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Cell-Extrinsic and Cell-Intrinsic Regulation of Natural Killer Cell Behavior 
in Mice 
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Alberto Jovani Millan Hernandez 

Doctor of Philosophy in Quantitative and Systems Biology 
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Professor Jennifer O. Manilay 

 

Natural killer (NK) cells play a fundamental role in protecting the host 
against cancerous and virally infected cells, however the mechanisms that control 
NK cell maturation and Ly49 receptor expression are incompletely understood. We 
have identified a novel role for sclerostin domain-containing-1 (Sostdc1) in the 
regulation of NK maturation and cytotoxicity. Sostdc1-knockout (KO) mice display 
a partial NK maturation block of transitional (CD27+CD11b-) NK cells and display 
decreased frequencies of inhibitory Ly49G2 and increased frequencies of 
activating Ly49H, Ly49D receptors. We hypothesized that Ly49 receptors in 
Sostdc1-KO mice would correlate with high NK cell killing. Inversely, we observed 
Sostdc1-KO NK cells to be hyporesponsive towards 𝛽2m-KO targets in vitro and in 
vivo. Consistent with Sostdc1’s known role in Wnt signaling, we observed 
increased Tcf7 and Lef1 levels in Sostdc1-KO NK cells. Reciprocal bone marrow 
transplants show that Sostdc1 can regulate NK cells distinctly by nonhematopoietic 
stromal cells and hematopoietic cells. These data suggest niche cell involvement 
in NK cell behavior. Furthermore, we show evidence for progressive NK cell Ly49 
developmental pathways in C57BL/6 (WT) mice that are not entirely stochastic. 
We analyzed NK cell “clusters” defined by combinatorial expression of activating 
Ly49H, Ly49D, and inhibitory Ly49G2, Ly49I receptors. Using the product rule to 
evaluate Ly49 receptor interdependencies, we found NK cells to tightly regulate 
Ly49 receptors at the iNK cell stage. We discovered non-random cluster 
development of Ly49I receptor by transplantation of sorted clusters. Comparing 
MHC-I-KO and WT mice, we found that MHC-I is a partial regulator of Ly49D and 
Ly49G2, even though no known MHC-I ligand is present in WT mice. Altogether, 
these data support a novel role for Sostdc1 in the regulation of NK cell maturation 
and cytotoxicity and a regulatory mechanism for a non-stochastic expression for 
Ly49 receptors. These data provide important information for potential NK cell 
guidance for future NK cell immunotherapies. 
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CHAPTER 1 

 
BACKGROUND AND HISTORICAL CONTEXT  
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CHAPTER 1: BACKGROUND AND HISTORICAL CONTEXT 

 

INTRODUCTION 
 
Natural killer (NK) cells are the third most abundant lymphocyte in the immune 
system  and play an integral part in protecting the host against cancerous and 
virally infected cells by rapidly secreting perforin and granzymes, and secrete pro-
inflammatory cytokines such as interferon-gamma (IFN-𝛾) and tumor necrosis 
factor-alpha (TNF-𝛼) to alert surrounding cells. NK cells are required to mature and 
interact with the surrounding microenvironment to govern “self” vs. “non-self” 
tolerance through the lack of recognition from self-major histocompatibility 
complex class I (MHC-I), and the expression of “stressed” and transformed 
molecules on target cells (1, 2). Furthermore, the direct interactions between NK 
cells and target cells promote NK cytotoxicity via the binding of Ly49 activating and 
inhibitory receptors (3). NK cells have recently been observed to secrete regulatory 
cytokine, such as IL-10, and possess features of the adaptive immune system, 
including antigen specificity, clonal proliferation, and long-lived memory (4, 5). NK 
cells play an important role in mediating multiple immune functions and respond 
by eliminating cancers and virally infected cells. 
 NK cell maturation and Ly49 expression are two main concepts described 
in this thesis. It is unclear how the microenvironmental factors play a role in NK 
cell behavior. We hypothesized that the bone defects found in Sostdc1-knockout 
(KO) mice contribute to altered immune cell behavior. Thus, in the first half of my 
thesis work, we uncovered a novel role for Sostdc1 in NK cell maturation and 
function through two distinct regulator mechanism, which are described in Chapter 
2 of this thesis. Sostdc1-KO mice show a partial NK cell maturation block, 
decreased cytotoxicity, and altered Ly49 receptor expression. Thus, these results 
naturally led us to hypothesize if NK Ly49 receptors are regulated by maturation. 
Our results show evidence of a progressive pathway for splenic NK cell Ly49 
clusters development and regulation via the expression of self-inhibitory Ly49I 
receptor, proliferation, and MHC-I, which are described in Chapter 3 of this thesis. 
Together, my thesis work expands on the current literature on the understanding 
of NK cell microenvironmental influences and Ly49 receptor expression which can 
be further be applied for future NK cell immunotherapies (6).  
 
REVIEW OF LITERATURE 
 
Part I: NK cell development and maturation 
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Conventional NK cells develop in the bone marrow (BM) from hematopoietic stem 
cells (HSCs) (7, 8). The bone marrow niche supports hematopoietic development 
in which HSCs in adult mice give rise to the common lymphoid progenitor (CLP) 
(9). Further CLP differentiation leads to the production of the first committed NK 
progenitor, or the pre-pro NK progenitor cell (pre-pro NKPs) (10). These pre-pro 
NKPs upregulate CD27, CD127 (IL-7R𝛼), and CD244 (2B4) receptors and develop 
into pre-NKPs (11). The next committed progenitor, ‘refined’ NKPs (rNKPs), arise 
from pre-NKPs by upregulating CD122 (IL-2R𝛾c), the IL-15 𝛽-chain receptor. IL-15 
signaling in rNKPs from the BM becomes essential for NK cell development into 
immature NK cells (iNK), which express the pan-NK cell marker NK1.1 (C57BL/6 
mice and other stains only), NKp46, CD127, CD117 (cKit), and CD27 (8). NK cell 
maturation from the iNK stage can be tracked in the BM and peripheral tissues by 
CD27 and CD11b surface expression and transcriptional factors (Figure 1-1) (12, 
13). iNKs display the highest proliferation potential, and generate transitional NK 
cells (CD27+CD11b+; tNK) by upregulating surface receptors CD11b, CD49b, 
CD43, KLRG1, and Ly6C. tNKs further downregulate CD27 to generate mature 
NK cells (CD27-CD11b+), which display low proliferation potential, but the greatest 
effector function (12).  
 
Tissue specific regulation of NK cell maturation 
 

NK cells account for 5 to 20% of mononucleated cells in mice and can be 
characterized by specific tissue location, which may suggest a tissue-specific 
microenvironment that regulates NK cell maturation. NK cells predominantly 
express the CD11b mature marker in the blood circulation and multiple tissue sites 
including lung, spleen, liver, while NK cells with a more immature phenotype 
(CD27+CD11b-) are most prominent in BM and thymus (13, 14). The lymph node 
express equal parts of iNK and tNKs, while low frequencies of mNKs (13) (Figure 
1-2). It is now clear that human NK cell maturation stages are distinguishable at 
each tissue location (13, 15). Dogra et al. have recently mapped out the human 
tissue specific NK cells distribution. The authors found most differentiated and 
cytotoxic NK cells (CD56dimCD16+) were localized in the spleen, blood, and bone 
marrow, whereas the precursor and immature (CD56highCD16-) NK cells were 
found in the lymph nodes, tonsils, and intestines and reduced effector function 
(15). NK cell tissue-specific microenvironment can be an important factor in 
regulating NK cell maturation and function. 

The bone marrow microenvironment provides developmental support for 
NK cells. BM-derived NK cells are conventional NK cells, which can egress into 
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the circulation to further mature and gain functional competence (Figure 1-3) (16). 
Under homeostatic conditions, NK cell migration is governed by the 
chemoattractant receptors CXCR4 and S1P5, such that CXCR4 is highly 
expressed on NKPs and iNK cells (17, 18). Osteoblasts in the endosteal region of 
the bone and CXCL12-abundant reticular (CAR) cells secrete CXCL12, which may 
act as a retention mechanism for NKPs and iNK cells in the BM (19). Furthermore, 
BM stromal cells, including CAR, Mesenchymal Stem Cells (MSCs), and fibroblast 
reticular cells, secrete the cytokine IL-15, which is an essential cytokine for NK 
cells development and function (20, 21). Thus, it can be suggested that the BM 
microenvironment can play an essential role in retaining NKPs and iNK cells via 
CXCR4-dependent mechanisms and then further supported by IL-15 produced by 
stromal cells.   

The thymus in particular, promotes an alternative NK cell developmental 
pathway which is GATA3-dependent relative to BM-derived conventional NK cells. 
Thymic-derived NK cells are identified by high expression of the zinc-finger 
transcription factor GATA-3, surface receptor CD127 (IL-7R𝛼), express few Ly49 
receptors, and lack CD11b (22, 23). Furthermore, thymic NK cells function with low 
cytotoxicity potential while able to produce high amounts of cytokines, such as IFN-
𝛾, granulocyte-macrophage colony-stimulating factor (GM-CSF), and TNF, relative 
to splenic or BM NK cells (23). Thymic NK cells require microenvironmental IL-7, 
whereas the cytokine is not essential for BM derived NK cells (24). Thus, thymic 
NK cells provided more evidence for tissue specific NK cell maturation and 
function. 

 
Sostdc1’s role in NK cell maturation and effector function 

Sclerostin domain-containing-1 (Sostdc1), paralog to sclerostin (Sost), has 
aliases Ectodin, USAG1 and Wise (25-28), and has been well studied in the 
context of tooth development, early digit formation, vibrissae, hair, feathers, 
mammary glands, kidneys, and cancers (29-31). Sostdc1 is first expressed during 
the 17 embryonic days in mice (28). Moreover, Sostdc1’s role has only been 
recently identified in bone fracture repair and we show, in this thesis, its regulation 
in NK cell maturation and function (Thesis Chapter 2) (32, 33). Micro-computed 
tomography (𝜇CT) measurements of Sostdc1-knockout (Sostdc1-/-) mice femurs 
show the bone mineral density (BMD) of the cortical bone and the total cortical 
bone area to increase by about 16 percent (%) relative to WT femurs. The bone 
marrow area is also enlarged by 21% compared to WT mice (32). Furthermore, 
Sostdc1 expression was observed in the periosteum, fibroblast, and mesenchymal 
stem cells (MSCs) (32). Upon bone fracture, Sostdc1-/- mice had enhanced bone 
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formation and remodeling of the callus. Elevated Sostdc1 expression was also 
found in MSCs after fracture, suggesting a role for Sostdc1 in regulating MSC 
function in bone remodeling. As will be described further in Chapter 2, we found 
Sostdc1 expressing in hematopoietic CD4+ and CD8+ cells T cell which may 
regulate NK cell surface receptor Ly49 profile in the spleen (33). Previously, T cell 
subsets were identified to express Sostdc1, such as memory PD-1+CD4+ T cell 
(34), and T follicular helper (TFH) cells found in the Peyer’s patches and peripheral 
lymph nodes (35). These results suggest a magnitude of roles for Sostdc1 in bone 
development and immune cell regulation. 

BMP/Smad-dependent role in NK cells 

 Mechanistically, Sostdc1 can antagonize the bone morphogenetic protein 
(BMP) signaling and regulate cellular outcomes (28). Sostdc1 acts as an 
extracellular BMP inhibitor by binding BMP-2, -4, and -7 and decreasing canonical 
BMP/Smad-dependent signaling (Figure 1-4) (27, 36). BMPs are a group of 
signaling molecules that belong to the Transforming growth factor-𝛽 (TGF-	𝛽) 
superfamily of proteins (37). BMPs have various roles in different cell types during 
organ and tissue development, such as in apoptosis, growth, and differentiation 
(37). The cell surface BMP signaling cascade is transduced when BMP ligands 
bind to the cell surface serine/threonine type II receptors, in which phosphorylation 
of the Type I receptors and forming a heterotetrametric complex. The 
phosphorylated Type I receptor can further activating Smad-1, -5, and -8 (38). The 
active forms of the Smad-1/5/8 complex recruits co-Smad (Smad4) and translocate 
into the nucleus for gene transcription (39). When Sostdc1 binds BMP ligands, the 
canonical BMP/Smad-dependent pathway is halted and gene transcription in 
decreased. 

BMPs were originally identified by their ability to induce ectopic bone 
formation (38). Most recently, studies of BMP signaling in hematopoiesis suggest 
a crucial role for HSC number and function (39-41). Goldman et al. have shown 
that BMP4-deficient mice have reduced numbers of Lineage-negative c-kit+Sca-1+ 
progenitor cells. When serially transplanted, these cells reduce the repopulating 
activity of WT HSCs in BMP4-deficient host (40). Thus, BMP regulated signaling 
may be essential for adult hematopoiesis. Furthermore, studies which analyze the 
effects of BMP signaling on NK cells are very limited. However, Robson et al. have 
demonstrated a possible role for BMP/Smad-dependent signaling in human blood 
NK cells (42). The authors identified human blood-circulating NK cells to express 
type I and type II BMP receptors and phosphorylated isoforms of Smad-1, -5, -8. 
Furthermore, when human NK cells were treated with a BMP receptor inhibitor, 



 6 

Compound C/dorsomorphin, and then stimulated with IL-2, IL-12, and poly I:C, the 
NK cells reduced expression of IFN-𝛾 and decreased capacity to kill K562 target 
cells (42). Similar results were observed when human NK cells were treated with 
Noggin, which inhibits extracellular BMP ligands in the same fashion as Sostdc1 
(42). To my knowledge, Sostdc1, one of the known BMP signaling antagonists, 
has yet to be studied in the regulation of NK cell development and function.    

