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1. Περίληψη 
 

Η µεταµόσχευση είναι µια απαραίτητη διαδικασία για την αντιµετώπιση 

νοσηµάτων ή τραυµάτων που καταλήγουν σε οργανική ανεπάρκεια. Οι βασικοί 

περιορισµοί των µεταµοσχευσέων είναι: η έλλειψη οργάνων και η απόρριψη 

µοσχεύµατος. Τα ανοσοκατασταλτικά φάρµακα και τα εξειδικευµένα αντισώµατα 

που χρησιµοποιούνται για την αποδοχή του µοσχεύµατος έχουν πολλαπλές 

ανεπιθύµητες ενέργειες και οδηγούν στην πλήρη καταστολή του ανοσοποιητικού 

συστήµατος. Εποµένως, υπάρχει επιτακτική ανάγκη για την ανακάλυψη νέων 

θεραπευτικών προσεγγίσεων. Έχει δειχτεί ότι τα ρυθµιστικά κύτταρα έχουν κυρίαρχη 

θέση στην ανοσολογική ανοχή κατα τη διενέργεια των µεταµοσχεύσεων. 

Συγκεκριµένα, τα Τ ρυθµιστικά κύτταρα συµµετέχουν ενεργά στην επίτευξη και 

διατήτηρη της ανοσολογικής ανοχής. Εκτός από τα Τ ρυθµιστικά, υπάρχουν και άλλα 

κύτταρα  µε ανοσοκατασταλτικές ιδιότητες που δεν ανήκουν στην λεµφική σειρά. Τα 

µυελικής προέλευσης κύτταρα καταστολείς  (ΜΠΚΚ) αποτελούν έναν ετερογενή 

πλυθησµό που αυξάνεται στον καρκίνο, τη φλεγµονή και τις λοιµώξεις. Αυτά τα 

κύτταρα είναι ικανά να καταστείλουν τα Τ λεµφοκύτταρα και να ρυθµίσουν την 

ανοσολογική απόκριση σε πληθώρα νοσηµάτων. Τα ΜΠΚΚ συµβάλλουν στην 

αρνητική ρύθµιση της ανοσοαπάντησης σε ασθενείς µε καρκίνο. Πρόσφατες µελέτες 

αναδεικνύουν τη συµµετοχή των ΜΠΚΚ στην ανοσολογική ανοχή κατα τη 

διενέργεια µεταµοσχεύσεων, καθώς και στο σύνδροµο µοσχεύµατος κατά ξενιστή. Τα 

ΜΠΚΚ καταστέλλουν τον πολλαπλασιασµό των Τ, των Β λεµφοκυττάρων, αλλά και 

των κυττάρων φονέων, ενώ ταυτόχρονα µειώνουν την παραγωγή κυτταροκινών. Η 

εξάλλειψη των κυτταρών αυτών στον καρκίνο µπορεί να έχει µελλοντική 

θεραπευτική εφαρµογή. Αντίθετα στις µεταµοσχεύσεις, στόχος είναι η διέγερση, ο 

πολλαπλασιασµός και η ενεργοποίηση των ΜΠΚΚ ώστε να χρησιµοποιηθούν 

µελλοντικά ως θεραπευτική αγωγή. 

Σε αυτή την εργασία,  µελετήσαµε τον ρόλο των ΜΠΚΚ σε ποντίκια που είχαν 

µεταµοσχευθεί µε πλήρως ασυµβατό µόσχευµα αιµοποιητικών κυττάρων ή δέρµατος. 

Τα ΜΠΚΚ διαχωρίζονται σε δύο υποκατηγορίες, τα κοκκιωµατώδη και 

µονοκυτταρικά ΜΠΚΚ. Οι υποπληθυσµοί αυτοί αναλαµβάνουν διαφορετικές 

λειτουργίες ανάλογα µε το περιβάλλον. Γι’ αυτό το λόγο, µελετήσαµε φαινοτυπικά 

και τους δυο πληθυσµούς στο µοντέλο της νόσου. Επιπρόσθετα, ελέγξαµε την 
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λειτουργική κατασταλτική τους δράση in vitro. Συνοψίζοντας, τα ΜΚΠΠ έχουν 

δραστικό ρόλο στην απόρριψη µοσχεύµατος, καθώς αυξάνονται στην αλλογενή 

µεταµόσχευση και έχουν την ικανότητα να καταστέλλουν την Τ κυτταρική απάντηση 

in vitro. Συνεπώς, τα ΜΠΚΚ µπορεί να συµβάλλουν στην ανοσολογική ανοχή κατα 

τη διενέργεια µεταµοσχεύσεων και µε κατάλληλους χειρισµούς  να χρησιµοποιηθούν 

στο µέλλον σε κλινικές εφαρµογές. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   8	  

2. Abstract 
 

Transplantation is necessary when disease or injury results in organ failure. The 

two major limitations of transplantation in clinical practice are: lack of organ donors 

and graft rejection. Immunosuppressive drugs and specific antibodies that promote 

graft survival have multiple adverse effects and cause overall dampening of the 

immune system. Therefore, novel therapeutic strategies must be discovered. 

Regulatory cells play an essential role in transplantation tolerance. T regulatory cells 

are instrumental in the maintenance of immunological tolerance. However, both T and 

non-T regulatory cells have immunosuppressive properties. Myeloid-derived 

suppressor cells (MDSCs) are a heterogeneous population of cells that expands during 

cancer, inflammation and infection. These cells are capable of T cell suppression and 

immune regulation in the context of various diseases. MDSCs contribute to the 

negative regulation of immune responses in cancer patients. Recent observations 

suggest that MDSCs contribute to transplantation tolerance and amelioration of graft 

vs host disease. MDSCs suppress T, B, and NK proliferation and cytokine production. 

Therapeutic targeting and destruction of MDCS is of primary interest in cancer 

patients. On the contrary, in transplantation, the therapeutic goal will be to induce, 

expand, and activate these cells.  

In this study, we examined MDSCs in mice that received fully allogeneic 

hematopoietic transplants and skin grafts. MDSCs comprise of two distinct 

subpopulations, granulocytic and monocytic MDSCs that may have disparate 

functions in disease. For this reason, we investigated the role of each separate 

subpopulation in our murine models of transplantation. Furthermore, MDSC 

functional suppressive capacity was examined in vitro.  We concluded that MDSCs 

are vital constituents in the process of graft rejection. They are present during 

allogeneic transplantation and obtain the ability to suppress T cell responses in vitro. 

Thus, MDSCs may participate in the induction of transplantation tolerance and can 

potentially be manipulated for future use in clinical applications. 
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3. Introduction 
	  

3.1 Transplantation: An Overview 
Transplantation is the procedure of transferring cells, tissues or organs from one 

site to another. A variety of diseases can be treated by implantation of a healthy graft  

(organ, tissue or cell) from one individual, the donor, to another, the recipient. The 

two major disadvantages of performing transplantation in clinical practice are: 

scarcity of organ donors and graft rejection. The immune system is designed to 

recognize an abundance of foreign antigens and protect the organism from its 

deleterious environment. The elaborate mechanisms that promote survival are 

responsible for the rejection of grafts genetically different to the recipient. To 

overcome these limitations and ensure beneficial outcomes, transplantations are 

performed either between non-identical patients or with the collaboration of 

immunosuppressive agents. Immunosuppressive drugs and specific antibodies achieve 

graft survival by eliminating the immune response that develops due to allo-

recognition. These agents have a series of adverse effects and cause overall 

dampening of the immune system. Therefore, long-term treatment is proven to be 

hazardous. Novel treatments must focus on allowing the graft to be tolerated without 

compromising entirely the recipient’s immune system. 

 

3.2 Graft Rejection and Transplantation Tolerance  
The principal cause of graft rejection is the T-cell response to cell-surface 

molecules, the histocompatibility antigens. Grafted tissues express a variety of 

alloantigens. Antigenic differences induce the immune response that leads to tissue 

rejection. The most significant antigens for transplantation are the Major 

Histocompatibility Complex (MHC) molecules. Histocompatibility depends primarily 

on antigens within the major histocompatibility complex because these drive the most 

formidable allograft rejection reactions. The major histocompatibility complex is a 

collection of genes arrayed within a long continuous stretch of DNA on chromosome 

6 in humans and on chromosome 17 in mice. MHC is designated as the 

Histocompatibility-2 (H-2) complex in mice and the Human Leukocyte Antigen 

(HLA) complex in humans. The loci constituting the MHC are highly polymorphic. 
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Due to gene proximity of the MHC loci, the alleles encoded by these closely linked 

loci are usually inherited as a haplotype from each parent. HLA typing of potential 

donors and recipients is vital prior to the performance of transplantation. Tissue 

matching of donor and recipient will increase the survival of allografts and obtain 

some degree of transplant tolerance. Nevertheless, transplantation requires additional 

immunosuppression to ensure long-term survival of the transplant [1].   

