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Introduction
Kidney transplantation has improved survival and quality of life 

for patients with end-stage renal disease. The first year results of kidney 
transplantation have significantly improved over the years and patient 
and renal transplant survival are now >90%. However, long-term graft 
survival has remained virtually similar over the last decades [1]. Indeed, 
in the United States and Europe, thousands of kidney transplants fail 
each year, (and kidney-allograft failure is a major cause of end-stage 
renal disease,) leading to increased morbidity, mortality, and costs. 
It has become evident that ongoing alloreactivity, both cellular and 
humoral, plays a critical role in the loss of kidney allografts. In addition 
to the usual suspects, T cells and B cells, it has been acknowledged 
recently that Natural Killer (NK) cells play an important role in both 
innate and adaptive immune responses against the allograft and 
modulation of their function might improve transplant outcome 
[2]. NK cells are however poorly controllable with conventional 
immunosuppressive drugs and therefore there is a need for alternative 
methods to target these cells. In the last decades, basic and clinical 
interest in Mesenchymal Stromal Cells (MSCs) has risen dramatically 
due to their immune suppressive and reparative properties [3]. MSCs 
are characterized by their ability 1) to adhere to plastic culture flasks; 
2) the positive expression of CD105, CD73, CD90 membrane antigens, 
and the lack of expression of others (e.g CD45 and CD34) and 3) the
ability for differentiation in osteogenic, chondrogenic and adipogenic
lineages [4]. MSCs are indeed potent immune suppressive cells and are 
able to constrain severe immunologic responses both in experimental
models and in clinical conditions such as transplant rejection [3,5].
MSCs have also been shown to modulate NK cell responses [6] which
might be of importance for the fate of the allograft. In this report the
role of NK cells in renal transplantation, the interaction between MSCs 
and NK cells and its possible implications for renal transplantation is
being commented.

The Role of NK Cells in Transplantation
Natural killer cells are a subset of lymphocytes which traditionally 

have been seen as a central compartment of the innate immune system. 
Recent papers show that NK cells can discriminate between cells of self 
and foreign origins and that they also may play key roles in adaptive 
immune responses [2]. Although in earlier NK cell depletion studies it 
was thought that NK cells may not contribute to early acute rejection 
of solid organ allografts, recent studies demonstrate that NK cells 
play a pivotal role in acute and chronic rejection. This controversy 
was probably due to the initial depletion studies with selected 
knocked out genes that lead to simplistic and erroneous conclusions 
[2]. NK cells can kill allogeneic target cells directly or via Antibody-
Dependent Cellular Cytotoxicity (ADCC) in the absence of antigen 
priming [7,8]. In addition, the innate component of NK cell immune 
reactivity may contribute to anti-allograft immune responses inflicted 
by ischemia-reperfusion induced organ injury. NK cells can release 
various chemokines and immune modulatory cytokines necessary for 

graft infiltration of immune cells including IFN-γ, of importance for 
enhancing Th1 cell alloreactivity. On the other hand, NK cells may 
also play a central role in regulation of alloimmunity and tolerance 
to allogeneic organ transplants by the production of Interleukin 
(IL)-10 and subsequent type 2 cytokine immune deviation as well as 
stimulation of regulatory T cells [2]. In addition, NK cells may directly 
eliminate donor APCs. Depending upon the types of NK cell receptors 
engaged and the microenvironment, early NK cell activation can thus 
promote either acute rejection or tolerance.

It is therefore of importance to better characterize receptors, ligands 
and cytokines involved in NK functions and to gain more insight into 
the mechanisms by which NK cell activation can be modulated in order 
to find tools to use NK cells to improve the fate of the allograft. MSCs 
may provide such a tool.

Immunomodulatory Properties of MSCs: Complex 
Interplay between MSCs and NK Cells 

MSCs and NK cells interact in a complex manner (Figure 1). 
Culture expanded MSCs are recognized and killed by both allogeneic 
and autologous IL-2 or IL-15 activated NK cells [6,9,10]. The low MHC 
class I expression on MSCs and the expression of activating NK cell 
receptor ligands, such as Poliovirus Receptor (PVR) and MHC class 
I polypeptide-related sequence A (MICA), makes them a natural 
target for activated NK cell killing [6,10,11]. This can be partially 
overcome by incubating MSC with IFN-γ, which up-regulates MHC 
class I expression [6,11]. MSCs have been shown to possess several 
mechanisms to counteract their susceptibility to NK mediated killing, 
including Serine Protease Inhibitor 9 (SERPINB9), which is a major 
defense against granzyme B-mediated lysis [12]. Recently it was shown 
that Toll like Receptors (TLR) may modulate the interaction between 
MSC and NK cells. MSC express a number of different TLRs (Delarosa 
Frontiers 2012) and depending on which TLR is activated, the 
susceptibility of MSC for NK cell lysis or the suppressive effects of MSC 
on NK cell function are modulated. TLR3 activation protects MSC from 
NK cell killing and leads to enhanced immunosuppressive function of 
MSC against NK cells [13]. In contrast, TLR2 stimulation reduces the 
immunosuppressive property of MSC [14]. TLR3/4 activation of MSC 
stimulates the recruitment of inflammatory cells and in combination 
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with IFN-γ may increase immune responses induced by MSCs [15]. 
TLR pre-stimulation may thus represent a possible means to induce the 
suppression of NK cell activity by MSC and reduce the lysis of MSCs by 
NK cells. Optimization of MSC therapy may thus require reduction of 
NK cell activity. On the other hand, removal of infused MSCs may be 
of major importance for safety of MSC therapy. It is however not clear 
yet whether longevity of MSCs after infusion is of importance for the 
efficacy of MSC therapy.

