alleleic) mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME) or the National Institute of 

Health (Bethesda, MD).  B10.BR (H2k) mice were purchased from The Jackson 

Laboratory. All mice were housed in specific pathogen-free facility in microisolator 

cages and used at 8-12 weeks of age in protocols approved by the Institutional Animal 

Care and Use Committee.  

 

MAPC isolation and culture. MAPCs were isolated from B6 and BALB/c mice BM as 

described80. Briefly, BM was plated in DMEM/MCDB containing 10ng/ml EGF (Sigma-

Aldrich, St.Louis, MO), PDGF-BB (R&D systems, Minneapolis, MN), LIF (Chemicon 

International, Temecula, CA), 2% FCS (Hyclone, Waltham, MA), 1x selenium-insulin-

transferrin-ethanolamine (SITE), 0.2mg/ml linoleic acid-BSA, 0.8 mg/ml BSA, 1x 

chemically defined lipid concentrate, and 1x α-mercaptoethanol (all from Sigma-

Aldrich). Cells were placed at 37C in humidified 5% O2, 5% CO2 incubator. After 4 

weeks, CD45+ and Ter119+ cells were depleted using MACS separation columns 

(Miltenyi Biotech, Auburn, CA) and plated at 10 cells/well for expansion. For in vivo 

experiments in which cells were tracked, MAPCs were used that stably express red 

fluorescent protein (DSred2) and firefly luciferase transgenes (termed MAPC-DL)102. For 
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quality control, MAPCs were differentiated into cells representative of the mesodermal 

lineage, then subjected to in vitro trilineage (endothelium, endoderm, and 

neuroectodermal) differentiation to ensure multipotency80. MAPCs were analyzed for 

expression of CD90, Sca1, CD45, CD44, CD13, cKit, CD31, MHC class I, and MHC 

class II, CD3, Mac1, B220, and Gr1 and tested for expression of transcription factors 

Oct3/4 and Rex-1 by RT-PCR. Twenty metaphase cells were evaluated by G-banding. 

Results are found in supplemental Figure 1. 

 

Mixed leukocyte reaction (MLR). Lymph nodes (LNs) were harvested from B6 mice and 

T cells were purified using by negative selection using PE-conjugated anti-CD19, anti-

CD11c, anti-NK1.1 and anti-PE magnetic beads (Miltenyi Biotech). Purity was routinely 

>95%. Spleens were harvested from BALB/c mice, T cell depleted (anti-Thy1.1), and 

irradiated (3000 cGy). B6 T cells were mixed at a 1:1 ratio with BALB/c splenic 

stimulators and plated in a 96 well round bottom plate (105 T cells/well) or in the lower 

chamber of a 24 well plate TransWell insert (106 T cells/well). MAPCs were irradiated 

(3000cGy) and plated in a 96 well round bottom plate (104/well, 1:10) or in a 24 well 

TransWell plate (105/well, 1:10).  Cells were incubated in “T cell media” in 200 µl/well 

(96 well) or 800 µl/well (24 well) of RPMI 1640 (Invitrogen, Carlsbad, CA) 

supplemented with 10% FCS, 50mM 2-ME (Sigma-Aldrich), 10mM HEPES buffer 

(Invitrogen), 1mM sodium pyruvate (Invitrogen), amino acid supplements (1.5mM L-

glutamine, L-arginine, L-asparagine)(Sigma-Aldrich), 100U/ml penicillin, 100mg/ml 

streptomycin (Sigma-Aldrich). Cells were pulsed with 3H-thymidine (1µCi/well) 16-18 

hours prior to harvesting and counted in the absence of scintillation fluid on a β-plate 
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reader. To inhibit PGE2 production, indomethacin (Sigma-Aldrich) resuspended in 

ethanol was diluted in T cell media to reach a final concentration of 5 µM per flask and 

incubated overnight at 37C, 5%CO2. The next day, cells were trypsinized and washed 

extensively with 2% FBS/PBS. Trypan blue exclusion was used to assess effects on live 

cells. In experiments evaluating the contribution of IDO, 1-methyl-D-tryptophan (1MT) 

(Sigma-Aldrich) was added to the culture media at a concentration of 200 µM. 

Flow cytometry. Purified T cells purified were stained with 1µM carboxyfluorescein-

succinimidyl-ester (CFSE, Invitrogen) for 2 minutes then washed. T cells or CD11c+ DCs 

obtained from MLR cultures were stained for the expression of FoxP3, CD25, CD44, 

CD62L, CD122, PD-1, PDL1, PDL2, CTLA4, OX40, OX40L, 4-1BB, 4-1BBL, ICOS, 

ICOSL, CD80, CD86, CD40L, or CD40 antigens. All antibodies were purchased through 

Pharmingen (San Diego, Ca) or E-bioscience (San Diego, Ca) and stained according to 

manufacturer’s instructions then analyzed using FACSCalibur or FACSCanto (Becton 

Dickinson, San Jose, Ca) and Flow Jo software (Treestar inc). Calculations to determine 

the proliferative capacity of T cells were performed as described 103. 

 

Cytokines and PGE2 quantification. Quantitative determination of prostaglandin E2 

(PGE2) in cell culture supernatants was performed using PGE2 assay kit (R&D Systems) 

by following manufacturer’s instructions. Quantities of IL-10, TGF-β, IL-2, TNF-α, IFN-

γ, and IL-12 were determined using Luminex technology and ELISA (R&D Systems).  

 

In vivo MLR104. Host BALB/c stimulator mice were lethally irradiated using 850 cGy 

total body irradiation (TBI, 137Cs), followed by intra-splenic injection of either PBS or 5 x 
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105 MAPC. The next day, purified responder T cells were labeled with 1µM CFSE and 

15 x 106 cells were transferred into stimulator or syngeneic mice. After 96 hours, spleen 

and LNs were harvested for FACS analysis.  

 

GVHD. BALB/c recipients were lethally irradiated using 850cGy TBI on day -1 followed 

by intra-splenic injection of either PBS or 5 x 105 MAPC. On day 0, mice were infused 

intravenously (i.v.) with 107 T cell depleted (TCD) donor BM. On day +1, mice were 

given 2 x 106 purified whole T cells (CD4 and CD8) depleted of CD25. Recipient mice 

were NK-depleted with anti-asialo GM-1 (Wako Corp., Richmond, VA) by intra-

peritoneal (i.p.) injection of 25 µl on day -2, a dose previously determined to be highly 

effective for depletion of NK cells.  Mice were monitored daily for survival and weighed 

twice weekly as well as examined for the clinical GVHD.  

 

Tissue histology. On day 21, GVHD target organs (liver, lung, colon, skin, spleen) were 

harvested and snap-frozen in optimal cutting temperature (OCT) compound (Sakura, 

Tokyo, Japan) in liquid nitrogen. 6 µM sections were stained with hematoxylin and eosin 

and graded for GVHD using a semi-quantitative scoring system (0-4.0 grades in 0.5 

increments)14. 

 

Immunofluorescence microscopy. Spleens taken from transplanted mice were embedded 

in OCT, snap-frozen in liquid nitrogen, and stored at -80°C. Cryosections (6 µM) were 

fixed in acetone for 10min, air dried, and blocked with 1% BSA/PBS for 1 hour at room 

temperature. Primary antibody was diluted in 0.3% BSA/PBS and incubated for 2 hours. 
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After 3 washes in PBS, sections were incubated with secondary antibody for 45 minutes. 

Sections were washed and mounted under a coverslip with 4,6-diamidino-2-phenylindole 

(DAPI) anti-fade solution (Invitrogen) and imaged on the following day at room 

temperature using an Olympus FluoView 500 Confocal Scanning Laser Microscope 

(Olympus, Center Valley, PA). Primary antibodies included anti-PGE synthase (Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA) diluted 1:50, FITC-conjugated anti-Luciferase 

(Rockland Immunochemicals, Gilbertsville, PA) diluted 1:100. Goat-Cy3 secondary 

antibody (Jackson Immunoresearch Laboratories, West Grove, PA) was diluted to 1:200.  

 

Bioluminescent imaging (BLI) studies. A Xenogen IVIS imaging system (Caliper Life 

Sciences, Hopkinton, MA) was used for live animal imaging and imaging of organs taken 

from transplanted mice. MAPC-DL bearing mice were anesthetized with 0.25 mL 

Nembutol (1:10 diluted in PBS). Firefly luciferin substrate (0.1mL, 30mg/ml, Caliper 

Life Sciences, Hopkinton, MA) was injected i.p. or added to the media containing tissues 

and imaging was performed immediately after substrate addition. Data were analyzed and 

presented as photon counts per area. 

 

Statistical analysis. The Kaplan-Meier product-limit method was used to calculate 

survival curve. Differences between groups in survival studies were determined using 

log-rank statistics. For all other data, a Student’s t-test was used to analyze differences 

between groups, results were considered significant if the P value was ≤ 0.05.  
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Results 
 

 
MAPCs inhibit T cell proliferation and activation. Murine MAPCs were expanded under 

low oxygen conditions and had trilineage differentiation potential105 (supplemental Fig.  

1A, B).  MAPCs were routinely CD45-, CD44-, CD13lo/+, CD90+, c-kit-, Sca-1+, CD31-, 

MHC class I-, and MHC class II- (supplemental Fig. 1C). RT-PCR expression analysis 

confirmed that these MAPCs expressed Oct-3/4 and Rex-1 (supplemental Fig. 1D). G-

banding analysis revealed that 90% of the 20 metaphase cells analyzed had a normal 

karyotype (supplemental Fig. 1E). The remaining two cells had a tetraploid complement, 

one with an additional deletion within the long arm of chromosome 6. The tetraploid 

complement is within the normal limits for cultures that have been passaged several 

times. The finding of a single cell with a structural abnormality is considered a nonclonal 

event, and this cytogenetic study was interpreted as normal.  

We have previously reported that MAPCs do not stimulate a T cell alloresponse 

even when MAPCs have been pretreated with IFNγ to upregulate MHC class I, ICAM-1 

and CD80 expression 106.  These studies did not address the possibility that MAPCs could 

actively suppress an immune response. To explore this possibility, B6 MAPCs were 

mixed with purified B6 T cells and added to irradiated BALB/c stimulators.  A 

significant reduction in proliferation was observed in MAPC-treated MLR at all time 

points (Fig. 1A). On the peak of the response (day 5), there was a near complete 

inhibition of T cell alloresponses from MAPC co-cultures (91%, P<0.001 for 1:10; and 

86%, P<0.001 for 1:100). To ensure the observed inhibitory effect was not dependent on 

this specific MAPC isolate or B6 strain of MAPC, BALB/c derived MAPCs were 

generated and mixed with BALB/c T cells and B6 irradiated stimulators. The percent T 
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cell inhibition on the day of peak response was 88% (P<0.001) for 1:10 co-cultures, and 

85% (P<0.001) for 1:100 co-cultures (Fig. 1B). These data indicated that the MAPC 

immune suppressive properties are not dependent on isolate or strain. The presence of 

MAPCs in MLR cultures significantly reduced the percentage of activated (CD25+, 

CD44hi, CD62Llo, CD122+) CD4+ (Fig. 1D) and CD8+ (Fig. 1E) Teffectors on days 5 

and 7 (P<0.001 for both time points for 1:10 and 1:100 co-cultures). Taken together, the 

data show that MAPCs potently inhibit the activation and proliferation of alloresponsive 

T cells in vitro. 

To determine whether suppression was MHC-restricted, B6 MAPCs were added 

to purified BALB/c T cells and irradiated B10.BR splenic stimulators (Fig. 1C). Third-

party MAPCs potently inhibit allogeneic T cell proliferation (89% and 80% average T 

cell inhibition at peak for 1:10 and 1:100, respectively, P<0.001 for both), indicating 

inhibition was not MHC restricted. To determine if MAPCs had differential effects on 

resting vs actively proliferating T cells, MAPCs were added on days 0, 1, 2, and 3 to an 

MLR consisting of B6 T cells and BALB/c stimulators. On both days 5 and 7, T cell 

proliferation was significantly diminished by MAPC (P<0.001) (supplemental Fig. 2A), 

indicating that MAPCs can suppress an ongoing alloresponse.  

Several studies attribute the T cell inhibitory properties of MSCs to their ability to 

generate or regulate Tregs 96,107,108. MLR-MAPC co-cultures were performed using T cells 

or CD25-depleted T cells to determine if the lack of Tregs at the priming stage of the 

allogeneic response would impact MAPC-induced suppression. No difference was seen 

in the suppression potency between Treg-depleted vs repleted cultures  (Fig. 2A). 

Foxp3+Tregs percentages did not increase in MAPC- vs control cultures through all time 
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points (day 5 shown) in cultures using CD25-replete vs depleted T cells at all points (Figs 

2B, C and data not shown). We conclude that MAPC-mediated suppression neither 

depends upon Tregs in the responding T cell fraction and nor induces Tregs from the 

CD25- T cell fraction.  

 

Murine MAPCs mediate suppression via PGE2. MSCs are known to be capable of 

suppressing immune responses via release of soluble factors. To determine whether 

MAPCs could act similar to MSCs, we utilized a TransWell co-culture system in which 

B6 T cells and BALB/c splenic stimulators were placed in the lower chamber and B6-

derived MAPCs were placed in the upper chamber of a TransWell. MAPCs inhibited T 

cell alloresponses in a contact-independent manner (Fig. 3A), producing an 85% 

inhibition of T cell proliferation on day 5 (P<0.01). No significant differences were seen 

due to the presence of a TransWell (P=0.19). To prove that MAPC-derived soluble 

factors were necessary and sufficient to induce immune suppression, cell-free supernatant 

from untreated and MAPC-treated MLR co-cultures were added in a 1:1 ratio with fresh 

media to a second MLR primary co-culture. MAPC-treated supernatant was equally as 

effective in inhibiting T cell proliferation as MAPCs placed in direct contact with 

responders (Fig. 3B; P=0.20). Supernatants were taken from B6>BALB/c MLR cultures 

and ELISAs were  performed to determine effects on proinflammatory cytokine 

secretion. MAPCs decreased   proinflammatory cytokine (TNFα, IL-12, IFN-γ, and IL-2) 

concentrations within these cultures at all time points (Fig. 3C).  Although no significant 

increases in the amount of anti-inflammatory cytokines, IL-10 or TGF-β were observed, 
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there was a significant increase in PGE2 concentrations within MAPC co-cultures 

(P<0.001) (Fig. 3D).  

To determine if MAPCs were the source of PGE2 and if the increase in PGE2 was 

responsible for decreased T cell alloresponsiveness, MAPCs expression of PGE2 synthase 

was verified, indicating they were capable of converting PGH2 into PGE2 (supplemental 

Fig. 3A). Overnight treatment of MAPCs with the COX1/2 inhibitor, indomethacin, 

potently inhibited the upstream synthesis of PGE2 for the period of the MLR culture (9 

days)(supplemental Fig. 3B) without adversely affecting MAPC viability (data not 

shown). When indomethacin-treated MAPCs were added to MLR co-cultures, they no 

longer inhibited T cell allo-responses (Fig. 4A). At the peak of the response (day 6), there 

was a 90% vs 13% inhibition in allogeneic T cell proliferation when untreated vs 

indomethacin-pretreated MAPCs were in co-culture (P<0.001). At all other days 

examined, pre-treatment of MAPC with indomethacin lead to >90% restoration of 

proliferation.   