Recently, regulatory cells have acquired an essential part in the induction and 

maintenance of tolerance. These cells have the ability to modulate T cell reactivity as 

well as B and natural killer (NK) cell-mediated responses. Expansion of regulatory 

cells ex vivo and adoptive transfer may have potential clinical application. These cells 

may reinforce an antigen-specific immunosuppression and allow minimization of 

pharmacological immunosuppression or even flexibility during HLA-matching [2].  

 

3.3 Graft Vs Host Disease 
Bone marrow transplantation (BMT) and allogeneic hematopoietic stem cell 

transplantation (HSCT) are frequently used to treat hematologic diseases. The grafted 

tissue in both cases contains cells of erythroid, myeloid, monocytoid, megakaryocytic, 

and lymphocytic lineages. Prior to the procedure, the recipients are immunologically 

suppressed with immunosuppressive drugs and total-body irradiation. Unfortunately, 

in these treatments another phenomenon occurs, termed graft versus host disease 

(GVHD). In GVHD, the graft is responsible for rejecting the host. The donor organ 

consists of immunocompetent cells. The pathophysiology of GVHD is associated with 

the presence of T lymphocytes in the incoming graft. T cells recognize alloantigens 

on the host cells, become activated and release cytokines that cause inflammation of 

the skin, gastrointestinal tract, and liver. Extreme manifestations of GVHD include 

generalized erythroderma of the skin, gastrointestinal hemorrhage, and liver failure. 

GVHD can be constrained with pharmacologic agents or T cell–depletion from the 

donor grafts. Elimination however of T lymphocytes predisposes patients to 

opportunistic infections and increases the incidence rate of both bone marrow failure 

and malignancy relapse [1, 3]. 
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4. Myeloid Derived Suppressor Cells 
 

Myeloid Derived Suppressor Cells (MDSCs) are a heterogeneous cell 

population initially described during cancer. In tumor bearing animals and cancer 

patients immune responses are often suppressed. This effect is mediated by tumor 

cells, either through secretion of soluble immunosuppressive factors, or through 

induction of host suppressor cells [4]. MDSCs are critical for the escape mechanisms 

of tumor immunosurveilance. The significance of MDSC activity relies upon their 

ability to negatively regulate immune responses. Common features of these cells 

include: their myeloid origin, immature state and potent ability to suppress immune 

responses, especially T-cell proliferation and cytokine production [4,5].  MDSCs are 

generated in the bone marrow. They represent an intrinsic part of the myeloid cell 

lineage responsible for the maturation of macrophages, dendritic cells and 

granulocytes. In pathologic conditions differentiation is abrogated and MDSCs 

accumulate in peripheral lymphoid organs [6]. 

 

4.1 Origin of MDSCs 
Immature myeloid cells (IMCs) are main components of the normal process of 

myelopoiesis. The Haematopoietic Stem Cell (HSC) differentiates into the common 

myeloid progenitor (CMP) cell and then into IMC. In healthy subjects, IMCs migrate 

to the periphery and differentiate into dendritic cells, macrophages and/or 

granulocytes. However, factors produced in the tumor microenvironment and/or 

during acute or chronic infections, trauma or sepsis, promote the accumulation of 

IMCs at these sites, prevent differentiation and induce their activation. These cells are 

endowed with immunosuppressive functions and thereby named myeloid-derived 

suppressor cells [5, Diagram 1]. MDSCs are comprised of two morphologically 

distinct subsets: monocytic and granulocytic cells. Evidence suggests that the two 

subsets may have different functions according to specific disease setting and 

therefore occupy distinct roles in cancer, autoimmunity and infection [5]. 
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Diagram 1. The origin of MDSCs 

 
 
Myelopoiesis occurs in the bone marrow and is controlled by numerous soluble factors such as granulocyte/macrophage colony-
stimulating factor (GM-CSF), stem-cell factor (SCF), interleukin-3 (IL-3), FMS-related tyrosine kinase 3 (FLT-3), macrophage 
colony- stimulating factor (M-CSF) and cell-expressed molecules. Haematopoietic Stem Cell (HSC). Immature Myeloid Cell 
(IMC). Common myeloid progenitor (CMP). Myeloid-Derived Suppressor Cells (MDSCs). MDSCs can also differentiate into 
tumor- associated macrophages (TAMs) within the tumor environment with distinct phenotype and function [5]. 
 
 

4.2 MDSC Surface Markers 
In mice, MDSCs are defined as cells that co-express CD11b and Gr1 antigens 

while lack the expression of mature cell-surface markers typical for macrophages and 

DCs [9,10]. Gr-1 (also known as Ly6G) is a myeloid lineage differentiation antigen 

that is expressed on myeloid precursor cells, granulocytes and transiently on 

monocytes. The Gr-1 antibody can detect both Ly6G and Ly6C epitopes, however, 

different antibodies are able to recognize the specific epitopes for each individual 

subpopulation: anti-Ly6C and anti-Ly6G [5]. The Ly6G molecule is expressed on 

granulocytes [7], whereas Ly6C on monocytes [8].  Granulocytic MDSCs (G-

MDSCs) resemble the morphology of granulocytes and in mice are defined by the 

phenotype CD11b+Ly6G+Ly6Clow. Monocytic MDSCs (M-MDSCs) resemble the 

morphology of monocytes and in mice are defined by the phenotype CD11b+Ly6G-

Ly6Chigh. Normal bone marrow contains 20–30% of CD11b+Gr1+ cells compared to 

the spleen of naive mice that only bears a small percentage (2–4%) and lymph nodes 

 
 
 

Diagram 1. The origin of MDSCs 
 

Myelopoiesis occurs in the bone marrow and is controlled by numerous soluble factors such as 
granulocyte/macrophage colony-stimulating factor (GM-CSF), stem-cell factor (SCF), interleukin-3 
(IL-3), FMS-related tyrosine kinase 3 (FLT-3), macrophage colony- stimulating factor (M-CSF) and 
cell-expressed molecules. Haematopoietic Stem Cell (HSC). Immature Myeloid Cell (IMC). Common 
myeloid progenitor (CMP). Myeloid-Derived Suppressor Cells (MDSCs) [4].  
!
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that are completely devoid [11,12,13]. CD11b (also known as αM-integrin or Mac-1) 

is expressed on myeloid and NK cells [5,11]. 

 In humans, MDSCs are most commonly defined as CD14-CD11b+ cells that co-

purify with mononuclear cells [4]. These cells express the common myeloid marker 

CD33 while lack markers that characterize mature myeloid and lymphoid cells 

(lymphocytes, natural killer cells, monocytes, and DCs) and the MHC class II 

molecule HLA-DR11 [14]. In healthy individuals, MDSCs comprise ∼0.5% of 

peripheral blood mononuclear cells [15]. Several other markers have also been 

implicated in the suppressive activity of MDSCs. These include: CD80 [16,17], 

F4/80, CD115 (macrophage colony-stimulating factor receptor) [18] and CD16 [19].  
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5. MDSCs in Transplant Tolerance and GVHD 
  

Recently, MDSCs have been implicated to participate in transplantation 

tolerance. In a rat-kidney allograft model, following anti-CD28 regimen treatment, 

MDSCs were shown to promote tolerance after transplantation. T cell proliferation 

was inhibited and apoptosis was induced upon cell-to-cell contact [20]. In an 

allogeneic cardiac transplantation model, monocytic MDSCs with concomitant 

administration of CD40 ligand and donor-specific splenocyte transfusion (DST) were 

capable of eliciting tolerance. Gr1+ monocytes were shown to migrate from the bone 

marrow into the transplanted heart and mediate long-term allograft survival [21]. In a 

skin allograft model, engagement of the human inhibitory receptor ILT-2 by HLA-G 

was shown to amplify a suppressive MDSC population. Upon MDSC activation by 

ILT2 receptor and ligand cross-linking, adoptive transfer of MDSCs was capable of 

inducing indefinite allograft survival [22].  In other studies, immunoregulatory agents 

such as human recombinant G-CSF (Neupogen) and IL-2 Complex were used to 

expand Gr1+CD11b+ cells. These cells had the ability to prevent alloantigen-mediated 

T cell responses in vitro and in vivo and sustain skin allograft survival in MHC class 

II disparate constituents [23].  In other reports, lipopolysaccharide (LPS) treatment 

induced the production of CD11b+ cells capable of promoting transplantation 

tolerance. Adoptive transfer of these cells in untreated recipients with allogeneic skin 

grafts resulted in prolongation of allograft survival through IL-10 production and 

increased expression of heme oxygenase-1 (HO-1) [24]. Similar to tumor derived 

MDSCs, blood derived MDSCs have the potential to mediate immune responses and 

induce T cell suppression inside the graft. These cells behold moderate suppressive 

properties and can also be detected in peripheral lymphoid organs of naive mice or 

isograft recipients, in lesser amounts compared to tolerant recipients [20, 25].  