Sostdc1/Wnt/𝛽-catenin/TCF-1 and LEF-1 role in NK cells 

Sostdc1 is a known antagonist to canonical Wnt/𝛽-catenin signaling (25). 
Wnt signaling is initiated at the surface membrane of the cell after binding of the 
Wnt ligand to the Frizzled receptor and recruiting the co-receptors, low-density 
lipoprotein receptor-family (LRP) 5 or LRP6 (Figure 1-5) (43, 44). The binding of 
the Wnt ligand inactivates the glycogen synthase kinase3𝛽 (GSK3𝛽), which 
normally prevents the accumulations of  𝛽-catenin in the cytoplasm. In the process 
of Wnt activation, GSK3𝛽 and Axin2 degrade and allows 𝛽-catenin to translocate 
into the nucleus and where is bind the transcription co-activators lymphoid 
enhancer-binding factor 1 (Lef1) and T cell factor (TCF) for gene transcription (45, 
46). When Sostdc1 binds to the Wnt co-receptors LRP4 and LRP5/6, Wnt signaling 
is diminished by degrading cytosolic 𝛽-catenin, thus decreasing targeted gene 
transcription (26, 47). Similarly, dickkopf WNT signaling pathway inhibitor I (DKK1) 
show similar characteristics to Sostdc1 and also binds LRP5/6 and antagonizes 
Wnt/	𝛽-catenin signaling (48, 49).  

Wnt signaling has been well studied in the framework of HSCs to help 
promote proliferation, differentiation, and homeostasis (50). It is now evident that 
canonical Wnt signaling plays a crucial role in the regulation of many immune cells 
(51). Interestedly, overactive Lrp5 gene in mice lead to high bone mass, while loss-
of-function mutation in Lrp5 causes osteoporosis (52). Sostdc1-/-  mice show 
increased bone mass, which may indicate that Sostdc1 may be responsible for 
phenotypic bone growth via a binding of Lrp5 in Wnt signaling (32). In my thesis 
work, I found that Sostdc1-/- mice NK cells show a maturation blockade at the tNK 
cells stage of maturation and dysregulation of Ly49 frequencies in the BM and 
spleen. We further observed one of the co-activators to canonical Wnt signaling, 
TCF-1, was significantly upregulated in tNK and mNK cells, but normal at the iNK 
stage. Additionally, the secondary coactivator, LEF-1, was only significantly 
upregulated in the mNK cell stage. Our analysis strongly implies that canonical 
signaling by Wnt/𝛽-catenin/TCF-1 and LEF-1 signaling is required specifically at 
the tNK stage of maturation. Previously, TCF-1 and LEF-1 have shown redundant 
role in NK cell development, whereas TCF-1 contributes significantly more to NK 
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cell development than LEF-1 (53). Furthermore, TCF-1 alone has been shown to 
regulate the Ly49 receptor in mice NK cells by directly binding to the Klra1 (Ly49A) 
gene and promoting its expression (54).  

 
Part II: NK cell regulation of Ly49 activating and inhibitory receptor 
expression  
 
 NK cells, unlike T and B cells, acquire germline encoded Ly49 receptors 
which recognize and eliminate cancerous and virally infected cells. NK cell Ly49 
receptors are one of the distinct families of surface receptors involved in NK cell 
recognition of polymorphic MHC-I molecules (Table 1-1) (3, 55). It is currently 
understood that expression of Klra (Ly49) genes, located on mouse chromosome 
6, are regulated in a random manner by gene expression mechanisms (55, 56). 
Therefore, each NK cell outcome has a probability of expressing a unique set of 
activating and inhibitory receptors on the cell surface. Nonetheless, studies have 
shown that MHC-I expression and the bidirectional transcriptional regulation of 
Pro1 and Pro2 may account for tightly regulated, non-random, expression of Ly49 
activating and inhibitory receptors (57). This process may reflect an evolutionary 
process which ensures host immunity while maintaining self-tolerance (58). A 
common pathway of inhibitory Ly49 signaling is provided by Immunoreceptor 
tyrosine-based inhibition motifs (ITIM) sequences in the cytoplasmic domains of 
these otherwise structurally diverse receptors. Upon ligand binding and activation, 
the inhibitory NK cell receptors become tyrosine phosphorylated and recruit 
tyrosine phosphatases, Src homology region 2 (SH2) domain-containing protein 
phosphatase SHP-1, resulting in inhibition of NK cell-mediated cytotoxicity and 
cytokine expression (3, 59). In contrast to inhibitory receptors, the activating Ly49 
receptors transduce signals through associated adaptor proteins, such as DAP12, 
and with the associated immunoreceptor tyrosine-based activation motif (ITAM) (3, 
60, 61). 

Ly49 receptor role in NK cell mediated cytotoxicity      

 Ly49 receptors play an important role in NK cell education and recognition 
of transformed cells. Kärre et al. first showed that NK cells are geared to detect 
decreased or deleted expression of self-MHC-I and coined this process the 
“missing-self hypothesis” (1). Cancerous or infected cells often down-regulate self-
MHC-I expression on their surface to avoid detection and killing by cytotoxic T 
cells, thus according to the hypothesis, NK cells constantly survey the 
microenvironment for altered expression of self-MHC-I on neighboring cells for 
Ly49-mediated killing (2, 3). In addition, NK cells in 𝛽2m-deficient mice show 
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diminished ability to lyse target cells when compared to mice WT NK cells (62). 
This discovery led to a new hypothesis which incorporates the expression of self-
MHC-I for NK cell effector function. The hypothesis was later identified as NK cell 
“licensing”, a process in which self-Ly49 inhibitory receptors require binding to self-
MHC-I to produce optimal killing function. Conversely, “unlicensed” NK cells are 
those that do not express self-Ly49 inhibitory receptor and lack killing function (63-
65). Most recently, NK cells have been shown to quantitatively tune killing function 
by the number of self-MHC-I ligands expressed and stimulatory integrations 
encountered in the microenvironment. Thus, the “rheostat” model ensures self-
tolerance and yet optimized for adaptations in the microenvironment (66).  

Ly49 receptors’ role in NK cell memory 

 NK cells have been recently shown to share features of adaptive immunity 
similar to T and B cells, including antigen specificity, clonal proliferation, and long-
lived memory (4, 5). It has been shown that after cytomegalovirus (CMV) infection 
in mice, a subset of NK cells expressing the activating Ly49H receptor expand into 
long-lived NK cells and acquire robust recall responses (67). Furthermore, the 
murine CMV-encoded MHC-I-like protein (m157) was shown to bind Ly49H 
activating receptor and provided direct pathogen recognition by NK cells (68). 
Additionally, NK cells expressing Ly49C/I inhibitory receptors were found to persist 
and respond up to 4 weeks after mice were sensitized with hapten (69). In humans, 
infection with CMV show similar NK cell memory phenotypes. For example, after 
CMV infection, a long-lasting NK cell subset expressing NKG2C or activating KIR 
persists (70, 71). Together, NK cells utilize surface activating and inhibitory Ly49 
receptors to recognize and produce killing function, while showing features of NK 
cell memory.   

Ly49 stochastic gene expression 

 NK cells express a diverse set of surface activating and inhibitory receptors 
that recognize host cells and cellular targets. The Ly49 gene in mice or the KIR 
gene expression in humans are believed to be stochastic, however, growing 
amount of evidence are now uncovering tightly regulated mechanisms which can 
control Ly49 gene expression. Mathematically, the product rule can determine the 
frequencies of Ly49 gene expression with a significant degree of independence. 
The independence is consistent with a stochastic initiation of the Ly49 receptor 
gene expression. Nonetheless, examination between the inhibitory Ly49 receptors 
and NKG2A show an underrepresentation of frequencies provided by the product 
rule, suggesting that NKG2A may not significantly associate with inhibitory Ly49 



 9 

receptor gene expression in mice (56, 72). Furthermore, Forbes et al. provide 
support of interdependencies between Ly49H and Ly49D surface expression 
which are distinctly influenced by the co-expression of inhibitory receptor Ly49C 
(73). Transcriptionally, Held et al. show that TCF-1 transcription factor controls the 
expression of Ly49A and Ly49D (74), while more groups have shown that the 
bidirectional regulation of Pro1 in immature NK cells and Pro2 in mature NK cells 
control Ly49 gene expression (57, 75). Notably, Rouhi et al. have shown 
differences between activating and inhibiting Ly49 DNA methylation patterns, 
which may add additional complexly to the stochastic nature of the Ly49 
expression in mice (76). 

NK cell surface Ly49 receptor expression during development 

 Studies suggest that NK cell Ly49 receptor expression is regulated in an 
orderly manner. This concept was originally developed when a fraction of sorted 
mice NK cells expressing Ly49A or Ly49G2 were transferred in vivo and later 
expressed other Ly49 receptors while maintaining the initial Ly49 expression (77). 
Moreover, Ly49A+C/I-G2- sorted NK cells after 10 days expressed Ly49G2 and 
less frequent the Ly49C/I receptor. The Ly49A-C/I-G2+ sorted NK cells then 
expressed the inhibitory Ly49C/I receptors (72). Thus, these results suggest a 
sequential progression of NK cell Ly49 receptor expression in a manner that may 
be initiated by Ly49A, then Ly49G2, and finally Ly49C/I. Furthermore, RT-PCR 
analysis of the Ly49 RNA clones at different time points support the sequential 
model, such as the Ly49G2 gene was expressed first, followed by Ly49C/I, and 
finally Ly49A gene (78). Moreover, NK cell Ly49 expression has shown to increase 
gradually throughout ontogeny in mice over the first several weeks after birth (77, 
79). Smith et al. show that the activating Ly49H and Ly49D are expressed during 
the same time points during mouse development and lag behind in the expression 
of the inhibitory Ly49 receptors (72). Together, these studies suggest that Ly49 
receptors can be expressed sequentially in a cumulative fashion during NK cell 
development.  

NK cell surface Ly49 receptor expression during maturation 

In Chapter 3 of this thesis, we provided direct evidence for a progressive 
pathway of NK “cluster transitions” in vitro and in vivo, which suggest that Ly49 
inhibitory receptors acquisition is directly associated with NK cell maturation. Thus, 
our data support the idea that NK cell clusters develop in a non-random manner 
and provide additional evidence that the regulatory system that controls the 
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expression of both Ly49 activating and inhibitory receptors can be regulated in a 
variegated and sequential manner.  
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TABLES 

 

Table 1-1: Ly49 receptors and known ligand binding. NK cell Ly49 receptors in 
B6 (C57BL/6) mice and known binding ligands. Information was adapted from 
Schenkel et al. 2013 (55).    

B6: H2-Db, H2-Kb 
(C57BL/6) Ligands Function 

Ly49D H2-Dd 
 

Activating 
 

Ly49H MCMV m157 
  

 

Ly49A H2-Dd, H2-DK, H2-Dp 

 Inhibitory 

Ly49B Unknown 
  

Ly49C H2-Kb, H2-Kd, H2-Dd, H2-DK 

  

Ly49F H2-Kd 
  

Ly49G2 H2-Dd 

  

Ly49I H2-Kb, H2-Dd, H2-Kd, H2-KK 

  

Ly49J Unknown  

Ly49Q H2-Kb  
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FIGURES AND FIGURE LEGENDS 

 

 

 

Figure 1-1: Phenotypic NK cell maturation surface markers and 
transcriptional factors in mice. Immature NK cells (iNKs) are distinctly 
characterized with surface expression CD27, CD127, CD117, and transcription 
factors (TF) Tox and Tbx21. iNKs start to upregulate CD11b, DX5, CD43, KLRG1, 
and Ly6C surface receptor to become transitional NK cells (tNKs), while beginning 
to upregulate TF Eomes, Zeb2, and Tcf7. tNKs downregulate CD27 and become 
mature NK cells (mNKs). NK1.1, CD335, CD94-NKG2, CD244, and Ly49s are 
surface markers found on NK cells throughout maturation.  
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Figure 1-2: Tissue specific NK cell maturation in mice. The bone marrow 
shows predominant frequencies of immature NK cells (iNK), while the lymph nodes 
show equal parts of iNKs and transitional NK cells (tNKs). The spleen, lungs, 
blood, and liver show predominant frequencies of mature NK cells (mNKs). The 
mean frequencies (%) data for each NK cell maturation stage were adopted from 
Hayakawa et al. 2006 (13). 

 
 

BLOOD

LUNGSSPLEEN

BONE MARROW

LYMPH NODE

LIVER

6.0%

26.3%

66.3%

19.3%

28.0%

50.3%
51.0%

39.0%

8.3%

40.3%

43.7%

11.0%

3.0%

7.7%

87.4%

20.7%

19.3%

47.7%

CD27+CD11b-
“iNK”

CD27+CD11b+ 
“tNK”

CD27-CD11b+
“mNK”

NK CELL MATURATION



 20 

  
Figure 1-3: NK cell bone marrow niche. The periosteum primarily consists of 
osteocytes and mesenchymal stem cells (MSCs), and a source for the production 
of Sostdc1. The endosteal niche consists of osteoblast which can secrete known 
NK regulatory molecules such as, CXCL12, IL-15, and IL-2. In the bone marrow 
cavity, T cells produce Sostdc1, stromal cells can also secrete CXCL12, SCF, 
Flt3L, IL-21, and IL-15. The perivascular niche supports CXCL12-abundant 
reticular cell (CAR) which secrete CXCL12 and IL-15. Together, these bone 
marrow niches have been shown to influence NK cell behavior.  
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Figure 1-4: Sostdc1’s role in Bone Morphogenetic Protein (BMP) signaling. 
(A) BMP signaling occurs when BMP-2, -4, -7 ligands bind the cell surface type II 
receptor and phosphorylates type I receptor. Phosphorylation of type I receptor 
activates intracellular R-Smad molecules (Smad-1, -5, -8). Smad4 forms a 
complex with two R-Smad molecules and translocate into the nucleus for gene 
transcription. (B) Sostdc1 has been shown to bind BMP-2, -4, -7 ligands and 
decreases BMP signaling.  
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Figure 1-5: Sostdc1’s role in canonical Wnt signaling. (A) The binding of Wnt 
ligand to the Frizzled receptor and the Wnt co-receptor Lrp5/6 will active the 
adaptor protein Disheveled (Dvl) and recruit the destruction complex (CKI𝛼, Axin, 
GSK3𝛽, APC) to the LRPs. The decreased proteasomal degradation of 𝛽-catenin 
leads to the accumulation and translocation of 𝛽-catenin into the nucleus.	𝛽-
catenin forms a complex with TCF-1/LEF-1 for gene transcription. (B) Sostdc1 and 
DKK1 are known to bind LRP 5/6 and block Wnt ligand from binding the Frizzled 
receptor. The destruction complex then degrades intracellular 𝛽-catenin and 
reduces overall gene transcription.  
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CHAPTER 2 
 