Whereas they can be targets for NK cells, MSCs can also strongly 
alter NK cell phenotype and suppress cytokine secretion and 
cytotoxicity against HLA class I expressing targets [6,10,16]. It is 
demonstrated that IDO and PGE2 are key mediators of MSC-induced 
inhibition of NK cells [16]. Other factors such as IL-10, TGF-β and HGF 
may play additional roles [17]. Interestingly, the immunosuppressive 
effect of MSC on recipient anti-donor reactivity was examined before 
and after human kidney transplantation in vitro. MSC inhibited the 
proliferation of not only CD4+ and CD8+ T-cell lymphocytes in pre 
and post-transplant donor directed MLR, but also of NK cells [18]. The 
inhibition of NK cell proliferation was shown to be merely dependent 
of soluble factors. The ant proliferative effect of MSC is induced under 
inflammatory conditions, such as in microenvironments rich in IFN-γ.

The interaction between MSCs and NK cells is thus interplay 
between the inhibition of NK cell function by MSCs and the cytotoxic 
attack of MSCs by NK cells. One of the mechanisms of NK-MSC 
interaction is mediated by activating ligands expressed by MSCs 
and activating receptors on NK cells [19]. Natural Killer Group 2d 
(NKG2D) is critically involved in the recognition of stress-inducible 
MHC class I chain related protein (MIC)-A, MICB and the UL16- 
Binding Proteins (ULBP) 1-4 family expressed on NK/MSC interaction 
[20]. Of importance, activated NK cells can trigger organ rejection 
through NKG2D and affect the maturation of APCs and ultimately the 
T-cell allogeneic response [21]. The further elucidation of mechanisms 

of MSC-NK crosstalk remains an important research goal for future 
studies.

MSCs in Experimental Models of Organ Transplantation: 
What is the Link with NK Cells?

An attractive potential indication for MSC therapy in view of its 
potent effects on immune cells, is solid organ transplantation [22,23]. 
MSCs may potentially not only allow for reduced doses of immune 
suppressive drugs, but may also promote immune tolerance [24-27]. 
Different models have found prolongation of allograft survival after 
MSC treatment [28-30] and an inhibition of the rejection process 
[31,32]. The study by Franquesa et al. [33] investigated the effect of 
MSCs on the fibrosis reaction that occurs long after transplantation. 
MSCs attenuated the progression of Interstitial Fibrosis/ Tubular 
Atrophy (IF/TA) when this process was already in progress. Besides 
a reduction in IF/TA, MSC treated animals demonstrated less 
macrophage infiltration in the parenchyma and lowered expression of 
inflammatory cytokines [33]. These results suggest that the beneficial 
effect of MSC on the outcome of organ transplantation is attributable 
to the reduction of immune reactivity by MSCs, rather than by 
promoting tissue regeneration as previously thought. However, since 
fibrosis and inflammation are interconnected it remains difficult 
to dissect the different mechanisms involved. To study the in vivo 
immunosuppressive effect in a humanized transplant model, we 
recently used a humanized skin transplantation model. In this model, 
alloreactivity was marked by pronounced CD45+ T-cell infiltrates 
consisting of CD4+ and CD8+ T cells and increased IFNγ expression in 
the skin grafts, which were all significantly inhibited by both BM-MSC 
and ASC treatment. Our findings show that BM-MSC and ASC are 
immunosuppressive in vitro and suppress alloreactivity in a preclinical 
humanized transplantation model [48].