MAPCs were found to upregulate IDO upon activation with IFN-γ (data not 

shown). To determine if IDO could account for the remaining inhibitory properties of 

these cells (~10%), MAPCs were pre-treated with indomethacin and/or the MLR co-

culture was treated with 1-Methyl-Tryptophan (1MT), a competitive inhibitor of IDO. 

The addition of 1MT to MLR co-cultures did not increase T cell proliferation 

(supplemental Fig. 3C) and there was little/no additive effect of indomethacin pre-

treatment of MAPCs with 1MT treatment of the co-culture (supplemental Fig. 3C).    
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Murine MAPC can delay GVHD mortality and target tissue destruction if localized to the 

spleen early post-BMT. The prophylactic anti-GVHD efficacy of MAPC was tested in 

lethally irradiated BALB/c mice given B6 BM plus 2 x 106 B6 CD25-depleted T cells. 

Cohorts were given MAPC-DL or PBS via intra-cardiac (IC) injections since IC 

injections leads to a more widespread biodistribution and longer persistence of MAPC-

DLs 106. Despite their potent suppressive capacity in vitro, MAPC-treated mice vs control 

mice had virtually identical survival rates (Fig. 5A). BLI of these mice revealed that most 

cells had migrated to BM cavities (skull, femur, spine), rather than to T cell priming sites 

such as LNs or spleen (data not shown).  

With the known short half life of PGE2 in vivo 106, we speculated that sufficient 

quantities of this molecule might not be penetrating T cell allopriming sites such as LNs 

and spleen. Subsequent studies were performed in which untreated or indomethacin-

treated B6 MAPCs were given via an intra-splenic (IS) injection. Controls were given 

BM alone plus sham surgeries or BM plus T cells and sham surgeries. BLI imaging of 

mice given MAPC-DL IS showed that these cells remained within the spleen for a period 

of up to 3 weeks (supplemental Fig. 4A and 4B). When compared to controls receiving 

BM+T-cells plus sham surgeries, mice given intra-splenic injections of untreated MAPCs 

have a significant improvement in survival (P <0.001), with two long-term survivors >55 

days (Fig. 5B). MAPC-DLs present in the spleen continued to express PGE synthase as 

shown by co-staining (Fig. 5F). Indomethacin pretreatment of MAPCs precluded this 

protective effect (Fig. 5C) (MAPC vs MAPC-Indo, P=0.0058), indicating that PGE2 is 

responsible for the suppressive potential of these cells in vivo. Mean body weights of 

these mice recapitulate these findings (supplemental Fig. 4C). On day 21 post-BMT, 
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there was significantly more infiltrating lymphocytes in the liver and lung, resulting in 

increased necrotic foci and perivascular and peribronchiolar cuffing (Fig. 5D, E) along 

with large numbers of infiltrating lymphocytes in the colons of GVHD control vs MAPC 

treated mice (Fig. 5D, E).  

Therefore, MAPCs utilize PGE2 as a mechanism in vivo that leads to a significant 

increase in survival of mice with GVHD, and importantly, these effects were dependent 

upon MAPC location. 

 
 
 
MAPCs diminish T cell proliferation and activation within the local environment. The 

direct in vivo effects of PGE2 on donor T cell proliferation and activation using the 

MAPC intra-splenic administration model was determined. BALB/c mice were lethally 

irradiated and given B6 MAPC-DL via intra-splenic injections on day 0, and B6 CFSE-

labeled CD25-depleted T cells (15 x 106) on day 1. Controls were given labeled T cells 

alone plus sham injection. On day 4, LNs and spleens were analyzed by BLI. MAPCs 

were only located within the spleen and had not migrated out to the LNs (supplemental 

Fig. 5A). FACS analysis was performed to determine the percentage of T cells that had 

divided during this time period and the proliferative capacity (the number of daughter 

cells that each responder cell produced) was calculated. There was a significantly reduced 

number of CD4+ and CD8+ T cells that had undergone cellular division as determined by 

CFSE dilution in MAPC-treated vs control groups (Fig. 6A). In the LN of the same mice, 

there were no significant differences in either CD4+ or CD8+ T cells that had undergone 

cellular division. MAPCs resulted in a significantly reduced proliferative capacity of 

CFSE-labeled CD4+ and CD8+ T cells in the spleen (Fig. 6B). Each alloreactive CD4 T 
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cell that had divided gave rise to 15 vs 10 daughter cells in untreated vs MAPC-treated 

mice (P=0.0005). Each alloreactive CD8 T cell that divided gave rise to 10 vs 6 daughter 

cells, respectively (P=0.0004) (Fig. 6B). In the LN of the same mice, there were no 

significant differences in CD4+ or CD8+ T cell proliferative capacity between control- and 

MAPC-treated mice (Fig. 6C). Each CD4+ T cell gave rise to an average of 9 and 9.4 

daughter cells (P=0.25) and each CD8+ T cell gave rise to 6.8 and 7.3 daughter cells in 

untreated vs MAPC-treated groups (P=0.061). More splenic T cells downregulated 

CD62L and upregulated CD25 in the control- vs MAPC-treated group (Fig. 6D). In LNs, 

no such effects were observed (Fig. 6E), indicating that MAPCs limit allogeneic T cell 

activation and expansion locally in vivo. Others have shown that PGE2 can influence the 

expression of co-stimulatory molecules 109. Therefore, we tested T cells and DCs within 

this in vivo MLR setting using treated or un-treated MAPCs to determine if the PGE2 

effect on proliferation was due to its influence on co-stimulatory molecule expression. 

There were significantly more CD4+ and CD8+ T cells within MAPC-treated groups than 

the control groups that expressed the negative co-stimulatory molecules PD-1 on CD4+ 

and CD8+ T cells (Fig. 7A, B). Similarly, CTLA-4 was also expressed on a higher 

percentage of CD4+ and CD8+ T cells in MAPC vs control cultures. Also consistent with 

MAPC-induced suppression, the percentage of OX40+CD8+ T cells was significantly 

lower than controls, along with a trend toward less OX40 and 41BB expression on CD4+ 

and CD8+ T cells, respectively. These effects were reversed using MAPC treated with 

indomethacin prior to in vivo administration (Fig. 7). Within the MAPC vs control 

groups, there was a significant increase in the percentage of DCs expressing PD-L1 and 

CD86 (Fig. 7C) without significant differences in the percentage of DCs expressing other 
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costimulatory molecules (Fig. 7C). When using indomethacin-treated MAPCs, again, 

these effects were mostly reversed. There were no significant differences in the 

percentages of T cells and APCs expressing ICOS, ICOS-L, CD40 and CD40L between 

groups (data not shown). Taken together, these data indicated that PGE2 accounts for the 

majority of the suppressive potential of MAPCs and has the downstream effect of 

increasing the percentage of cells expressing negative costimulatory regulators (PD1, 

PDL1, CTLA4), and decreasing the percentage of cells expressing positive costimulatory 

regulators (OX40, 41BB).  
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Discussion 
 
 

We have shown that MAPCs inhibit the proliferation and activation of allogeneic 

T cells via the elaboration of PGE2. In vivo, MAPCs did not home to lymphoid organs 

and were incapable of suppressing GVHD. Despite the contact-independence of MAPCs 

in suppressing alloresponse in vitro, MAPCs reduced GVHD only when injected into the 

spleen.  MAPCs synthesis of PGE2 in situ resulted in an unfavorable in vivo environment 

for supporting T cell activation.  These data emphasize the importance of ensuring 

homing of immunomodulatory cell types to relevant tissue sites to dampen T cell priming 

and subsequent tissue injury. 

Here we show that MAPCs are constitutive producers of PGE2.  Inhibiting MAPC 

synthesis of PGE2 by treatment of the cells with a potent COX inhibitor restored in vitro 

T cell proliferation in an allo-MLR culture to >90% of the control. In contrast, precluding 

other known inhibitors of an immune response, IL-10, TGF-β or IDO, using IL-10 

receptor knock-out T cells, anti-TGF-β antibodies or the competitive IDO inhibitor, 1MT, 

did not affect T cell proliferation in MLR cultures (Supplemental Fig. 3C and data not 

shown).  Thus, of the several known soluble factors that have been shown to contribute to 

the suppression of T cells in MLR cultures in non-contact systems, PGE2 appears to be 

the dominant secreted molecule involved in MAPC-induced suppression of an in vitro 

alloresponse. Similarly, in vivo, inhibition of GVHD required MAPC production of PGE2 

in situ.  

PGE2 can be produced by many cells 110 and influence the function of a wide array 

of immune cells including T cells 111, B cells 112, macrophages 113, and DCs114. MAPC 

synthesis of PGE2 in vitro was associated with the upregulation of negative co-
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stimulatory molecules and downregulation of positive costimulatory on T cells and APCs 

(data not shown). In contrast, a recent report has shown that human monocyte (CD14+) 

and myeloid (CD11c+) DCs upregulate positive costimulatory molecules (OX40L, CD70, 

41BBL) if PGE2 is added during the maturation process 115. We speculate that the 

apparent discordance may be due to the differences in the maturation status of the DCs at 

the time of PGE2 stimulation, although neither DC location (BM vs spleen) nor species-

specific differences can be excluded as explanations. PGE2 is known to have both 

stimulatory and inhibitory effects on DC activation, dependent upon the context in which 

PGE2 is encountered. DCs encountering PGE2 in the periphery have an increased 

activation and increased migratory abilities, whereas those encountering PGE2 within 

secondary lymphoid organs leads to decreased activation and decreased effector function 

114.  

In this and our prior report 116, we have shown that donor MAPCs preferentially 

migrated to the BM after systemic delivery and are thus unlikely to directly interact with 

GVHD-causing donor T cells within lymphoid organs. Because the half-life of PGE2 in 

vivo is extremely short (~30 sec)117, we hypothesized  that this mechanism of MAPC-

mediated suppression may not penetrate secondary lymphoid organs to a sufficient 

degree to inhibit T cell activation and proliferation. MAPCs used in our studies did not 

express CD62L or CCR7, important for homing to secondary lymphoid organs (data not 

shown). To circumvent this problem, MAPCs were delivered directly into the spleens at 

the time of BMT, thereby restoring the capacity of MAPCs to suppress donor T cell 

activation and proliferation in vivo. As predicted, this MAPC-mediated effect was only 

observed in the spleens and not in the LNs of transplanted mice (Fig 6), confirming our 
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initial hypothesis that PGE2 acts in a local manner. This suppressive effect on donor T 

cells in vivo improved the survival of mice experiencing severe GVHD, a process that 

was almost entirely dependent on PGE2 production from MAPCs (Fig 5B, C). Although 

the overall survival was improved by MAPC injection into the spleen, most mice 

eventually succumbed to the disease with only a minority becoming long-term survivors. 

Therefore, despite the fact that ~8-fold more T cells migrate to the spleen than to LNs 

during a given time point118, T cell activation within the LNs is sufficient, possibly along 

with residual T cell activation within the spleen,  to cause to lethal GVHD. The 

importance of secondary lymphoid organs for GVHD initiation can be derived from 

studies in which mice that lack all secondary lymphoid organs are incapable of 

developing severe GVHD 119,120. Because studies have shown that GVHD cannot be 

prevented by host splenectomy alone 121, our data suggest that MAPC-mediated 

suppression of donor T cells within the spleen is not equivalent to a splenectomy. This 

may be due to the functional alterations of donor T cells that are exposed to PGE2 within 

the spleen in lymphoid replete recipients in contrast to the unrestrained activation and 

proliferation of a higher number of donor T cells that would traffic to the LNs of 

splenectomized hosts. Interestingly, MAPCs suppressed GVHD-induced tissue injury to a 

greater extent in the liver and lung as compared to the colon. Whether the influence of 

MAPCs on donor splenic T cell function as evidenced by the pattern of costimulatory 

molecule expression or the homing of donor T cells after exposure to MAPCs in the 

spleen would favor such a preferential organ-specific is unknown. 

The requirement for homing of immune suppressive cells to secondary lymphoid 

organs to exert their maximum biological effect is not unique to MAPCs. For example, 
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previous studies using murine BM-derived MSCs have proven to be ineffective in 

altering GVHD lethality71. For Treg induced suppression of GVHD, high levels of 

CD62L expression was needed for optimal in vivo suppression of GVHD-induced 

lethality, though not for in vitro suppression 53,122. Whereas CCR5 expression on Tregs 

was not required for in vitro suppression, CCR5 knockout Tregs were inferior to wild-

type Tregs in suppressing GVHD lethality in vivo, which was associated with a reduced 

accumulation of Tregs in lymphoid and non-lymphoid GVHD target organs beyond the 

first week post-BMT  123. In solid organ allograft studies, Tregs suppression of graft 

rejection requires the migration of Tregs from the blood to the allograft to the draining 

LN 124. We conclude that the kinetics and homing patterns of immune modulatory cells to 

the sites of alloresponse are critical in determining the outcome of an alloresponse to 

foreign antigens and that GVHD inhibition by MAPCs requires homing to lymphoid sites 

that support GVHD initiation. 

Although recent reports indicate that MAPCs can modify injury induced by 

vascular ischemia 125-127, the in vitro and in vivo immunosuppressive properties of MAPCs 

thus far are largely undefined. To our knowledge, only one recent report has described 

the immunosuppressive potential of rat-derived MAPCs128. Similar to our results, rat 

MAPCs inhibited alloresponses via a contact-independent mechanism. In contrast to our 

results, rat MAPC induced inhibition of T cell alloproliferation in vitro was dependent 

upon IDO expression since 1MT reverse the suppressive effects of rat MAPCs. 

Furthermore, rat MAPCs expressed MHC class I antigens, in distinction to both human- 

and mouse- derived MAPCs that are targeted by NK-mediated lysis 106. Although neither 

the homing receptor expression nor the in vivo homing or suppressor cell mechanisms 
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responsible for GVHD inhibition were reported, similar to our study, MAPCs were 

effective in reducing GVHD lethality.  

In summary, this is the first study to demonstrate the in vitro and in vivo immune 

suppressive capacity and mechanism of MAPCs in preventing GVHD. The direct 

demonstration that PGE2 secretion is able to mediate donor T cell suppression suggests a 

mechanism by which other cell types such as MSCs and myeloid-derived suppressor cells 

may be able to suppress adverse alloresponses in vivo 129. Further, these data suggest that 

pharmacological strategies toward achieving sufficient PGE2 concentrations in relevant 

target organs during the acute initiation phase may be useful for GVHD prevention. 