The suppression of T cell responses during allogeneic transplantation may be 

partly mediated through induction of T regulatory cells by MDSCs. Although MDSCs 

in vitro are responsible for effector T cell suppression they seem to spare the 

propagation of CD4+CD25highFoxP3+ T regulatory cells [16, 20].  A previous study 

suggests that cytokine expanded myeloid precursors favor graft acceptance.  Utilizing 

G-CSF derivatives to expand donor granulocyte-monocyte precursors, transplant 

tolerance was achieved in hematopoietic grafts. Addition of the myeloid precursors 
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prevented GVHD by generation of antigen specific regulatory T cells while retained 

the graft-vs-leukemia-effect [26]. Other studies have also described MDSC 

involvement in the amelioration of GVHD. These cells can be generated from the 

bone marrow of non-tumor bearing donors. This MDSC population was capable of 

limiting T cell allo-responses in a fully mismatched MHC environment after bone 

marrow transplantation [27].  Specific MDSC subpopulations have been claimed 

responsible for inhibiting effector T cell function while increasing the pool of T 

regulatory cells. These tolerogenic MDSCs are characterized as CD11b+CD115+Gr1+, 

originally reside in the bone marrow and are necessary for T regulatory cell 

development [18, 21].  
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6. MDSCs in other pathological conditions 
 

6.1 Cancer 
MDSCs were originally characterized in tumor-bearing mice and cancer 

patients. Systemic expansion of MDSCs was observed when tumors were transplanted 

in mice or when tumorigenesis developed spontaneously in specific tissues of 

transgenic mice. To elucidate the connection between tumor induced hematopoiesis 

and immune suppression, mice carrying a metastatic variant of Lewis lung carcinoma 

(LLC-C3) were used. LLC-C3 tumor cells were responsible for producing colony 

stimulating factor, enhancing hematopoiesis and driving the generation of bone 

marrow suppressor cells [28]. In another tumor model, the 4102-PRO, it was 

demonstrated that treatment by depletion of MDSCs led to generation of tumor-

specific cytotoxic T lymphocyte (CTL) responses and complete rejection of tumors in 

the majority of mice [29].  Additionally, patients with different types of cancer also 

display a marked increase of MDSCs in their peripheral blood [4]. 

    

6.2 Bacterial and Parasitic Infections 
Previous studies demonstrate that both MDSC subsets (granulocytic and 

monocytic) accumulate in mice primed with Mycobacterium tuberculosis as part of 

complete Freund's adjuvant (CFA). In addition, T-cell activation and enhanced release 

of interferon-γ (IFNγ) observed in acute Trypanosoma cruzi infection, also promotes 

expansion of MDSCs [30, 31]. Furthermore, MDSCs numbers seem to increase 

during acute toxoplasmosis [32], acute infection with Listeria monocytogenes, chronic 

infection with Leishmania major [33], infection with helminthes [34, 35, 36], 

Candida albicans [17] or Porphyromonas gingivalis [37]. 

 

6.3 Autoimmunity and Inflammation 
MDSCs have been observed in a murine model of multiple sclerosis. In 

particular using experimental autoimmune encephalomyelitis (EAE) a population 

characterized as CD11b+Ly6ChiLy6G− seems to expand and can be detected in the 

spleen, blood and central nervous system of the affected mice during disease climax 
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[38].  MDSCs have also been identified in a model of murine experimental 

autoimmune uveoretinitis [39], a model of chronic eczema that is induced by 

repeative treatment with a contact sensitizer [40] and in a model of inflammatory 

bowel disease [41]. 

 

6.4 Traumatic Stress and Sepsis 
Surgery and trauma are responsible for T cell dysfunction that is related with 

poor prognosis. In a consistent model of traumatic stress, MDSCs were shown to 

infiltrate the spleen after trauma and inhibit T cell activity [42]. Polymicrobial sepsis 

impacts the adaptive immune system by causing T cell suppression. MDSCs with the 

capacity to suppress T-cell function were found significantly increased and remained 

elevated in the spleen, lymph nodes, and bone marrow of mice with induced 

polymicrobial sepsis [43].  
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7. Mechanisms of Suppressive Activity 
 

MDSCs engage multiple mechanisms for the suppression of immune responses. 

MDSC suppress T lymphocyte, B lymphocyte, NK cell proliferation and cytokine 

production. These mechanisms are often contact-dependent and require the 

involvement of various inflammatory mediators, including IFN-γ, Toll-like receptor 

(TLR) ligands, transforming growth factor-β, IL-4, and IL-13. These factors are 

produced in response to bacterial or viral products or tumor cell death by activated T 

cells and tumor stromal cells [43]. They activate signaling pathways, including 

STAT6, STAT1 and NF-κB [11].  Evidence suggests that MDSC and T cell 

interaction together with IFN-g release by T lymphocytes are crucial for MDSC 

suppressive activity [2]. In tumor-bearing mice, T cells both secrete IFN-g and 

stimulate through CD40 in order to activate MDSCs. Forming an autocrine loop, 

MDSCs in turn produce IFN-g and IL-13 and enhance their suppressive function [44, 

diagram 2]. 

 

7.1 Arginase and iNOS 
Arginase and nitric-oxide synthase (iNOS) are two enzymes that compete for L-

arginine as a substrate. iNOS uses L-arginine to produce nitric oxide (NO). Arginase 

converts L-arginine into urea and L-ornithine [45]. MDSC and T cells require L-

arginine, a non-essential amino acid, for protein synthesis. MDSCs generate great 

amounts of intracellular arginase and therefore deplete L-arginine from the 

microenvironment. As a result, L-arginine availability to T cells is diminished and T 

cells are forced to enter the Go–G1 phase of the cell cycle [46]. T cells constrained in 

cell cycle arrest have decreased expression of the CD3ζ chain and the cell cycle 

regulators cyclin D3 and cyclin-dependent kinase 4 (CDK4) [47, 48].  

NO acts via reversible dephosphorylation of intracellular signaling molecules. 

NO inhibits T cell function by reduction of tyrosine phosphorylation of Jak3 and 

STAT5, molecules that instruct T cell proliferation [49]. Nitric oxide and antioxidants 

are also capable of limiting MHC class II expression. MHC class II induction is 

important for T cell proliferation. MHC class II molecules are expressed on antigen 

presenting cells that interact with CD4+ T lymphocytes and result in their activation. 
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[50]. Finally, inducible nitric oxide synthases have also been affiliated with T cell 

apoptosis in cancer [51].  

The two distinct MDSC subpopulations described above might enroll disparate 

mechanisms for inducing T cell suppression. Both use a mechanism in which arginase 

catabolizes L–arginine, however, only monocytic MDSCs demonstrate enhanced 

STAT1 activation and in turn increased iNOS expression and NO production [52].  

 

7.2 Reactive Oxygen Species (ROS) 
Reactive oxygen species is another mechanism utilized by MDSCs to alter T 

cell function. ROS is essential in both tumor bearing mice and cancer patients. In 

MDSCs derived from either tumor bearing mice or cancer patients, inhibition of ROS 

completely perturbs their immunosuppressive properties in vitro [11, 15, 53]. 

Enhanced STAT3 and NADPH expression in the granulocytic MDSC fraction 

generates high levels of reactive oxygen species. ROS production in MDSCs is 

induced by inflammatory mediators such as TGFβ, IL-10, IL-6, IL-3, platelet-derived 

growth factor (PDGF), GM-CSF and by ligation of cell surface integrins expressed on 

MDSC after interaction with T cells [11, 54]. Reactive oxygen species such as 

peroxynitrite and hydrogen peroxide suppress T cell function by apoptosis and by 

nitration of the T cell receptor (TCR) [55].    

 

7.3 Peroxynitrites 
Peroxynitrite is a powerful oxidant. It is the end product of the chemical 

reaction between NO and superoxide anion (O2-). Elevated peroxynitrite levels are 

described at sites of MDSC accumulation, sites of ongoing inflammation and in cases 

of tumor progression [25, 56-62]. Peroxynitrite causes nitration and nitrosylation of 

several amino acids including cystine, methionine, tryptophan and tyrosine [4]. 