Although numerous recent reports have focused on both the 

Figure 1: Schedule of the interaction between MSC and NKcells. MSC inhibit NK cell proliferation upon IFN-γ activation via amongst others IDO activity and PGE-2 
secretion. IL2/IL15 activated NK cells upregulate granzyme and perforin expression and can lyse allogenic as well as autologous MSC. Lysis depends on the balanced 
expression of activating and inhibitory NK cell receptor ligands on MSC. Serpin-B9on MSC can inhibit the granzyme activity and there by protects MSC from NK cell 
lysis. 
Abbreviations: IDO: Indolamine2,3-Dioxygenase; KIR: killer Cell Immunoglobulin-like Receptor; MICA: MHC class I Polypeptide-related Sequence A; PGE-2: 
Prostaglandin-E2; PVR: Poliovirus Receptor; Serpin-B9: Serineprotease b9.
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role of MSCs and NK cells in experimental models of solid organ 
transplantation, the role of NK cells in MCS mediated responses 
and vice versa in these models has been largely overlooked. In vivo, 
in a recent study by Almeida et al. [34] the interaction between 
NK cells and MSCs was investigated in an inflammatory model of 
biomaterial incorporation. Enhanced MSC recruitment was found to 
be mediated via NK cells by incorporation of inflammatory signals in 
the biomaterials. In addition, a recent study demonstrated that MSC 
decrease the number of infiltrating NK cells in ischemic hind limbs 
[35]. These results are interesting also for the transplant setting, and 
indicate that MSC can target NK cells in ischemic transplanted organs. 
Of importance murine and human MSCs exhibit different properties 
and express different cytokines [36], thereby challenging the validity of 
murine in vivo models for the preclinical evaluation of human MSC.

MSCs Clinical Studies
In the human transplant setting different studies have focused 

on the role of MSCs in the induction phase and in allograft rejection. 
MSC infusion was safe and clinical feasible [37-39], although timing 
of the infusion seemed of major importance. Administration of MSC 
in the early phase after transplantation negatively affected kidney graft 
function, which was not observed when MSCs were administered 
before transplantation [38]. In a recent clinical pilot study allogeneic 
MSCs were administered in 6 renal recipients for the first time. Donor 
derived MSCs combined with low dose tacrolimus was safe and 
prevented acute rejection after renal transplantation [40]. In a phase 
1 clinical study, safety and feasibility of autologous MSC therapy in 
patients receiving an HLA-DR mismatched kidney was studied in 
patients with subclinical rejection or an increase in IFTA in their renal 
biopsy at 24 weeks after renal transplantation (compared to the renal 
biopsy at 4 weeks). In total 6 patients received MSC treatment [41] 
and initial results suggested systemic immune suppression after MSC 
therapy. All patients that received MSCs demonstrated a profound 
reduction in proliferation of patient Peripheral Blood Mononuclear 
Cells (PBMC) 12 weeks after MSC infusion upon stimulation with 
donor specific PBMCs, while the response to third party PBMCs was 
more variable. In addition, three patients developed opportunistic viral 
infections (2 CMV, 1 BK nephropathy) and two patients with allograft 
rejection demonstrated a resolution of infiltrates after MSC treatment. 
In the treated patients, amounts of different immune cells, including 
NK cells, were measured before and after MSC treatment. Total 
numbers and subsets of NK cells, T cells, B cells and monocytes did 
not demonstrate a consistent change after MSC treatment. Since only 
6 patients were treated, larger studies are needed to draw conclusions.

Most clinical studies so far have used autologous MSC. While MSC 
were long considered to be immunoprivileged, there is accumulating 
data that they can evoke immune responses [42-49]. Nevertheless, 
allogeneic MSCs offer the advantage of availability for clinical use 
without the delay required for expansion. This is of major importance 
in the case of indications where immediate treatment is needed, for 
example in allograft rejection of the transplanted organ. HLA class 
I on allo MSCs may trigger adaptive immune responses that could 
possibly elicit an anti- donor immune response, which may increase 
the incidence of rejection/ graft loss and impact the allograft survival 
on the long term. NK cells however, identify their target cells in a 
different way. NK cell-mediated lysis of MSC is inversely correlated 
with expression levels of HLA class I on MSCs. Thus both autologous 
and allogeneic MSC with low HLA class I expression are potential 
targets for NK cells. In addition, there is possibly a difference in the 
susceptibility of autologous and allogeneic MSCS for lysis by NK 

cells. Killer Cell Immunoglobulin like Receptors (KIR) that does not 
recognize their KIR epitopes on allogeneic cells may lyse these cells 
[45]. It is not unlikely that NK cells interact with MSC in a similar 
manner. Therefore, allogeneic MSC may be more susceptible for NK 
cell lysis than autologous MSC.

As stated above, the conventional immunosuppressive drug used in 
organ transplantation target T cells and more recently B cell targeting 
drugs win ground. These drugs are however not capable of inhibiting 
NK cell activity. It was demonstrated that tacrolimus, rapamycin 
or sotrastaurin did not inhibit the lysis of autologous or allogeneic 
MSC by activated NK cells [46], whereas these drugs are effective in 
suppressing T cell reactivity. This indicates that drugs used to suppress 
allo-reactivity in transplant patients may be effective in inhibiting T 
cell reactivity against allogeneic MSC, but are not able to suppress NK 
cell mediated lysis of allogeneic and autologous MSC. Interestingly, a 
recent paper demonstrated that azathioprine can inhibit lysis of MSC 
by activated NK cells [47], suggesting that azathioprine might have a 
beneficial effect on the survival of MSC upon exposure to NK cells and 
improve the effect of MSC therapy.