Importantly, this is also the first study to demonstrate that location of MAPC immune 

suppressive, non-hematopoietic stem cells in vivo to lymphoid organs is a critical 

determinant of the efficacy of GVHD prevention.  Future approaches to ensure the 

targeting of immune suppressive cells to allopriming sites may increase the efficacy of 

both non-hematopoietic stem cells and other immune suppressive populations with 

promise to inhibit GVHD. 
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Figure 1. MAPC potently inhibit allogeneic T cell proliferation and activation. A 

MLR reaction was performed by mixing B6 purified T cells with irradiated BALB/c 

stimulators (1:1) and B6 MAPCs (1:10, 1:100)(A). These cultures were pulsed with 3H-

thymidine on the indicated days harvested 16 hours later. Proliferation was determined as 

a measure of radioactive uptake. A MLR reaction was performed as above using BALB/c 

T cells plus B6 stimulators and BALB/c MAPC (B), or BALB/c T cells plus B10.Br 

stimulators and B6 MAPCs (C). FACS analysis of B6>BALB/c MLR+B6 MAPC was 

performed on the indicated days and gated on CD4+ T cells (D) or CD8+ T cells (E) in 

conjunction with activation markers.   
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Figure 1 
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Figure 2. MAPC-mediated suppression in vitro is independent of Tregs. A 

B6>BALB/c MLR culture was performed using purified T cells or T cells that were 

CD25-depleted and MAPCs at 1:10 ratios. 3H-thymidine was added on the indicated days 

and proliferation was measured (A). FACS analysis was performed on day 2 on the non-

CD25-depleted (B) and the CD25-depleted (C) MLR co-cultures to determine the 

percentage of CD4+FoxP3+ T cells. 
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Figure 2 
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Figure 3. MAPC mediate suppression via a soluble factor. A B6>BALB/c MLR plus 

MAPCs at 1:10 ratios were arranged by placing T cells and stimulators in the lower well 

of a TransWell insert and MAPCs in the upper chamber, or by placing MAPCs in direct 

contact with stimulators and responders (A). (B) Supernatant taken from MAPC or 

control co-cultures on day 3 were added in 1:1 ratio with fresh media to B6>BALB/c 

MLR. Results of MAPCs at 1:10 and 1:100 ratios in direct contact with responding T 

cells are shown for comparison. Proliferation was assessed using 3H-thymidine uptake as 

above. ELISA or Luminex technology was performed on MLR supernatant harvested on 

the indicated day to determine the amount of proinflammatory (C) and anti-inflammatory 

(D) cytokines in culture with MAPCs at 1:10 and 1:100 ratios. 
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Figure 3 
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Figure 4. MAPC inhibit T cell allo-responses through the secretion of PGE2. 

B6>BALB/c MLR cultures were arranged as before. MAPCs, either untreated, treated 

overnight with 5uM indomethacin to inhibit production of PGE2, or treated with vehicle 

were titrated in at 1:10 ratios. Proliferation was assessed as above (A).  
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Figure 4 
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Figure 5. The capacity of MAPCs to delay GVHD mortality and limit target tissue 

destruction is dependent on anatomical location of the cells and their production of 

PGE2. 

BALB/c mice were lethally irradiated and then given 106 BM cells from B6 mice on day 

0 followed by 2x106 purified CD25-depleted whole T cells on day 2. On day 1, mice 

were given 5x105 untreated B6 MAPCs or PBS delivered via intra-cardiac injections. 

Kaplan-Meier survival curve is representative of one experiment in which BM only and 

BM+T group had n=6, and MAPC group had n=8 (A). (B) BMT was performed as in (A) 

except mice were given PBS or 5x105 MAPC intra-splenically (IS) on day 1. The survival 

curve is representative of 3 pooled experiments (BM only, n=18; BM+T, n=20; MAPC, 

n=26)(MAPC vs BM+T, p<0.001). (C) Survival curve representative of one experiment 

in which mice received BMT plus untreated MAPC or MAPC pre-treated overnight with 

indomethacin before IS injection (BM only, n=5; BM+T, n=5; MAPC, n=10; MAPC 

indo, n=10)(MAPC vs MAPC indo, p=0.002). Tissue taken from cohorts of mice from 

(B) were harvested on day 21 and embedded in OCT followed by freezing in liquid 

nitrogen. 6uM sections were stained with H&E and analyzed for histopathological 

evidence of GVHD. Representative images are shown (D)(magnification ×200).  (E) The 

average GVHD score for BM only, BM+T, and BM+T+MAPC(IS) cohorts is shown. (F) 

Spleens were harvested from BMT plus MAPC IS transplanted mice on day 21 and snap 

frozen in OCT compound. Tissue sections were cut and stained using anti-luciferase and 

anti-PGE synthase antibodies. Confocal analysis reveals that MAPC are found in the 

spleen at this time point and retain their ability to produce PGE2. 5F upper shows 

luciferase alone, 5F lower shows colocalization of PGE synthase with luciferase 
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Figure 5 
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Figure 6. MAPCs dampen T cell proliferation and activation within the local 

environment. 

“In vivo MLR” was performed by administering lethally irradiated BALB/c mice with 

5x105 B6 MAPCs IS (day 0) followed by 15x106 B6 CFSE-labeled CD25-depleted T 

cells (i.v.)(day 1). Control mice were given labeled T cells alone plus sham surgeries. 

Spleens and LN were harvested on day 4 and analyzed via FACS for CD4 and CD8 

expression and percent CFSE dilution (A). The proliferative capacity for CD4+ and CD8+ 

T cells in the spleen (B) and LN (C) of transplanted mice was calculated as previously 

published 103. (D, E) Activation markers for CD4+ and CD8+ T cells in the spleen and LN 

were analyzed using FACS and graphed.  
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Figure 6 
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Figure 7. MAPCs affect costimulatory molecule expression on T cells and DCs in the 

spleen. FACS analysis of spleen cells harvested from transplanted mice on day 4 was 

performed to determine the percentage of CD4+ (A), CD8+ (B), and CD11c+ (C) cells that 

expressed the indicated co-stimulatory molecules. In this transplant, MAPCs were 

untreated or pre-treated with indomethacin, as described, before their application. 
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Figure 7 
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Supplemental figure 1. Characterization of MAPC. (A) MAPCs isolated from B6 

mice were differentiated into cells of mesodermal lineage and functionally tested for their 

ability to produce lipid droplets (adipocytes, Oil Red O), calcium deposition (osteocytes, 

Alizarin Red S), and accumulate collagen (chondrocytes, alkaline phosphatase). (B) 

Undifferentiated MAPCs (insert) or MAPCs directed to differentiate in vitro into cells 

representative of three germ layers, were stained for expression of CD31 and VWF 

(endothelium), HNF and albumin (endoderm), and GFAP and NF200 (neuroectoderm) 

and analyzed using confocal microscopy. In all images (except HNF) nuclear staining 

using DAPI is visualized as blue. (C) Undifferentiated MAPCs were examined for their 

expression of specific surface markers using flow cytometry. Isotype controls are shaded 

red. (D) RNA was isolated and cDNA was synthesized from undifferentiated MAPCs and 

murine embryonic stem cells. RT-PCR was used to examine the expression of Oct3/4 and 

Rex-1. No Template Control (NTC) and HPRT served as negative and positive controls, 

respectively. (E) Chromosomal analysis of MAPC shows a normal 40, XX karyotype. 
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Supplemental Figure 1 
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Supplemental figure 2. MAPC inhibit ongoing allo-responses. B6>BALB/c MLR 

cultures were performed and B6 MAPCs were titrated in at 1:10 ratios on days 0, 1, 2, 

and 3. Cultures were pulsed on the indicated days and harvested 16 hours later. 

Proliferation was assessed as a measure of 3H-thymidine uptake. 
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Supplemental Figure 2 
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Supplemental figure 3. Effects of PGE2 and IDO on T cell proliferation. (A) RT-

PCR verified that MAPC express PGE synthase. No template control (NTC) and HPRT 

were used as negative and positive controls. (B) Supernatant from MAPC cultures or 

MAPCs pretreated with 5uM indomethacin overnight and washed were analyzed for the 

production of PGE2 via ELISA (Day 7 shown). (C) MLR cocultures were arranged using 

200 µM 1-methyl tryptophan and 5 µM indomethacin in the culture media either alone or 

in combination to assess the contribution of IDO and PGE2 on MAPC mediated 

suppression, respectively. MLR were pulsed with 3H-thymidine on the indicated days and 

harvested 16 hours later.  
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Supplemental Figure 3 
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Supplemental figure 4. Persistence of MAPC delivered intra-splenically. (A) BALB/c 

mice were lethally irradiated and given 106 T cell depleted BM cells plus 5x105 MAPC-

DL IS. Individual mice and organs (top left-GI tract, top right-spleen, middle left-lung, 

middle right-LN, bottom left-femur, bottom right-liver) were monitored using 

bioluminescent imaging to determine the location of MAPCs on day 2, week 1, week 2, 

and week 3. (B) Weight curve from mice in figure 5C. 
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Supplemental Figure 4 
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Supplemental figure 5. Localization of MAPC to the spleen after “in vivo MLR”.  

5x105 MAPC-DL were injected IS along with 15x106 T cells. Day 4 bioluminescent 

imaging of spleens and lymph nodes from 6 mice revealed that MAPC remained within 

the spleen and had not migrated out to lymphoid tissue. 
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Supplemental Figure 5 
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Chapter 3 
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Foreward 

Myeloid-derived suppressor cells (MDSC) are a well-defined population of cells that 

accumulate in the tissue of tumor-bearing animals and are known to inhibit immune 

responses. Within 4 days, bone marrow cells cultured in G-CSF and GM-CSF resulted in 

the generation of Gr1+CD11b+Ly6C+ MDSC, the majority of which are IL4Rα+ and 

F4/80+. Such MDSC potently inhibited in vitro allogeneic T-cell responses. Suppression 

was dependent on L-arginine depletion by arginase-1 activity. Adding IL-13 to cultures 

produced an MDSC subset (MDSC-IL13) that was more potently suppressive and 

resulted in arginase-1 but not inducible nitric oxide synthase (iNOS) upregulation. 

Suppression was reversed by L-arginine but not L-tryptophan or an iNOS inhibitor. 

Although both MDSC and MDSC-IL13 inhibited GVHD lethality, MDSC-IL13 were 

more effective. MDSC-IL13 migrated to sites of allopriming. GVHD inhibition  was 

associated with limited donor T-cell proliferation, activation, and cytokine production. 

GVHD inhibition was greater with MDSC-IL13 than MDSC, and reduced when arginase-

1 deficient MDSC-IL13 were used. MDSC-IL13 did not reduce the graft-versus-leukemia 

effect of donor T-cells. In vivo administration of a pegylated form of human arginase-1 

(PEG-arg1) resulted in L-arginine depletion and significant GVHD reduction. MDSC-

IL13 and PEG-arg1 represent novel strategies to prevent GVHD that can be clinically 

translated. 
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Introduction 

Allogeneic hematopoietic stem cell transplantation is a commonly used option for 

those patients who lack a suitable matched donor. Although much progress has been 

made in this field over the last decade, there are still major limitations to this procedure. 

One of these limitations include the development of graft-versus-host disease (GVHD) 

due to donor-derived allogeneic T-cells which recognize host transplantation antigens. 

This T-cell mediated destruction of host tissue can sometimes be constrained with the 

long-term co-administration of multiple pharmacological agents or averted with the use 

of rigorously T-cell depleted donor grafts that may render the recipient T-cell 

lymphopenic for extended periods of time. However, these methods can predispose the 

recipient to opportunistic infections and relapse of host malignancy.   

Myeloid-derived suppressor cells (MDSC) are a well-recognized population of 

cells known to accumulate in the lymph nodes, spleen, and liver of tumor bearing mice 

and humans where they may contribute to tumor evasion of cell-mediated immunity. In 

mice, MDSC have the surface phenotype of CD11b+ (Mac-1) and Gr1+ (Ly6G/Ly6C).130 

More recently, MDSC have been further subcategorized based on the differential 

expression of Ly6G and/or Ly6C. Granulocytic MDSC are defined as 

CD11b+Ly6G+Ly6Clow, while monocytic MDSC are defined as CD11b+Ly6Glow/-

Ly6Chi.131,132 Although these two distinct subsets can have varying function and 

distribution depending on their environment, their capacity to induce T-cell hypo-

responsiveness are generally considered equal.131,132 In addition, the suppressive capacity 
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of these cells has been linked to the expression of specific surface molecules including 

IL-4Rα133 (CD124) and macrophage-colony stimulating factor receptor (CD115).134   

Amongst the mechanisms proposed that may account for the immune suppressive 

properties of MDSC, L-arginine catabolism appears to be important in MDSC-induced T-

cell dysfunction. MDSC can express both arginase-1 and inducible nitric oxide synthase 

(iNOS), both of which metabolize L-arginine and lead to the production of the 

byproducts urea, L-ornithine, and citrulline and nitric oxide, respectively.135 Extensive 

studies by Rodriguez et al. have shown that L-arginine deprivation results in the loss of 

expression of the T-cell signaling molecule, CD3ζ, as well as T-cell cell cycle 

arrest.136,137 Kerr and colleagues provided suggestive evidence that MDSC may be able to 

inhibit GVHD lethality in studies in which SHIP-/- recipients that have high numbers of 

MDSC had reduced GVHD lethality as compared to wild-type recipients.129 More 

recently, the GVHD inhibitory effect of embryonic stem cell derived MDSC has been 

reported.138   

In this study, we evaluated the efficacy of MDSC generated from a clinically 

applicable source, the bone marrow (BM) of non-tumor bearing donors, to inhibit GVHD 

lethality in a fully MHC-mismatched allogeneic model of BMT. We found that these 

MDSC inhibited T-cell alloresponses in vitro and in vivo and GVHD lethality in vivo 

through the depletion of L-arginine. The effect that limiting concentrations of L-arginine 

had on donor T-cells included a decrease in proliferation, a decrease in the expression of 

CD3ζ, and a decrease in IFNγ production. Despite these alterations in T-cell function, 

allogeneic T-cells retained their ability to eliminate lymphoma cells.  Finally, we report 
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that the reduction in GVHD lethality by MDSC may be achieved by administration of a 

pegylated form of arginase-1 (PEG-argI) instead of MDSC cellular therapy.   

 

Materials and Methods 

Mice. BALB/c (H2d) and C57BL/6 (H2b)(termed B6) mice were purchased from Charles 

River (Wilmington, MA) or the National Institute of Health (Bethesda, MD). GCN2 

knockout (KO) mice were generated as previously described.139 B6 GFP transgenic (Tg) 

mice were generated as described and bred at the University of Minnesota.140 All mice 

were bred and housed in a specific pathogen-free facility in microisolator cages and used 

at 8-12 weeks of age in protocols approved by the Institutional Animal Care and Use 

Committee.  

 

MDSC generation and culture. BM was harvested from the tibia and femurs of B6 mice 

and plated at 2x105 cells/ml in DMEM plus 10% FCS, 50 mM 2-ME (Sigma-Aldrich), 

10mM HEPES buffer (Invitrogen), 1mM sodium pyruvate (Invitrogen), 100U/ml 

penicillin, 100mg/ml streptomycin (Sigma-Aldrich), and amino acid supplements (1.5 

mM L-glutamine, L-arginine, L-asparagine)(Sigma-Aldrich). Recombinant methionyl 

human granulocyte colony-stimulating factor (G-CSF, Amgen Inc., Thousand Oaks, CA) 

was added to the culture at 100ng/ml. Recombinant mouse GM-CSF (R&D Systems, 

Minneapolis, MN) was added to the culture at 250U/ml. Cultures were incubated at 37ºC 

10% CO2 for a total of 4 days. On day 3 of culture, recombinant murine IL-13 (R&D 

Systems) was added at 80 ng/ml. On day 4 of culture, MDSC were harvested and purified 
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by positive selection of CD11b using Miltenyi technology (Miltenyi Biotech). Purified 

cells were routinely >95% double positive for CD11b and Gr1. B6 arginase-1 knockout 

bone marrow were obtained from the colony of Dr. Paulo Rodriguez and shipped 

overnight on wet ice before differentiation into MDSC using the above protocol. 