MDSC hyperproduction of ROS and peroxynitrite occurs during cell-cell contact with 

T cells and results in tyrosine nitration of the TCR. The nitrated TCR cannot bind 

peptide/MHC complexes and therefore T cell activation is disrupted. T cells lose the 

ability to respond to antigen-specific stimulation while maintaining responsiveness to 

nonspecific stimuli [55].  
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7.4 Cysteine Depletion 
Cysteine is necessary for protein synthesis by all cells. Cells either synthesize 

cysteine from their intracellular pool of methionine or import it from the extracellular 

environment. T cells are unable to synthesize cysteine and depend on exogenous 

sources of cysteine. Activated T cells have a greater demand for cysteine supply. 

Antigen presenting cells (APCs) are capable of exporting cysteine to the environment 

and provide T cells with the required amounts during antigen presentation, when 

interacting cells are found at close proximity [63].  In the presence of MDSCs, APC 

supply of extracellular cysteine is decreased. MDSCs sequester cystine from the 

environment and forbid APCs from importing it and generating cysteine. Thereby, 

dendritic cells (DCs) and macrophages fail to provide T cells with cysteine and 

compromise their ability for activation and proliferation [64]. 

 

7.5 T regulatory cell development 
It has been suggested that MDSCs can also downregulate T cell proliferation 

indirectly. MDSCs are capable of promoting the development of Foxp3+ regulatory T 

cells (Tregs). Treg induction is dependent upon cell contact, interferon (IFN)–γ, IL-10 

and possibly MDSC production of TGF-β [63]. In a colon carcinoma mouse model 

expressing the influenza hemagglutinin (HA) antigen, MDSCs from tumor-bearing 

mice could increase the number of CD4+CD25+Foxp3+ Treg cells. In these 

experiments, when MDSCs and HA-specific T cells were adoptively transferred into 

irradiated tumor-bearing mice, the pool of CD4+CD25+Foxp3+ HA-specific T cells 

expanded. These Tregs were endowed with regulatory capacity [18]. However, it 

remains elusive whether MDSCs cause Treg generation from naive T cells or from the 

pool of pre-existing natural Tregs. Additional data indicate that engagement of CD80 

on MDSCs by CD152 leads to IFN-γ mediated suppression. The suppression is 

mediated via CD80 on Gr-1+CD11b+ myeloid cells after interaction with Treg cell-

expressed CD152 and induction of CD4+CD25+Foxp3+ T regulatory cells [16]. In a 

model of B cell lymphoma, MDSCs were characterized as tolerogenic APCs. They 

were capable of antigen uptake and presentation to tumor-specific Tregs. In this 

model it was suggested that Treg expansion was mediated by arginase not TGF-β 

[65].  

Conversely, in a rat model of kidney allograft tolerance, MDSCs co-expressing 
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CD80 and CD86 were not found to influence Treg cell proliferation [20]. In other 

tumor models, the elevated percentage of Tregs during tumor growth could not be 

correlated to the induction kinetics of MDSC levels [52]. It still remains to be 

clarified whether or not MDSCs can be associated with Treg expansion.  

 
 
 

Diagram 2. Immunomodulatory functions of myeloid-derived suppressor cells  
 

 
 

MDSCs produce IFN-γ and IL-13 in response to IFN-γ release by T cells and stimulation through CD40. This results in 
production of inducible nitric oxide synthase (iNOS) and arginase I by MDSCs, T cell suppression and apoptosis. MDSCs 
increase regulatory T cell proliferation and abrogate natural killer (NK) cell activity [2]. 
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8. Future Perspectives 
 

Elimination of immune suppressive factors is necessary for successful cancer 

immunotherapy. As MDSCs are one of the main immunosuppressive factors in cancer 

and other pathological conditions, several strategies such as promotion of myeloid-

cell differentiation, inhibition of MDSC expansion, function alteration and MDSC 

elimination are currently being explored. On the contrary, adoptive cellular therapy 

with MDSCs presents an appealing therapeutic intervention for inhibiting immune 

responses in transplantation, accomplishing graft acceptance and ameliorating GVHD 

complications. Ex vivo MDSC generation, in clinical-grade conditions, suitable for 

patient administration, appears an attractive goal for future therapies. Devising 

methods for MDSC utility in the clinic will offer solutions for a variety of diseases 

with immune imbalance deficiencies.  
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Properties	  of	  myeloid	  derived	  suppressor	  cells	  (MDSCs)	  
	  

♦  heterogeneity  
 

♦ myeloid origin: myeloid progenitors, immature macrophages, immature 
granulocytes and immature dendritic cells 

 
♦ steady state: immature myeloid cells reside in the bone marrow not in 

peripheral lymphoid tissues and do not possess suppressive activity  
 

♦ activated state: increased production of reactive oxygen and nitrogen 
species, and of arginase. Accumulation in lymphoid organs and in tumors 

 
♦ potent suppressors of various T-cell functions  
 
♦ mouse phenotype: CD11b+Gr1+, subsets with alternate function within the 

population  
 
♦ human phenotype: Lin-HLA-DR-CD33+ or CD11b+CD14-CD33+. In 

peripheral blood, human MDSCs also include the CD15+ marker  
 

♦ mouse Gr1 marker does not have a human homologue 
 
♦ pathologic conditions (most notably cancer) result in  the release of 

various growth factors and cytokines responsible for MDSC expansion 
and accumulation in secondary lymphoid organs and tumor sites. 

 
♦ MDSCs can be differentiated into tumor-associated macrophages (TAMs) 

within the tumor microenvironment. These are characterized by high 
expression of F4/80 and lack the Gr1 marker, the MDSC granulocytic 
morphology and do not have upregulated expression of arginase and 
inducible nitric oxide synthase	  

	  
	  



	   24	  

 
Diagram 3. Mouse and Human MDSC markers  

 
	  

	  
 

Mouse and human MDSC are a heterogeneous population of immature myeloid cells. Subpopulations of MDSC display different 
constellations of cell surface and intracellular markers and suppress by different mechanisms [66].  
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9. Materials and methods 
 

9.1 Mice 
BALB/c (H-2d), C57BL/6 (H-2b), C57BL/10 (H-2b) and FoxP3GFP (H-2b) 

female mice were used. Mice were approximately 8 to 10 weeks old. FoxP3GFP 

homozygous mice co-express GFP and the regulatory T cell-specific transcription 

factor Forkhead Box P3 (Foxp3) under the control of the endogenous promoter. 

(FoxP3GFP mice were a kind gift from A. Rudensky). 

 

9.2 Antibodies and Flow Cytometry 
For all experiments, staining was performed either on 96-well round bottom 

plates or eppendorf tubes. Cells were stained for Gr1, Ly6G/C and T cells. For the 

staining, cells were incubated at 4oC for 20 minutes.  

Gr1 staining contained the following antibodies: anti-mouse 7AAD-peridinin 

chlorophyll protein [PerCP] conjugated (559925), anti-mouse CD19-PerCP 

conjugated (eBio1D3), anti-mouse CD3-PerCP conjugated, rat anti-mouse CD11b-

allophycocyanin [APC] conjugated (M1/70), anti-mouse Ly-6G (Gr1)-phycoerythrin 

[PE] conjugated (RB6-8CA). Ly6G/C staining contained the following antibodies: 

anti-mouse 7AAD-PerCP conjugated, anti-mouse CD19-PerCP conjugated, anti-

mouse CD3-PerCP conjugated, anti-mouse CD11b-APC conjugated, rat anti-mouse 

Ly6G-PE conjugated (1A8), anti-mouse Ly-6C-FITC conjugated (1G7.G10, rat 

IgG2a). T cell staining contained: anti-mouse 7AAD-PerCP conjugated, anti-mouse 

CD19-PerCP conjugated, hamster anti-mouse CD3-APC conjugated (145-2C11), and 

rat anti-mouse CD4-Fluorescein isothiocyanate [FITC] conjugated (RM4-5) or rat 

anti-mouse CD4-PE (L3T4)(RM4-5) or anti-mouse CD4-APC (L3T4)(RM4-5) 

depending on experiment. All antibodies were used at concentration 1:200 except 

anti-mouse 7AAD-PerCP that was used at concentration 3:100 and Gr1-PE that was 

used at concentration 1:500. After incubation cells were washed at 1500 rpm for 5 

minutes with Phosphate Buffered Saline/Fetal Calf Serum (PBS/FCS) 5% and 

collected for analysis.  

For the suppression assays biotin anti-mouse CD3ε (CD3 ε chain) (145-2C11) 

was used for the CD3 depletion. Soluble, purified hamster anti-mouse CD3e (145-
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2C11, 0,5mg/ml) was used in culture for T cell activation at a final concentration of 

100ng/ml. Additionally, rat anti-mouse CD11b-APC conjugated (M1/70) and rat 

antim-mouse CD11b-FITC (M1/70), anti-mouse Ly-6G (Gr1)-PE conjugated 

antibodies were used for MDSC cell sorting. T cell proliferation was evaluated using 

the following staining: anti-mouse 7AAD-PerCP, rat anti-mouse CD4-PE and anti-

mouse CD44-APC (Pgp-1, Ly-24)(IM7). All antibodies were purchased from BD 

Biosciences except Ly-6C-FITC that was purchased from Miltenyi Biotec. 