Conclusion
Taken together, so far, it has been challenging to describe the 

precise roles for NK cells in reactivity to allografts and the cross link 
between MSCs and NK cells makes this challenge even more complex. 
The microenvironment seems to be of major importance for both MSC 
and NK cell function and for their interaction. It can be postulated that 
a microenvironment rich in IFN-γ would protect MSC from being 
attacked and destroyed by NK cells. Such microenvironment may be 
found in organ transplants that face rejection. Since MSCs can also 
strongly alter NK cell phenotype and function, treatment with MSCs 
might be helpful in creating a pro tolerogenic microenvironment for 
NK cells which might improve allograft survival. In addition, both 
NK cells and MSCs may use the same pathways to regulate immune 
responses in transplant recipients. It will be an ongoing challenge to 
elucidate the exact mechanisms and cross-talk between MSCs and NK 
cells and their implications for organ survival.

Acknowledgement

This work was supported by Arthritis Research UK (19429).

References
1.	 Lamb KE, Lodhi S, Meier-Kriesche HU (2011) Long-term renal allograft survival 

in the United States: a critical reappraisal. Am J Transplant 11: 450-462.

2.	 Benichou G, Yamada Y, Aoyama A, Madsen JC (2011) Natural killer cells in 
rejection and tolerance of solid organ allografts. CurrOpin Organ Transplant 
16: 47-53.

3.	 Salem HK, Thiemermann C (2010) Mesenchymal stromal cells: current 
understanding and clinical status. Stem Cells 28: 585-596.

4.	 Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, et al. (2006) 
Minimal criteria for defining multipotentmesenchymal stromal cells. The 
International Society for Cellular Therapy position statement. Cytotherapy 8: 
315-317.

5.	 Reinders ME, Leuning DG, de Fijter JW, Hoogduijn MJ, Rabelink TJ (2013) 
Mesenchymal Stromal Cell Therapy for Cardio Renal Disorders. Curr Pharm 
Des.

6.	 Spaggiari GM, Capobianco A, Becchetti S, Mingari MC, Moretta L (2006) 
Mesenchymal stem cell-natural killer cell interactions: evidence that activated 
NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced 
NK-cell proliferation. Blood 107: 1484-1490.

7.	 Hamerman JA, Ogasawara K, Lanier LL (2005) NK cells in innate immunity. 
Curr OpinImmunol 17: 29-35.

http://www.ncbi.nlm.nih.gov/pubmed/20973913
http://www.ncbi.nlm.nih.gov/pubmed/20973913
http://www.ncbi.nlm.nih.gov/pubmed/21157342
http://www.ncbi.nlm.nih.gov/pubmed/21157342
http://www.ncbi.nlm.nih.gov/pubmed/21157342
http://www.ncbi.nlm.nih.gov/pubmed/19967788
http://www.ncbi.nlm.nih.gov/pubmed/19967788
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://www.ncbi.nlm.nih.gov/pubmed/23844816
http://www.ncbi.nlm.nih.gov/pubmed/23844816
http://www.ncbi.nlm.nih.gov/pubmed/23844816
http://www.ncbi.nlm.nih.gov/pubmed/16239427
http://www.ncbi.nlm.nih.gov/pubmed/16239427
http://www.ncbi.nlm.nih.gov/pubmed/16239427
http://www.ncbi.nlm.nih.gov/pubmed/16239427
http://www.ncbi.nlm.nih.gov/pubmed/15653307
http://www.ncbi.nlm.nih.gov/pubmed/15653307


Citation: Reinders MEJ, Hoogduijn MJ (2014) NK Cells and MSCs: Possible Implications for MSC Therapy in Renal Transplantation. J Stem Cell Res 
Ther 4: 166. doi:10.4172/2157-7633.1000166

Page 4 of 4

Volume 4 • Issue 2 • 1000166
J Stem Cell Res Ther
ISSN: 2157-7633 JSCRT, an open access journal 

8.	 Lanier LL (2005) NK cell recognition. Annu Rev Immunol 23: 225-274.

9.	 Crop MJ, Korevaar SS, de Kuiper R, IJzermans JN, van Besouw NM, et al. 
(2011) Human mesenchymal stem cells are susceptible to lysis by CD8(+) T 
cells and NK cells. Cell Transplant 20: 1547-1559.

10.	Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M 
(2006) Interactions between human mesenchymal stem cells and natural killer 
cells. Stem Cells 24: 74-85.

11.	Götherström C, Lundqvist A, Duprez IR, Childs R, Berg L, et al. (2011) Fetal and 
adult multipotentmesenchymal stromal cells are killed by different pathways. 
Cytotherapy 13: 269-278.

