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Abstract 

 

Natural killer (NK) cells are the founding members of the innate lymphoid cell (ILC) family and 

contribute to the rapid production of inflammatory mediators upon pathogen detection. The evolution of 

receptors for self MHC-I and stress-induced ligands also bestows upon NK cells an important effector 

role in the clearance of virus infected and transformed cells. NK cells are dependent on the pleiotropic 

cytokine IL-15 for their development, differentiation and optimal function. Here I review the regulation of 

IL-15 in vivo, its role in driving NK cell differentiation and discuss the function of NK cell diversification 

in regards to innate immunity. 
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Diverse IL-15 sources impact on NK cell homeostasis and differentiation 

 

NK cell development in adults occurs in the bone marrow where lymphoid progenitors commit to 

making NK cells instead of B and T cells via extrinsic cues or stochastic gene expression1, 2, 3. Committed 

NK cell progenitors in the mouse have been identified by expression of the inhibitor of DNA-binding 2 

(ID2) amongst Sca1+CD127+CD117lowCD135- cells4. This population also expresses markers of mature 

NK cells such as CD244 and CD27 but lacks expression of the lineage defining NK1.1 and NKp46 

receptors. At this stage the β chain of the IL-2/15 receptor complex (IL-2Rβ, CD122) that is essential for 

IL-15 signal transduction and NK cell development and survival is not expressed4, 5. The ability to 

respond to IL-15 is a defining event in NK cell development and occurs at the NKP stage when pre-pro 

NK cells upregulate CD122. CD122 dimerizes with the common gamma chain (γc/IL-2Rγ/CD132) 

facilitating IL-15 binding and signal propagation via Jak1/Jak3 and STAT5α/β thus driving NK cell 

differentiation6. A third IL-15 receptor component, IL-15Rα, also exists and although IL-15-dependent 

cells can express heterotrimers (IL-15Rα/β/γ), intrinsic expression of IL-15Rα by these cells is not 

essential for their development7	
  8	
  9. This is in itself a curious result given IL-15Rα/β/γ binds IL-15 with 

100-fold higher affinity than IL-15Rβ/γ10 11, 12 

Given the critical role of IL-15 in NK cell homeostasis, it’s worth outlining some key findings that 

have set the foundations of our understanding of this pathway. IL-15 was identified by its functional 

similarities to IL-2 in promoting T cell and NK cell proliferation, and signalling through an IL-2Rβ (IL-

15Rβ) complex13, 14. IL-15 mRNA expression was detected in a broad range of tissues including adherent 

mononuclear blood cells, activated macrophages, epithelial and fibroblast cell lines, placenta and skeletal 

muscle 13 with a similar expression pattern being latter determined for IL-15Rα11. 
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 Germline deletion of IL-15 or IL-15Rα in mice resulted in a clear reduction in the frequency of 

IL-15-dependent immune cell including NK cells, NKT cells, γ/δ T cells and memory CD8 T cells15, 16. 

IL-15 dependent immune cell development and function was later shown to be rescued when IL-15-/- or 

IL-15Rα-/- haematopoietic progenitors were transplanted into wild-type mice or IL-15-/-/IL-15Rα-/- mice 

or lymphocytes treated with IL-15 receptor agonists8, 17, 18, 19, 20, 21	
  16,	
  22. While for these findings multiple 

studies demonstrated that IL-15 dependent cells such as NK cells are not required to express IL-15Rα to 

respond to IL-15 in vivo, NK cell development from IL-15Rα-/- progenitors was significantly reduced 

compared to wild-type haematopoietic progenitors transplanted into either wild type, IL-15-/- or IL-15Rα-

/- mice8, 17, 18, 19, 20, 21. These transplantation studies led to our current understanding of IL-15 trans-

presentation (reviewed in	
   23, 24) as they indicated that both haematopoietic and parenchymal cells could 

express IL-15 and IL-15Rα and that the same cells must express both these proteins to promote NK cell 

genesis. In this model, IL-15-expressing cells use IL-15Rα to chaperone IL-15 to the cell surface where it 

can bind IL-15 dependent, IL-15Rβ/γ expressing cells such as NK cells25 17, 18, 19, 20, 21.  