SOSTDC1 REGULATES NK CELL MATURATION AND CYTOTOXICITY 
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The Journal of Immunology

Sostdc1 Regulates NK Cell Maturation and Cytotoxicity

Alberto J. Millan,* Sonny R. Elizaldi,* Eric M. Lee,* Jeffrey O. Aceves,* Deepa Murugesh,*
Gabriela G. Loots,*,† and Jennifer O. Manilay*

NK cells are innate-like lymphocytes that eliminate virally infected and cancerous cells, but the mechanisms that control NK cell
development and cytotoxicity are incompletely understood. We identified roles for sclerostin domain–containing-1 (Sostdc1) in NK
cell development and function. Sostdc1-knockout (Sostdc12/2) mice display a progressive accumulation of transitional NK cells
(tNKs) (CD27+CD11b+) with age, indicating a partial developmental block. The NK cell Ly49 repertoire in Sostdc12/2 mice is also
changed. Lower frequencies of Sostdc12/2 splenic tNKs express inhibitory Ly49G2 receptors, but higher frequencies express
activating Ly49H and Ly49D receptors. However, the frequencies of Ly49I+, G2+, H+, and D+ populations were universally
decreased at the most mature (CD272CD11b+) stage. We hypothesized that the Ly49 repertoire in Sostdc12/2 mice would
correlate with NK killing ability and observed that Sostdc12/2 NK cells are hyporesponsive against MHC class I–deficient cell
targets in vitro and in vivo, despite higher CD107a surface levels and similar IFN-g expression to controls. Consistent with
Sostdc1’s known role in Wnt signaling regulation, Tcf7 and Lef1 levels were higher in Sostdc12/2 NK cells. Expression of the NK
development gene Id2 was decreased in Sostdc12/2 immature NK and tNK cells, but Eomes and Tbx21 expression was unaffected.
Reciprocal bone marrow transplant experiments showed that Sostdc1 regulates NK cell maturation and expression of Ly49
receptors in a cell-extrinsic fashion from both nonhematopoietic and hematopoietic sources. Taken together, these data support
a role for Sostdc1 in the regulation of NK cell maturation and cytotoxicity, and identify potential NK cell niches. The Journal of
Immunology, 2019, 202: 2296–2306.

N atural killer cells are innate lymphocytes that are im-
portant for early immune defense against tumors and
virally infected cells. Since the initial discovery of

NK cells in 1975, studies from many groups have identified NK
cell receptors that are involved in self/nonself recognition, NK cell
precursors and stages of maturation, cytokines and transcription
factors that are critical for NK cell development and function,
and evidence for NK cell immune memory (1–9). Despite
over 40 years of NK cell history, the molecular and cellular

mechanisms that drive and integrate these processes is still un-
clear. In particular, how the microenvironment regulates NK cell
maturation and function is still an area of ongoing investigation.
Conventional NK cells develop in the bone marrow (BM) from

hematopoietic stem cells following a well-established sequence of
maturational stages, and egress to the peripheral organs to fully mature
and function (10–12). NK cell maturation (Fig. 1A) originates with
the immature NK (iNK) (CD27+CD11b2) cells, which progresses to
the transitional NK (tNK) cell stage (CD27+CD11b+, also known as
DP [13], and not to be confused with tissue resident NK cells [14]),
then to the final mature NK (mNK) cell stage (CD272CD11b+) (13,
15–17). As NK cells progress through these stages, they lose prolif-
erative and cytokine-producing capability but gain cytotoxic ability
against target cells (12, 18, 19). Although the BM microenvironment
is critical for NK cell development, how the peripheral microenvi-
ronment regulates NK cell maturation and cytotoxicity is incom-
pletely understood and requires further investigation.
Sclerostin domain–containing-1 (Sostdc1), also known as Wise,

Ectodin, Usag-1, and Sost-like, has been studied in the context of
tooth development, kidney disease, hair follicle formation, and
bone fracture (20–26). Sostdc1 can function as an antagonist of
both bone morphogenetic protein and canonical Wnt signaling
pathways (21, 22, 24). Sostdc1 expression is highly expressed in
skin, brain, and intestine as well as in skeletal muscles, kidney,
lungs, and vasculature (21, 23, 24). Most recently, we found it also
to be expressed in the bone periosteum and mesenchymal stem
cells to support bone formation and fracture remodeling (27). In
this study, we reveal Sostdc1’s cell-extrinsic roles in the regulation
of NK cell maturation, Ly49 receptor expression, and cytotoxic
function in the BM and spleen.

Materials and Methods
Mice

Sostdc12/2 mice have been described (23, 27) and were both bred and
transferred from Lawrence Livermore National Laboratories (LLNL) to
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University of California (UC) Merced to begin an independent breed-
ing colony. C57B6/J (CD45.2+/5.2+) and B6.SJL-Ptprca Pepcb/BoyJ
(CD45.1+/5.1+) and B6.129P2-B2mtm1Unc/J b-2 microglobulin knock-
out (KO) (b2m

2/2) mice were obtained from The Jackson Laboratory.
Mice of 28–38 wk of age and of both sexes were used. No differences
between sexes nor mice from LLNL and UC Merced colonies have been
observed. All mice were housed in conventional housing with autoclaved
feed. Mice were euthanized by carbon dioxide asphyxiation followed
by cervical dislocation. All animal procedures were approved by the UC
Merced and LLNL Institutional Animal Care and Use Committees.

Flow cytometry

Isolation of spleen and BM cells were performed and stained for flow
cytometry (FCM) as described (27). Abs against CD161 (also known as
NK1.1, PK136), CD11b (M1/70), CD27 (LG.3A10), CD19 (6D5), CD3
(2C11), Gr1-Ly6C/G (Gr1), Ly49G2 (4D11), Ly49I (YL1-90), Ly49H
(3D10), Ly49D (eBio4E5), CD45.2 (104), CD45.1 (A20), CD45 (30-F11),
CD4 (GK1.5), CD8 (2.43), Ter119 (TER119), CD107a (1D4B), rat IgG2a
k isotype control (RTK2758), IFN-g (XMG1.2), rat IgG1 k isotype control
(RTK2071), GM-CSF (MP1-22E9), granzyme B (GB11), perforin
(eBioOMAK-D) IL-12/IL-23 p40 (C15.6), TNF-a (TN3-19.12), and
BUV395 streptavidin, eFluor 780 fixable viability dye, eFluor 506 fixable
viability dye were purchased from eBioscience, BioLegend, Miltenyi
Biotec, and BD Biosciences. Staining of all cells included a preincubation
step with unconjugated anti-CD16/32 (clone 2.4G2 or clone 93) mAb to
prevent nonspecific binding of mAbs to FcgR. For extracellular staining,
the cells were washed and incubated with a panel of mAbs for 15–20 min
at 4˚C or on ice and then washed again. Intracellular staining was per-
formed using the BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD
Biosciences) per the manufacturer’s instructions. To purify NK cells and
NK cell subsets, enrichment of NK cells was first achieved by staining
with biotinylated anti-“lineage” mixture (anti-CD3, -CD4, -CD8, -CD19,
-Gr1, and -Ter119) followed by magnetic separation using EasySep
Positive Selection Kit (STEMCELL Technologies), After enrichment,
cells were stained with streptavidin-FITC, anti-CD27, and additional
anti-CD3, -CD19, -Gr1, -CD45, -NK1.1, and -CD11b. Lineage-negative
CD45+ NK1.1+ iNKs, tNKs, and mNKs were sorted on the FACSAria II
(Becton Dickinson). Single-color stains were used for setting compen-
sations, and gates were determined by historical data in addition to
fluorescent-minus-one control stains. Flow cytometric data were ac-
quired on the BD LSR II or FACSAria II cell sorter (Becton Dickinson).
The data were analyzed using FlowJo version 7.6 or 10 (Tree Star).

In vivo NK cell killing assay

Sostdc12/2 and B6 control mice received 200 mg of polyinosinic-
polycytidylic acid (poly[I:C]) (Sigma-Aldrich) via injection into the i.p.
cavity. Thirty-six hours later, splenic cells from age- and sex-matched
b2m

2/2 and b-2 microglobulin sufficient (b2m
+/+) (wild-type [WT] or

Sostdc12/2) mice were harvested and processed to a single-cell suspension
in media (medium 199, 2% FCS, 2mM L-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, 25 mM HEPES) and counted using a hemocy-
tometer. b2m

+/+ (WT or Sostdc12/2) and b2m
2/2 control target cells were

stained with anti-CD45 conjugated to either allophycocyanin or PE in
media for 20 min on ice. A total of 5 3 106 b2m

2/2 stained splenic cells
were mixed with 5 3 106 b2m

+/+ stained control cells at a 50:50 ratio, thus
providing a method to track each target cell type by FCM. Stained cell
target cell mixtures were injected i.v. by retro-orbital injection. Fourteen
hours later, spleens from Sostdc12/2 and WT recipients were then har-
vested and processed for FCM. NK cell lysis of targets was determined by
FCM and calculated by the ratio of live b2m

+/+ (WT), b2m
+/+ (Sostdc12/2),

and b2m
2/2 targets over WT control cells in the same mouse.

In vitro NK cell killing assay

NK cells were enriched by magnetic bead sorting as described above. NK
cell stimulation with IL-2 and feeder cells was performed as described (9).
On day 4, spleen cells from b2m

+/+ (WT) and b2m
2/2 mice were harvested

and labeled with anti-CD45 allophycocyanin and used as targets in sepa-
rate wells. NK cells and targets were cocultured at specific E:T ratios with
a minimum of 1 3 105 NK cells and 1 3 105 targets per culture well. NK
cell lysis of targets was determined by FCM and quantified using the ratio
of live b2m

2/2 CD45-allophycocyanin–positive targets to WT control
CD45-allophycocyanin–positive cells in the cocultures.

NK cell stimulation assay

Splenic cells from Sostdc12/2 and B6 mice were isolated, and 2 3 106

cells were transferred to a flat-bottom plate in the presence of anti-CD107a

or isotype control mAb. Cells were stimulated with PMA and ionomycin at
a final concentration of 100 ng/ml and 1000 ng/ml and incubated at 37˚C
and 5% CO2 conditions for 4 h (28). Protein transport inhibitors brefeldin
A (BioLegend) and monensin (BioLegend) were added 1 h poststimulation
at a final concentration of 13. Cells were washed and cell surface stained
for CD27, CD3, CD19, Gr1, NK1.1, CD11b, fixable viability dye, and Fc
block. Cells were then fixed and stained intracellularly with anti–IFN-g or
isotype mAb control using the BD Cytofix/Cytoperm Kit (BD Biosciences)
according to the manufacturer’s suggested protocol. Cells were analyzed
using FCM on the LSR II (Becton Dickinson).

NK cell proinflammatory cytokine assay

Age- and sex-matched Sostdc12/2 and B6 control mice received 200 mg of
poly(I:C) (Sigma-Aldrich) via injection into the i.p. cavity. Sixteen hours
later, splenic cells were harvested, processed to a single-cell suspension
in RPMI1640 media supplemented with 10% FBS 3, 0.09 mM nones-
sential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml
penicillin, 100 mg of streptomycin, 0.025 mM BME, and 0.01 M HEPES
buffer, and RBCs were lysed with ammonium-chloride-potassium buffer.
A total of 5 3 106 splenic cells were additionally stimulated in 96-well
flat-bottom plates with 100 ng/ml of PMA and 1000 ng/ml of ionomycin
and incubated at 37˚C and 5% CO2 conditions for 5 h. Brefeldin A
(BioLegend) was added 1 h poststimulation at a final concentration of
13. Cells were washed and stained with Abs against CD3, CD19, Gr1,
NK1.1, fixable viability dye, and Fc block. Cells were then fixed and
stained intracellularly with anti–GM-CSF, –TNF-a, –IFN-g, –granzyme B,
-perforin, or –isotype mAb control according to the BD Cytofix/Cytoperm
Kit (BD Biosciences) manufacturer’s suggested protocol.

IL-12 cytokine expression assay

Five million splenic cells from Sostdc12/2 and B6 control mice were
stimulated in 96-well flat-bottom plates with 100 ng/ml LPS (Sigma-
Aldrich) and incubated at 37˚C with 5% CO2 for 3 h with brefeldin A
(BioLegend) at a final concentration of 13. Cells were washed and stained
with Abs specific for CD8a, CD11c, CD45, fixable viability dye, and Fc
block. Cells were then fixed and stained intracellularly with anti–IL-12 or
isotype mAb control according to the BD Cytofix/Cytoperm Kit (BD
Biosciences) manufacturer’s suggested protocol.

Gene expression analysis by quantitative PCR

Cells were pelleted and resuspended in RNeasy Lysis Buffer with 2-ME
(Qiagen). Total RNA was purified using Qiagen RNeasy Mini Kit (Qiagen)
according to manufacturer’s protocol. RNA concentration and purity was
analyzed using a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher
Scientific). iScript cDNA Synthesis Kit was used (Bio-Rad Laboratories)
according to the manufacturer’s protocol. Real-time quantitative PCR
(qPCR) performed using the iTaq Universal SYBR Green Supermix kit (Bio-
Rad Laboratories) and ran on a Stratagene Mx3000P thermocycler (Thermo
Fisher Scientific) using the following conditions: 1 cycle at 9˚C for 30 s,
followed by 40 cycles of 95˚C for 5 s and 60˚C for 30 s, and a final cycle at
95˚C for 1 min, 55˚C for 30 s, and 95˚C for 30 s to end the run. The PCR
products were visualized on a 2% agarose gel and imaged under UV light
using a ChemiDoc (Bio-Rad Laboratories) with SYBR Safe (Invitrogen)
stain. The genes and primer sequences used are as follows: b-galactosidase:
forward 59-ACGGCCAGGACAGTCGTTTG-39, reverse 59-CCGCTCAT-
CCGCCACATATC-39; Sostdc1: forward 59-CACCCTGAATCAAGCCA-
GGA-39, reverse 59-TAGCCTCCTCCGATCCAGTT-39; Axin2: forward 59-
ACGCACTGACCGACGATTC-39, reverse 59-CCATGCGGTAAGGAGG-
GAC-39; Myc: forward 59-GCTGTTTGAAGGCTGGATTTC-39, reverse
59-GA TGAAATAGGGCTGTACGGAG-39; Tcf7: forward 59-AAGGTCAT-
TGCTGAGTGCACAC-39, reverse 59-TGCATGCCACCTGCGAC-39; Lef1:
forward 59-AAGGCGATCCCCAGAAG GAG-39, reverse 59-AGGGTGT-
TCTCTGGCCTTGT-39; Eomesodermin (Eomes): forward 59-TCCTAACAC
TGGCTCCCACT-39, reverse 59-GTCACTTCCACGATGTGCAG-39; Id2:
forward 59-GTCC TTGCAGGCATCTGAAT-39, reverse 59-TTCAAC-
GTGTTCTCCTGGTG-39; Tbx12: forward 59-CAACCAGCACCAGA-
CAGAGA-39, reverse 59-ACAAACATCCTGTAATGGCTTG-39; and GAPDH:
forward 59-TCACCACCATGGAGAAGGC-39, reverse 59-GCTAAGCAGTT-
GGTGGTGCA-39.