12.	El Haddad N, Moore R, Heathcote D, Mounayar M, Azzi J, et al. (2011) The 
novel role of SERPINB9 in cytotoxic protection of human mesenchymal stem 
cells. J Immunol 187: 2252-2260.

13.	Giuliani M, Bennaceur-Griscelli A, Nanbakhsh A, Oudrhiri N, Chouaib S, et al. 
(2014) TLR Ligands Stimulation Protects MSC from NK Killing. Stem Cells 32: 
290-300.

14.	Lei J, Wang Z, Hui D, Yu W, Zhou D, et al. (2011) Ligation of TLR2 and TLR4 
on murine bone marrow-derived mesenchymal stem cells triggers differential 
effects on their immunosuppressive activity. Cell Immunol 271: 147-156.

15.	Romieu-Mourez R, François M, Boivin MN, Bouchentouf M, Spaner DE, et al. 
(2009) Cytokine modulation of TLR expression and activation in mesenchymal 
stromal cells leads to a proinflammatory phenotype. J Immunol 182: 7963-7973.

16.	Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, et 
al. (2008) Mesenchymal stem cells inhibit natural killer-cell proliferation, 
cytotoxicity, and cytokine production: role of indoleamine 2,3-dioxygenase and 
prostaglandin E2. Blood 111: 1327-1333.

17.	Casado JG, Tarazona R, Sanchez-Margallo FM (2013) NK and MSCs 
crosstalk: the sense of immunomodulation and their sensitivity. Stem Cell Rev 
9: 184-189.

18.	Crop MJ, Baan CC, Korevaar SS, Ijzermans JN, Alwayn IP, et al. (2009) Donor-
derived mesenchymal stem cells suppress alloreactivity of kidney transplant 
patients. Transplantation 87: 896-906.

19.	Giuliani M, Oudrhiri N, Noman ZM, Vernochet A, Chouaib S, et al. (2011) 
Human mesenchymal stem cells derived from induced pluripotent stem cells 
down-regulate NK-cell cytolytic machinery. Blood 118: 3254-3262.

20.	Poggi A, Prevosto C, Massaro AM, Negrini S, Urbani S, et al. (2005) Interaction 
between human NK cells and bone marrow stromal cells induces NK cell 
triggering: role of NKp30 and NKG2D receptors. J Immunol 175: 6352-6360.

21.	Suárez-Alvarez B, López-Vázquez A, Baltar JM, Ortega F, López-Larrea C 
(2009) Potential role of NKG2D and its ligands in organ transplantation: new 
target for immunointervention. Am J Transplant 9: 251-257.

22.	Reinders ME, Fibbe WE, Rabelink TJ (2010) Multipotentmesenchymal 
stromal cell therapy in renal disease and kidney transplantation. Nephrol Dial 
Transplant 25: 17-24.

23.	English K, French A, Wood KJ (2010) Mesenchymal stromal cells: facilitators of 
successful transplantation? Cell Stem Cell 7: 431-442.

24.	Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC (2003) Suppression 
of allogeneic T-cell proliferation by human marrow stromal cells: implications in 
transplantation. Transplantation 75: 389-397.

25.	Le Blanc K, Rasmusson I, Sundberg B, Götherström C, Hassan M, et al. 
(2004) Treatment of severe acute graft-versus-host disease with third party 
haploidentical mesenchymal stem cells. Lancet 363: 1439-1441.

26.	Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells modulate 
allogeneic immune cell responses. Blood 105: 1815-1822.

27.	Popp FC, Eggenhofer E, Renner P, Slowik P, Lang SA, et al. (2008) 
Mesenchymal stem cells can induce long-term acceptance of solid organ 
allografts in synergy with low-dose mycophenolate. Transpl Immunol 20: 55-60.

28.	Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, et al. (2002) 
Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong 
skin graft survival in vivo. Exp Hematol 30: 42-48.

29.	Zhou HP, Yi DH, Yu SQ, Sun GC, Cui Q, et al. (2006) Administration of 
donor-derived mesenchymal stem cells can prolong the survival of rat cardiac 
allograft. Transplant Proc 38: 3046-3051.

30.	Casiraghi F, Azzollini N, Cassis P, Imberti B, Morigi M, et al. (2008) Pretransplant 

infusion of mesenchymal stem cells prolongs the survival of a semiallogeneic 
heart transplant through the generation of regulatory T cells. J Immunol 181: 
3933-3946.

31.	Eggenhofer E, Steinmann JF, Renner P, Slowik P, Piso P, et al. (2011) 
Mesenchymal stem cells together with mycophenolatemofetil inhibit antigen 
presenting cell and T cell infiltration into allogeneic heart grafts. Transpl 
Immunol 24: 157-163.