The “trans-presentation” mechanism of IL-15 expression that has evolved in vertebrates is 

fascinating and is still relatively poorly understood. We still do not know what factors regulate IL-15 and 

IL-15Rα expression in haematopoietic and parenchymal cells during steady-state and inflammation. The 

recent generation of an IL-15 green fluorescent protein reporter mouse strain using a bacterial artificial 

chromosome (BAC) approach may be useful in this regard as it now allows IL-15-expressing cells to be 

readily visualized by flow cytometry or fluorescence microscopy. Initial studies using IL-15 reporter mice 

have revealed that CD8+ dendritic cells, basophils and early haematopoietic progenitors all have high IL-

15 promoter activity and vesicular stomatitis virus infection up-regulates IL-15 expression in an type 1 

interferon receptor dependent manner; however non-haematopoietic cells have not yet been examined in 

detail26, 27. This will be essential as non-haematopoietic IL-15 trans-presentation can contribute to NK cell 

development and is essential for the development of other IL-15-dependent immune cells types including 
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CD8αα intraepithelial lymphocytes (IELs) and NKT cells8	
   24	
   22 28 29. Indeed, deletion of IL-15Rα 

specifically in dendritic cells (CD11c-Cre) or macrophages (via LysM-Cre) only resulted in a 50% 

reduction in peripheral NK cells, namely in the KLRG1+ population whereas the number of bone marrow 

NK cells was not affected30. In line with this, restricting IL-15 trans-presentation to CD11c+ cells in vivo 

via ectopic IL-15Rα expression under control of the CD11c promoter in IL-15Rα-/- mice only partially 

rescued NK cell development, mainly in the immature NK cell compartment29, whereas restricting IL-15 

trans-presentation to intestinal epithelial cells via the Villin promoter in the same model fully rescued IL-

15 dependent CD8αα IELs28. These data suggest that different lineages are dependent on different 

sources (haematopoietic versus parenchymal cells) of trans-presented IL-15. In the case of NK cells, it is 

likely that parenchymal, CD11c+ cells and additional haematopoietic cells are required for this process. 

Given the numerous sources of tissue-derived IL-15 and the lack of reagents to detect trans-presented IL-

15, the IL-15 reporter strain should prove a valuable tool in addressing IL-15 regulation in vivo 20, 21. 

 

This unconventional method of IL-15 presentation permits additional levels of regulation for NK 

cell development. IL-15 bioavailability would ultimately be the net balance between transcriptional 

regulation and co-ordinated expression of Il15 and Il15Rα, their trafficking and membrane 

presentation/cleavage/secretion by the same cell. In this setting, it is unclear to what degree membrane 

bound versus cleaved/secreted IL-15/IL-15Rα complexes might contribute to the development of NK 

cells at steady-state25. IL-15/IL-15Rα complexes have been shown to be pre-assembled within the 

endoplasmic reticulum/Golgi of TLR stimulated DCs before being released from these cells 25. IL-

15Rα is reportedly cleaved by TACE/ADAM17 together with trans-presented IL-15 31 and soluble IL-

15/IL-15Rα complexes account for all the soluble IL-15 detectable in human serum 32. Alternate N- and 

C-terminal splicing of human IL-15Rα determines whether IL-15 is secreted or remains bound to the cell 

membrane	
   33. IL-15/IL-15Rα complexes are also detected in the sera of wild-type mice; however, 



 5 
detection of these complexes depended on first treating the mice with TLR ligands to stimulate dendritic 

cell (DC) activation	
  25. This type of stimulations is known to up-regulate IL-15Rα expression on DC in a 

type-I IFN dependent manner 34. A number of experimental approaches have been developed to mimic 

physiological IL-15 trans-presentation. These include pre-ligation of IL-15 to IL-15Rα-Fc (IL-15/IL-

15Rα−Fc) and IL-15 linked to the sushi domain of IL-15Rα (RLI)35, 36. Treating mice with either of these 

reagents results in an accumulation of NK cells, particularly mature NK cells36, 37, 38 and can rescue IL-15-

dependent processes in IL-15Rα-/- mice22. Furthermore, these studies highlight that IL-15/IL-

15Rα complexes are clearly more potent than soluble IL-15 alone in vivo. However whether secretion of 

soluble IL-15/IL-15Rα complexes is the predominant mechanism for IL-15 trans-presentation is still 

unclear.  