 

9.3 Intravenous transfer of splenocytes  
On day 0 female BALB/c mice were sacrificed, the spleen was removed and 

homogenized with a syringe plunger and a 40 µm nylon cell strainer (BD Falcon) 

using PBS/FCS 5%. Cell suspension was washed with PBS at 1500 rpm for 10 

minutes. The supernatant was discarded and erythrolysis was performed on the cell 

pellet using filtered NH4CL, pH= 7,16 for 2 minutes. Cell suspension was washed 

again with PBS at 1500 rpm for 10 minutes, supernatant was discarded and cells re-

suspended in 1 ml PBS/FCS 5%. Cell number was determined. The cells were 

centrifuged and re-suspended in Phosphate Buffered Saline/Bovine Serum Albumin  

(PBS/BSA) 0,1% at RT with consideration to achieve a final concentration of 107 

cells/ml. Cells were stained with 1µM of Carboxyfluorescein succinimidyl ester 

(CFSE) for 20 minutes at 37oC in the incubator (CO2, 5%). After CFSE staining, cells 

were washed in PBS at 1500 rpm for 10 minutes and re-suspended in PBS for 

injection.  Female C57BL/6 (8-10 weeks old) were injected with 10 x 106 cells each 

to the left eye. Before injections, blood was drawn from the right eye.  

C57BL/6 mice were sacrificed on days 1, 2, 3. Spleen and mesenteric lymph 

nodes were removed and homogenized using PBS/FCS 5%. Cell suspensions were 

washed with PBS at 1500 rpm for 10 minutes. The pellet from the lymph nodes was 

re-suspended in PBS/FCS 5% and stored at 4oC until staining was performed. 

Erythrolysis was performed on the cell pellet from the spleen sample using filtered 

NH4CL, pH=7,16 for 2 minutes. Cell suspension was washed using PBS at 1500 rpm 

for 10 minutes, supernatant was discarded and cells re-suspended in PBS/FCS 5%. 

For splenocyte transfer experiments to FoxP3GFP mice, BALB/c splenocytes were 

re-suspended in sterile PBS instead of PBS/BSA 0,1% and were not stained with 
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CFSE. Otherwise execution of the procedure was similar. Analysis was performed 

using FACs Calibur and Flowjo software. 

 

9.4 Skin Graft Experiments  
On day 0, donor skin grafts were prepared using tail skin from female BALB/c 

mice. Tail was harvested, the skin carefully removed and placed in an untreated 100 

mm petri dish containing sterile PBS to sustain humidity.  The skin was spread using 

forceps and divided into three identical grafts that were cut using a scalpel. The size 

of each graft was 1 cm x 1 cm. The grafts were stored on the lid of a 60 mm petri dish 

containing sterile PBS.   

Female C57BL/6 mice and C57BL/10 mice (8-10 weeks old) were used as 

recipients of the skin grafts. The mice were sedated using ketamine/xylazine/w.f.i. 

1:1:4. Hair was shaved on the left upper back, an incision 1 cm x 1 cm was made 

using scissors and the outer layer of skin was carefully removed with consideration to 

maintain the panicullus carnosus and principal vessels intact [diagram 4]. The graft 

was placed flat on the graftbed and sutured using 5/0 silk sutures on all corners. The 

area was wrapped using gauge and bandaged with masking tape. Mice were sacrificed 

either on day 7 or day 14 after engraftment depending on assesment of rejection. The 

spleen, axillary lymph nodes and skin graft were harvested for analysis. Axillary 

lymph nodes were used because these are the draining lymph nodes of the graft site. 

Analysis was performed using FACs Calibur and Flowjo software. 

 

9.5 Intragraft 
On day 7 and day 14 mice bearing skin grafts were sacrificed depending on 

evaluation of graft rejection. The graft was carefully removed, placed in a 60 mm 

petri dish containing minimum amount of PBS/FCS 5%, cut into very small pieces 

using scissors and transferred into a 15 ml falcon tube. It was digested using 2 ml of 

Collagenase D at a concentration of 2 mg/ml diluted in PBS. Digestion was 

performed in the water bath, at 37oC for 30 minutes, using a Pasteur pipette for 

pipetting up and down the mixture every 10 minutes to further homogenize the tissue.  

After incubation time had elapsed, the homogenized mixture was passed through a 40 

µm nylon cell strainer, smashed and cell suspension was washed with PBS at 1500 
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rpm for 10 minutes. The cell pellet was then re-suspended in PBS/FCS 5% and kept at 

4oC until staining was performed. 

 
 
 

Diagram 4. The anatomy of murine skin. 
 

 
(**)= desirable depth, from the lower part of the dermis to the upper part of the panniculus carnosus, to dissect the recipient skin 
for graft bed preparation. The panniculus carnosus must be kept intact on the graft bed in order to achieve skin graft success [67]. 
 
 
 

9.6 Suppression Assays 
BALB/c mice were sacrificed, the spleen was removed and erythrolysis was 

performed as described previously. Cells were re-suspended in 1 ml volume of sterile 

PBS/FCS 5% and stained with anti-CD3ε biotin conjugated for 15 minutes at 4oC. 

Cells were washed with 1x sterile PBS at 1500 rpm for 10 minutes and then incubated 

with Streptavidin MicroBeads (Miltenyi, Biotec) diluted in MACs buffer (ACD 0,1M, 

BSA 7,5% 0,05M, Sodium Bicarbonate 7,5% 0,04M in PBS) for 15 minutes at 4oC. 

Cells were negatively selected on LS MACS separation columns (Miltenyi, Biotec).	  

Purified non-CD3 splenic APCs were treated with Mitomycin C (50 µg/mL, Sigma-

Aldrich) for 15 minutes and incubated at 37oC, 5% CO2. Cells were then washed 

twice, once with sterile PBS/FCS 5% and once with sterile PBS.  

 Female C57BL/6 mice were also sacrificed. Mesenteric, axilliary, inguinal 

lymph nodes were harvested, homogenized and washed with sterile PBS at 1500 rpm 
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for 10 minutes. Cells were suspended in appropriate volume of MACs buffer 

according to manufacturer’s protocol, incubated 10 minutes with CD4+ T Cell Biotin-

Antibody Cocktail at 4oC and another 20 minutes after addition of Anti-Biotin 

MicroBeads. CD4 isolation was performed with MS columns for magnetic separation 

of beads using the CD4+ T Cell Isolation Kit Mouse (Miltenyi Biotec). CD4+ T cells 

were collected, washed with PBS at 1500 rpm for 10 minutes and re-suspended with 

PBS/BSA 0,1% at room temperature. Cells were further labeled with CFSE (1µM) 

and incubated for 20 minutes at 37oC, 5% CO2.  

 For the Mixed Leukocyte Reaction (MLR), purified non-CD3 splenic BALB/c 

APCs were used as stimulators and seeded on a 96-well round bottom plate using 

5x104 cells/well. C57BL/6 CD4+ T cells were used as responders and seeded using 2,5 

x 104 cells/well.  Purified anti-CD3ε (100 ng/ml) was used in some assay conditions to 

additionally stimulate CD4+ T cells. CD11b+Gr1+ were used as effectors in the MLRs. 

These cells were isolated from the spleens of C57BL/6 mice that had received 10 x 

106 BALB/c splenocytes the previous day in order to activate CD11b+Gr1+ cells. The 

spleens were harvested, homogenized and washed with PBS for 10 minutes at 1500 

rpm. Erythrolysis was performed on cell pellet for 2 minutes with NH4CL. Cell 

suspension was washed with PBS for 10 minutes at 1500 rpm. Cells were stained and 

sorted using DakoCytomation (now Beckman-coulter) MoFloT High-Performance 

Cell Sorter. CD11b+Gr1+ cells were seeded either 5 x 105 cells per well (ratio= 1:2:2) 

or 2,5 x 105 cells per well (ratio=1:2:1) on the 96-well plate according to assay 

condition. Cells were cultured in complete Dulbecco's Modified Eagle Medium 

(DMEM) for five days at 37oC, 5% CO2. Analysis was performed using FACs 

Calibur and Flowjo software on day 3 and day 5 after culture. 