BM chimeras

Whole BM cells were aseptically isolated from B6 (CD45.1 or CD45.2), WT,
or Sostdc12/2 (CD45.2) mice, and 5 3 106 cells were transferred via retro-
orbital injection into lethally (10 Gy) irradiated recipients 4 h after irradiation
using a cesium irradiator. Mice were given neomycin-containing drinking
water for 2 wk posttransfer. Chimeras were analyzed 14 wk posttransplant.
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Statistical analysis

Student t test with a two-tailed distribution and with two-sample equal
variance (homoscedastic test) was used to determine differences in means
between groups using GraphPad Prism software. A p value , 0.05 was
considered to be statistically significant.

Results
Sostdc12/2 mice display a partial block at the tNK stage

Our previous studies demonstrated that femurs of Sostdc12/2 mice
display a 21% increase in BM cavity volume compared with WT
controls (27). Consistent with this, the total BM cellularity of
Sostdc12/2 bones was increased (Fig. 1B). Sostdc12/2 mice also
displayed higher total splenic cell numbers (Fig. 1C). The increased
cellularity suggested that the Sostdc12/2 BM and spleen microen-
vironments may be altered and that immune cell development may
also be affected by the loss of Sostdc1. To test this, we performed
FCM and observed no differences in frequencies or absolute num-
bers of CD19+ B lymphocytes, CD3+ T lymphocytes, and CD11b+

Gr1+ granulocytes (data not shown). However, the frequency of
CD11b+ Gr12 cells in the Sostdc12/2 spleen was reduced. To de-
termine if the CD11b+ Gr12 cells were monocytes or NK cells, we
performed more detailed analysis with anti-NK1.1. Total NK (live,
CD32, CD192, Gr12, NK1.1+) frequencies were not affected, but
total NK cell numbers were increased only in the BM of Sostdc12/2

mice (Fig. 1D–G). We then investigated if lack of Sostdc1 affected
NK cell maturation (Fig. 1A) and discovered that Sostdc12/2 mice
exhibit a partial block between the tNK (NK1.1+ CD11b+ CD27+)
and mNK (NK1.1+ CD11b+ CD272) cell stages in both the BM and
spleen, as demonstrated by the increase in frequency and number of
tNK cells in the BM (Fig. 1H, 1I) and spleen (Fig. 1J, 1K) and the
decreased frequency of mNKs in the spleen. These data indicated
that Sostdc1 is required for full developmental progression from the
tNK to the mNK cell stages.

Absence of Sostdc1 alters the Ly49 receptor repertoire on
NK cells

We also examined if NK cells in Sostdc12/2 mice expressed
different levels and distributions of inhibitory (Ly49I and Ly49G2)
and activating (Ly49D and Ly49H) Ly49 receptors. FCM analysis
of the Ly49 repertoire on iNKs, tNKs, and mNKs in Sostdc12/2

mice revealed decreased frequencies of Ly49G2+ cells at all NK
cell stages in the BM (Supplemental Fig. 1A–C) and spleen (Fig.
1L–N). In contrast, frequencies of Ly49H+ iNK and tNK cells in
the Sostdc12/2 BM and spleen were higher than controls, but the
frequencies of Ly49H+ mNK cells were reduced in both tissues
(although only statistically significant in the spleen). Similarly,
frequencies of Ly49D+ in iNK and tNK cells were increased and
reduced among the mNKs in the Sostdc12/2 BM and spleen (Fig.
1L–N, Supplemental Fig. 1A–C). The frequencies of Ly49I+ in
iNK and tNK cells were similar to controls, but frequencies of
Ly49I+ mNK cells were decreased in Sostdc12/2 mice (Fig. 1N,
Supplemental Fig. 1C). The median fluorescent intensity of
staining for Ly49G2 and Ly49H was reduced on Sostdc12/2 BM
mNK cells only, indicating a relatively minor effect of Sostdc1 on cell
surface Ly49 receptor expression levels (Supplemental Fig. 1D–K).
Because it is theorized that NK cell activity is governed by the

combined set of Ly49 receptors expressed on a given NK cell,
we further compared the frequencies of WT and Sostdc12/2 NK
cells that express different combinations of Ly49 receptors (29)
(Supplemental Fig. 2). Higher frequencies of iNK and tNK cells
expressing more activating than inhibitory receptors (i.e., “activating
repertoires”) were observed in Sostdc12/2 mice (Supplemental Fig.
2D, 2E). However, lower frequencies of mNK cells with activating
repertoires were observed (Supplemental Fig. 2F). Taken together,

these data show the lack of Sostdc1 influences the Ly49 receptor
repertoire.

NK cells in Sostdc12/2 mice are impaired in their ability to kill
b2m-deficient targets

The reduced frequency of splenic mNK with activating repertoires
suggested that NK cell cytotoxicity in Sostdc12/2 mice would be
impaired. To determine if the alterations in NK Ly49 repertoire
correlated with NK cell killing ability, we analyzed Sostdc12/2

NK cell cytotoxicity with FCM-based in vivo and in vitro killing
assays (Fig. 2, Supplemental Fig. 3A–E). b2m

2/2 cells express
little to no cell surface MHC class I (MHC-I) molecules and
therefore are sensitive targets for NK cell killing (30). To test NK
cell killing in vivo, we preactivated NK cells in Sostdc12/2 and
WT control mice with poly(I:C) (31) (Fig. 2A) and challenged
them with equal numbers of b2m

2/2 and b-2 microglobulin-
sufficient (b2m

+/+) target cells, each labeled with two different
fluorochromes (Fig. 2B). b2m

+/+ target cells from WT and
Sostdc12/2 mice were both included as negative “self” controls
(Fig. 2C–E and data not shown). After 14 h of target cell chal-
lenge, we quantified the remaining b2m

2/2, WT (b2m
+/+), and

Sostdc12/2 (b2m
+/+) targets by FCM to determine the frequency

of live cells in each target population (Fig. 2A, 2C, 2D) and
calculated the ratio of WT (b2m

+/+), Sostdc12/2 (b2m
+/+), and

b2m
2/2 targets in each setting (Fig. 2E). An increased proportion of

b2m
2/2 targets remained in the Sostdc12/2 mice compared with

WT controls (Fig. 2E). We confirmed that there was no effect on
fluorophore labeling on b2m

2/2 cell target killing with reciprocal
labeling of targets of opposite fluorophore (Fig. 2C, 2D).
This result was confirmed using an in vitro NK cell killing assay

(Supplemental Fig. 3) using enriched NK cells from Sostdc12/2and
WT mice (32) challenged with fluorescently labeled b2m

2/2 or
b2m

+/+ targets for 4 h in E:T ratios of 1:1, 2:1, and 4:1
(Supplemental Fig. 3A–C). As expected, WT NK and Sostdc12/2

NK cells did not lyse b2m
+/+ targets at any E:T ratio (Supplemental

Fig. 3D). However, as shown in Supplemental Fig. 3E, Sostdc12/2

NK cells have reduced capacity to lyse b2m
2/2 targets, even at the

highest 4:1 E:T ratio, indicating their hyporesponsiveness to b2m
2/2

targets. FCM analysis of Sostdc12/2 NK cells to measure the
cytokine IFN-g after stimulation revealed comparable levels to
WT controls (Supplemental Fig. 3F, 3G). Surprisingly, activated
Sostdc12/2 NK cells at all developmental stages expressed signifi-
cantly increased levels of the degranulation marker CD107a
(Supplemental Fig. 3H, 3I). Furthermore, the impaired killing ability
of NK cells in Sostdc12/2 mice is independent of the expression of
NK cell proinflammatory and cytotoxic cytokines GM-CSF, TNF-a,
and IFN-g as well as granzyme B and perforin expression, as we
confirmed their levels are similar between Sostdc12/2 and WT NK
cells (Fig. 2F–H). We further investigated if Sostdc12/2mice display
decreased IL-12 expression in the spleen (33–35) and found
no significant difference in expression between WT and Sostdc12/2

IL-12–producing CD8-CD11c(hi) and CD8+CD11c+ dendritic cells
(DCs) (Supplemental Fig. 3J, 3K). Taken together, these results
suggest that Sostdc12/2 NK cell cytotoxicity is impaired despite
their ability to produce comparable levels of IFN-g, similar levels of
inflammatory cytokine production, and evidence of elevated accu-
mulation of cytotoxic granules at the cell surface and similar levels
of IL-12 production in the microenvironment.

Sostdc1-KO NK cell subsets upregulate Wnt genes Tcf7
and Lef1

Given that Sostdc1 is a known antagonist to canonical Wnt sig-
naling, we hypothesized that expression of canonical Wnt pathway
transcription factors would be increased in Sostdc12/2 NK cell
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FIGURE 1. Delayed NK cell development and altered Ly49 repertoire in Sostdc12/2 mice. (A) Schematic diagram of NK cell development. (B) Total
cellularity of BM in the femurs and tibiae and (C) spleen of WT and Sostdc12/2 (KO) mice; (D and F) frequencies; and (E and G) absolute numbers of
NK1.1+ cells in BM and spleen; (H) Representative FCM plots showing NK cell stages in BM; (I) Summary of frequencies and absolute numbers of NKP,
iNK, tNK, and mNK cells in BM; (J) Representative FCM plots showing NK cell stages in spleen; (K) Summary of frequencies and absolute numbers of
NKP, iNK, tNK, and mNK cells in spleen; (L–N) distribution of splenic NK cells expressing Ly49I, Ly49G2, Ly49H, and Ly49D on iNK, tNK, and mNK
cells. Asterisks indicate statistically significant differences between means as determined by Student t test. Each point represents a single mouse. *p, 0.05,
**p , 0.01, ****p , 0.0001. NKP, NK progenitor (CD272CD11b2).
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FIGURE 2. Sostdc1 deficiency results in impaired NK cell killing, independent of NK inflammatory and cytotoxic cytokines. (A) Scheme of in vivo NK
cell killing assay. (B) Cartoon depicting how WT and b2m

2/2 target cells were labeled for detection by FCM. (C and D) Representative FCM plots showing
distinct populations of live WT and b2m

2/2 target in poly(I:C)–treated WT and Sostdc12/2 mice. The left column shows representative FCM plots
enumerating the frequencies of WT targets in WT and Sostdc12/2 mice. The middle and right column show representative FCM plots enumerating the
frequencies of reciprocally labeled b2m

2/2 and WT targets. (E) Ratio of targets to show their distribution after 14 h in vivo (Figure legend continues)
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subsets. We purified iNK, tNK, and mNK cells by FCM and an-
alyzed expression of Wnt pathway genes Tcf7 (3, 36), Lef1 (37),
Axin2 (38), and Myc (39) by real-time qPCR. Our results showed
that relative to WT subsets, Sostdc12/2 splenic tNK and mNK
cells express significantly higher levels of Tcf7, and tNK cells also
show significantly increased expression of Lef1 (Fig. 3A), con-
sistent with our hypothesis. We did not observe any remarkable
difference in Axin2 andMyc expression in any Sostdc12/2 NK cell
subset (Fig. 3A). Together, these results support a role for Wnt
signaling by Tcf7 and Lef1 in NK cells of Sostdc12/2 mice.
We also analyzed expression of transcription factors that govern

NK cell maturation. T-box family members Eomes and T-box
protein 21 (Tbx21) have been shown to play a crucial role in
early iNK and mNK cell maturation (40, 41). Additionally, Eomes-
deficient NK cells have reduced Ly49A, Ly49D, Ly49G2, and
Ly49H frequencies (40). Inhibitor of DNA-binding 2 (Id2) is an
early transcription factorinvolved in NK and innate lymphoid cell
lineage commitment (41–43). Id2-deficient mice have fewer mNK
cells and impaired cell killing in vitro (44). Because Sostdc12/2

mice display a partial maturation block at the tNK cell stage and
altered Ly49 receptor frequencies (Fig. 1), we hypothesized
that we would observe decreased expression of Eomes, Tbx21, and
Id2 at distinct NK cell stages (40–47). We found Id2 expression
was decreased in iNK and tNK cells in Sostdc12/2 mice (Fig. 3B).
These results suggest a strong regulation of Id2 by Sostdc1 at early
NK cell stages, whereas Eomes and Tbx21 are not regulated by
Sostdc1.