There are also conflicting data concerning the ability of IL-15Rα to promote or suppress IL-15 

activity in vivo. Using an animal model for Psoriasis in which a chronic inflammatory skin disorder is 

mediated by effector T cells (primarily CD8+ and γ/δ T cells) and IL-15, the authors note a surprising 

result in that IL-15Rα-/- mice develop more severe skin inflammation than wild type and IL-15-/- mice 

when treated with Imiquimod39. IL-15Rα was highly expressed on keratinocytes and soluble IL-

15Rα released via proteolytic cleavage was sufficient to antagonize DC-derived IL-15 and subsequent 

inflammation39. While this result is consistent with other studies showing recombinant soluble IL-15Rα 

can antagonize IL-15 responses in vivo	
  40,	
  41,	
  42 it is surprising that IL-15-dependent inflammation can be 

induced at all in IL-15Rα-/- mice given that IL-15 transpresentation would not be possible in these mice 

and IL-15 dependent immune cells are also reduced	
  15. Aberrant IL-15 and IL-15Rα expression has been 

implicated in various autoimmune disorders including arthritis, celiac disease and inflammatory bowel 

disease	
  43,	
  44,	
  45,	
  46,	
  47. In these cases, elevated IL-15 or IL-15Rα expression correlated with pathogenesis 

and disease severity. Elevated soluble IL-15Rα has also been reported in patients with T cell large 

granular lymphocyte (T-LGL) leukaemia	
  48. In some of these patients, higher IL-15Rα expression on the 
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surface of CD8 T cells and monocytes was observed and correlated with enhanced proliferation to IL-15 

in vitro compared to normal controls. Collectively, these data suggest that IL-15Rα may both positively 

and negatively regulate IL-15 bio-availability in vivo depending on the context. 

 

Irrespective of the source or whether it is membrane bound or soluble, trans-presented IL-15 

drives NK cell proliferation and differentiation in vivo. This process begins in the bone marrow where 

newly generated immature (Mac-1-) NK cells proliferate rapidly and differentiate into mature (Mac-1+) 

NK cells49, 50, 51, 52. The bone marrow NK cell population is enriched for immature NK cells whereas 

peripheral lymphoid organs contain very few immature NK cells and instead possess two functionally 

distinct mature populations in terms of both cytotoxicity and pro-inflammatory cytokine production53. 

Peripheral NK cell subsets were first identified and characterised in man by the groups of Lanier and 

Phillips in the 1980’s54, 55, 56, 57, 58, 59. A similar fractionation of conventional murine NK cells was not 

described until the early to mid 2000’s, when differential expression of a number of cell surface receptors 

including Mac-1, CD27 and KLRG1 amongst peripheral NK cell subsets were found to correlate with 

clearly distinct NK cell responses49, 50, 51, 52.  

 Curiously, NK cell subsets possess differential responsiveness to IL-15. Mac-1- NK cells 

proliferate to a greater extent than Mac-1+ NK cells during steady state and following intravenous transfer 

into alymphoid Rag2-­‐/-­‐γC-­‐/-­‐	
   mice60	
   49,	
   52,	
   61. This is also true in response to soluble IL-15 in vitro49. 

Interestingly, NK cells do not proliferate when transferred into Rag2-/- mice despite the fact they lack T 

cell populations, which require IL-15 for survival (eg. NKT and CD122+ CD8 T cells) and would 

potentially compete with NK cells for this factor	
   60. This suggests that the presence of endogenous NK 

cells is a limiting factor in donor NK cell proliferation. Donor NK cells do survive when transferred into 

wild-type or Rag2-/- mice unless these mice lack IL-15 or IL-15Rα62	
   20	
   63, suggesting the level of 

bioavailable IL-15 is sufficient to up-regulate anti-apoptotic Mcl-1 and mediate cell survival but 
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insufficient to drive donor NK cell proliferation. It is currently not resolved how the differential 

responsiveness to IL-15 arises during NK cell differentiation. Higher expression of IL-2Rβ has been 

reported on immature human NK cells compared to mature NK cells64 and we observe a similar 

expression pattern in mouse (unpublished observation) however the levels of IL-15 signalling proteins or 

negative regulators of this pathway such as the SOCS family of proteins have not been investigated to 

date.	
  	