 

9.7 Statistical analysis 
All data are expressed as mean ± standard error of the mean (SEM). Statistical 

analysis of differences between groups was performed using the unpaired Student t 

test using GraphPad Prism software. A value of p < 0.05 was considered statistically 

significant.  
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MLR: Suppression Assay 

 
 

 

 
 

 

 

 

 

 

 

 

 



	   31	  

10. Results 
 

10.1 Allogeneic Splenocyte Transfer Leads to MDSC Expansion  
To create an intense immunogenic reaction, BALB/c (H-2d) splenocytes were 

transferred into C57BL/6 (H-2b) mice by intravenous injection of splenocyte 

suspension on day 0. C57BL/6 mice express different MHC class molecules 

compared to BALB/c mice [1]. C57BL/6 mice were evaluated on day 1, 2 and 3 after 

injections. MDSC accumulation was determined in the spleen and mesenteric lymph 

nodes (MLNs) using the specific markers CD11b and Gr1. MDSC levels were 

extremely elevated on the first day after the transfer, when compared to control 

untreated naive animals (figure 1.A.). In this model of hematopoietic cell transplant, 

MDSCs accumulated primarily in the spleen of the mice. MDSC levels slowly 

descended three days post transfer. Lymph nodes sequestered a smaller amount of 

MDSCs, however, the expansion pattern was similar (figure 1.A.).  

To ascertain the distinct roles of the two disparate MDSC subsets, samples were 

also examined for the Ly6G marker that characterizes the granulocytic subpopulation 

and the Ly6C marker that characterizes the monocytic subpopulation [7, 8]. MDSCs 

are comprised of two morphologically distinct subsets that may have different 

functions according to disease setting [5]. MDSCs (CD11b+Gr1+) consisted of both 

CD11b+Ly6G+ granulocytic MDSCs (G-MDSCs) and CD11b+Ly6C+ monocytic 

MDSCs (M-MDSCs). Both subset levels were elevated in mice that had received the 

transplant compared to naive animals (figure 1.B.). Gates were set on CD11bhigh 

population. G-MDSC levels were higher at day 1 after transfer and seemed to reduce 

with time (figure 1.C.).  

Conclusively, rejection of the allogeneic splenocytes resulted in the expansion 

of CD11b+Gr1+ cells. However, no significant distinction could be observed between 

expansion of the granulocytic and the monocytic subpopulation.      
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Figure 1.A. 

	  

	  
	  

	  

Figure 1.B. 
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Figure 1.C. 

 

 
 

 

Figure 1.D. 
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Figure 1. MDSCs accumulate in the spleen early after allogeneic cell transplant 
A. Top panels: FACs analysis of spleens from mice that received BALB/c 

splenocytes compared to control untreated animals (naive) day 1, 2 and 3, 

gating for viable 7AAD-CD11b+Gr1+ MDSCs. Bottom panels: FACs analysis 

of mesenteric lymph nodes (MLNs) from mice that received BALB/c 

splenocytes compared to control animals day 1, 2 and 3, gating for viable 

7AAD-CD11b+Gr1+ MDSCs.  

B. Quantitative analysis of FACs results from figure 1.A. Top charts: 7AAD-

CD19-CD3-CD11b+Gr1+ cell count per 106 total splenocytes (left) and 7AAD-

CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells (right) in 

spleens of C57BL/6 mice. SEM of 5 experiments, P values<0.05, (**) p=0.0055 

and (**) p=0.0012, respectively. Bottom charts: 7AAD-CD19-CD3-

CD11b+Gr1+ cell count per 106 total mesenteric lymph node cells (left) and 

7AAD-CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells (right) in 

MLNs of C57BL/6 mice. SEM of 5 experiments (*) p=0.0420<0.05 and p= 

0.074>0.05 respectively (p value not significant). 

C. Top panels: FACs analysis of spleens from C57BL/6 mice that received 

BALB/c splenocytes compared to controls, gating for viable 7AAD-

CD11b+Ly6G+ granulocytic and 7AAD-CD11b+Ly6C+ monocytic MDSCs. 

Bottom panels: FACs analysis of MLNs from C57BL/6 mice that received 

BALB/c splenocytes compared to controls, gating for viable 7AAD-

CD11b+Ly6G+ granulocytic and 7AAD-CD11b+Ly6C+ monocytic MDSCs  

D. Top: FACs analysis of spleens from C57BL/6 mice that received BALB/c 

splenocytes compared to controls, gating for viable 7AAD-CD11b+Ly6G+ 

granulocytic MDSCs. Bottom: quantitative analysis of FACs results. 7AAD-

CD19-CD3-CD11b+Ly6G+ cell count per 106 total splenocytes (left) and 7AAD-

CD19-CD3-CD11b+Ly6G+ cells per 100 7AAD-CD19-CD3-CD11b+ cells (right) 

in spleens of C57BL/6 mice. SEM of 3 experiments, P values<0.05, (**) p = 

0.0027 and (**) p= 0.0057, respectively. 
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10.2 Allogeneic transfer of splenocytes does not expand T regulatory 

cells  
To address whether MDSCs induce Treg expansion, in our previous model of 

hematopoietic cell transplant, BALB/c splenocytes were also transferred into 

FoxP3GFP mice on day 0. FoxP3GFP mice have a C57BL/6 background (H-2b). 

Therefore, injections induce an acute, strong immune response due to histo-

incompatibility. T regulatory FoxP3+ cells were determined by FACs analysis in the 

spleens and MLNs of the recipient mice on day 1, 2 and 3 after transfer.  

T regulatory cells are capable of promoting transplantation acceptance between 

MHC mismatched individuals. In addition, MDSCs have been reported to inhibit 

effector T cell responses and favor graft tolerance [23]. It has been suggested that 

MDSCs may downregulate T-cell proliferation indirectly through the development of 

Foxp3+ regulatory T cells (Tregs) [63].  

FoxP3+ Tregs were present in the spleen and MLNs of recipients on day 1, 2 

and 3 post injections. FoxP3+ Tregs were also present in the spleen and MLNs of 

control animals (figure 2.A.). Treg levels between recipients and control animals were 

not altered (figure 2.B.). Further experiments are required to determine the precise 

mechanism of Treg induction in this model. 

 

Figure 2.A. 
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Figure 2.B. 

 
 

Figure 2. T regulatory cells do not expand during allogeneic cell transplant 

A. Top panels: FACs analysis of spleens from FoxP3GFP mice that received 

BALB/c splenocytes compared to control animals (naive) day 2 post 

injection, gating for viable 7AAD-CD3+CD4+FoxP3+. Bottom panels: 

FACs analysis of MLNs from FoxP3GFP mice that received BALB/c 

splenocytes compared to control animals (naive) day 2 post injection, 

gating for viable 7AAD-CD3+CD4+ FoxP3+. 

B. Quantitative analysis of FACs results from figure 2.A. 7AAD-CD3+ 

CD4+FoxP3+ per 100 7AAD-CD3+ in spleens (left) and MLNs (right) of 

FoxP3GFP mice that received BALB/c splenocytes compared to control 

animals. SEM of two experiments, p values>0.05, ns indicates not 

significant. 
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10.3 MDSCs accumulate during MHC mismatched skin grafts 
To further investigate the role of MDSCs in allogeneic transplantation we 

performed skin grafting experiments. In recent reports, MDSCs were implicated in the 

modulation of rat kidney allograft tolerance (20) and in the delayed rejection of 

antigen-mismatched skin grafts (22, 24). As previously mentioned, C57BL/6 (H-2Kb) 

and BALB/c (H-2Kd) mice have different MHC class molecules. Therefore, 

engraftment of fully mismatched BALB/c grafts to C57BL/6 mice results in rejection 

early after transplantation. After engraftment, mice were monitored every day until 

skin was rejected (necrosis, lack of hair growth) and then sacrificed. The spleen, 

draining lymph nodes and skin graft were analyzed. C57BL/6 mice were also 

engrafted with same strain skin grafts and served as controls (Figure 3.A.).  

CD11b+Gr1+ MDSCs were significantly increased in the axilliary lymph nodes 

and skin grafts compared to controls (Figure 3.B.). This indicates a possible MDSC 

homing from the spleen to the draining lymph nodes of the graft site and the grafted 

skin itself. MDSCs may be recruited in the graft site in an attempt to resolve the 

inflammation that occurs during the allogeneic transplant. The majority of 

CD11b+Gr1+ cells accumulated in the grafted skin (Figure 3.C.).  

Similar results were observed for CD11b+Ly6G+ G-MDSCs. In particular, the 

majority of CD11b+Ly6G+ G-MDSCs also accumulated in the grafted skin. In 

addition, CD11b+Ly6G+ G-MDSC levels were elevated in the axilliary lymph nodes 

and skin graft compared to controls, while, displayed similar numbers in the spleen of 

mice receiving either BALB/c or C57BL/6 grafts (Figure 3.D.). Hence, fully 

mismatched allogeneic transplants were capable of inducing MDSC expansion and 

recruitment to the grafted tissue.  
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Figure 3.A. 