 

RTPCR, QPCR and Western Blots. RNA was isolated from untreated BM, MDSC, and 

MDSC treated with IL-13 using RNAqueous 4 PCR kit (Applied Biosystems, Inc., Foster 

City, CA). cDNA was synthesized using Superscript III reverse transcriptase 

(Invitrogen). cDNA for non-quantitative RT-PCR was performed using specific primers 

for arginase-1 (sense, 5'-CAGAAGAATGGAA GAGTCAG-3'; antisense, 5'-

CAGATTGCAGGGAGTCACC-3') and iNOS (sense, 5'-

GCAAACGCTTCACTTCCAATGC-3'; antisense, 5'-

AATCTCTGCCTATCCGTCTCGTCC-3')  and amplified for 35 cycles. QRT-PCR 

Taqman primers/probe specific for arginase-1, iNOS and GAPDH were obtained through 

Applied Biosystems Inc. and used according to the manufacturer’s protocol. For Western 

blots, whole cell lysates were made from BM only, MDSC, and MDSC IL13-tx cells that 

were differentiated in vitro over a 4 day time course (see above).  Briefly, the cells were 

centrifuged, and the cell pellets were resuspended in 1x RIPA buffer containing protease 

and phosphatase inhibitors. Cell lysates were centrifuged and twenty micrograms of 

protein were fractionated on a 4-12% Bis-Tris SDS-PAGE gel and transferred to 

polyvinylidene difluoride membranes. The membranes were blocked in 5% milk, 1× 

TBS-0.05% Tween. Anti-arginase-1 monoclonal antibody (BD Biosciences) was 

incubated overnight at a 1:1000 dilution. The primary antibody was then washed off and 
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the secondary antibody (anti-mouse HRP; Cell Signaling) was incubated for 1h at a 

1:1000 dilution. After 3x45 min washes with 1×TBS-Tween, the blot was developed with 

Pico ECL reagent from Pierce. Alpha-actin was used as a loading control. 

 

Mixed leukocyte reaction (MLR). Lymph nodes (LNs) were harvested from B6 mice and 

T-cells were purified by negative selection using PE-conjugated anti-CD19, anti-CD11c, 

anti-NK1.1 and anti-PE magnetic beads (Miltenyi Biotech). Purity was routinely >95%. 

Spleens were harvested from BALB/c mice, T-cell depleted (anti-Thy1.1), and irradiated 

(1000 cGy). B6 T-cells were mixed at a 1:1 ratio with BALB/c splenic stimulators and 

plated in a 96 well round bottom plate (105 T-cells/well) or in the lower chamber of a 24 

well plate TransWell insert (106 T-cells/well). Where indicated, MDSCs were plated in a 

96 well round bottom plate (104/well, 1:10) or in a 24 well TransWell plate (105/well, 

1:10).  Cells were incubated in custom made RPMI 1640 that contained physiologic 

levels of L-arginine (150 µM)(Invitrogen, Carlsbad, CA) supplemented with 10% FCS, 

50mM 2-ME (Sigma-Aldrich), 10mM HEPES buffer (Invitrogen), 1mM sodium pyruvate 

(Invitrogen), 100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich). Cells 

were pulsed with 3H-thymidine (1uCi/well) 16-18 hours prior to harvesting and counted 

in the absence of scintillation fluid on a β-plate reader. To inhibit arginase activity, Nw-

hydroxy-nor-arginine (nor-NOHA) (Cayman Chemicals, Ann Arbor, MI) was 

resuspended at 5mg/ml in DMSO and further diluted to reach a final concentration of 30-

300µM. In experiments where NOS was inhibited, L-NG-monomethyl arginine citrate (L-

NMMA)(Cayman Chemicals)was first re-suspended to 10mg/ml in PBS and used at a 
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final concentration of 300µM. Percent suppression was calculated by 100-((CPM of T-

cells + stimulators + MDSC)/(CPM of T-cells + stimulators) x 100). 

 

Flow cytometry. Purified T-cells were stained with 1µM carboxyfluorescein-

succinimidyl-ester (CFSE, Invitrogen) for 2 minutes then washed. For CD3ζ, cells were 

stained using a digitonin-based method. Briefly, cells were incubated in digitonin at 

500ng/ml for 30 minutes prior to the addition of anti-CD3ζ-PE (Abcam). Intracellular 

cytokine staining was performed after a 5 hour incubation of whole splenocytes with anti-

CD3 and anti-CD28 with monensin at 37ºC 5% CO2. All other antibodies were purchased 

through Pharmingen (San Diego, CA) or E-bioscience (San Diego, CA) and stained 

according to manufacturer’s instructions. The samples were analyzed on a  FACSLSRII 

or FACSCanto (Becton Dickinson, San Jose, CA) using Flow Jo software (Treestar inc).  

 

Arginase activity and L-arginine quantification. Arginase activity, which measured the 

production of urea over a set time point, was determined using Quantichrom Arginase 

Assay Kit (Bioassay Systems, Hayward, CA) using the manufacturers protocol. L-Arg 

concentration in tissue culture medium was measured by high-performance liquid 

chromatography with electron capture detection using an ESA-CoulArray Model 

540(ESA Inc., Chelmsford, MA) with an 80x3.2 column with 120A pore size. Briefly, 

supernatants were deproteinized in methanol. After centrifugation at 6000xg for 10 min 

at 4°C, the supernatant was derivatized with 0.2 M O-phtaldialdehyde containing  

7 mM beta-mercaptoethanol. Fifty microliters of the sample were injected into the 



82	  
	  

column. Standards of L-Arg were prepared in methanol. 

 

GVHD. BALB/c recipients were lethally irradiated using 600 cGy TBI from an X-ray 

source (X-RAD 320, Precision X-ray Inc., North Branford, CT) on day -1 followed by 

intravenous (i.v.) infusion of 107 T-cell depleted (TCD) B6 donor BM, 2x106 purified B6 

whole T-cells (CD4 and CD8) depleted of CD25, and either 2x106 or 6x106 CD11b 

positively-selected B6 MDSCs on day 0. Control mice were given BM alone or BM plus 

T-cells as negative and positive controls for GVHD induction, respectively. Mice were 

monitored daily for survival and weighed twice weekly. Migratory ability of MDSC was 

determined by generating MDSC from whole BM of GFP Tg B6 mice using the method 

described above. These cells were injected into lethally irradiated BALB/c mice at 6x106 

cells/mouse with 107 BM cells and 2x106 whole T-cells. LNs (mesenteric, axillary, and 

inguinal) and spleens explanted from these mice on days 7 and 14 post-transplant were 

imaged using whole body fluorescent imager. Images were taken using a Magnafire color 

camera (Optronics, Goleta, CA) mounted onto a Leica MZFLIII stereomicroscope using a 

eGFP2-bandpass filter and a 0.63 x transfer lens (Leica Microsystems, Bannockburn, IL).  

 

Assessment of graft versus leukemia effect of donor T-cells. A20 lymphoma cells were 

purchased from American Type Culture Collection (ATCC, Manassas, VA) and 

nucleoporated with a Sleeping Beauty transposon construct to permit the co-expression of 

dsred2 and Renilla luciferase (Renilla reniformus, termed A20luc). On day 0, cohorts of 

lethally irradiated BALB/c recipients undergoing BMT received 3x105 A20luc. Groups 
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also received 107 BM only or BM plus 2x106 CD25–  B6  T-cells with and without 6x106 

B6 MDSC. A Xenogen IVIS imaging system (Caliper Life Sciences, Hopkinton, MA) 

was used for live animal imaging of transplanted mice. Mice were anesthetized with 

Isoflurane using a ventilator system. Renilla luciferin substrate (EnduRen, Promega, 

Madison, WI) was injected i.p. at 60 mM (final volume 0.1ml) and mice were imaged 5 

minutes post injection. Data were analyzed and presented as photon counts per area. 

 

Pegylation of human recombinant Arginase-1. O-[2-(N-Succinimidyloxycarbonyl)-

ethyl]-O'-methylpolyethylene-glycol (PEG) 5000mw (Sigma-Aldrich, St. Louis, MO) 

was covalently attached to the human recombinant arginase-1 in a 50:1 molar ratio for 

2.5 hours, as described by Cheng et al.141 To determine the efficiency of the procedure, 

PEG-Arg1, recombinant arginase-1, and PEG 5000mw were electrophoresed in 10% 

Tris-Glycine gels (Invitrogen) and the gels were stained using GelCode Blue® Stain 

Solution (Thermo Scientific, Waltham, MA). The molecular weight of the PEG-Arg-1 

ranged between 150-225kD, while the native unpegylated human recombinant arginase-1 

was 36kD. Pegylation of arginase-1 was confirmed by staining of the gels in 

glutaraldehyde based stain solution, finding the presence of the PEG-Arg-1 between 150-

225kD and the PEG 5000mw around 5kD. The specific activity of the native arginase and 

the PEG-arg-1 was about 400IU/mg protein. One international unit of arginase-1 is 

defined as the amount of enzyme that can produce 1 µmol urea/minute at 30°C, pH 8.5. 

In experiments using PEG-arg-1, reagent was administered i.p. into transplanted mice at 

1mg/ml twice weekly for a period of four weeks. 
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Statistical analysis. The Kaplan-Meier product-limit method was used to calculate 

survival curve. Differences between groups in survival studies were determined using 

log-rank statistics. For all other data, a Student’s t-test was used to analyze differences 

between groups. Results were considered significant if the P value was ≤ 0.05.  
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Results 

In vitro generated MDSC inhibit T-cell alloresponses via arginase-1 expression, which is 

upregulated by IL-13. To generate MDSC, BM from WT B6 mice was incubated with G-

CSF, GM-CSF, or both. After 4 days, cells were harvested and the surface phenotype 

determined (Figure 1). Cells incubated with GM-CSF had a more granulocytic 

morphology, as indicated by the increased forward scatter profile. The percentage of 

CD11b+Gr1+ cells increased from 29% in media to 35% with G-CSF, 34% with GM-CSF 

treated, 44% in the G-CSF+GM-CSF group, and 50% in G-CSF+GM-CSF+IL-13 group. 

Upon examination of the different subsets of MDSC, we observed a preferential 

expansion of the CD11b+ Ly6G-Ly6C+ population of cells in all groups when compared 

to cells incubated in media only (24% vs. 39% vs. 59% vs. 69% vs. 73%). As compared 

to media or GM-CSF alone, CD11b+Gr1+ cells cultured with G-CSF, G-CSF+GM-CSF 

or G-CSF+GM-CSF+IL-13 had a marked increase in IL4Rα expression (28% vs. 49% 

vs. 78% vs. 62% vs. 64%, respectively). GM-CSF had a greater influence on the 

expression of CD115 (CSF-1R), and GM-CSF, GM-CSF+G-CSF, GM-CSF+G-CSF+IL-

13 groups had increased expression of CD115 when compared to BM cells in culture 

media and cells treated with G-CSF alone (12% vs. 20% vs. 40% vs. 40% vs. 43%). GM-

CSF also upregulated F4/80 expression from 31% (media) or 36% (G-CSF alone) to 65% 

(GM-CSF) or 66% (G-CSF+GM-CSF) and 63% (G-CSF+GM-CSF+IL-13). Cells were 

negative for CD11c, CD14, and MHC class II molecules in all cultures, and there was no 

change in MHC class I observed between the groups (Figure 1A, data not shown). Based 

on the cell surface phenotyping and in vitro suppression data (see below), all subsequent 

MDSC cultures were performed in the presence of G-CSF+GM-CSF+IL-13. As shown in 
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Figure 1B and C, H/E-stained cytospin preparations demonstrated that MDSC produced 

in this fashion were highly homogeneous and had mononuclear morphology with a large 

nuclear to cytoplasm ratio. Thus, cells with a phenotype consistent with MDSC can be 

generated from whole BM through simple culture techniques in as little as 4 days.  

To enrich MDSCs, CD11b positive selection was performed on day 4 of culture. 

More than 95% of CD11b selected cells expressed both CD11b and Gr1 (data not 

shown). RT-PCR analysis of CD11b selected cells shows that MDSCs expressed both 

arginase-1 and iNOS (Figure 2A). The addition of IL-13 (80ng/ml) on day 3 of culture 

resulted in the upregulation of arginase-1 expression in MDSCs (Figure 2A). To quantify 

the degree of increased expression, real time PCR was performed using specific Taqman 

primer/probe sets (Figure 2B). As compared to the BM control, the relative expression of 

arginase-1 was increased 20-fold in MDSC and increased to a significantly greater extent 

to 350-fold in MDSC-IL13 cultures. The expression of iNOS was increased in MDSC but 

was not significantly increased higher in MDSC-IL13 (5-fold vs. 7-fold increased, 

respectively, vs. BM controls) (Figure 2B). Western blot analysis of arginase-1 (Figure 

2C) and arginase-1 activity determination (Figure 2D) using a urea-based detection 

method indicated that the increase in the expression levels of arginase-1 in MDSC and 

MDSC-IL13 correlated with the downstream increase in protein levels and activity.  

Next, studies were performed to determine the in vitro suppressive capacity of 

MDSC in an allogeneic MLR culture. B6 purified CD4+ and CD8+ T-cells (2x105) were 

co-cultured with irradiated BALB/c T-cell-depleted stimulators (2x105) and B6 MDSC 

(2x104). Cells were plated in complete media containing physiological concentrations of 

L-arginine (150 µM) and incubated for 3-7 days. The percent suppression by MDSC 
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ranged from 50-60% at a 1:10 ratio of T-cells to MDSC (Supplementary Figure 1). 

MDSC-IL13 were significantly more suppressive at each time point of the assay, ranging 

from 65-75%. Since the in vitro suppression and in vivo GVHD inhibition (see below) 

was superior with MDSC-IL13 vs. MDSC, subsequent studies were performed with 

MDSC-IL13.  

The suppressive capabilities of MDSC were dominantly cell-contact independent 

(Supplemental Figure 2) when using a semi-permeable membrane to separate MDSC 

from T-cells and stimulators. To determine the extent to which MLR suppression was 

dependent upon the arginase pathway, the arginase inhibitor (nor-NOHA) was added to 

MDSC-IL13 cultures. Nor-NOHA significantly reduced MDSC suppression of an in vitro 

MLR response to levels of 18-35% at a nor-NOHA concentration of 300µM, an effect 

that was titratable at lower concentrations (Figure 2E, F). Inhibition of NOS by L-

NMMA alone resulted in a slight reduction in suppression at the peak of the response 

(day 5; 72% in control vs 64% in L-NMMA treated) and the addition of L-NMMA to 

nor-NOHA was not more effective in reducing suppression than nor-NOHA alone.  

The stress response pathway, GCN2, can sense essential amino acid starvation. 

Therefore, GCN2 knockout T-cells were used as responders in an MLR culture to which 

MDSC-IL13 were added. Consistent with the possibility that L-arginine and perhaps 

other essential amino acids were depleted by MDSC-IL13, the percent suppression by 

MDSC-IL13 significantly decreased using wildtype (WT) vs. GCN2 KO responders from 

60% to 25% at the peak of the response (day 5, P=0.01) (Figure 2G). The addition of 

excess L-arginine (5mM) to the MLR:MDSC-IL13 co-culture  also resulted in a 60% 

reduction in suppression (day 4, P=0.001) (Figure 2H). This effect was specific for L-
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arginine because the addition of excess tryptophan, a different essential amino acid 

depleted by the indoleamine 2,3 dioxygenase pathway, had no such effect. Together, 

these results indicate that in vitro generated MDSC-IL13 inhibit T-cell alloresponses by 

starving T-cells of L-arginine.  