  

 

Following intravenous transfer into alymphoid Rag2-­‐/-­‐γC-­‐/-­‐	
   mice, immature NK cells rapidly 

differentiate into mature NK cells49, 60 and it was using through using this in vivo transfer assay that we 

identifyied KLRG1 as a marker of mature, fully differentiated NK cells	
   49. 13 days after transfer into 

Rag2-/-γC
-/- mice, 80% of donor splenic NK cells were KLRG1+ whereas about only 30% were KLRG1+ 

prior to transfer49. Subsequent investigations revealed that KLRG1 expression was acquired late in NK 

cell maturation and was restricted in NK cells that no longer expressed the TNF-receptor superfamily 

member CD27	
  50	
  49. Based on the finding of Kim et al 52 that immature NK cells do not express Mac-152, 

it was then possible to identify three NK cells subsets: Immature (Imm; Mac-1-CD27+KLRG1-), Mature 1 

(M1; Mac-1+CD27+KLRG1-) and Mature 2 (M2; Mac-1+CD27-KLRG1+). Adoptive transfer of FACS 

purified Imm NK cells into Rag2-/-γC
-/- mice gave rise to all three NK cell subsets, whereby transfer 

purified M1, NK cells gave rise to M1 and M2 NK cells. Transfer of FACS sorted M2 NK cells only gave 

rise to M2 NK cells. Thus a strong precursor-product relationship exists between these subsets	
  49.  

 

The current nomenclature defining the different murine NK cell subsets is as follows: 

Imm NK cells are actively proliferating in vivo52, undergo extensive homeostatic expansion 

following transfer into Rag2-/-γC
-/- mice and are highly sensitive to IL-15 concentrations in vitro 49. These 



 8 
cells are preferentially found in the bone marrow and represent the majority of NK cells in 1 week old 

mice, following NK cell depletion using diphtheria toxin (Ncr1-DTR mice) and following bone marrow 

transplant into sub-lethally irradiated recipient mice49, 50, 65, 66. These Imm NK cells also possess poor 

effector functions compared to mature NK cells (Mac-1+)52. 

M1 NK cells (Mac-1+CD27+KLRG1-) appear shortly after Imm NK cells in NK cell repopulation 

experiments mentioned above49, 50, 65, 66 and are found in all organs with a preference for bone marrow and 

lymph nodes50, 66. They display reduced proliferation in response to IL-15 in vitro and in vivo in steady 

state and lymphopenic settings compared to Imm. NK cells. They are functionally the most proficient of 

all NK cell subsets49, 50.  

M2 NK cells (Mac-1+CD27-KLRG1+) represent the final stage of NK cell differentiation. M2 NK cells 

are lacking in newborn mice and are observed last during NK cell repopulation in vivo following 

depletion or bone marrow transplant49, 50, 66. M2 NK cells posses impaired effector functions (both 

cytotoxicity and cytokine production) compared to M1 NK cells49, 50, 67 and appear almost terminally 

differentiated or exhausted with negligible proliferation in response to IL-15 in vitro and in both steady-

state and lymphopenic setting in vivo 49, 68. 

 

Thus what has emerged is the complex manner in which IL-15 is regulated and the contrasting 

requirement by different IL-15-dependent cell types for distinct physiological sources of IL-15 during 

development. NK cells can use both parenchymal and haematopoietic trans-presented IL-15 for 

development. What remains to be understood is the regulation of IL-15 expression in the different cell 

types and its importance in installing optimal NK cell effector responses in vivo. The change in 

responsiveness to IL-15 during NK cell differentiation and its relationship to the effector responses of 

mature KLRG1+ and CD27+ NK cells is yet to be appreciated. Future studies into these parameters are 

likely to reveal novel roles for NK cells in innate immunity.  
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