 

 
 

 

 

Figure 3.B. 

 
 

 
 

 

 

 

H-2 haplotypes of mouse strains used in 

the experiments 
 

Prototype Strain 
 

Haplotype 
 

BALB/c d 

C57BL/6 b 

C57BL/10 b 

B6.Cg-Foxp3tm2(EGFP)Tch b 
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Figure 3.C. 

	  
	  

	  

Figure 3.D. 
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Figure 3.E. 

 
 

Figure 3. MDSCs accumulate in recipients of fully allogeneic skin grafts. 

A. (Left) Photographs of engrafted mice. Top: control mouse with C57BL/6 

skin graft, skin is viable and hair growth is visible.  Bottom: C57BL/6 

mouse with BALB/c skin graft, rejection is obvious, inflamed and 

necrotic tissue with lack of hair growth. (Right) Table displaying mouse 

MHC, H-2 haplotypes of different strains utilized in the experiments. 

B. Top panels: FACs analysis of axilliary lymph nodes (aLNs), spleen and 

skin grafts of control mice on day 7 after engraftment, gating for viable 

7AAD-CD19-CD3-CD11b+Gr1+ cells. Bottom panels: FACs analysis of 

aLNs, spleen and skin grafts of C57BL/6 mice that were engrafted with 

BALB/c grafts upon rejection, gating for viable 7AAD-CD19-CD3-

CD11b+Gr1+ cells. 

C. Quantitative analysis of FACs results from figure 3.B. i. 7AAD-CD19-

CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells in axilliary 

lymph nodes of C57BL/6 mice engrafted with BALB/c grafts upon 

rejection compared to controls, SEM of 2 experiments, p=0.1412>0.05, 

ns indicates not significant. ii. 7AAD-CD19-CD3-CD11b+Gr1+ cells per 

100 7AAD-CD19-CD3- cells in spleen of C57BL/6 mice engrafted with 

BALB/c grafts upon rejection compared to controls, SEM of 2 

experiments, p=0.1255>0.05, ns indicates not significant. iii. 7AAD-

CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells in skin 

graft of C57BL/6 mice engrafted with BALB/c grafts upon rejection 

compared to controls, SEM of 2 experiments, P value<0.05, (*) p= 
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0.0235. iv. 7AAD-CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-

CD3- cells in axilliary lymph nodes, spleen and skin grafts of C57BL/6 

mice engrafted with BALB/c grafts upon rejection. SEM of 2 

experiments. 

D. Top panels: FACs analysis of axilliary lymph nodes (aLNs), spleen and 

skin grafts of control mice on day 7 after engraftment, gating for 7AAD-

CD19-CD3-CD11b+Ly6G+ cells. Bottom panels: FACs analysis of 

aLNs, spleen and skin grafts of C57BL/6 mice that were engrafted with 

BALB/c grafts upon rejection, gating for 7AAD-CD19-CD3-

CD11b+Ly6G+ cells. 

E. Quantitative analysis of FACs results from figure 3.D. (Left) 7AAD-

CD19-CD3-CD11b+Ly6G+ cells per 100 7AAD-CD19-CD3-CD11b+ cells 

in axilliary lymph nodes, spleen and skin grafts of C57BL/6 mice 

engrafted with BALB/c grafts upon rejection. SEM of 2 experiments. 

(Right) 7AAD-CD19-CD3-CD11b+Ly6G+ cells per 100 7AAD-CD19-

CD3-CD11b+ cells in skin graft of C57BL/6 mice engrafted with 

BALB/c grafts upon rejection compared to controls. SEM of 2 

experiments, p=0.0986, ns indicates not significant. 
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10.4 Semi-allogeneic transplantation is associated with reduced 

MDSC levels  
Since, the intense immune response of fully MHC mismatched skin grafts can 

potently induce MDSCs, we focused on creating a less intense immunogenic 

response. To do so, we used C57BL/6 mice as graft recipients. These mice were 

engrafted with donor skin from C57BL/10 mice (H-2Kb). C57BL/6 and C57BL/10 

mice express the same MHC class molecules on their cell surface. These two strains 

inherit the same H-2 haplotype (Figure 3.A.). However their genetic background is 

not identical, and differences can be found in other genetic loci. These differences are 

characterized as differences of the minor histocompatibility complex [1]. Therefore, 

transplantation between these two constituents initiates a milder immune response.  

To delineate the role of MDSCs in a less immunogenic response setting, the 

skin graft, spleen and draining, axilliary lymph nodes were harvested and analyzed for 

CD11b+Gr1+ and CD11b+Ly6G+ cells. Due to the mild response, skin grafts were not 

rejected seven days after engraftment. On the contrary, skin grafts were incorporated 

onto the graft site (initiation of hair growth). For this reason, mice were also 

sacrificed fourteen days after engraftment. By this time rejection had been 

established.  

CD11b+Gr1+ MDSCs did not seem to increase seven days post transplant 

(Figure 4.A.i.). On the contrary, CD11b+Gr1+ MDSCs accumulated in mice with the 

allogeneic transplant, fourteen days after engraftment, when rejection begun to occur 

(Figure 4.A.ii.). MDSCs sequester in the skin grafts of engrafted mice independently 

of the day post grafting (Figure 4.B.). Quantitative analysis showed that seven days 

post transplant, MDSC levels were similar in aLNs and skin graft when compared to 

controls (Figure 4.C.). However, fourteen days post transplant, MDSC levels 

dramatically increased in the skin graft of mice with the allogeneic transplant (Figure 

4.C.). This was not the case when spleen was examined. In fact, MDSC levels were 

reduced compared to control animals (Figure 4.C.). Conversely, MDSC levels were 

higher in the aLNs compared to controls. This suggests that MDSCs may be recruited 

to the graft site upon rejection in an attempt to modulate the immune response to 

inflammation (Figure 4.C). 

Furthermore, fourteen days after engraftment, CD11b+Ly6G+ G-MDSCs were 

also increased in mice that were engrafted with the C57BL/10 transplant (Figure 
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4.D.). G-MDSCs accumulated in the skin grafts of these mice (Figure 4.D.). When 

compared to controls, mice with the C57BL/10 donor skin grafts presented G-MDSC 

expansion in the skin graft and mediocre expansion in the spleen (Figure 4.E.). 

However, MDSC levels in aLNs of these mice were not increased compared to 

controls (Figure 4.E.). This observation is in disagreement with previous evidence. 

More experiments are needed to determine whether this is a random effect or not. 

 

Figure 4.A. 

(i)  
 

(ii)  
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Figure 4.B. 

	   	  
 

Figure 4.C. 

 
 

Figure 4.D. 
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Figure 4.E. 

 
 

Figure 4. MDSCs display reduced levels in minor MHC disparate grafts. 

A. (i) Top panels: FACs analysis of axilliary lymph nodes (aLNs), spleen 

and skin grafts of control mice on day 7 after engraftment, gating for 

viable 7AAD-CD19-CD3-CD11b+Gr1+ cells. Bottom panels: FACs 

analysis of aLNs, spleen and skin grafts of C57BL/6 mice that were 

engrafted with C57BL/10 grafts on day 7 after engraftment, gating for 

7AAD-CD19-CD3-CD11b+Gr1+ cells. (ii) Top panels: FACs analysis 

of axilliary lymph nodes (aLNs), spleen and skin grafts of control mice 

on day 14 after engraftment, gating for 7AAD-CD19-CD3-CD11b+Gr1+ 

cells. Bottom panels: FACs analysis of aLNs, spleen and skin grafts of 

C57BL/6 mice that were engrafted with C57BL/10 grafts on day 14 after 

engraftment, gating for 7AAD-CD19-CD3-CD11b+Gr1+ cells 

B. Quantitative analysis of FACs results from figure 4.A. 7AAD-CD19-

CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells in axilliary 

lymph nodes, spleen and skin grafts of C57BL/6 mice engrafted with 

C57BL/10 grafts on day 7 (left) and day 14 (right) after engraftment. 

C. Quantitative analysis of FACs results from figure 4.A. (Top) 7AAD-

CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-CD19-CD3- cells in 

axilliary lymph nodes (aLNs), spleen and skin graft of C57BL/6 mice 

engrafted with C57BL/10 grafts on day 7 after rejection compared to 

controls. (Bottom) 7AAD-CD19-CD3-CD11b+Gr1+ cells per 100 7AAD-

CD19-CD3- cells in axilliary lymph nodes (aLNs), spleen and skin graft 

of C57BL/6 mice engrafted with C57BL/10 grafts on day 14 after 

engraftment compared to controls. 