32.	Ge W, Jiang J, Baroja ML, Arp J, Zassoko R, et al. (2009) Infusion of 
mesenchymal stem cells and rapamycin synergize to attenuate alloimmune 
responses and promote cardiac allograft tolerance. Am J Transplant 9: 1760-
1772.

33.	Franquesa M, Herrero E, Torras J, Ripoll E, Flaquer M, et al. (2012) 
Mesenchymal stem cell therapy prevents interstitial fibrosis and tubular atrophy 
in a rat kidney allograft model. Stem Cells Dev 21: 3125-3135.

34.	Almeida CR, Vasconcelos DP, Gonçalves RM, Barbosa MA (2012) Enhanced 
mesenchymal stromal cell recruitment via natural killer cells by incorporation of 
inflammatory signals in biomaterials. J R Soc Interface 9: 261-271.

35.	Huang WH, Chen HL, Huang PH, Yew TL, Lin MW, et al. (2014) Hypoxic 
mesenchymal stem cells engraft and ameliorate limb ischaemia in allogeneic 
recipients. Cardiovasc Res 101: 266-276.

36.	Meisel R, Brockers S, Heseler K, Degistirici O, Bülle H, et al. (2011) Human 
but not murine multipotentmesenchymal stromal cells exhibit broad-spectrum 
antimicrobial effector function mediated by indoleamine 2,3-dioxygenase. 
Leukemia 25: 648-654.

37.	Perico N, Casiraghi F, Introna M, Gotti E, Todeschini M, et al. (2011) 
Autologousmesenchymal stromal cells and kidney transplantation: a pilot study 
of safety and clinical feasibility. Clin J Am Soc Nephrol 6: 412-422.

38.	Perico N, Casiraghi F, Gotti E, Introna M, Todeschini M, et al. (2013) 
Mesenchymal stromal cells and kidney transplantation: pretransplant infusion 
protects from graft dysfunction while fostering immunoregulation. Transpl Int 
26: 867-878.

39.	Tan J, Wu W, Xu X, Liao L, Zheng F, et al. (2012) Induction therapy with 
autologous mesenchymal stem cells in living-related kidney transplants: a 
randomized controlled trial. JAMA 307: 1169-1177.

40.	Peng Y, Ke M, Xu L, Liu L, Chen X, et al. (2013) Donor-derived mesenchymal 
stem cells combined with low-dose tacrolimusprevent acute rejection after 
renal transplantation: a clinical pilot study. Transplantation 95: 161-168.

41.	Reinders ME, de Fijter JW, Roelofs H, Bajema IM, de Vries DK, et al. (2013) 
Autologous bone marrow-derived mesenchymal stromal cells for the treatment 
of allograft rejection after renal transplantation: results of a phase I study. Stem 
Cells Transl Med 2: 107-111.

42.	Ryan AE, Lohan P, O’Flynn L, Treacy O, Chen X, et al. (2013) Chondrogenic 
Differentiation Increases Antidonor Immune Response to Allogeneic 
Mesenchymal Stem Cell Transplantation. MolTher .

43.	Griffin MD, Ryan AE, Alagesan S, Lohan P, Treacy O, et al. (2013) Anti-donor 
immune responses elicited by allogeneic mesenchymal stem cells: what have 
we learned so far? Immunol Cell Biol 91: 40-51.

44.	Bernardo ME, Fibbe WE (2013) Mesenchymal stromal cells: sensors and 
switchers of inflammation. Cell Stem Cell 13: 392-402.

45.	Ruggeri L, Capanni M, Casucci M, Volpi I, Tosti A, et al. (1999) Role of 
natural killer cell alloreactivity in HLA-mismatched hematopoietic stem cell 
transplantation. Blood 94: 333-339.

46.	Hoogduijn MJ, Roemeling-van Rhijn M, Korevaar SS, Engela AU, Weimar W, et 
al. (2011) Immunological aspects of allogeneic and autologous mesenchymal 
stem cell therapies. Hum Gene Ther 22: 1587-1591.

47.	Franquesa M, Baan CC, Korevaar SS, Engela AU, Roemeling-van Rhijn M, et 
al. (2013) The effect of rabbit antithymocyte globulin on human mesenchymal 
stem cells. Transpl Int 26: 651-658.

48.	Roemeling-van Rhijn, Khairoun M, Korevaar SS, Lievers E, Leuning DG, et 
al. (2013) Human Bone Marrow-and Adipose Tissue-derived Mesenchymal 
Stromal Cells are Immunosuppressive In vitro and in a Humanized Allograft 
Rejection Model. J Stem Cell Res Ther S6: 001.