 

Donor MDSC-IL13 cells migrate to sites of allopriming shortly after BMT and reduce 

GVHD lethality. We then determined if MDSC-IL13  migratory patterns were such that it 

allowed for them to traffic to secondary lymphoid organs, sites of allorecognition and 

priming, and thus have the potential to suppress GVHD. MDSC-IL13 cells expressed the 

secondary lymphoid organ selectin/adhesion molecules, CD62L and LFA-1, as well as 

CCR9 (small intestine and colon homing) but not alpha4beta7 (Peyer's patches and 

lamina propria) or CCR7 (LN; afferent lymphatics) (Figure 3A). Lethally irradiated 

BALB/c recipients were given 107 B6 BM cells plus 2x106 purified B6 T-cells. A cohort 

also received MDSC-IL13 (6x106 cells/mouse) expanded from eGFP transgenic B6 

donors BM. On day 7 and 14 post-BMT, LN and spleen were explanted and imaged 

using a whole-body fluorescent imager. A bright fluorescent signal emanated from the 

spleen and  from the mesenteric, axillary, and inguinal LNs on days 7 and 14 (Figure 3B). 

As indicated by flow cytometry analysis, eGFP expressing cells in the LN and spleen 

increased from day 7 to day 14 (LN, 3.3 vs. 11x104 ; spleen, 6.5 vs. 15x104) (Figure 3C). 

On day 7, 75% of donor CD11b+ cells co-expressed Gr-1 (Figure 3D). These results 

demonstrated that MDSC-IL13 efficiently migrate to sites of alloactivation in a GVHD 

setting and increased in numbers over time.     
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Next, we wanted to determine if MDSC-IL13 had a beneficial impact on GVHD 

survival. As above, lethally irradiated BALB/c recipients were given 107 B6 BM cells 

plus 2x106 purified B6 T-cells. Some cohorts received 2x106 or 6x106 B6-derived 

CD11b+ selected MDSC-IL13 at the time of transplant. As shown in Figure 4A, mice 

given either 2x106 or 6x106 MDSC-IL13 had significantly improved survival compared 

to controls (P<0.001). Recipients of higher vs. lower MDSC-IL13 had a trend toward 

increased survival (P=0.06). Mice given MDSC-IL13 at either dose lost significantly less 

weight than mice without MDSC-IL13, albeit weight loss was greater than the BM only 

group indicating that MDSC-IL13 mice were not GVHD-free (Figure 4B). In other 

studies and consistent with the in vitro MLR data, recipients of MDSC-IL13 had 

increased survival as compared to those receiving MDSC (P=0.001) (Supplemental 

Figure 3), validating the choice of MDSC-IL13 for further analysis.   

 

MDSC-IL13 suppress donor T-cell activation, proliferation and IFNγ production and 

GVHD lethality via an arginase-1 dependent mechanism. Because the MDSC-IL13 

expression of arginase-1 was essential to achieve maximum suppression of a T-cell 

alloresponse in vitro, we sought to determine if the same mechanism of action was 

involved in vivo. MDSC-IL13 were isolated from WT or arginase-1 KO mice and applied 

to our GVHD model described above. Survival analysis indicated that WT MDSC-IL13 

significantly enhanced survival when compared to mice receiving BM+T alone (BM+T 

vs. BM+T+6x106 WT MDSC-IL13, P=0.05). Arginase-1 contributed to the GVHD 

inhibitory effect of MDSC-IL13 since arginase-1 KO MDSC-IL13 were not sufficiently 

potent in reducing GVHD to reach statistical significance with 12 mice/group (BM+T vs. 
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BM+T+6x106 arginase-1 KO MDSC, P=0.08). (Figure 4C). Again, weight loss 

substantiated survival data (Figure 4D). These data confirm arginase-1 expression as a 

contributing mechanism for MDSC-IL13 inhibition of GVHD lethality.   

To further investigate the direct effects MDSC had on donor T-cell alloresponses in vivo, 

CFSE-labeled B6 T-cells (15x106) and T-cells plus MDSC-IL13 (10x106; 1:0.67 ratio) 

were given to lethally irradiated mice. As compared to the GVHD group, there is a 

significant reduction in the percent of both CD4+ and CD8+ donor T-cells that had 

divided on day 4 post-BMT when MDSC-IL13 were co-administered (40.2±7 vs. 17.3±1 

for CD4, P=0.01; 51.5±13 vs. 16.1±1 for CD8, P=0.01) (Figure 5A). L-arginine 

deprivation has been shown to be associated with a decrease in the expression of CD3ζ 

on CD4+ and CD8+ T-cells. As compared to controls, a decrease in CD3ζ expression was 

observed in donor CD4+ and CD8+ T-cells when MDSC-IL13 was co-administered 

(86±2% vs. 56±3% for CD4+ T-cells, P<0.001; 85±1% vs. 68±1% for CD8+ T-cells, 

P<0.001) (Figure 5B).  The activation status of donor T-cells was assessed by examining 

the expression of CD25 and L-selectin (CD62L) (Figure 5C). As compared to controls, 

CD8+ T-cells co-administered with MDSC-IL13 had a less activated phenotype, indicated 

by a lower frequency of CD25+ cells (32±2% vs. 19%±1, P<0.001). There was no 

statistical difference on CD4+ T-cells between the two groups when CD25 expression 

was examined (37±3% vs. 33±1%, P=0.3). However, both CD4+ and CD8+ T-cells have 

fewer CD62L- cells when MDSC-IL13 are co-administered (74±2% vs. 50±3% for CD4+ 

T-cells, P<0.001; 77±4% vs. 41±3% for CD8+ T-cells, P<0.001). When comparing no 

MDSC-IL13 to MDSC-IL13 co-administration, there was a significant reduction in the 

percentage of cells expressing IFN-γ in both CD4+ and CD8+ T-cell populations (37±5% 
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vs. 24±2% for CD4+IFNγ+, P=0.04; 30±4% vs. 15±1% for CD8+IFNγ+, P=0.007) (Figure 

5D).  Cumulatively, these results show that MDSC-IL13 diminish donor T-cell 

activation, proliferation, and proinflammatory cytokine production which is associated 

with reduced GVHD lethality.   

 

MDSC-IL13 preserve the GVL effect of allogeneic T-cells. To determine whether the 

reduction of GVHD lethality upon co-administration of MDSCs would impair a GVL 

effect, we used an A20 lymphoma model known to be sensitive toward T-cell mediated 

elimination.  Irradiated BALB/c recipients were given BM with or without purified whole 

T-cells (2x106) from B6 donors. Other cohorts received MDSC-IL13 (6x106) and/or 

A20luc cells (3x105) on day 0 (Figure 6). Again, co-administration of MDSC on day 0 

resulted in a significant reduction of GVHD induced mortality (BM+T vs. 

BM+T+MDSC-IL13, P<0.001)(Figure 6A) and weight loss compared to mice receiving 

T-cells alone (Figure 6B). Recipients of T-cells plus A20luc cells all eventually 

succumbed to GVHD. However, recipients of T-cells/A20luc/MDSC-IL13 had a 

significantly improved survival and 37% of mice survived long-term (BM+T+A20 vs. 

BM+T+A20+MDSC-IL13, P<0.001)(Figure 6C, D), in marked contrast to mice receiving 

BM+A20luc cells, that all succumbed to lymphoma by day 25 (Figure 6C). Despite a 

reduction in GVHD, recipients of MDSC-IL13 and T-cells were capable of eliminating 

A20luc cells to the same extent as recipients of T-cells only (Figure 6E). These data show 

that the dampening of GVHD by MDSC-IL13 does not hinder the ability of donor T-cells 

to mediate a GVL effect when given at the time of allo-BMT. 
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PEG-arg1 administration has similar GVHD inhibitory properties as MDSC-IL13. 

Arginase-1 expression contributed to the MDSC-IL13 suppression of alloresponses in 

vitro and reduction of GVHD lethality in vivo. To determine if arginase-1 itself was 

sufficient to inhibit GVHD lethality generation, arginase-1 was conjugated to PEG (PEG-

arg1) to prolong its half-life in vivo. Lethally irradiated BALB/c mice were given 106 BM 

cells plus 2x106 CD25- B6 T-cells. Cohorts were given PEG-arg1 i.p. at 1mg/mouse 2 

times weekly for a total of 4 weeks. Other cohorts received 6x106 B6 BM-derived 

MDSC-IL13 as a comparison. Mice receiving PEG-arg1 had a significant improvement 

in survival compared to mice receiving BM+T alone (P=0.003) (Figure 7A), which was 

comparable to mice receiving 6x106 MDSCs (P=0.4)(Figure 7A). Notably, the most 

impressive survival differences between PEG-arg1 and T-cell only control was evident 

while PEG-arg1 continued to be administered with 75% of treated mice vs. 0% of 

controls surviving. The precipitous loss of mice from GVHD in the PEG-arg1 treated 

group occurred upon discontinuation of PEG-arg1 treatment i.e. between days 30-62. 

Weights of these mice demonstrated that mice receiving PEG-arg1 were comparable and 

different than the T-cell only controls (Figure 7B). When we quantify the concentration 

of L-arginine in peripheral blood from these animals at day 14, we observed a significant 

decrease of this amino acid in mice given 6x106 MDSC and PEG-arg1 (Figure 7C). 

These data indicate that PEG-arg1 administration was able to inhibit GVHD-induced 

lethality, especially during the time period of continued injections. 
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Discussion 

We report a novel cellular therapy using MDSC-IL13 generated within 4 days 

from the BM of tumor-free animals using G-CSF+GM-CSF followed by the addition of 

IL-13 to upregulate arginase-1 expression. MDSC-IL13 were more potent in inhibiting in 

vitro alloresponses and in vivo GVHD lethality than MDSC generated without IL-13. 

MDSC-IL13 limited the proliferation, activation, and IFNγ secretion of donor T-cells 

exposed to allogeneic stimuli in vivo. Additionally, the GVL alloreactivity of donor T-

cells was preserved. Arginase-1 expression was critical for GVHD reduction. Conversely, 

the administration of PEG-arg1 inhibited GVHD lethality.   

Several studies have proposed a link between the increased production of tumor-

derived G-CSF and GM-CSF with increasing numbers of MDSCs.142-144 We have utilized 

these cytokines to develop a culture system in which we are able to produce CD11b+Gr1+ 

MDSC from whole BM. Phenotypic analysis revealed these cells express IL4Rα and 

CD115, both have previously been linked to enhanced suppressive capacity of 

MDSC.133,134 MDSC also expressed both Ly6C and F4/80, placing them within the 

monocytic subset of MDSC described earlier.130,132 The addition of IL-13 to the culture 

for the last 24 hours markedly increased arginase-1 expression (Figure 2B), which proved 

to be vital to the suppressive effects of MDSC-IL13. 

Successful prevention of GVHD using cellular approaches is dependent on 

migration of suppressor cells to areas which harbor alloreactive donor T-cells. Our 

laboratory has previously shown that regulatory T-cells (Tregs) expressing high levels of 

CD62L (CD62Lhi) efficiently migrated to SLO and potently inhibited GVHD and BM 
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graft rejection, while CD62L- Tregs had no such effect.53 More recent studies using 

multipotent adult progenitor cells further elucidated the need for suppressor cells to be 

located within the vicinity of alloreactive T-cells. Only when multipotent progenitor cells 

were administered within the splenic microenvironment through direct splenic injections 

was there was a positive effect on GVHD survival that resulted from decreased activation 

and expansion of donor T-cells in vivo.145 In the current study, we have shown that in 

vitro generated MDSC and MDSC-IL13 express appropriate homing molecules that 

guide them to SLO, CD62L being one of these. Furthermore, we show that the absolute 

number of MDSC-IL13 in the LN and spleen increases from day 7 to 14, indicative of in 

vivo proliferation of MDSC-IL13. Because most of the injected MDSC retained their cell 

surface phenotype of CD11b+Gr-1+ at 7 days post transplant, MDSC-IL13 adoptively 

transferred in vivo should continue to have the capacity to modulate immune responses.   

Recently, Zhou et al. have described a culture system, which generates 

CD115+Ly6C+ MDSC from embryonic stem cells (ES) and purified hematopoietic stem 

cells (HSC).138 The suppressive capacity of their MDSC used is in line with our current 

report, although there are significant differences worth mentioning. First, the length of 

time needed to generate MDSC is longer than ours (17 days for ES-MDSC, 8 days for 

HSC-MDSC) and employs the use of a larger array of reagents/cytokines (c-kit ligand, 

IL-6, IL-3, thrombopoietin, VEGF, Flt3L and M-CSF) increasing the logistics of 

translation into the clinic.138 Although the MDSC derived from Zhou et al and those 

described in the current paper have a similar cell surface phenotype, there is an apparent 

discordance in the suppressive mechanism utilized. For example, these investigators 

demonstrated that inhibiting arginase-1 had minimal effects on the suppressive capacity 
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of MDSC in vitro, and show data which indicate iNOS, IL-10 and the induction of Tregs 

as the mediators of T-cell inhibition.138 In contrast, our data show a more important role 

for arginase-1.  Furthermore, in our studies,  T-cell production of IL-10, the induction of 

Tregs, or the inhibition of iNOS did not differ in the in vitro MLR suppression assay 

between conditions that contained or did not contain MDSC-IL13 (data not shown). We 

speculate that these differences may be due to the addition of IL-13 in our culture system, 

which is known to increase arginase-1 activity at the expense of iNOS.146 Secondly, the 

effect of ES-MDSC on GVHD was tested using 5x105 allogeneic T-cells as GVHD 

inducers whereas we used 2x106 T-cells that were CD25 depleted T-cells, thereby 

eliminating the possibility that donor Tregs within the donor innoculum contributed to the 

GVHD inhibitory effect of MDSC-IL13. Lastly, the ratio of MDSC to T-cells 

administered in vivo differed between the studies. Zhou et al. administered 3 total 

treatments of 2x106 MDSCs each, effectively making MDSC:input T-cell ratio 12:1.138 

Our model used 2x106 T-cells with one treatment of 6x106 MDSCs, which is a 3:1 

MDSC:input T-cell ratio. Taken together, these differences may explain the decreased 

survival we observed in our system. Consistent with data not shown but mentioned by 

Zhou et al. is that the GVL activity of donor T-cells remained intact in mice given 

CD115+Gr-1+F4/80+ MDSC.  We now report that MDSC-IL13 preserve the GVL 

response as analyzed by a day 0 challenge of BMT recipients with a luciferase tagged 

lymphoma cell line (A20). Allogeneic T-cells given with MDSC-IL13 retained their GVL 

activity and were equally effective at eradicating tumor as T-cell given alone. The net 

result of MDSC-IL13 was to reduce GVHD lethality, efficiently eliminate A20 
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lymphoma cells, and permit survival of 37% of recipients vs 0% of controls not given 

MDSC-IL13 or allogeneic T-cells alone. 

Amino acid starvation results in T-cell dysfunction. Perhaps the best studied 

enzyme that induces this effect is IDO. IDO degrades the essential amino acid tryptophan 

and activates the GCN2 stress-kinase pathway.147 This, in turn, results in the 

phosphorylation of eIF2α which initiates cell cycle arrest and T-cell anergy.147 Munn et 

al. have shown that GCN2 KO T-cells bypass this pathway and can proliferate in the 

absence of tryptophan.139 L-arginine deprivation also induces the GCN2 kinase pathway 

in T-cells, and GCN2 KO T-cells are also resistant to these inhibitory effects in vitro.136  

In line with this, we show that GCN2 KO T-cells are more resistant to MDSC-IL13 

mediated suppression when compared to WT T-cells. Further, the suppressive effects are 

specific for L-arginine starvation, because only the addition of exogenous L-arginine to 

MLR cultures, and not tryptophan, had the capacity to restore T-cell proliferation. 