D. Top panels: FACs analysis of aLNs, spleen and skin grafts of control 

mice on day 14 after engraftment, gating for 7AAD-CD19-CD3-

CD11b+Ly6G+ cells per 100 7AAD-CD19-CD3-CD11b+ cells 
in aLNs of mice day 14 after engraftment
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CD11b+Ly6G+ cells. Bottom panels: FACs analysis of aLNs, spleen and 

skin grafts of C57BL/6 mice that were engrafted with C57BL/10 grafts 

on day 14 after engraftment, gating for 7AAD-CD19-CD3-CD11b+Ly6G+ 

cells. 

E. Quantitative analysis of FACs results from figure 4.D. 7AAD-CD19-

CD3-CD11b+Ly6G+ cells per 100 7AAD-CD19-CD3-CD11b+ cells in 

aLNs, spleen and skin grafts of C57BL/6 mice engrafted with C57BL/10 

grafts on day 14 after engraftment. 
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10.5 MDSCs are capable of suppressing CD4+ T cells in vitro 
To evaluate whether CD11b+Gr1+ MDSCs from our model had suppressive 

activity in vitro, a mixed leukocyte reaction was performed. Previous studies have 

shown that CD11b+Gr1+ monocytes isolated from the allograft of tolerogen-treated 

recipients are able to suppress T cell proliferation in vitro [21]. Additionally, in 

studies were T cells were polyclonally stimulated with anti-CD3- and anti-CD28, both 

CD4 and CD8 T-cell proliferation was abolished by CD11b+Gr1+ cells in a dose-

dependent manner [24].  In other reports, T cell proliferation was significantly 

reduced in mixed leukocyte reactions when MDSCs, isolated from human 

recombinant G-CSF treated mice, were added in the cultures [23].  

For this purpose, CD11b+Gr1+ MDSCs were isolated from C57BL/6 mice that 

had received BALB/c splenocytes one day before. These cells were used as effectors. 

They were isolated a day post splenocyte injection, because this was the time point 

that expansion peaked, as shown from previous experiments (Figure 1.B.). CD4+ T 

cells from a C57BL/6 mouse were labeled with CFSE, to monitor their proliferation. 

These were stimulated with BALB/c non-CD3 splenocytes and anti-CD3. BALB/c 

non-CD3 splenocytes comprise of antigen presenting cells and are used as stimulators 

because they express different MHC molecules to the T cells. Once T cells were 

activated, they divided rapidly and proliferation was assessed by CFSE dilution three 

and five days after co-culture (Figure 5.A.).  

T cells that were not activated either with APCs or anti-CD3 did not proliferate 

and five days after culture, most cells had become apoptotic (Figure 5.B.).  On the 

contrary, when BALB/c APCs and anti-CD3 were added in the culture, T cells 

divided rapidly three days after culture. In this assay condition, T cells were still alive 

and able to proliferate five days after culture (Figure 5.B.). In the presence of 

MDSCs, activated T cells divided, however, proliferation was reduced compared to 

the condition where MDSCs were absent (Figure 5.C.). MDSCs induced the rapid 

proliferation of a specific T cell population. This population lost CFSE intensity early 

in the culture.  The rest activated T cells proliferated slowly or remained undivided 

(Figure 5.B. and 5.C.).  

Cells were also stained with the activation marker CD44. After gating on viable 

7AAD-CD4+CD44+ cells, in the presence of MDSCs, activated T cells consisted of 

two subpopulations three days after co-culture. One subset was CD4high and the other 
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CD4low (Figure 5.D.). The CD4low subset disappears five days after culture (data not 

shown). This CD4low subset is absent in other assay conditions. Reduced CD4 

expression of activated T cells suggests that their proliferative capacity is being 

inhibited. This occurs only in the presence of MDSCs. Therefore, MDSCs may be 

responsible for inducing the suppression of activated T cells in the assay. 

Concomitant with the previous results, in vitro suppression of CD4+ T cells is 

mediated by CD11b+Gr1+ MDSCs.   

 
Figure 5.A. 
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Figure 5.B. 

 

 
 

 

Figure 5.C. 
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Figure 5.D. 

 
 

Figure 5. In vitro suppression of CD4+ T cell proliferation by MDSCs. 

 

A. C57BL/6 Carboxyfluorescein Succinimidyl Ester (CFSE)-labeled T cells 

(5x104, responders) were cultured with BALB/c antigen presenting cells 

(1x105, stimulators) and stimulated with 100ng/ml anti-CD3 in 96-well round 

bottom plates for 5 days in the presence or absence of MDSCs (1x10
5
, 

effectors) purified from the spleen of C57BL/6 mice that had received 10x106 

BALB/c splenocytes intravenously the previous day. FACs plot gated on 

CD11b+, Gr1+ cells, shows the MDSC subset isolated after cell sorting. 

B. FACs analysis of mixed leukocyte reactions, day 3 (top panels) and day 5 

(bottom panels) after co-culture, gating on viable 7AAD-CD4+ cells and CFSE 

dilution.  

C. Representative histograms of FACs analysis from figure 5.A. day 3 (left) and 

day 5 (right). Blue line indicates assay condition with C57BL/6 T cells, 

BALB/c APCs, MDSCs (ratio= 1:2:2) and anti-CD3. Red line indicates assay 

condition with C57BL/6 T cells, BALB/c APCs (ratio 1:2) and anti-CD3. 

D. FACs analysis of mixed leukocyte reactions on day 3 of culture, gating on 

viable 7AAD-CD4+ and CD44+. 
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11. Discussion 
 

In previous studies, MDSCs were characterized as a heterogeneous cell 

population with the potency to modulate immune responses and specifically suppress 

T cell activation. Initially described in tumor models, these cells have the capacity to 

override immune surveillance mechanisms and promote tumorigenesis. Recently, the 

focus has been turned towards immune tolerance. As negative regulators of T cell 

proliferation, these cells may have therapeutic use in multiple disease settings. Cell 

based therapies that ensure graft acceptance and encourage transplantation tolerance 

may be beneficial in future clinical practice.  

Herein, we explored the potential of MDSCs to facilitate tolerance in murine 

models of MHC disparate transplantation. Our findings suggest that, in hematopoietic 

cell transplantation between fully mismatched constituents, MDSC levels are elevated 

and that these cells accumulate in the spleens of recipient mice. This is the case for 

both CD11b+Gr1+ cells that comprise the total MDSC population and for the 

granulocytic CD11b+Ly6G+ MDSCs. However, a similar expansion pattern was not 

observed when T regulatory cell were investigated in the same transplantation model. 

Furthermore, we performed skin graft experiments between fully MHC 

disparate individuals. Our results indicate that, MDSCs accumulate in the graft site 

upon rejection. MDSCs are significantly increased in donor skin grafts seven days 

post transplant, upon onset of rejection. These cells are possibly recruited from the 

spleens of recipient animals in order to contribute to the resolution of inflammation.  

To validate these results, we designed an in vitro assay. We set up a mixed 

leukocyte reaction in the presence and absence of activated MDSCs, in order to test 

their suppressive capacity in vitro. Our results indicate that three days after culture, in 

the presence of MDSCs, the proliferative capacity of T cells is reduced.  We are 

currently on an endeavor to determine the subset responsible for this effect. In 

addition, we observed an activated T cell population with decreased CD4 expression. 

This occurs only in the presence of MDSCs. We hypothesize that this population 

consists of Tregs. However, our findings at the present are preliminary and we are 

making attempts to ensure more elaborate results.  The reduced CD4 expression also 

suggests diminished T cell proliferation. Therefore, MDSCs may be responsible for 

inhibiting T cell responses in our transplantation model. 
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MDSCs have been implicated in previous models of transplantation tolerance 

and amelioration of GVHD [20, 21, 22, 23, 24].  In consideration with our findings, 

we postulate that MDSCs are involved in allogeneic transplantation and occupy an 

active role in regulating inflammation. As negative regulators of the immune 

response, these cells appear to be useful candidates for promoting graft acceptance. 

Hence, we can utilize the established transplantation models to perform experiments 

that test the functional activity of MDSCs in vivo. Our hypothesis is that MDSCs will 

be able to prolong allograft survival. MDSCs can be isolated from bone marrow or 

spleen and transferred onto transplanted recipients therapeutically. Adoptive transfer 

experiments are required to confirm our hypothesis and validate our previous data. 

Additionally, experiments with human samples will delineate the contribution of 

MDSCs in graft survival during transplantation. Conclusively, future manipulations of 

MDSCs may prove efficacious for designing innovative cell-based therapies that can 

be used during transplantation procedures. 
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