49.	Roemeling-van Rhijn, Reinders ME, Franquesa M, Engela AU, Korevaar SS, 
et al. (2013) Human Allogeneic Bone Marrow and Adipose Tissue Derived 
Mesenchymal Stromal Cells Induce CD8+ Cytotoxic T Cell Reactivity. J Stem 
Cell Res Ther S6: 004.

http://www.ncbi.nlm.nih.gov/pubmed/15771571
http://www.ncbi.nlm.nih.gov/pubmed/21396164
http://www.ncbi.nlm.nih.gov/pubmed/21396164
http://www.ncbi.nlm.nih.gov/pubmed/21396164
http://www.ncbi.nlm.nih.gov/pubmed/16099998
http://www.ncbi.nlm.nih.gov/pubmed/16099998
http://www.ncbi.nlm.nih.gov/pubmed/16099998
http://www.ncbi.nlm.nih.gov/pubmed/20942778
http://www.ncbi.nlm.nih.gov/pubmed/20942778
http://www.ncbi.nlm.nih.gov/pubmed/20942778
http://www.ncbi.nlm.nih.gov/pubmed/21795594
http://www.ncbi.nlm.nih.gov/pubmed/21795594
http://www.ncbi.nlm.nih.gov/pubmed/21795594
http://www.ncbi.nlm.nih.gov/pubmed/24123639
http://www.ncbi.nlm.nih.gov/pubmed/24123639
http://www.ncbi.nlm.nih.gov/pubmed/24123639
http://www.ncbi.nlm.nih.gov/pubmed/21757189
http://www.ncbi.nlm.nih.gov/pubmed/21757189
http://www.ncbi.nlm.nih.gov/pubmed/21757189
http://www.ncbi.nlm.nih.gov/pubmed/19494321
http://www.ncbi.nlm.nih.gov/pubmed/19494321
http://www.ncbi.nlm.nih.gov/pubmed/19494321
http://www.ncbi.nlm.nih.gov/pubmed/17951526
http://www.ncbi.nlm.nih.gov/pubmed/17951526
http://www.ncbi.nlm.nih.gov/pubmed/17951526
http://www.ncbi.nlm.nih.gov/pubmed/17951526
http://www.ncbi.nlm.nih.gov/pubmed/23397451
http://www.ncbi.nlm.nih.gov/pubmed/23397451
http://www.ncbi.nlm.nih.gov/pubmed/23397451
http://www.ncbi.nlm.nih.gov/pubmed/19300194
http://www.ncbi.nlm.nih.gov/pubmed/19300194
http://www.ncbi.nlm.nih.gov/pubmed/19300194
http://www.ncbi.nlm.nih.gov/pubmed/21803852
http://www.ncbi.nlm.nih.gov/pubmed/21803852
http://www.ncbi.nlm.nih.gov/pubmed/21803852
http://www.ncbi.nlm.nih.gov/pubmed/16272287
http://www.ncbi.nlm.nih.gov/pubmed/16272287
http://www.ncbi.nlm.nih.gov/pubmed/16272287
http://www.ncbi.nlm.nih.gov/pubmed/19178412
http://www.ncbi.nlm.nih.gov/pubmed/19178412
http://www.ncbi.nlm.nih.gov/pubmed/19178412
http://www.ncbi.nlm.nih.gov/pubmed/19861311
http://www.ncbi.nlm.nih.gov/pubmed/19861311
http://www.ncbi.nlm.nih.gov/pubmed/19861311
http://www.ncbi.nlm.nih.gov/pubmed/20887949
http://www.ncbi.nlm.nih.gov/pubmed/20887949
http://www.ncbi.nlm.nih.gov/pubmed/12589164
http://www.ncbi.nlm.nih.gov/pubmed/12589164
http://www.ncbi.nlm.nih.gov/pubmed/12589164
http://www.ncbi.nlm.nih.gov/pubmed/15121408
http://www.ncbi.nlm.nih.gov/pubmed/15121408
http://www.ncbi.nlm.nih.gov/pubmed/15121408
http://www.ncbi.nlm.nih.gov/pubmed/15494428
http://www.ncbi.nlm.nih.gov/pubmed/15494428
http://www.ncbi.nlm.nih.gov/pubmed/18762258
http://www.ncbi.nlm.nih.gov/pubmed/18762258
http://www.ncbi.nlm.nih.gov/pubmed/18762258
http://www.ncbi.nlm.nih.gov/pubmed/11823036
http://www.ncbi.nlm.nih.gov/pubmed/11823036
http://www.ncbi.nlm.nih.gov/pubmed/11823036
http://www.ncbi.nlm.nih.gov/pubmed/17112896
http://www.ncbi.nlm.nih.gov/pubmed/17112896
http://www.ncbi.nlm.nih.gov/pubmed/17112896
http://www.ncbi.nlm.nih.gov/pubmed/18768848
http://www.ncbi.nlm.nih.gov/pubmed/18768848
http://www.ncbi.nlm.nih.gov/pubmed/18768848
http://www.ncbi.nlm.nih.gov/pubmed/18768848
http://www.ncbi.nlm.nih.gov/pubmed/21194567
http://www.ncbi.nlm.nih.gov/pubmed/21194567
http://www.ncbi.nlm.nih.gov/pubmed/21194567
http://www.ncbi.nlm.nih.gov/pubmed/21194567
http://www.ncbi.nlm.nih.gov/pubmed/19563344