It is known that under conditions of low concentrations of L-arginine, the 

reductase domain of iNOS generates superoxide ion (O2
-),148 which is converted to 

hydrogen peroxide (H2O2) and oxygen or, in the presence of nitric oxide, to peroxynitrite 

(ONOO-).149 Peroxynitrite inhibits T-cell activation and proliferation by reducing 

tyrosine phosphorylation and inducing apoptosis.150 Gabrilovich et al. demonstrated that 

peroxynitrite was involved in T-cell inhibition by Gr-1+ MDSCs derived from tumor-

bearing mice and the addition of the peroxynitrite scavenger, uric acid, completely 

abrogated the antigen-specific inhibitory effect of MDSC.84 Others have also shown that 

the stimulation of T-cells in an L-arginine poor microenvironment results in an inhibition 

of T-cell proliferation, decreased CD3ζ expression, and a decreased production of IFN-
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γ.85,137,151,152 Under these circumstances, inhibiting the production of H202 did not reverse 

these effects, and only arginase-1 inhibitors or excess L-arginine allowed for CD3ζ re-

expression, indicating different MDSC types may utilize one or more distinct pathways to 

achieve suppression.152 Because we have shown that MDSC-IL13 express both arg-1 and 

iNOS, it remains possible that these are acting synergistically and are producing toxic 

metabolites, such as superoxide ion or peroxynitrite, which can affect T-cell function. We 

attribute much but not all of the immunosuppressive capabilities of MDSC-IL13 to the 

consumption of L-arginine. Thus, it is not surprising that most of the MDSC-IL13 

suppression occurs independent of cell contact. We favor the hypothesis that the 

component of MDSC-IL13 induced suppression that occurs via a contact-dependent 

suppression may be mediated through interactions with negative regulators of the 

immune response. For instance, PD1-PDL1 interactions which are known to regulate 

tolerance have been documented to reduce both proliferation and IFN-γ secretion by CD3 

activated T-cells.153 Indeed, MDSC-IL13 express high levels of PDL-1 (data not shown). 

Future studies will be needed to search for additional contributing mechanisms that can 

account for the residual suppression by MDSC-IL13 that does not require contact 

dependence or as was observed using arginase-1 KO MDSC-IL13. 

Because human MDSC do not express CAT-2B transporter, and therefore cannot 

uptake L-arginine, MDSC release arginase-1 into the environment where it depletes L-

arginine and induces T-cell dysfunction. Although recombinant human arginase-1 

(rhArg-1) has been successfully cloned, the short circulatory half-life in the human body 

(t1/2<30 min) makes it difficult to achieve therapeutically effective blood arginine 

concentrations in patients.154 The attachment of PEG is an established technique used to 
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extend the circulatory half-life and increase stability of numerous proteins. Studies have 

shown the effectiveness of PEG-arg1 for treatment of cancers dependant on L-arginine, 

such as hepatocellular carcinoma and acute lymphoblastic T-cell leukemia (T-ALL).141,155  

These studies have lead us to hypothesize that we may be able to replicate the inhibitory 

effects of MDSC by creating an L-arginine-free microenvironment. Upon administration 

of PEG-arg1, we show a significant benefit in the survival of mice with lethal GVHD. 

This enhancement in survival is virtually the same as that seen when administering a 

higher (6x106) MDSC-IL13 dose. It is interesting to note that the early survival kinetics 

were more favorable early post-transplant for mice given PEG-arg1 than mice given 

MDSC-IL13. However, in contrast to the single infusion of MDSC-IL13, PEG-arg1 

suppression of GVHD lethality appeared to require continuous PEG-arg1 administration 

since discontinuation on day 28 post-BMT was followed by GVHD-induced deaths 

between days 30-62. This leads us to speculate that a longer duration of PEG-arg1 

treatment may have an even more significant impact on long-term survival. Whether 

PEG-arg1 is immune suppressive or can be considered tolerigenic is unknown at present. 

Although future studies will be required to optimize PEG-arg1 dose and schedule, clearly 

PEG-arg1 has a beneficial effect on reducing GVHD lethality.       

In conclusion, MDSC-IL13 generated from murine BM have the ability to 

enhance GVHD survival. Arginase-1 expression contributes to the GVHD inhibitory 

effect of MDSC-IL13. A GVL effect was not aborted by MDSC-IL13. The 

administration of PEG-arg1 had similar effects of higher dose MDSC-IL13 (6x106 cells) 

and was modestly superior to a lower dose of MDSC-IL13 (2x106 cells; data not shown). 

Future studies will be needed to optimize the dose and schedule of MDSC-IL13 and 
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PEG-arg1. Nonetheless, these studies may hold promise for GVHD prevention and 

perhaps GVHD therapy in the clinic. 
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Figure 1. Generation and phenotype of cultured MDSC. (A) FACS phenotype of B6 

whole bone marrow at day 4 of culture that has been left untreated, treated with G-CSF 

alone (100ng/ml), treated with GM-CSF alone (250U/ml), or treated with both G-CSF 

and GM-CSF. All gates based on isotype controls. Ly6G/Ly6C graphs were first gated on 

CD11b+ cells. Representative images of H/E stained cytospins of MDSC with combined 

treatment (B) and combined treatment plus IL-13 addition on day 3 (C)(40X 

magnification). 	  
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Figure 1 
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Figure 2.  MDSC inhibit T-cell allo-responses through the expression of arginase-1. 

(A) RTPCR showing MDSC express arginase-1 and iNOS and upregulate arginase-1 

upon stimulation with IL-13.  HPRT shown as endogenous control. (B) Real time 

RTPCR showing  quantitatively the extent of arginase-1 and iNOS upregulation by IL-13 

stimulated MDSC.  Standardized to GAPDH endogenous control and relative expression 

compared to untreated BM. (C) Western blot showing arginase-1 and actin control at the 

protein level in untreated BM, MDSC and MDSC IL13-tx. (D)  Arginase activity was 

determined by measuring the production of urea over time.  MLR was performed by 

mixing B6 purified T-cells with irradiated BALB/c  stimulators (1:1 ratio) and MDSC 

(1:10 ratio).  Cultures were pulsed with 3H-thymidine on the indicated days and harvested 

after a 16 hour incubation. (E) MLR:MDSC co-cultures were left untreated or were 

treated with arginase inhibitor, nor-NOHA (300uM), Nitric Oxide inhibitor, L-NMMA 

(300uM), or both. (F) Arginase inhibitor (nor-NOHA) was added to MLR:MDSC co-

cultures at increasing concentrations (30uM, 100uM, 300uM). (G) B6 WT T-cells or 

GCN2 KO T-cells were used as responder cells and MDSC were added at 1:10 ratio as 

above. (H)  Addition of excess L-arginine (5uM) or tryptophan (5uM) was added back to 

MLR:MDSC co-cultures and assessed for T-cell proliferation.  
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Figure 3.  MDSC migrate to sites of allo-priming in a GVHD setting. (A) FACS 

analysis of pre-transplant MDSC were gated on Gr1+CD11b+ and analyzed for the 

surface expression of molecules associated with homing and recruitment. Gates are based 

off of isotype controls. (B) Lethally irradiated BALB/c recipients were given 107 BM 

cells plus 2x106 T-cells with 6x106 eGFP transgenic MDSCs. Control mice were given 

BM and T-cells only. On day 7 and 14, LN and spleen were harvested and imaged using 

macroscopic fluorescent microscopy. (C) The absolute number of eGFP+ cells that had 

migrated to the LNs and spleen was determined using flow cytometry. (D) Spleen was 

harvested from day 7 transplanted mice and flow cytometry was performed to determine 

if MDSC retained Gr1+CD11b+ phenotype. Cells were gated on donor CD11b+ cells.  
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Figure 3 
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Figure 4. Cultured MDSC enhance GVHD survival in an arginase-1 dependant 

fashion. Lethally irradiated BALB/c recipients were given 107 B6 BM cells plus 2x106 

purified CD25-depleted T-cells plus either 2x106 MDSC or 6x106 MDSC, both IL-13-tx. 

Kaplan-Meier survival curve of transplanted mice (A). Data represents two pooled 

experiments (BM only, N=18; BM+T, N=18; BM+T+2x106 MDSC IL13-tx, N=22; 

BM+T+ 6x106 MDSC IL13-tx, N=22; BM+T vs. 2x106 MDSC IL-13-tx, P<0.001; 

BM+T vs. 6x106 MDSC IL13-tx, P<0.001; 2x106 MDSC IL13-tx vs. 6x106 MDSC IL13-

tx, P=0.06). Corresponding weights are shown in (B). (C) Kaplan-Meier survival curve 

of BM transplant as outlined above, except using 6x106 MDSC IL-13-tx generated from 

either WT mice or arginase-1 KO mice. Represents one experiment (BM only, N=8; 

BM+T, N=12; BM+T+6x106 WT MDSC, N=12; BM+T+ 6x106 arginase-I KO MDSC, 

N=12; BM+T vs. 6x106 WT MDSC, P=0.05; BM+T vs. 6x106 arginase-I KO MDSC, 

P=0.08; arginase-1 KO MDSC vs. WT MDSC, P=0.1). (D) Corresponding weights are 

shown. (E) Tissues were harvested from experimental mice in a separate transplant on 

day 28 post transplant. Representative H/E images are shown (20x).  
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Figure 4 
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Figure 5. MDSC negatively impact proliferation, activation, and effector function of 

donor T-cells. Lethally irradiated BALB/c mice were transplanted with 15x106 CFSE-

labeled CD25-depleted B6 Ly5.1 expressing T-cells alone or with 10x106 CD11b purified 

MDSC.(A) Day 4 splenocytes were analyzed via flow cytometry  for CFSE dilution on 

CD4 and CD8 T-cells. (B) Flow cytometry was used to detect amount of CD3ζ present 

on CD4 and CD8 splenic T-cells. (C) Graph of common activation markers (CD25 and 

CD62L) on CD4 and CD8 splenic T-cells. (D) Intracellular cytokine staining was 

performed on LN CD4 and CD8 T-cells to determine the percentage of cells producing 

IFN-γ.  
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Figure 5 
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Figure 6. MDSCs preserve graft versus leukemia effect of allogeneic donor T-cells. 

Lethally irradiated BALB/c mice were given 10x106 B6 T-cell-depleted BM cells alone 

or with 2x106 CD25-depleted B6 T-cells. Cohorts of mice also received 3x105 A20 cells 

and/or 6x106 B6 MDSC. All cells were given i.v. on day 0 of transplant. (A) Kaplan-

Meier survival curve of mice receiving BM only (N=10), BM+T (N=10), or 

BM+T+MDSC (N=10). (B) Corresponding weights from these mice. (C) Kaplan-Meier 

survival curve of mice receiving BM+A20 (N=10), BM+T+A20 (N=10), or 

BM+T+A20+MDSC (N=10).  (D) Corresponding weights from these mice. (E) Mice 

were monitored on days 14, 18, and 50 using bioluminescent imaging to detect Renilla 

luciferase-expressing A20 cells. BM+T vs. BM+T+MDSC, P<0.001; BM+A20 vs. 

BM+T+A20, P<0.001; BM+T+A20 vs. BM+T+A20+MDSC, P<0.001. 
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Figure 6 
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Figure 7. PEG-arg1 has similar protective effects as MDSC IL-13-tx. Lethally 

irradiated BALB/c mice were given 10x106 B6 BM cells alone or with 2x106 CD25-

depleted T-cells. In addition to this, cohorts were also given 6x106 MDSC IL13-tx on day 

0 or PEG-arg1 at 1mg/mouse, 2 times weekly.  (A) Kaplan-Meier survival curve and (B) 

corresponding weights are shown. P values for survival are BM+T vs. 6x106 MDSC, 

P=0.03; BM+T vs. PEG-arg1, P=0.003. (C) L-arginine was quantified using HPLC on 

day 14 from the peripheral blood of transplanted mice. WT B6 mice were used as 

controls. 
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Figure 7 
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Supplemental Figure 1. IL-13 treated MDSCs have significantly enhanced 

suppressive capacity. MLR cultures were performed using B6 purified T-cells mixed 

with BALB/c irradiated TCD splenocytes (1:1). MDSCs were left untreated or were 

treated with IL-13 (80ng/ml) and added at 1:10 (MDSC:T-cell) ratio.  Proliferation was 

assessed using 3H-thymidine uptake.  
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Supplemental Figure 1 
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Supplemental Figure 2. MDSC IL13-tx elicit suppression mostly in a contact-

independent manner. MLR cultures were performed using B6 purified T-cells mixed 

with BALB/c irradiated TCD splenocytes (1:1) plated on the bottom of a semi-permeable 

membrane. MDSC IL13-tx were placed in direct contact with MLR culture or within the 

top chamber of a TransWell (TW) and added at 1:10 (MDSC:T-cell) ratio.  Proliferation 

was assessed using 3H-thymidine uptake.  
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Supplemental Figure 2 
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Supplemental Figure 3.  IL13-tx MDSC have enhanced suppressive capacity in vivo. 

Lethally irradiated BALB/c mice were given 107 B6 T-cell-depleted BM cells alone or 

with 2x106 CD25-depleted B6 T-cells. Cohorts of mice also received 6x106 B6 MDSC or 

6x106 B6 MDSC IL-13-tx. All cells were given i.v. on day 0 of transplant. (A) Kaplan-

Meier survival curve. (BM+T vs. 6x106 MDSC, P=0.001;BM+T vs. 6x106 MDSC IL13-

tx, P<0.001; 6x106 MDSC vs. 6x106 MDSC IL13-tx, P=0.001)  
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Supplemental Figure 3 
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Foreward 

Mesenchymal stem cells (MSCs) are currently used in the clinic as treatment to improve 

bone marrow engraftment. Although there have been many reports which describe an 

improvement bone marrow engraftment following the co-infusion of MSCs with bone 

marrow, the mechanism(s) of action by which this occurs remains to be defined. Here, we 

report that the secretion of prostaglandin E2 (PGE2) by MSCs is likely one of the 

contributing factors of this phenomenon. Murine MSCs produce large amounts of PGE2 

and the incubation of BM cells with MSCs through a semi-permeable membrane 

increases the absolute number of LSK hematopoietic stem cells (HSCs), increases the 

differentiation potential of HSCs, and increases primitive CFU-S cells in vivo. 

Importantly, when the ability of MSCs to produce PGE2 is inhibited, most of these effects 

are reversed. Collectively, these results uncover a novel mechanism of action employed 

by MSCs to enhance BM engraftment. This improved understanding will hopefully allow 

for effective and targeted use of MSC for this purpose in the clinic.  
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Introduction 

Hematopoietic stem cell (HSC) transplantation has been shown to be a lifesaving 

procedure for a variety of malignant and hereditary diseases. There have been many 

advances since the first successful bone marrow transplants were carried out, but, in spite 

of these advances, primary BM graft failure remains a considerable limitation to the 

procedure. Our goal is to investigate novel cellular strategies that may enhance BM 

engraftment and thus promote hematopoietic reconstitution and recovery of immune 

function.  