Sostdc1 in nonhematopoietic stromal cells regulate the
maturation of NK cells

To determine if and how Sostdc1 within specific microenviron-
mental cell types contributes to the partial block in NK cell
maturation and changes in Ly49 repertoires, we performed whole
BM transplantation experiments. To investigate if Sostdc1 in
nonhematopoietic cells influenced NK cell development, we first
transplanted whole BM cells from WT (CD45.1+/5.1+) donors
into lethally irradiated Sostdc12/2(CD45.2+/5.2+) recipients to
create WT→KO chimeras. WT(CD45.1+/5.1+)→WT(CD45.2+/5.2+)
control chimeras were also prepared (Fig. 4A). Fourteen
weeks post–BM transplantation, we analyzed donor-derived NK cell
subsets and Ly49 receptor frequencies by FCM. Splenic NK cell
numbers were increased (Fig. 4B), and WT→KO chimeras displayed
a partial block between tNK and mNK cell stages in the spleen
(Fig. 4C–E) and BM (Supplemental Fig. 4C–E), similar to the

phenotype that was observed in the nontransplanted Sostdc12/2mice
(Fig. 1H–K). Ly49H+ mNK cells were decreased in WT→KO,
similar to nontransplanted Sostdc12/2 mice in the spleen (Figs.
1N, 4F). In contrast, WT→KO chimeras contained decreased
frequencies of splenic Ly49H+ iNK and tNK cells compared with
WT→WT controls, a result that was the opposite of the increased
frequencies of Ly49H+ cells within these NK subsets of non-
transplanted Sostdc12/2 mice (Figs. 1L, 1M, 4F). In addition, no
differences in Ly49G2 and Ly49D subsets were observed between
the WT→KO and control chimeras, a result that also differed from
the nontransplanted Sostdc12/2 mice in the spleen (Figs. 1L–N,
4F) and BM (Supplemental Fig. 4F). Taken together, these re-
sults suggested that Sostdc1 in nonhematopoietic cells controls
progression from tNK to mNK stages and NK cellularity, but
plays a smaller role in shaping the Ly49 receptor repertoire.

Sostdc1 in a hematopoietic cell lineage other than NK cells
regulates the Ly49 receptor repertoire

We next prepared reciprocal KO→WT chimeras (whole BM cells
from Sostdc12/2 (CD45.2+/5.2+) donors transplanted into lethally
irradiated WT (CD45.1+/5.1+) recipient mice to determine how
Sostdc12/2 NK cells mature and if their Ly49 receptor frequency
was changed in a Sostdc1-sufficient microenvironment (Fig. 5A).
Remarkably, splenic NK cell numbers (Fig. 5B) and maturation
(Fig. 5C–E) were not affected in KO→WT chimeras, in contrast to
the nontransplanted Sostdc12/2 mice and the WT→KO chimeras
(Figs. 1H, 1I, 4B–E, respectively). However, the BM analysis
showed an increase in NK cell numbers (Supplemental Fig. 4H)
and a similar tNK cell accumulation as observed in the non-
transplanted Sostdc12/2 mice (Fig. 1H–K, Supplemental Fig. 4K).
Furthermore, analysis of donor-derived Ly49-expressing NK cell
subsets in the spleens in KO→WT chimeras demonstrated some
similar patterns as nontransplanted Sostdc12/2 mice, such as the
increase in frequencies of Ly49H+ and Ly49D+ tNK cells and a
decrease in the frequencies of Ly49G2+ iNK cells and decreased
frequencies of Ly49G2+ and Ly49I+ mNK cells (Figs. 1L–N, 5F).
However, higher frequencies of mNK cells expressing Ly49H
and Ly49D were observed in the KO→WT spleens, whereas these
populations were decreased in nontransplanted Sostdc12/2 mice
(Figs. 1L–N, 5F).
The Ly49 frequency patterns observed in the KO→WT chi-

meras strongly suggested that Sostdc1 in NK cells regulated the
Ly49 repertoire in a cell-intrinsic fashion. To confirm this, we
examined Sostdc1 expression in sorted WT iNK, tNK, and mNK

(target 1 and target 2 identified in table below the graph). (F) Experimental scheme of Sostdc12/2 or WTmice stimulated in vivo with 200 mg of poly(I:C) for
16 h; splenic cells were stimulated ex vivo with PMA and ionomycin for 5 h with the addition of brefeldin A for the last 4 h. (G) Representative histograms
normalized to mode for WT (top row) and KO (bottom row) NK cells expressing GM-CSF, TNF-a, IFN-g, granzyme B, and perforin. (H) Quantification of
cytokine expression frequencies of NK1.1+ cells. Quantification of specific staining were determined by subtracting nonspecific background signal from
specific Ab signal. Each point represents an independent biological replicate. **p , 0.01, ****p , 0.0001, Student t test.

FIGURE 3. Expression of Wnt pathway and NK cell
development genes in Sostdc12/2 NK cell subsets. (A)
Gene expression of Wnt pathway genes Tcf7, Lef1,
Axin2, and Myc by qPCR; (B) Gene expression of NK
cell development genes Eomes, Id2, and Tbx21. Data in
(A) and (B) are shown relative to WT controls. *p, 0.05,
Student t test.
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cells by qPCR. Surprisingly, iNK, tNK, and mNK cells do not
express Sostdc1 (Fig. 5G). To determine alternative possible
hematopoietic sources of Sostdc1, we examined other pop-
ulations, such as lineage-Sca1+Kit+ (LSK), lineage-Kit+Sca12

(LK), and common lymphoid progenitors, NKT cells, macro-
phages, B cells, and granulocytes, which were all negative for
Sostdc1 (Fig. 5G). Only CD4+ and CD8+ T cells displayed high
levels of Sostdc1 expression (Fig. 5G). This expression pattern
was confirmed in CD4 and CD8 T cells from Sostdc1-/- mice
using PCR for LacZ (27) (data not shown). Collectively, these
results indicate that Sostdc1 does not regulate splenic NK cell
development in a NK cell–intrinsic manner and identifies
Sostdc1-positive T cells as putative NK “niche cells” that may
contribute to shaping of the Ly49 repertoire (Fig. 6).

Discussion
To our knowledge, we have uncovered novel roles of the Sostdc1
gene in NK cell maturation and function through two distinct
mechanisms. Our working model is illustrated in Fig. 6. Our data
support that Sostdc1 from two distinct sources, nonhematopoietic
stromal cells and hematopoietic cells (in particular, CD4+ and CD8+

T lymphocytes), regulate NK cell maturation versus Ly49 receptor
expression and frequencies, respectively, in somewhat indepen-
dent manners, and that this occurs through the control of Wnt
signaling activation. Our developmental and functional NK cyto-
toxicity assay results lead us to conclude that several NK niche cell
populations exist that require Sostdc1 expression to produce a healthy
NK cell repertoire that can distinguish between self and nonself.
The microenvironmental cytokines may influence the develop-

ment and functions of NK cells in relation to the niche, stromal, and

T cells. In the spleen, the abundance of microenvironment cyto-
kines, such as IL-2, IL-12, IL-15, IL-18, and IL-21, maintain NK
cells in a steady-state and promote cytotoxic function (48). IL-15
supports NK cell development and function and is secreted by
hematopoietic cells such as DCs, macrophages, and monocytes as
well as nonhematopoietic stromal cells (49, 50). Alternatively, in
an inflammatory microenvironment, activated T cells and DCs
secrete abundant sources of cytokines that enhance NK cell cy-
totoxic function, such as IL-2, IL-12, IL-18, and IL-21 (35, 48,
51). We show that the hyporesponsiveness of Sostdc12/2 NK cells
toward b2m

2/2 cell targets is not mediated by an inability of DCs
to produce IL-12 in the spleen (Supplemental Fig. 3). We have
also concluded that production of inflammatory cytokines IFN-g,
GM-CSF, and TNF-a by NK cells is not affected by loss of
Sostdc1. Detailed investigation of other cytokines such as IL-2,
IL-7, IL-15, and IL-21 in the microenvironment are necessary to
fully determine how Sostdc1 by hematopoietic and non-
hematopoietic cells influence NK cytotoxicity and development.
Perhaps the most surprising finding from our studies is that

Sostdc1 is not expressed in NK cells themselves and that Ly49
receptor expression in the spleen is possibly controlled in a cell-
extrinsic manner by CD4+ and CD8+ T cells. Evidence that T cells
shape the NK Ly49 receptor profile exist, but the mechanisms
underlying this are still unclear. Jeannet et al. (2006) show that
TCRbd2/2 mice have increased frequencies of Ly49G+ and
Ly49I+ NK cells, but frequencies of Ly49D+ NK cells are similar
to controls. RAG-12/2 mice also have increased NK cell Ly49I+

frequencies but no changes in Ly49G+ or Ly49I+ populations (52).
In Sostdc12/2→WT chimeras, in which Sostdc1 is absent from
T cells, we have observed decreased frequencies of Ly49G and

FIGURE 4. Nonhematopoietic stromal cells regulate the maturation of NK cells. (A) Experimental scheme to create WT→Sostdc12/2 (WT→KO) BM
chimeras. (B) Total spleen cellularity (left) and total splenic NK cell numbers in chimeras (right); (C) representative FCM plots of NK cell maturation in
donor (CD45.1+)-derived NK cells in WT→WT and WT→KO chimeras; (D) quantification of donor-derived NK cell subset frequencies and (E) NK
subset cellularity; (F) analysis of Ly49 repertoire on donor-derived iNK (left), tNK (center), and mNK (right) cells in WT→WT and WT→KO chimeras.
*p , 0.05, **p , 0.01, ***p , 0.001, Student t test.
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Ly49I and increased frequencies of Ly49D+ mNK cells (Fig. 5F),
opposite and distinct from the pattern found in TCRbd2/2 and
RAG-12/2 mice. Taken together, our data and the literature show
that complete lack of T cells is not essential for NK cell devel-
opment and suggest that a specific subset of T cells may regulate
the NK cell repertoire. Recent studies have defined Sostdc1 as a
marker of relatively rare memory PD-1+ CD4+ T cells (53, 54) and
T follicular helper cells found in the Peyer’s Patches and pe-
ripheral lymph nodes (10) but only cite Sostdc1’s role on humoral
immunity. We observed high expression of Sostdc1 in bulk sorted
splenic CD4+ and CD8+ cells from the spleen, and we assume that
most of the Sostdc1 expression is coming from PD1+ CD4+ T cells
and T follicular helper cell subsets based on these published
studies. We have not observed any obvious block in T cell de-
velopment in the Sostdc12/2 mice (data not shown). Undeniably,
further experimentation is required to definitively connect the role
of these T cell subsets in NK cell regulation and to determine

whether the T cells are regulating Ly49 receptor expression via
directly binding to NK cells or mediating their effects indirectly
by secreting Sostdc1 in a paracrine fashion.
Wnt signaling has been well studied in the framework of he-

matopoietic stem cells to help promote proliferation, differentia-
tion, and homeostasis (55, 56). It is now evident that canonical
Wnt signaling plays a crucial role in the regulation of many im-
mune cells (55). Based on the antagonist role of Sostdc1 on Wnt
signaling and our discovery of increased Tcf7 and Lef1 expression
in NK cells from Sostdc12/2 mice, we conclude that canonical
Wnt signaling plays a crucial role in NK cell development and
function, particularly at the tNK cell stage. In the absence of
Sostdc1, tNK cells are partially blocked in their maturation,
express dysregulated Ly49 frequencies in the BM and spleen,
and appear to be more reliant on Wnt activation. Our observa-
tions that one of the coactivators of canonical Wnt signaling,
Tcf7, was significantly upregulated in tNK and mNK cells, and

FIGURE 5. Sostdc1 in hematopoietic non–NK cells regulates the Ly49 NK receptor repertoire. (A) Experimental scheme to create Sostdc12/2→WT
(KO→WT) BM chimeras. (B) Total cellularity in spleen (left) and total donor (CD45.2+)-derived NK cell numbers (right) in chimeras; (C) representative
FCM plots of splenic NK cell maturation of donor-derived NK cells in WT→WT and KO→WT chimeras; (D) quantification of donor NK cell subset
frequencies and (E) NK cellularity in the spleen of chimeras; (F) analysis of Ly49 repertoire on donor-derived iNK (left), tNK (center), and mNK (right)
cells in WT→WT and KO→WT spleens. (G) Sostdc1 expression in hematopoietic cell lineages by RT-PCR. The black lines indicate where parts of the
image were joined. *p , 0.05, **p , 0.01, ****p , 0.0001, Student t test.

The Journal of Immunology 2303

 at U
niversity of C

alifornia - M
erced on M

ay 12, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 



 33 

the secondary coactivator, Lef1, was significantly upregulated in
the mNK cell stage, suggest that a critical period exists in which
tNK cells require downregulation of Tcf7 and Lef1 to progress to
the mNK cell stage. Our results and interpretation are consistent
with a recent study that downregulation of Tcf1 (encoded by
Tcf7) is required for full NK cell maturation and cytotoxicity (3).
Based on our current findings, we cannot rule out whether the

impaired killing of b2m
2/2 targets by NK cells from Sostdc12/2

mice is due to insufficient numbers of mNK cells, inefficient ex-
ecution of the perforin and granzyme pathways, the dysregulation
of Ly49 receptor frequencies among NK cells, or a combination of
all of these possible mechanisms. NK cells at tNK and mNK
stages express genes involved in cytotoxic function (11–13). It has
been shown that Ly49 receptor expression is required for NK cell

cytotoxicity (57), which is consistent with our observations that
the splenic mNK cells in the Sostdc12/2 mice contain decreased
frequencies of all Ly49-expressing subsets and the killing ability
of Sostdc12/2 NK cells toward b2m

2/2 targets is poor. Because
Sostdc12/2 mice express increased proportions of tNK cells with
an “activating” repertoire (58) and high CD107a levels, we would
have expected enhanced target cell killing by the Sostdc12/2 NK
cells, but we observed them to be hyporesponsive. Taken together,
our results suggest that NK cell cytotoxicity is universally dis-
abled in the absence of Sostdc1 but is caused by distinct mecha-
nisms in tNK and mNK cells. Further experiments, in which the
killing ability of purified tNK and mNK cells from Sostdc12/2

mice is specifically examined, are necessary to definitely dem-
onstrate this. Additional work is also needed to dissect the specific

FIGURE 6. Working model of Sostdc1’s role in NK cell maturation and cytotoxicity. (A) In a Sostdc1-sufficient (WT) microenvironment, Sostdc1 is
expressed by nonhematopoietic stromal cells in the bone that antagonizes Wnt signaling in NK cells, resulting in baseline levels of Tcf7 and Lef1, and
regulates NK cell numbers. Sostdc1 expressed by T cells also influences Wnt signaling genes but distinctly controls the distribution of the Ly49 repertoire.
Collectively, Sostdc1 is required in the microenvironment for development of NK cells with the ability to effectively recognize, be primed for activation,
and lyse MHC-I–deficient targets. (B) In the absence of Sostdc1 in bone stromal cells, splenic stromal cells, or T cells, Tcf7 and Lef1 expression is increased
as a result of overstimulated Wnt signaling, which adversely affects NK cell numbers. Loss of Sostdc1 in T cells might also dysregulate the distribution of
Ly49s among NK cell subsets. Collectively, loss of Sostdc1 in stromal cells and T cells acts cell-extrinsically on NK cells, producing NK cells that are
hyporesponsive to MHC-I–deficient targets. Our data have ruled out any differences in IL-12, IFN-g, TNF-a, and GM-CSF expression in Sostdc12/2 mice,
but changes in other cytokines from stromal or T cells, such as IL-2, IL-15, IL-18, and IL-21, require further investigation.
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roles of nonhematopoietic and hematopoietic cells on NK cell
cytotoxicity. Understanding the details of the basic biology
underlying the development and regulation of NK cell cyto-
toxicity and how these processes are quantitatively integrated
could be applied to manipulate these processes in a controlled
fashion to produce specific numbers of NK cells with enhanced
killing ability and perhaps impact the production of NK cell–
based cancer immunotherapies (1–6).
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MHC class I(-) lymphoblasts by NK cells from long-term bone marrow
culture requires effector cell expression of Ly49 receptors. Int. Immunol. 11:
1239–1246.