http://www.ncbi.nlm.nih.gov/pubmed/19563344
http://www.ncbi.nlm.nih.gov/pubmed/19563344
http://www.ncbi.nlm.nih.gov/pubmed/19563344
http://www.ncbi.nlm.nih.gov/pubmed/22494435
http://www.ncbi.nlm.nih.gov/pubmed/22494435
http://www.ncbi.nlm.nih.gov/pubmed/22494435
http://www.ncbi.nlm.nih.gov/pubmed/21752807
http://www.ncbi.nlm.nih.gov/pubmed/21752807
http://www.ncbi.nlm.nih.gov/pubmed/21752807
http://www.ncbi.nlm.nih.gov/pubmed/24220639
http://www.ncbi.nlm.nih.gov/pubmed/24220639
http://www.ncbi.nlm.nih.gov/pubmed/24220639
http://www.ncbi.nlm.nih.gov/pubmed/21242993
http://www.ncbi.nlm.nih.gov/pubmed/21242993
http://www.ncbi.nlm.nih.gov/pubmed/21242993
http://www.ncbi.nlm.nih.gov/pubmed/21242993
http://www.ncbi.nlm.nih.gov/pubmed/20930086
http://www.ncbi.nlm.nih.gov/pubmed/20930086
http://www.ncbi.nlm.nih.gov/pubmed/20930086
http://www.ncbi.nlm.nih.gov/pubmed/23738760
http://www.ncbi.nlm.nih.gov/pubmed/23738760
http://www.ncbi.nlm.nih.gov/pubmed/23738760
http://www.ncbi.nlm.nih.gov/pubmed/23738760
http://www.ncbi.nlm.nih.gov/pubmed/22436957
http://www.ncbi.nlm.nih.gov/pubmed/22436957
http://www.ncbi.nlm.nih.gov/pubmed/22436957
http://www.ncbi.nlm.nih.gov/pubmed/23263506
http://www.ncbi.nlm.nih.gov/pubmed/23263506
http://www.ncbi.nlm.nih.gov/pubmed/23263506
http://www.ncbi.nlm.nih.gov/pubmed/23349326
http://www.ncbi.nlm.nih.gov/pubmed/23349326
http://www.ncbi.nlm.nih.gov/pubmed/23349326
http://www.ncbi.nlm.nih.gov/pubmed/23349326
http://www.ncbi.nlm.nih.gov/pubmed/24184966
http://www.ncbi.nlm.nih.gov/pubmed/24184966
http://www.ncbi.nlm.nih.gov/pubmed/24184966
http://www.ncbi.nlm.nih.gov/pubmed/23207278
http://www.ncbi.nlm.nih.gov/pubmed/23207278
http://www.ncbi.nlm.nih.gov/pubmed/23207278
http://www.ncbi.nlm.nih.gov/pubmed/24094322
http://www.ncbi.nlm.nih.gov/pubmed/24094322
http://www.ncbi.nlm.nih.gov/pubmed/10381530
http://www.ncbi.nlm.nih.gov/pubmed/10381530
http://www.ncbi.nlm.nih.gov/pubmed/10381530
http://www.ncbi.nlm.nih.gov/pubmed/21732766
http://www.ncbi.nlm.nih.gov/pubmed/21732766
http://www.ncbi.nlm.nih.gov/pubmed/21732766
http://www.ncbi.nlm.nih.gov/pubmed/23682671
http://www.ncbi.nlm.nih.gov/pubmed/23682671
http://www.ncbi.nlm.nih.gov/pubmed/23682671
http://www.omicsonline.org/human-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-001.php?aid=20780
http://www.omicsonline.org/human-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-001.php?aid=20780
http://www.omicsonline.org/human-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-001.php?aid=20780
http://www.omicsonline.org/human-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-001.php?aid=20780
http://www.omicsonline.org/human-allogeneic-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-004.php?aid=20999
http://www.omicsonline.org/human-allogeneic-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-004.php?aid=20999
http://www.omicsonline.org/human-allogeneic-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-004.php?aid=20999
http://www.omicsonline.org/human-allogeneic-bone-marrow-adipose-tissue-derived-mesenchymal-stromal-cells-2157-7633.S6-004.php?aid=20999

	Title
	Corresponding author
	Keywords
	Introduction 
	The Role of NK Cells in Transplantation 
	Immunomodulatory Properties of MSCs: Complex Interplay between MSCs and NK Cells  
	MSCs in Experimental Models of Organ Transplantation: What is the Link with NK Cells? 
	MSCs Clinical Studies 
	Conclusion 
	Acknowledgement
	Figure 1
	References