HSCs are a rare population of cells found in the bone marrow that give rise to all the 

blood cell types including myeloid and lymphoid lineages. HSCs are thought to originate 

in the embryonic yolk sac and seed into the marrow cavity following establishment of the 

stroma.156,157 The initiation of hematopoiesis subsequent to the establishment of the 

stroma has underscored the importance of the hematopoietic microenvironment in the 

regulation of HSC homeostasis. Stromal cells present in the BM, such as fibroblasts and 

endothelial cells, produce numerous cytokines that support hematopoiesis.101,158 Recent 

advances in the field that highlight the multifaceted roles of prostaglandins in 

hematopoiesis has stimulated a new flurry of research in this area.    

Prostaglandins are a group of lipid compounds derived enzymatically from fatty 

acids. Arachidonic acid (AA) derived from membrane lipids is converted into PGG2 and 

PGH2 by the action of cyclooxygenase (COX). PGH2 is in turn converted by specific 

synthases into PGI2, PGF2, PGD2, and PGE2.159  These compounds regulate many 

processes in the body, including kidney function, platelet aggregation, neurotransmitter 
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release, and modulation of immune function.160,161 Studies performed nearly 40 years ago 

show that PGE2, in particular, had the capacity to stimulate HSC proliferation.162 More 

recent research has not only affirmed the expression of PGE2 receptors on HSCs, but has 

also defined a role for this signaling pathway in the context of BMT.163,164   

In addition to HSCs, bone marrow also contains a population of pluripotent 

mesenchymal stem cells (MSC). MSCs represent approximately 0.01-0.001% of 

nucleated BM cells and are most commonly characterized by their differentiation 

potential which allows them to give rise to osteoblasts, adipocytes, and chondroblasts 

under the appropriate culture conditions.165 The relative ease of isolating these cells from 

murine and human sources has allowed for studies exploring the potential use of these 

cells for therapeutic purposes. In this regard, numerous animal studies have shown MSCs 

to impart a beneficial effect on BM engraftment64,166-168, however, the mechanisms by 

which this occurs remains elusive.  

Here, we show that MSCs produce cytokines capable of fostering the engraftment of 

transplanted HSCs following myeolablative radiation. We find that MSCs enhance the 

differentiation capacity and proliferative capacity of HSCs. Further, we find that this 

enhancement effect is at least partially due to the secretion of PGE2 by MSCs, because 

the inhibition of PGE2 secretion reverses these effects. These studies bridge the gap 

between the known engraftment-enhancing capabilities of MSCs and the mechanism of 

action by which this is done and has possible consequences for the selection of clinical-

grade MSCs that are to be used as cellular therapy for these purposes. 
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Materials and Methods 

Mice. C57BL/6 (H2b)(termed B6 and expressing Ly5.2) and congenic B6 Ly5.2 mice 

(expressing Ly5.1) were purchased from the National Institute of Health (Bethesda, MD). 

All mice were housed in specific pathogen-free facility in microisolator cages and used at 

8-12 weeks of age in protocols approved by the Institutional Animal Care and Use 

Committee.  

 

MSC generation, culture and differentiation. MSCs were generated from C57Bl/6 and 

BALB/c mice (NCI, Bethesda, MD) as described by others.169 Briefly, femurs and tibia 

from 8-10 week old female mice were removed, cleaned of connective tissue, and flushed 

with ice cold RPMI (Invitrogen, Carlsbad, CA). Cells were re-suspended in complete 

media consisting of 10% fetal bovine serum (FBS) Hyclone Laboratories, Logan, UT), 

10% horse serum (Hyclone Laboratories), 100 U/ml Penicillin (Invitrogen), 100 ug/ml 

streptomycin (Invitrogen), and 12 uM L-glutamine (Invitrogen). Cells were plated at 

5x105 cells/ml in 20ml in a 150cm2 tissue culture flask. After 24 hours, non-adherent 

cells were removed by washing with phosphate buffered saline (PBS). Fresh media was 

added (20ml) and cells were incubated for a period of 4 weeks. Media changes were 

performed every 3-4 days. After 4 weeks, cells were harvested by a 2 minute treatment 

with trypsin (0.25% trypsin; Invitrogen), and replated as above for a period of 1 week 

with media changes on day 2 and 5. These cells were harvested using trypsin as above 

and plated at 50 cells/cm2 in expansion media consisting of Iscove modified Dulbecco 

medium (IMDM; Invitrogen), 10% FBS, 10% HS, 100 U/ml penicillin, 100 ug/ml 
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streptomycin, and 12 uM L-glutamine. Cells were expanded and frozen in liquid nitrogen 

at passages 3-6 for use in experiments described here.  

 For differentiation, cells were placed at 100 cells/well in a 6 well dish in 

expansion media for 1 week with media changes.  Adipogenesis was tested by changing 

media to IMDM supplemented with 10% FBS, 10% HS, 1 uM dexamethasone (Sigma-

Aldrich, St. Louis, MO), 5 ug/ml insulin (Sigma-Aldrich), 100 U/ml penicillin, 100 ug/ml 

streptomycin, 12 mM L-glutamine, 50 uM indomethacin (Sigma-Aldrich), 0.5 uM 3-

isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich). Cells were incubated in adipogenesis 

media for 3 weeks with media changes before the cells were fixed with 10% formalin for 

20 minutes and stained with 0.5% Oil Red O (Sigma-Aldrich). Osteogenesis was tested  

by changing media to alpha-MEM (Invitrogen) supplemented with 10% FBS, 100 nM 

dexamethasone, 0.2 mM ascorbic acid (Sigma-Aldrich), 100 U/ml penicillin, 100 ug/ml 

streptomycin, and 10 mM beta-glycerophosphate (Sigma-Aldrich). Cells were incubated 

in osteogenesis media for 3 weeks with media changes before cells were fixed with 10% 

formalin and stained with Alizarian Red (Sigma-Aldrich) pH 4.1. For chondrogenesis, 

2x105 cells were spun down in a 15 ml conical tube at 1500 rpm for 5 minutes. Media 

was changed to DMEM supplemented with 1X ITS (Sigma-Aldrich), 1X linoleic acid 

BSA  (Sigma-Aldrich), 0.1 uM dexamethasone, 50 ug/ml ascorbic acid, 10 ng/ml TGF-β 

(R&D Systems, Minneapolis, MN), 100 U/ml penicillin, and 100 ug/ml streptomycin. 

Cells were incubated in 500 ul chondrogenesis media for 3 weeks with media changes 

before removing and freezing the cell pellet in optimal cutting temperature (OCT) 

compound (Sakura, Tokyo, Japan). For microscopy, 6 uM sections were cut and stained 

with Toluidine blue solution (Sigma-Aldrich). 
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PGE2 ELISA. Quantitative determination of PGE2 in cell culture supernatants was 

performed using a commercially available PGE2 ELISA assay (R&D Systems). This 

assay is based on the competitive binding of PGE2 within the sample with a fixed amount 

of horseradish peroxidase (HRP)-labeled PGE2 for sites on a mouse monoclonal 

antibody. 

 

RTPCR. RNA was isolated from mesenchymal stem cells using RNAqueous 4 PCR  kit 

(Applied Biosystems, Inc., Foster City, CA). cDNA was synthesized using Superscript III 

reverse transcriptase (Invitrogen). cDNA for non-quantitative RT-PCR was performed 

using specific primers for PGE2 synthase (sense, 5'-

CTCTGTCATCATTAGTGCCCTCAA -3'; antisense, 5'-

ACTGCCAGGTCAGCAAGGTTAG -3'), IL-11 (sense, 5'-

CTCTGGCCAGATAGAGTCGTTG -3'; antisense, 5'-

CGCGGCGCAGCCATTGTACATG -3'), LIF (sense, 5'-

TCACCCCTGTAAATGCCACC -3'; antisense, 5'-CTTCTTTGTCAGAGTGGTCG -3'), 

GCSF (sense, 5'-CTGCCATCCCTGCCTCT -3'; antisense, 5'-

TGCACAGTAGGGGCCACCCC -3'), stem cell factor (sense, 5'-

TAACCCTCAACTATGTCGCC -3'; antisense, 5'-TGAAGAGAGCACACACTCAC -

3'), Flt3 Ligand (sense, 5'-ACACCTGACTGTTACTTCAGC -3'; antisense, 5'-

CCTGGGCCGAGGCTCTGG -3'), angiopoietin-1(sense, 5'-

AATGCTGTTCAAAACCACACGG -3'; antisense, 5'-
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AATGTCTGACGAGAAACCAAGCC -3'), and thrombopoietin (sense, 5'-

CAGAGCAAGGCACAGGACATTC -3'; antisense, 5'-

ACTGAAGTTCGTCTCCAACAATCC -3')  and amplified for 35 cycles.  

 

Flow cytometry. Expanded MSCs were stained for surface expression of Stem cell 

antigen-1 (Sca-1), CD34, cKit, CD44, CD45, VCAM, CD90, CD11b, and CD31. Lineage 

negative cells used here were depleted of T-cells, CD3, CD4, CD8; monocytes, CD11b; 

dendritic cells, CD11c; myeloid cells, CD33; erythroid cells, Ter119; B-cells, B220; 

granulocytes, Gr-1. These were further gated on cKit+ and Sca-1+ high cells to obtain 

LSK hematopoietic stem cell population previously defined. All antibodies were 

purchased through Pharmingen (San Diego, Ca) or E-bioscience (San Diego, Ca) and 

stained according to manufacturer’s instructions then analyzed using FACSLSRII or 

FACSCanto (Becton Dickinson, San Jose, Ca) and Flow Jo software (Treestar inc).  

 

Colony forming unit assay (CFU assay). Bone marrow from the femurs of 8-10 week old 

C57Bl/6 mice were incubated in the top chamber of a TransWell insert ex vivo overnight 

with 20uM dmPGE2 or 1x105 MSCs plated on the bottom of the TransWell insert. MSCs 

were either untreated or treated overnight with 5uM indomethacin prior to the addition of 

BM cells. On day 0, BM was harvested, counted, and plated in methylcellulose 

containing M3434 media (Stem Cell Technologies). A total of 0.4 ml of cells at a 1x106 

cells/ml concentration was added to 4 ml MethoCult medium and 1.1 ml of this was 

added to a 35 mm dish. Cells were placed in a humidified incubator at 37C and 5% CO2 
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for a period of 12 days. After incubation, cells were counted and colony-types were 

evaluated using an inverted microscope and a gridded scoring dish. 

 

Colony forming unit- S assay (CFU-S). Bone marrow cells were harvested and treated as 

in CFU assay above. On day 0, lethally irradiated (950 cesium) mice received 7x104 

MSC-treated or untreated BM cells. Spleens were dissected on day 12, weighed and fixed 

in Bouin’s solution. Hematopoietic colonies per spleen were counted.    

 

Statistical analysis. Significance level was determined using Graphpad Prism software 

(Graphpad Software, LaJolla, CA). Student’s t test was used to analyze differences 

between groups. Results were considered significant if the P value was ≤ 0.05.  
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Results 

 

Isolation and characterization of bone marrow derived murine mesenchymal stem cells. 

Murine mesenchymal stem cells (MSC) were isolated and expanded for 8 weeks, at 

which point the MSCs were a highly homogeneous spindle-shaped population with large 

round nuclei (Figure 1A). MSCs expressed Sca-1, CD34, CD44, and VCAM (CD106) 

and were negative for markers used to identify epitopes found on many hematopoietic 

and endothelial cells including CD11b, CD45, cKit, CD90, and CD31 (Figure 1C). 

Importantly, this cell-surface phenotype is consistent with other reports.169 In terms of 

their differentiation potential, MSCs were capable of  differentiation into adipocytes, 

osteocytes, and chondrocytes (Figure 1C).  

 

MSCs produce cytokines that can positively influence engraftment. We next determined 

the expression profile of secreted proteins of MSCs, focusing the analysis to molecules 

known to have an influence on BM engraftment. MSCs express LIF, G-CSF, SCF, Flt3L 

(FL), and PGE2 synthase (Figure 2A). Interestingly, when MSCs isolated from B6 mice 

were compared to MSCs isolated from BALB/c mice, only B6 MSCs expressed 

thrombopoietin (TPO), whereas only BALB/c MSCs express angiopoietin-1 

(APO)(Figure 2A). Neither strain of MSCs expressed IL-3, IL-4, IL-6, or GM-CSF (data 

not shown). Recent studies by North et al. have shown PGE2 to regulate HSC 

homeostasis;164 therefore we chose to focus our attention primarily on PGE2 secretion. 

After overnight culture, PGE2 protein concentration within the supernatant is 
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significantly elevated, a finding that was nearly completely abrogated by pre-treatment of 

MSCs with a COX-inhibitor, indomethacin (Figure 2B). These results show that MSCs 

secrete copious amounts of PGE2 in the steady state, and that production of PGE2 is 

easily blocked by pretreatment of MSC with indomethacin.   

 

Ex vivo treatment of BM with MSCs increases HSC number and is partially dependent 

on PGE2 To examine the effect PGE2 production by MSCs has on HSCs, untreated or 

indomethacin-treated MSCs were co-cultured with whole bone marrow cells from B6 

mice that were separated by a Transwell (TW). This system allows passage of soluble 

molecules through the transwell, but inhibits direct contact of MSC with bone marrow 

cells. As a positive control for these studies, the long-acting PGE2 derivative, 16,16-

dimethyl PGE2 (dmPGE2), was incubated with BM alone. After 48 hours, BM cells 

incubated with dmPGE2 and untreated MSCs contain approximately 4 to 5-fold higher 

numbers of Lin-Sca1+cKit+ (LSK) HSCs when compared to BM incubated alone, and 

approximately 2-fold higher numbers of LSK HSCs when compared to MSCs incapable 

of producing PGE2 (Figure 3A, B). There is, however, a slight but significant increase in 

LSK MSCs when comparing indomethacin-treated MSC- to BM alone, which is an 

indication that there may be other soluble molecules affecting LSK number in addition to 

PGE2. There was no difference in the absolute numbers of B-cells, NK-cells, or 

macrophages between BM incubated with MSCs and BM incubated with MSCs unable to 

produce PGE2 (Figure 4C). This is in accordance to our hypothesis that PGE2 specifically 

targets the progenitor population of cells. Therefore, treatment of BM cells with MSCs ex 
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vivo expands LSK HSCs at early time points, an effect that is partly mediated by MSC-

derived PGE2.  

 

MSCs increase BM CFU and differentiation capabilities. To determine whether the 

expansion of LSK HSCs by MSCs at early time points correlated with an increase in 

downstream populations at later time points, we incubated B6 BM with dmPGE2, or with 

untreated or indo-pre-treated MSCs for 24 hours in a TW. This was followed by 

harvesting and extensive washing in PBS before application in a methyl-cellulose-based 

colony-forming assay. On day 12, total CFCs were counted and enumerated by lineage; 

erythroid (E), granulocyte/monocyte (GM), or 

granulocyte/erythroid/monocyte/megakaryocyte (GEMM). Treatment of BM with 

dmPGE2 and MSCs resulted in a significant increase in the total number of colonies 

formed in this CFU assay when compared to BM left untreated (Figure 5A). Importantly, 

there were also significantly more colonies within the MSC-treated group than within the 

indo-pretreated-MSC group (Figure 5A). When classifying by lineage, we find that MSC 

treatment resulted in significantly more definitive erythroid, granulocyte/monocytes, and 

granulocyte/erythroid/monocytes/magakaryocyte colonies than BM cells treated with 

indo-pretreated-MSCs (Figure 5B). In both cases, there was no statistical difference 

between BM left untreated and BM incubated with indo-pretreated-MSCs (Figure 5A, B). 