58. Lanier, L. L. 2005. NK cell recognition. Annu. Rev. Immunol. 23: 225–274.

2306 CELL-EXTRINSIC ROLES OF Sostdc1 ON NK CELLS

 by guest on June 21, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 



 36 

Millan et al. 2019, “Sostdc1 regulates natural killer cell maturation and cytotoxicity” - Supplementary Figures 
 

 
Supplemental Figure 1. Altered Ly49 repertoire frequencies in Sostdc1-/- mice.  Frequency distribution of 
bone marrow NK cells expressing Ly49I, Ly49G2, Ly49H and Ly49D on iNK (A), tNK (B), and mNK (C) cells; 
representative FCM histograms of Ly49 receptor staining on splenic WT (D) and Sostdc1-/- mNK cells (E);  
median fluorescence intensity (MFI) of Ly49I, Ly49G2, Ly49H and Ly49D receptors on splenic iNK (F), tNK (G) 
and mNK cells (H).  MFI quantification of NK cells in BM of Ly49I, Ly49G2, Ly49H and Ly49D on iNK (I), tNK 
(J) and mNK (K). Asterisks indicate statistically significant differences between means, as determined by 
Student’s t-test.  *p<0.05, **p<0.01, ****p<0.0001.  Each point represents a single mouse. 
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Millan et al. 2019, “Sostdc1 regulates natural killer cell maturation and cytotoxicity” - Supplementary Figures 

 
Supplemental Figure 2. Sostdc1-deficiency results in changes in the combinatorial expression of Ly49 receptors 
on individual NK cells.  A-C) frequencies of iNK, tNK and mNK cells expressing 16 different combinations of Ly49I, 
Ly49G2, Ly49H, and Ly49D. Green or orange boxes indicate expression of the indicated activating or inhibitory Ly49 
receptor, respectively, whereas white boxes indicate no expression of that specific Ly49 receptor.  D-F) Summary of the NK 
cell frequencies in WT and Sostdc1-/- mice that express two activating and no inhibitory receptors, or one activating and no 
inhibitory receptors (Activating > Inhibiting), NK cells either expressing only one Ly49 activating and inhibitory receptor, all 
receptors, or no receptors (Activating = Inhibiting), and NK cells that express two Ly49 inhibitory receptors and no activating 
Ly49 receptors, or one inhibitory and no activating Ly49 receptors (Activating < Inhibiting). Asterisks indicate statistically 
significant differences between means, as determined by Student’s t-test.  *p<0.05. Each point represents a single mouse. 
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Millan et al. 2019, “Sostdc1 regulates natural killer cell maturation and cytotoxicity” - Supplementary Figures 

 
Supplemental Figure 3. Sostdc1-deficiency results in impaired in vitro NK cell killing, independent of CD107a 
expression, IFNJ and IL-12 production. A) Scheme of in vitro NK cell killing assay using enriched, pre-activated NK cells.  
B) Representative FCM plots showing frequencies of anti-CD45-APC labeled WT or 2ߚm-/- targets after 4 hours in culture 
with NK cells from WT mice or C) Sostdc1-/- mice. D) Quantification of control WT target cell lysis within vitro cultures with 
effector:target ratios of 1:1, 2:1 and 4:1. E) Quantification of 2ߚm-/- target cell lysis within vitro cultures with effector:target 
ratios of 1:1, 2:1 and 4:1. F) Overlay representative histogram plots of 2x106 NK enriched WT (blue line) and Sostdc1-/- (red 
line) cells for intracellular IFNߛ, and H) CD107a after 5 hours of PMA and ionomycin stimulation.  In F and H, isotype staining 
control is shown as a black dashed line. Quantification of median fluorescence intensity (MFI) of IFNߛ (G) and CD107a (I).  
Sostdc1-/- or WT splenic cells stimulated in vitro with 100 ng/ml LPS and brefeldin A for 3 hours, then analyzed for intracellular 
IL-12 (p40) cytokine. J) Representative histograms normalized to mode for WT (top row) and KO (bottom row) of IL-12 (p40) 
for CD8-CD11c(hi) DCs and CD8+CD11c+ DCs populations. K) Quantification of IL-12 (p40) expression frequencies of 
Singlets, Live, CD45+ cells. Quantifications of specific staining were determined by subtracting non-specific background 
signal from specific antibody signal. Asterisks indicate statistically significant differences between means, as determined by 
Student’s t-test. *p<0.05 **p<0.01, ***p<0.001. Each point represents a single mouse. 
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Millan et al. 2019, “Sostdc1 regulates natural killer cell maturation and cytotoxicity” - Supplementary Figures 
 

 
Supplemental Figure 4. Evidence for the influences of Sostdc1 expression in both hematopoietic and non-
hematopoietic cells on NK cell development in the bone marrow.  A) Experimental scheme to create WToSostdc1-/- 

KO (WToKO) bone marrow chimeras.  B) Total cellularity in BM (left) and total donor derived NK cell numbers (right) in 
chimeras; C) Representative FCM plots of NK cell maturation in donor (CD45.1+)-derived NK cells in the bone marrow of 
WToWT and WToKO chimeras; D) Quantification of NK cell subsets and E) NK cellularity in bone marrow of chimeras; F) 
Analysis of Ly49 repertoire on donor-derived iNK (left), tNK (center) and mNK (right) cells in the bone marrow of WToWT 
and WToKO chimeras; G) Experimental scheme to create Sostdc1-/-oWT (KOoWT) bone marrow chimeras; H) total 
cellularity in BM (left) and total donor derived NK cell numbers (right) in chimeras; I) representative FCM plots of NK cell 
maturation in donor (CD45.2+)-derived NK cells in the bone marrow of WToWT and KOoWT chimeras; J) quantification 
of NK cell subsets and K) NK cellularity in the bone marrow of chimeras; L) analysis of Ly49 repertoire on donor-derived 
iNK (left), tNK (center) and mNK (right) cells in the bone marrow of WToWT and KOoWT chimeras. *p<0.05 **p<0.01, 
***p<0.001, Student’s t-test. 
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IN MICE 

 



 41 

Evidence for progressive NK cell Ly49 developmental pathways in mice 

 

Alberto J. Millan*†, Bryan A. Hom*, Jeremy B. Libang*, Suzanne Sindi†‡ and 

Jennifer O. Manilay*‡§1 

*Department of Molecular and Cell Biology, †Department of Applied Mathematics 

and ‡Quantitative and Systems Biology Graduate Group, University of California - 

Merced, School of Natural Sciences, 5200 North Lake Road, Merced, CA 95343 

 

Running title: Interdependencies of NK cell clusters within the iNK stage 

  

§Corresponding Author: 

Phone: 209-228-4175 

Fax: none 

Email: jmanilay@ucmerced.edu 

  

 
1 This work was supported by University of California (UC) Merced faculty research funding 
and UC graduate student fellowships (to A.J.M.). 



 42 

ABSTRACT 

Previous studies of NK cell inhibitory Ly49 receptors suggested their expression is 
stochastic. However, relatively few studies have examined this stochasticity in 
conjunction with activating Ly49 receptors. We hypothesized that the expression 
of activating Ly49 receptors is not stochastic and is influenced by inhibitory Ly49 
receptors.  We analyzed NK cell “clusters” defined by combinatorial expression of 
activating (Ly49H, Ly49D) and inhibitory (Ly49I, Ly49G2) receptors in C57BL/6 
mice. Using the product rule to evaluate the interdependencies of the Ly49 
receptors, we found evidence for a tightly regulated expression at the immature 
NK cell stage, with the highest interdependencies between clusters that express 
at least one activating receptor. Further analysis demonstrated that certain NK 
clusters predominated at the immature (CD27+CD11b-), transitional 
(CD27+CD11b+) and mature (CD27-CD11b-) NK cell stages. Using parallel in vitro 
culture and in vivo transplantation of sorted NK clusters, we discovered non-
random upregulation of Ly49 receptors, suggesting that progressive pathways of 
NK cluster differentiation exist. Our data infer that upregulation of Ly49I is an 
important step in NK cell maturation. Ki-67 expression and cell counts confirmed 
that immature NK cells proliferate more than mature NK cells. We found that MHC-
I is particularly important for regulation of Ly49D and Ly49G2, even though no 
known MHC-I ligand for these receptors is present in B6 mice. Our data indicate 
that the regulatory systems controlling the expression of both activating and 
inhibitory Ly49 receptors are non-stochastic and support the idea that NK cell 
clusters develop in a non-random process correlated to their maturation stage.    
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INTRODUCTION  

 Natural killer (NK) cells are innate lymphocytes which function in immune 
cell surveillance by the recognition and elimination of cellular targets. Unlike their 
T and B lymphocyte counterparts, which acquire antigen-specific diversity through 
genetic recombination events, NK cells generate germline-encoded receptors that 
can recognize and lyse cellular targets by releasing perforin, granzymes, and 
secrete regulatory and proinflammatory cytokines. Activating and inhibitory Ly49 
receptors employ NK cell signaling pathways, which dictate NK cell effector 
functions through cytoplasmic immunoreceptor tyrosine-based inhibitory motifs 
(ITIMs) and immunoreceptor tyrosine-based activating motifs (ITAM) (1-4). NK cell 
subsets are thought to utilize a “rheostat” process in which NK cell subsets are 
tuned quantitatively by self-MHC class I ligands corresponding to specific Ly49 
inhibitory receptors, which in turn provides a diversity of responsiveness towards 
cellular targets (5, 6). Through this mechanism, NK cells distinguish healthy from 
unhealthy cells.  However, what regulates the acquisition of specific NK cell Ly49 
receptors during NK cell development and maturation is still an unanswered and 
complex question. In addition, how models derived from the biology of Ly49 
inhibitory receptors pertain to the acquisition of Ly49 activating receptors is 
unresolved. 

 NK cell subsets that express single as well as overlapping Ly49 activating 
and inhibitory receptors exist, which may reflect the complexity required to ensure 
host immunity while maintaining self-tolerance (7). Expression of Ly49 receptors, 
encoded by the polymorphic and polygenic Klra genes located on mouse 
chromosome 6, is often described as stochastic (8, 9). However, Ly49 receptor 
acquisition may not be entirely stochastic, as it has been shown that inhibitory Ly49 
receptors can be regulated by self-MHC class I (MHC-I) expression and controlled 
by the Ly49 bidirectional transcriptional regulation of Pro1 and Pro2 (10, 11). In 
contrast, activating Ly49 receptors lack a defined Pro1 region.  Mathematical 
methods to test the interdependence of expression of individual Ly49 inhibitory 
receptors on the expression of other Ly49 members in MHC-I-deficient and MHC-
I-sufficient (wild type) mice support that Ly49 inhibitory receptor expression may 
not be independently distributed and thus may not be entirely random (8, 12-15).  
Previous studies provide support that Ly49H and Ly49D are distinctly influenced 
by co-expression with inhibitory receptor Ly49C (16) and non-stochastic (10, 17) 
regulation of the expression of Ly49 activating receptors.    

 In this study, we tested the hypothesis that expression of Ly49 activating 
receptors is not stochastic and is influenced by Ly49 inhibitory receptors. To test 
this hypothesis, we utilized a combination of statistical, in vitro and in vivo 
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approaches.  We provide evidence for a progressive pathway of NK “cluster 
transitions” in vitro and in vivo, which suggest that Ly49 activating receptor 
acquisition is directed.  Even though no known MHC-I ligand for Ly49G2, Ly49H 
and Ly49D is known in B6 mice, NK cell cluster distribution is altered in MHC-I 
deficient mice.  Taken together, our data support the idea that NK cell clusters 
develop in a non-random manner and provide additional evidence that the 
regulatory system that controls the expression of both Ly49 activating and 
inhibitory receptors is non-stochastic. Our findings lead to an expanded model of 
NK cell receptor acquisition during NK development and maturation. 

MATERIALS AND METHODS 

Mice 

C57B6/J, B6.SJL-Ptprca Pepcb/BoyJ, and B6.129P2-B2mtm1Unc/J 𝛽-2 
microglobulin knockout (𝛽2m-/- KO) mice were obtained from The Jackson 
Laboratory and bred at the University of California, Merced. Mice of both sexes 
between the ages of 10 and 28 weeks were used for each experiment. We 
observed no significant differences between mice of both sexes or different ages, 
except for one specific study on cell proliferation (please see Results).  Mice were 
housed in specific pathogen-free cages with autoclaved feed. Mice were 
euthanized by carbon dioxide asphyxiation followed by cervical dislocation. All 
animal procedures were approved by the UC Merced Institutional Animal Care and 
Use Committee. 