These data confirm MSCs can potently and durably regulate downstream  hematopoiesis 

through the secretion of PGE2. 
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MSCs increase primitive CFU-S number and splenic weight post transplant. 

In order to test whether the above findings conferred a beneficial effect in vivo, we 

incubated BM cells alone, with dmPGE2, or with untreated or indomethacin-pre-treated 

MSCs and analyzed effects in a CFU-S12 assay. We then transferred BM cells from each 

group into lethally irradiated B6 mice. Clonal colony formation of maturing 

hematopoietic cells was determined by counting the number of colonies within the 

spleens on day 12 post-transplant. The number of spleen colony-forming units and 

splenic weight was significantly increased in mice given BM treated with dmPGE2 or 

MSCs (Figure 6A, B, C). Furthermore, mice given BM cells treated with MSCs unable to 

produce PGE2 had significantly less CFU-S12 than mice given BM treated with normal 

MSCs, and there was no significant difference between BM incubated alone and BM 

incubated with indo-pretreated-MSCs (Figure 6A, B). These results show that MSCs 

enhance hematopoietic progenitor formation through the production of PGE2. 
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Discussion 

 

Previous work has shown that transferred MSCs can create a favorable 

environment that allows for enhanced BM engraftment. For example, Lazarus et al. were 

the first to show that infusion of autologous MSCs at the time of transplant resulted in an 

increased hematopoietic recovery in patients receiving high-dose chemotherapy for 

advanced breast cancer.170 Here, MSCs were administered without any signs of toxicity 

and hematopoietic recovery, as measured by neutrophil engraftment and platelet count, 

was achieved in significantly less time than historical controls.170 These encouraging 

results have prompted others to use MSCs as an engraftment-promoting approach and in 

2007, Le Blanc et al. reported a successful outcome after co-transplantation of MSCs 

with HSCs in patients who were re-transplanted for previous graft failure.171 Similarly, 

MacMillan et al. tested whether MSCs from parental donors could speed hematopoietic 

recovery after umbilical cord blood (UCB) transplant.172 Their results show that all 8 

patients receiving MSCs had a significant enhancement in neutrophil and platelet 

engraftment over historical control umbilical cord blood recipients, and that this therapy 

had potential use in cases where there are limiting numbers of stem cells.172 Although the 

studies outlined here all conclude that MSCs enhance the engraftment potential of 

hematopoietic progenitor cells, there is no evidence suggestive of a mechanism of action 

by which this occurs. In this study, we evaluated the possibility that MSCs can regulate 

hematopoiesis through the secretion of a soluble factor that has direct effects on 

progenitor cells.  
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North et al. demonstrated that PGE2 is very important in regulating HSC number 

and differentiation capacity. The addition of a long-acting derivative of PGE2, dmPGE2, 

to embryonic stem cells during embryoid body formation lead to a 3-fold increase in the 

number of hematopoietic colonies formed.164 Using a murine BM transplant model, this 

group demonstrated that ex vivo exposure of purified LSK HSC (Lin-Sca1+cKit+) to 

dmPGE2 gave rise to a significant increase in both splenic weight and CFU-S12.164 In 

both incidences, a non-specific inhibitor of PGE2 synthesis was able to reverse the 

observed beneficial effects provided by dmPGE2. Hoggatt et al. demonstrated that the 

action of PGE2 was directed toward HSCs themselves, rather than a bystander effect 

emanating from other cell populations. They found that the mechanisms of action PGE2 

had on stem cell function was to increase BM homing by increasing CXCR4 expression, 

block apoptosis by upregulating Survivin expression, and increase HSC number by 

increasing the proportion of HSCs entering into the cell cycle.163 These combined effects 

lead to a 4–fold increase in repopulating cell frequency following a competitive 

transplant model using untreated and dmPGE2-treated congenic BM cells.163 These 

studies  laid the groundwork for a phase I clinical trial currently underway examining the 

effects of ex vivo treatment of UCB cells with dmPGE2 prior to transplantation.173     

In the clinical setting, MSCs are administered systemically and their capacity to 

influence engraftment and hematopoiesis is dependent on their ability to traffic to the 

appropriate microenvironment. Human and animal studies have shown that MSCs can 

efficiently migrate to the bone marrow compartment after transplantation.71,170,174  We 

speculate that the combined ability of MSC to effectively traffic to bone marrow niche 

and produce copious amounts for PGE2 allow for maximal effect for locally boosting 
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HSCs. It is worth mentioning that receptors for E series of prostaglandins (EP receptors) 

are highly expressed in the gastrointestinal (GI) tract of rodents and humans175 and PGE2 

signaling is implicated in the pathology of various diseases involving GI tract, such as 

inflammatory bowel disease, entero-invasive bacterial diseases, and colorectal 

cancers.176-178 In vitro studies using colonic epithelial cells have demonstrated that there 

is an increased production of the pro-inflammatory cytokine, IL-8, upon PGE2 binding to 

EP4 receptor.179 Our own unpublished studied using dmPGE2 given i.p. in a murine 

model of aGVHD have shown devastating consequences. All mice given dmPGE2 (4 

injections at 1mg/ml) suffered severe colonic inflammation and died by day 6 post-

transplant (unpublished observation, SLH and BRB). It is also well established that PGE2 

can exert anti-inflammatory effects.69,145,180 The precise location, activation state of cells, 

and micro-environmental stimuli are thought to play roles in the outcome of this 

signaling cascade. Therefore, extreme caution must be taken when using PGE2 

systemically as therapy, especially in the context of BMT in which radio-therapy results 

in damage to gut epithelial cells and creates a pro-inflammatory environment. Because 

PGE2 has an extremely short half-life in vivo117, the exacerbation of this pro-

inflammatory effect on gut epithelium may be reduced when using MSCs to deliver PGE2 

signals directly to the BM microenvironment.    

In summary, we have unveiled a novel mechanism of action by which MSCs 

positively influence the engraftment capabilities of HSCs. We have shown that ex vivo 

treatment of BM cells with MSCs through a semi-permeable membrane increases LSK 

HSC number, increases BM CFU number and differentiation capabilities, and increases 

primitive CFU-S12 number in vivo. Ongoing studies are aimed at determining the 
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differential engraftment-promoting effects in vivo of WT MSCs vs. MSCs derived from 

COX2 KO mice, which are known to be deficient in PGE2 production. These studies may 

be useful to clinicians attempting to improve BM engraftment when using limiting 

numbers of stem cells and, therefore, have direct translatability.     
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Figure 1. Isolation and characterization of BM-derived murine MSCs. MSCs were 

isolated from the femurs and tibia of B6 mice as described in ‘methods’. (A) Microscopic 

images were taken of expanded MSCs at 20X (left) and 40X (right) magnification. (B) 

Surface phenotype, as determined by FACS, was performed. Shaded histograms indicate 

isotype control. (C) MSCs were incubated to confluency and transferred to adipogenic or 

osteogenic media for 21 days. Chondrogenesis was produced by incubating 2x105 

pelleted MSCs in chondrogenic media for 21 days. Control cells were MSCs incubated in 

expansion media without differentiation-inducing cytokines. 
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Figure 1 
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Figure 2. MSCs produce mRNA for cytokines that can positively influence bone 

marrow engraftment. (A) RT-PCR showing the expression pattern of B6 and BALB/c 

BM-derived MSCs. HPRT, housekeeping control; NTC, no template control; IL-11, 

interleukin-11; LIF, leukemia inhibitory factor; GCSF, granulocyte colony stimulating 

factor; SCF, stem cell factor; FL, Flt3 ligand; ANG1, angiopoietin-1; TPO, 

thrombopoietin; PGE2 S, PGE2 synthase. (B) Supernatant was taken from cultures 

containing 1x105 B6 MSCs 24 hours after plating and quantified for PGE2 concentration.    
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Figure 2 
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Figure 3. Treatment of whole BM ex vivo with MSCs increases HSC number and is 

partially dependant on PGE2. BM cells (5x106) were incubated 48 hours over a semi-

permeable membrane either alone or with dmPGE2 (20uM), MSCs (1x105), or MSCs 

pretreated with indomethacin. BM cells were then harvested from each group and 

analyzed for the absolute number of LSK HSCs (A,B) and other downstream populations 

(C) by FACS.   
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Figure 3 
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Figure 4. MSCs increase BM CFU and differentiation capabilities. BM cells (5x106) 

were incubated overnight over a semi-permeable membrane either alone or with dmPGE2 

(20uM), MSCs (1x105), or MSCs pretreated with indomethacin. BM cells were harvested 

from each group and 1x105 cells were plated in methylcellulose medium for a period of 

12 days. (A) Total number of colonies in each plate was counted. (B) Colony type was 

enumerated for each group and graphed. 
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Figure 4 
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Figure 5. MSC increase primitive CFU-S number and splenic weight post 

transplant. BM cells (5x106) were incubated overnight over a semi-permeable 

membrane either alone or with dmPGE2 (20uM), MSCs (1x105), or MSCs pretreated 

with indomethacin. BM cells were harvested from each group and 7x104 cells were 

injected into lethally irradiated B6 recipients. On day 12 post-transplant, spleens were 

dissected from these mice and CFU-S colonies were photographed (A) and counted (B). 

(C) Splenic weight was determined and graphed. 
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Figure 5 
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Chapter 5:  

Concluding Statements 

 

 

Allogeneic bone marrow transplantation (BMT) offers hope to large number of 

individuals with a wide variety of malignant and non-malignant disorders. Unfortunately, 

the potential development of graft versus host disease (GVHD) due to antigenetic 

differences between donor and host constrains its wider application. Much progress has 

been made in the field since its conception and GVHD can now be avoided entirely 

through the administration of T-cell depleted BM grafts.  Unfortunately, the same T-cells 

that cause GVHD also offer a beneficial graft versus leukemia (GVL) effect and relapse 

rates for patients who develop GVHD are considerably lower compared with relapse rates 

in patients who do not develop GVHD.  Efforts are now being made to provide means by 

which we can dampen excessive allo-immune responses and thereby lessen the severity 

of GVHD but, at the same time, retain the anti-tumor properties of donor T-cells. In this 

regard, cellular therapy is an attractive option because it can provide this immune 

dampening effect without leaving the host entirely immune-compromised.  

Results outlined here show cell therapy modulation of GVHD to be critically 

dependent on the trafficking of suppressor cells to sites of allogeneic T-cell priming. For 

instance, in chapter 2 we observed an attenuation of GVHD only when multipotent adult 

progenitor cells (MAPC) were administered directly within the spleen. In this setting we 

found that there were direct negative regulatory effects on donor T-cells within the same 
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microenvironment, which included decreased proliferation and decreased activation. In 

chapter 3, we found that myeloid-derived suppressor cells expressed the lymphoid 

homing molecule L-selectin (CD62L). This directed them to the sites of allo-priming 

where they exerted their immune-suppressive effects and resulted in a significant increase 

in GVHD survival. This is in accordance with other reports describing the ability of 

regulatory T-cells (Tregs) to inhibit GVHD only when they express CD62L.53 This also 

agrees with results published by Sudres et al. in which mesenchymal stem cells (MSCs)  

were found to have no beneficial effect in GVHD survival despite their ability to potently 

inhibit allo-immune responses in vitro.71 Here, MSCs were found to have preferentially 

migrated to the BM cavity and therefore had no contact with donor T-cells becoming 

primed within the secondary lymphoid organs (SLO).71 These results highlight the 

importance of suppressor cell trafficking when attempting to modulate GVHD.  

There are numerous inhibitory mechanisms utilized by suppressor cells that result 

in immune modulation. In general, these suppressive mechanisms can be divided into 3 

categories: contact-mediated suppression via cell-cell interactions, secretion of inhibitory 

cytokines, and the depletion of growth factors necessary for survival. In the studies 

outlined here, we pinpoint the suppressive capacity of MAPCs primarily to the secretion 

of a well known anti-inflammatory cytokine, prostaglandin E2 (PGE2). The inhibition of 

T-cell proliferation by PGE2 is well established.110 In vitro inhibition of T-cell 

proliferation by MAPCs and enhancement of GVHD survival were both abrogated when 

using MAPCs unable to produce PGE2. These were the first studies to identify a 

mechanism of action of MAPCs and also the first to show that in order for this 
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mechanism to be effective the cells needed to be located within the SLOs, presumably 

due to the short half-life of PGE2 in vivo.    

In studies using myeloid-derived suppressor cells (MDSCs), we found that 

suppression of GVHD was governed primarily by the expression of arginase-1. The 

depletion of the amino acid L-arginine by MDSCs during T-cell priming resulted in the 

downregulation of the intracellular signaling molecule CD3ζ in allogeneic T-cells and 

left them unable to mount a strong immunological response. Although most of the 

inhibitory attributes of MDSCs were ascribed to the depletion of L-arginine, as was 

evident from experiments in which L-arginine was added back to the culture medium, a 

significant portion of the suppressive capacity relied on cell-cell contact. Due to the high 

expression levels of PDL1 in MDSCs, we speculated that this negative regulatory 

mechanism may be important for this aspect of suppression, however, we have yet to 

verify this hypothesis. This observation underscores the fact that there can be, and are 

usually are, multiple mechanisms of action occurring simultaneously that act 

synergistically to restrain immune hyper-activation. It will be important to determine the 

precise mechanism(s) of action to help us better design potential clinical trials.  

In addition to GVHD, bone marrow graft rejection is also a major complication of 

bone marrow transplantation. In chapter 4, we examined the potential of mesenchymal 

stem cells (MSCs) to influence engraftment through the secretion of PGE2. Our findings 

conclude that the secretion of PGE2 by MSCs increases the absolute number of  lineage-

Sca-1+cKit+ (LSK)  hematopoietic stem cells (HSCs), increases the differentiation 

potential of HSCs, and increases primitive CFU-S cells in vivo. These exciting new 

findings link a mechanism of action to the well-documented engraftment-enhancing 
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abilities of MSCs (reviewed in 181). The studies carried out here have all relied on the ex 

vivo treatment of BM cells with MSCs through a semi-permeable membrane. The benefit 

of this experimental design was that it allowed for us to specifically target PGE2 as a 

potential mechanism of action by directly comparing MSCs that produce PGE2 to MSCs 

in which we blocked the production of PGE2. The fallback of this design is that it does 

not address the direct ability of MSCs to enhance engraftment in vivo. Numerous reports 

show that MSCs efficiently migrate to the bone marrow shortly after injection,182 and we 

predict that this increases the concentration of PGE2 within the bone marrow niche. The 

local increase in PGE2 would result in a remodeling of the BM niche to better support 

hematopoiesis183, and have direct effects on HSCs themselves by binding to EP receptors 

and enhancing their survival and proliferation.163 Our studies provide the framework that 

identifies the positive impact of MSC-derived PGE2 on HSCs using ex vivo treatment, 

however, further studies need to be performed using MSCs with and without the ability to 

produce PGE2 in vivo (perhaps isolated from COX2 KO mice) in order to verify our 

hypothesis. 

In summary, this dissertation research explores the use of novel cell-based 

methods with which we can use to prevent GVHD and enhance BM engraftment. These 

studies reveal that cell-based therapies can have potent inhibitory effects on GVHD-

causing T-cells, and at the same time be significantly less toxic than some of the drug-

based therapies currently utilized in the clinic. In addition, we explore a novel mechanism 

of action by which cells can positively influence BM engraftment. The body of work 

outlined here takes us one step closer in achieving our goal of having cellular options 

more readily available to patients requiring allogeneic BMT.    
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