Flow cytometry (FACS)  

Splenic cells were harvested, processed and stained for flow cytometric analysis 
(FACS) as described (18). Cells were stained with the following antibodies, 
purchased from eBioscience, Biolegend, Miltenyi Biotec, and BD Biosciences: 
PE/Cy5-CD3 (145-2C11), PE/Cy5-CD4 (RM4-5), PE/Cy5-CD8a (53-67), PE/Cy5-
Gr1 (RB6-8C5), PE/Cy5-CD19 (6D5), PE-CD27 (LG3A10), BV421-NK 1.1 
(PK136), BV510-CD11b (M1/70), biotinylated or APC-Ly49D (4E5), APC-Cy7-
Ly49G2 (4D11), FITC- or APC-Ly49H (3D10), APC-VID770-Ly49I (YLI-90), and 
APC-Ki67 (SolA15), CD45.1 (A20), CD45.2 (104). BUV395-streptavidin was used 
to develop biotinylated antibodies. Staining of all cells included a preincubation 
step with unconjugated anti-CD16/32 (clone 2.4G2 or clone 93) mAb to prevent 
nonspecific binding of mAbs to Fc𝛾R. Extracellular staining was performed as 
described (18). Intracellular staining was performed using the True-NuclearTM 
Transcription Factor Buffer Set (BioLegend) per manufacturer’s instructions. 
Single-color stains were used for setting compensations, and gates were 
determined by historical data in addition to fluorescent-minus-one control stains. 
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Flow cytometric data were acquired on the BD LSR II flow analyzer or FACS Aria 
II flow sorter (Becton Dickinson). The experimental data were analyzed using 
FlowJoTM Software version 10.6.0 and 10.6.3 (Becton, Dickinson and Company). 

Identification of NK cell Ly49 cluster heterogeneity 

NK cell clusters (C1-C16) were determined by t-stochastic neighbor embedding 
(tSNE) using FlowJoTM Software version 10.6.0 and analyzed with 3000 iterations, 
50 perplexity, 2800 learning rate (eta), and vantage point tree KNN algorithm (19, 
20). The cluster frequencies were determined by manual gating on live, lineage-
negative, NK1.1+ cells and further divided by gating on populations based on 
Ly49I, Ly49G2, Ly49H, and Ly49D expression (please see Figure 1E).    

Assessment of NK cell Ly49 receptor interdependencies by the product rule  
Ly49I, Ly49G2, Ly49H, and Ly49D receptors were assessed for independent 
expression by the product rule. The product rule predicts the frequencies of NK 
cells that express single or a combination of Ly49 receptors.  Assuming a model 
of independent expression of Ly49 receptors, the frequencies of NK cells 
expressing individual Ly49 receptors were used to calculate expected frequencies 
for NK cells expressing zero, one and more receptors (8, 14, 15). For example, the 
expected frequency for NK cells that co-express Ly49H and Ly49D, but do not 
express Ly49G2, equals the probability (P) of expressing Ly49H (e.g. frequency of 
NK cells expressing Ly49H) multiplied by the probability of expressing Ly49D, 
multiplied by the difference of 1 minus the probability of expressing Ly49G2 (to 
account for its exclusion), such that P(H,D) = P(H)*P(D)*(1-P(G2)) (please see 
Figure 2A). We calculated the “product rule error” between the observed and 
predicted frequencies as the log2(observed frequencies/predicted frequencies). If 
the observed frequencies were greater than the predicted frequencies (product 
rule error > 0), this indicated the model underestimated the observed frequencies. 
Alternatively, if the observed frequencies were less than predicted frequencies 
(product rule error < 0), this indicated the model overestimated the observed 
frequencies. If the error equaled zero, then we concluded that the expression of 
the pattern of receptors were independent. To calculate the total error, we summed 
the absolute value of the product rule errors amongst clusters.     
 
In vitro NK cell cluster development assay 

Splenic NK cells from C57B6/J mice were harvested and processed to a single-
cell suspension in media (RPMI1640 media supplemented with 10% FBS, 0.09 
mM nonessential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 
U/ml penicillin, 100 mg of streptomycin, 0.025 mM beta-mercaptoethanol, and 0.01 
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M HEPES) and cell counts determined using a hemocytometer. Splenic cells were 
enriched for NK cells as described in the EasySep Positive Selection Kit 
(STEMCELL Technologies) manufacturer’s suggested protocol by selecting with 
an anti-“lineage” cocktail (anti-CD3,-CD4,-CD8,-CD19,-Gr1, and -Ter119). NK cell 
clusters were then sorted on the FACS Aria II by gating on propidium iodide (PI)-
negative (live), “lineage”-negative and NK1.1-positive cells. 90-95% post-sort 
purity was achieved, as measured by FACS. Approximately 20,000 cells per NK 
cell cluster were cultured in 96-flat bottom tissue culture plates with the addition of 
100,000 lethally-irradiated (30.0 Gy) splenic feeder cells and recombinant-mouse 
(rm) IL-15 (75 ng/ml). NK cell cluster frequencies were quantified by FACS after 4 
days of culture.  

 
In vivo NK cell cluster adoptive transfer assay 
B6.SJL mice were used as a source of donor splenic NK cells.  Spleens were 
aseptically harvested and processed to a single-cell suspension. NK cells were 
enriched as described above, and then sorted for each of the 16 NK cell clusters. 
B6 recipient mice were sublethally irradiated (5.5 Gy) with a cesium irradiator four 
hours before receiving a range of 50,000 to 200,000 donor NK cluster cells by 
retroorbital intravenous injection. Donor-derived CD45.1+ NK cell cluster 
frequencies were analyzed by FACS four days after transfer.  

Statistical analysis  
Student’s t-test with a two-tailed distribution and with two-sample equal variance 
(homoscedastic test) was used to determine differences in means between groups 
using GraphPad Prism software version 8.4.2. A p-value of 0.05 was considered 
to be statistically significant. Asterisks indicate statistically significant differences 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.   
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RESULTS 
 
Identification of NK cell phenotypic heterogeneity amongst the combination 
of Ly49 receptors 
 
 NK cells express diverse frequencies and combinations of Ly49 activating 
and inhibitory surface receptors, but few studies have examined the relationship 
between expression of the activating receptor repertoire to that of the inhibitory 
receptor repertoire, and whether the activating receptors are subject to similar 
stochasticity in expression as previously described for inhibitory receptors (8, 14). 
We decided to focus on inhibitory receptors Ly49I and Ly49G2 and activating 
receptors Ly49H and Ly49D on splenic NK cells in C57B6/J (B6) mice, which 
express MHC-I ligands H-2Kb and H-2Db.  Ly49I’s inhibitory ligand is H-2Kb, Ly49H 
binds to the m157 viral antigen, and Ly49G2 and Ly49D’s known ligand is H-2Dd 
(not expressed in B6 mice) (9).  Previous work (10, 17) in which analyses of Ly49H 
and Ly49D were performed, provided a source of historical controls to which our 
data could be compared.  Although other Ly49 family members exist, we were 
limited to these 4 receptors due to the availability of fluorochrome-conjugated 
specific antibodies and the number of fluorochromes available on our flow 
cytometers.  Expression of each Ly49 receptor was observed (Figure 1A-B). We 
defined sixteen NK cell “clusters” (C) by the number and type of activating 
receptors and inhibitory receptors expressed. That is, Cluster 1 (C1) expresses 
both Ly49H and Ly49D activating receptors and neither Ly49I nor Ly49G2 
inhibitory receptors, whereas Cluster 16 (C16) expresses both Ly49I and Ly49G2 
inhibitory receptors but neither Ly49H nor Ly49D activating receptors (Figure 1C). 
By using these four receptors, sixteen possible combinations of Ly49 activating 
and inhibitory receptor expression were identified by t-distributed stochastic 
neighbor embedding (t-SNE) analysis of flow cytometric data (Figure 1F), and 
further examination of the expression of individual Ly49 receptors allowed us to 
confirm each cluster phenotype (Figure 1D) (19). Furthermore, we developed an 
NK cell cluster gating strategy that identified the sixteen unique subpopulations 
(clusters) and their frequencies (Figure 1E). Similar to previous studies which 
analyzed inhibitory Ly49 receptors only (8, 14), we observed Cluster 8 (C8), which 
expresses none of the four receptors, to be one of the most prevalent populations 
(Figure 1G). By analyzing Ly49 activating receptor frequency, we observed that 
clusters co-expressing Ly49H and Ly49D activating receptors were most 
represented, i.e. C1 (I-G2-H+D+), C4 (I-G2+H+D+), C5 (I+G2-H+D+), and C9 
(I+G2+H+D+) (Figure 1G).  Conversely, frequencies were lowest for clusters that 
express both Ly49 inhibitory receptors, such as C16 (I+G2+H-D-), C13 (I+G2+H-



 48 

D+), and C12 (I+G2+H+D-) (Figure 1G).  These data suggest a possible selective 
(non-random) pressure controlling the frequencies of these clusters in mice. 
 
High interdependencies of NK cell cluster frequencies within the immature 
NK stage 
 
 Next, to explore the possibility of independent (random) expression of our 
Ly49 receptors of interest, we utilized the product rule model for independent 
expression assuming the stochastic nature of Ly49 receptors. The model states 
that if Ly49I, Ly49G2, Ly49H, and Ly49D expression is independent of one 
another, then the observed frequencies of NK cells that express zero, one, two or 
more receptors can be predicted by the measurement of individual Ly49 receptor 
frequencies (8, 15) (Figure 2A). Thus, if the predicted frequencies match the 
observed biological frequencies, then we conclude no interdependencies between 
expression of those Ly49 receptors. Alternatively, if the observed frequencies do 
not match the predicted frequencies, the expression of these receptors are 
interdependent (non-random) for reasons including, but not limited to, linked 
receptor expression, gene regulation, and biased receptor selection (8, 10, 21). 
Our comparison of the observed versus predicted NK cluster frequencies 
demonstrate independent expression in some clusters (C1, C5, C6, C9, C11, C12, 
C15 and C16), but dependencies in others (C2, C3, C4, C7, C8, C10, C13 and 
C14) (Figure 2B). We next calculated the product rule error (e.g. 
log2(observed/predicted)) for each cluster to identify if the model underestimated 
(observed > predicted), overestimated (observed < predicted), or matched the 
observed frequencies (observed = predicted). An example of the product rule 
errors in clusters arranged by their patterns of Ly49H and Ly49D expression is 
shown in Figure 2C.  We show that NK clusters C14, C8 (which are H-D-), and C4 
(H+D+) frequencies were underestimated by the model, whereas clusters C10, C3 
(both H+D-) and, C7, C13, and C2 (H-D+), were overestimated by the model 
(Figure 2C). We noted that the product rule underestimated the frequencies of five 
out of the eight clusters that express only one of the Ly49 activating receptors 
(C10, C3, C7, C13, and C2). These data suggest interdependencies between 
Ly49H and Ly49D expression.  
 We hypothesized that a source of NK cell Ly49 expression dependencies 
was the stage of maturation. To test our hypothesis, we utilized the NK cell 
maturation markers CD27 and CD11b to examine the frequencies of each cluster 
amongst immature NK (iNK; CD27+CD11b-), transitional NK (tNK; CD27+CD11b+), 
and mature NK (mNK; CD27-CD11b+) cells (1, 18, 22, 23) (Figure 2D). We 
calculated the total error by summing the absolute values of the product rule errors 
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for each NK cell maturation stage (Figures 2E, 2H-J). The total error was 
significantly higher at the iNK cell stage relative to the tNK and mNK cell stages, 
suggesting more Ly49 receptor dependencies at the iNK stage (Figure 2E). iNK 
total error was significantly higher in clusters which at least one activating receptor 
(Figure 2F). Examination of the inhibitory receptors showed very similar patterns 
(Figure 2G). The exceptions were H-D- clusters which displayed similar error 
between iNK, tNK, and mNKs, and I-G2+ clusters, in which error was high in the 
iNK and mNK cells (Figure 2F-G). Moreover, C8, C14, C15, and C16, all of which 
are H-D-, showed more independent expression (lower total error) in the iNK (1.99 
± 0.21) and tNK (2.20 ± 0.18) cells relative to I-G2-  clusters C1, C2, C3, C8 in the 
iNK (5.48 ± 0.45) and tNK (3.1 ± 0.10) cells (Figure 2F-G). No difference between 
the total error for tNK and mNK cells within the H-D- and I-G2- groups were 
observed (Figure 2F-G). Additionally, we observed the majority of clusters were 
either overestimated or underestimated consistently throughout NK cell maturation 
(Figure 2H-J). There were some exceptions:  C14 (I+G2-H-D-) was overestimated 
by the model at the iNK stage and then underestimated at the tNK and mNK 
maturation stage, and C6 (I-G2+H-D+) was overestimated at the iNK stage and 
then slightly underestimated at the mNK cell stage (Figure 2H-J). Taken together, 
the product rule model provided evidence for a tightly regulated expression system 
for Ly49 receptors especially at the iNK maturation stage, with the highest 
interdependencies in clusters that express at least one Ly49H and Ly49D 
activating receptor. 
  
Dominant expression of Ly49I in all clusters at the mature NK cell stage 

 Further analysis revealed Ly49 cluster frequencies were unique at each NK 
cell maturation stage (Figure 3A-D). We identified Ly49I receptor expression 
frequency to significantly increase from iNK to tNK to mNK stages (Figure 3E). 
Ly49G2, Ly49H, and Ly49D frequencies significantly increased between iNK to 
tNK stages, and then decreased (Ly49G2 and Ly49D) or stabilized (Ly49H) 
moving from the tNK to mNK stages (Figure 3E). The frequencies of clusters with 
zero or one receptor were found to decrease; conversely, clusters expressing two, 
three, or four receptors increased from iNK to tNK stages (Figure 3F).  
 To determine if specific clusters were predominantly grouped at the iNK, 
tNK or mNK cell stages of maturation, we quantified the cluster frequencies at each 
NK maturation stage and visualized the similarities between clusters with principal 
component analysis (PCA) (24). NK cell cluster percentages were quantified by 
normalizing each cluster frequency relative to each NK maturation stage, such that 
a cluster’s frequency was divided by the sum of that cluster’s frequencies found at 
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each maturation stage and then multiplied by 100 (Supplemental Figure 1). We 
computed the PCA from the average normalized frequencies of clusters at each 
NK stage and determined similarities between clusters with respect to NK 
maturation (Figure 3G-J). We grouped clusters found predominantly at the iNK, 
tNK, and mNK cell stage in our PCA, which were confirmed by observing the 
plotted percentages (Figure 3H-J).  That is, we identified C8, C15, C3, and C10 
to predominate the iNK cell stage (Figure 3H), C1, C2, C4, C6 to predominate at 
the tNK cell stage (Figure 3I), and C9, C5, C13, C16, C7, C11, C14 to predominate 
at the mNK cell stage (Figure 3J). C10, C1 and C2 assembled close together in 
the PCA, but we decided to group C10 into the “iNK-predominant” group because 
the changes in the % of C10 at the iNK, tNK and mNK were more similar to to C8, 
C3 and C15 (Supplemental Figure 1).  Notably, the predominant clusters within 
each stage were represented at different proportions as maturation progressed.  
For example, C8, which expresses none of the four receptors, decreased in a 
sequential manner throughout NK cell maturation from 80.7% ± 1.8 in the iNK 
stage to 6.6% ± 1.5 at the mNK cell stage (Figures 3H and 3J). In contrast, tNK-
predominant clusters were lower at the iNK and mNK stages, and mNK 
predominant clusters were lowest at the iNK and tNK stages (Figures 3H, 3I, 3J).  
Furthermore, all mNK-predominant clusters expressed the inhibitory self-Ly49I 
receptor, but iNK- and tNK-predominant clusters did not (Figures 1C, 3H, 3I and 
3J) Thus, these findings suggest that the frequency and phenotype of the NK cell 
clusters are regulated throughout NK cell maturation to increase the types of 
receptors expressed, and positively select for self-Ly49I at the mNK cell stage.      

Evidence for progressive NK cell Ly49 developmental pathways in mice 
  
 The observed distribution of clusters within the iNK, tNK and mNK stages 
(Figure 3 and Supplemental Figure 1) led us to hypothesize that the iNK-
predominant clusters may be precursors to clusters that predominate at the tNK to 
mNK stages.  To test this, we sorted each of the 16 NK cell clusters and cultured 
them with 75 ng/ml recombinant-mouse-interleukin-15 (rmIL-15) and lethally 
irradiated splenic feeder cells for 4 days (Figure 4A). We observed that iNK-
predominant clusters C8, C15, C3, C10, and tNK-predominant clusters C1, C2, 
C4, C6, all upregulated Ly49I receptor after culture (Figure 4B, 4C and 4D), which 
would re-categorize them into clusters found predominantly in the mNK cell stage 
(C5, C7, C9 and C13, respectively, Figures 1C and 3J). Cultures initiated with 
mNK-predominant clusters maintained their Ly49 receptor phenotypes (data not 
shown).  To verify our findings in vivo, we adoptively transferred sorted C8, C15, 
C3, C10, C1, C2, and C14 cells from B6.SJL (CD45.1+) mice into sublethally 
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irradiated B6 (CD45.2+) hosts and analyzed their differentiation after 4 days 
(Figure 4E). Similar to our in vitro results, we observed C8, C15, C3, C10, C1, and 
C2 to upregulate Ly49I (Figure 4F-I), and that Ly49H and Ly49D maintained stable 
expression (data not shown).  However, in vivo, C8, C1, C2 upregulated a small 
frequency of inhibitory Ly49G2 receptor after 4 days (Figure 4F and 4G). Ly49 
receptor expression on C14, a mNK-predominant cluster, was unchanged after 
adoptive transfer (Figure 4H). Altogether, these results strongly support the 
existence of progressive pathways of NK cell maturation from precursor NK cell 
clusters, and that Ly49I upregulation is a key step for mature NK cells (Figure 4J 
and 4K).     

Immature NK cells display similar proliferation characteristics, regardless of 
cluster type 

 Given our discovery of progressive pathways of NK cluster development, 
we further analyzed the clusters for differences in their proliferative state.  We 
hypothesized that the proliferation rates of specific NK cell clusters would be 
distinct. Furthermore, we expected proliferation rates to correlate with maturation 
stage. To test our hypotheses, we sorted and cultured bulk iNKs, tNKs, and mNKs 
(Figure 5A) on lethally irradiated splenic feeder cells in media containing 75 ng/ml 
of rm-IL-15, and measured cellularity at Day 2 and Day 6 post-culture. We 
observed the highest fold change in cellularity for cultures initiated with iNK cells, 
as compared to cultures initiated with tNK or mNK cells (Figure 5B). We 
disaggregated the fold changes in proliferation between iNK-predominant (C8, 
C15, C3, C10), tNK-predominant (C1, C2, C4, C6), and mNK-predominant (C9, 
C5, C16, C12, C13, C14, C11, C7) clusters within each sorted population (Figure 
5C, 5D, 5E). Our data show that iNK-initiated cultures increased the fold change 
in cellularity of tNK-predominant clusters relative to iNK- and mNK-predominant 
clusters (Figure 5C). In contrast, mNK-initiated cultures showed reduced 
proliferation in tNK predominant clusters relative to iNK- and mNK-predominant 
clusters (Figure 5E). Additionally, the frequency of C8, which expresses none of 
the four Ly49 receptors and is the most prevalent in the iNK stage, dramatically 
decreased during the culture period (Figure 5F), which is consistent with our 
observation of decreased frequency of C8 at the tNK and mNK stages in vivo 
(Figure 3I and 3J).  

 To confirm these proliferation patterns, we stained NK cells for Ki-67 
expression post-culture. After culture, we noticed that CD11b expression was 
downregulated universally on NK cells, preventing us from using CD11b to 
distinguish iNK, tNK and mNKs (data not shown), likely as an artifact of in vitro 
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culture (25). However, CD27 expression was still binary, allowing us to distinguish 
CD27+ (presumably iNK and tNKs) from CD27- mNKs.  We found that 
NK1.1+CD27+ cells expressed higher Ki-67 levels compared to NK1.1+CD27- cells 
(Figure 5G and 5H), regardless of Ly49 receptor expression (Figure 5I). This 
pattern persisted when the Ki-67 expression was examined in specific NK cell 
clusters, with the exception of cluster C15 (which only expresses Ly49G2) (Figure 
5J). These data show that cluster designation (and hence Ly49 receptor 
expression) does not dictate NK cell proliferation.  Rather, proliferative potential is 
a general characteristic of NK cell maturation stage, with highest proliferation in 
the iNK cells and lowest proliferation in mNK cells. 

MHC-I-deficiency does not affect NK cell maturation, but results in 
underrepresentation of NK cell clusters which express activating Ly49 
receptors  

 We next investigated the effects of MHC-I on NK cell cluster heterogeneity 
and NK cell maturation in 𝛽2m-/- (MHC-I-/-) mice. In MHC-I-/- spleens, the 
frequencies of NK cells expressing inhibitory Ly49I and Ly49G2 receptors 
increased, whereas the frequencies of NK cells expressing activating Ly49H and 
Ly49D receptors decreased (Figure 6A). These differences in Ly49 frequencies in 
MHC-I-/- mice did not appear to influence NK cell maturation (Figure 6B). MHC-I-/- 
mice displayed significantly lower frequencies of I-G2- NK cells (Figure 6C and 
6D) and higher frequencies of H-D- NK cells (Figure 6E and 6F). Thus, NK cells 
from MHC-I-/- mice have decreased frequencies of activating receptors and 
increased frequencies of inhibitory receptors. The increased frequency of inhibitory 
receptor expressing NK cells is due to an increase in dual inhibitory receptor 
expressing I+G2+ NK cells, as lower frequencies of I-G2+ NK cells were observed 
in MHC-I-/- mice (Figure 6C-D). Additionally, our activating receptor analysis 
showed that H+D- NK cells increased, whereas H+D+ cell frequencies decreased 
in MHC-I-/- mice (Figure 6E-F). Further investigation of individual Ly49 receptor 
frequencies as a function of iNK, tNK and mNK maturation stages revealed 
different behaviors of the inhibitory and activating Ly49 receptor behaviors in MHC-
I-/- mice (Figure 6G and 6H). The frequencies of Ly49I+ and Ly49G2+ NK cells 
were significantly higher in MHC-I-/- mice compared to MHC-I+/+ (wild-type) controls 
at each stage of NK maturation (Figure 6G). In contrast, the frequencies of Ly49H+ 
and Ly49D+ NK cells were significantly decreased only at the tNK and mNK 
stages, but similar at the iNK stage (Figure 6H). Overall, these data suggest MHC-
I molecules play a differential role in the expression of inhibitory and activating 
Ly49 receptors, and that MHC-I is not essential for progression from iNK, tNK, and 
mNK stages during maturation. 
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We next compared NK cell cluster Ly49 receptor expression dependencies 
amongst WT and MHC-I-/- mice using the product rule. Any deviations between the 
two conditions (WT and MHC-I-/-) would indicate dependencies which are 
influenced by MHC-I expression. We compared the product rule errors for each 
cluster in WT and MHC-I-/- mice, and observed significantly different errors in nine 
of the sixteen clusters in MHC-I-/- mice (Figure 6I). C1, C2, C5, C6, and C9 were 
found to increased error (e.g. more dependencies) in MHC-I-/- mice, and these 
clusters commonly express the activating Ly49D receptor (Figure 6I). In contrast, 
C10 (I-G2+H+D-), C12 (I+G2+H+D-), and C14 (I+G2-H-D-) in MHC-I-/- mice 
decreased dependencies (error) relative to WT, and do not express Ly49D. 
Furthermore, C15 (I-G2+H-D-) was the only cluster that flipped directionality of the 
error from being overestimated in WT to underestimated in MHC-I-/- mice. This 
suggest that Ly49G2 is negatively regulated in MHC-I sufficient 
microenvironments.  

 Next, we wanted to determine MHC-I’s influence on NK cell cluster 
distributions. First, we examined NK cell frequencies based on the number of Ly49 
receptors expressed, regardless of receptor type. Collectively, clusters that 
expressed only one receptor were increased at the iNK cell stage (Supplemental 
Figure 2A), but this increase was attributed to an increase in C15 only (Figure 
6J). The frequencies of clusters which express two receptors were collectively 
lower at all stages of NK cell maturation in MHC-I-/- mice (Supplemental Figure 
2B), which was attributed to decreases in C1, C6, C7, and C11 clusters.  C10 and 
C16, which also expressed 2 receptors, were increased in MHC-I-/- mice (Figure 
6J). The overall increase in NK cells that express 3 receptors in MHC-I-/- mice was 
attributed to C12 (Supplemental Figure 2C, Figure 6J). All of the clusters that 
were increased (C15, C10, C16, and C12) express Ly49G2 (Figure 6J). 
Furthermore, C3, C1, C2, C5, C7, and C11, which lack Ly49G2 expression, were 
significantly decreased in NK cell frequencies (Figure 6J). These data suggest 
that MHC-I is a major regulator of Ly49G2 expression, despite the fact that no 
known MHC-I ligand for Ly49G2 in B6 mice has been described (3).  In addition, 
Ly49G2-positive clusters C15, C10, C16, and C12 all lack Ly49D expression and 
were increased. In contrast, the Ly49G2-negative clusters C1, C2, C5, and C7, 
which express Ly49D, were decreased (Figure 6J).  This suggests that there is a 
reciprocal dependency between Ly49D and Ly49G2 expression and MHC-I in the 
distribution of cluster frequencies. No common relationship between MHC-I 
deficiency and Ly49I or Ly49H on cluster distributions could be determined with 
our cluster frequency data set (Figure 6J).  
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We continued to investigate the influence of MHC-I on NK cell cluster 
frequencies found predominantly within the iNK, tNK, and mNK cell stage of 
maturation. Similar to the previous analysis in which we determined the 
predominant clusters within NK maturation stages (Figure 3), we compared MHC-
I-/- and WT (MHC-I+/+) clusters using PCA. We observed that most clusters in MHC-
I-/- matched the same trends in cluster maturation found in WT mice 
(Supplemental Figure 2D); however, C1, C2, and C16 maintained steady 
frequencies throughout maturation in MHC-I-/- mice (Supplemental Figure 2F and 
2G). In WT mice, C15, C10, and C3 iNK-predominant clusters transition into C16, 
C12, and C11 (Figure 4). In MHC-I-/- mice, we observed increased C15 and C10 
frequencies, matching the observed frequencies for C16 and C12. Furthermore, 
we observed decreased C3 and C11 frequencies (Supplemental Figure 2E and 
2G). Additionally, tNK-predominant clusters C2 and C1 were both decreased in 
MHC-I-/- mice and their subsequent mNK clusters C7 and C5 were also both 
decreased (Figure 6J). Although tNK C4 was decreased, its subsequent cluster, 
C9, was found in normal frequencies at the mNK stage. C6 to C13 frequencies 
were also unaffected.  Notably, C4, C9, C6 and C13 all co-express Ly49G2 and 
Ly49D. Overall, these data lend further support to the progressive pathways of NK 
cluster differentiation and suggest that MHC-I influences the cluster frequencies 
via regulation of Ly49G2 and Ly49D expression. 

DISCUSSION 

Previously, the product rule has been used to determine the 
interdependencies of inhibitory Ly49 receptors and their respective MHC-I ligand 
(8, 15). In this study, we extended this analysis to include the Ly49I inhibitory 
receptor in combination with activating receptors Ly49H and Ly49D, as well as a 
careful study of Ly49 receptor “clusters” based on NK cell maturation.  Here, we 
show for the first time that the majority of the interdependencies in Ly49 receptor 
expression originate at the iNK cell maturation stage (8, 14), and that specific 
clusters predominate at each stage. Our results demonstrate strong 
interdependencies of the activating Ly49H and Ly49D receptors, which we 
propose can explain the altered cluster frequencies observed in MHC-I-/- mice.  
Moreover, our results further resolve a role for Ly49I as an important selective 
marker of completion of NK cell development in B6 mice (22). 

Ly49I’s known ligand in B6 mice is MHC-I Kb (3, 9, 26).  Our NK cluster 
development studies suggest a process in which Ly49I-negative iNK and tNK 
clusters develop with high proliferative potential.  We propose that when Ly49I is 
upregulated, transition into the mNK cell stage occurs, and proliferation is then 
inhibited by interactions between Ly49I and Kb. These observations are most 
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consistent with the “sequential expression model”, which proposes splenic NK cells 
sequentially accumulate inhibitory Ly49 receptors until receptors specific for self 
MHC-I molecules are expressed (14, 27, 28).  We observed that Ly49I+ clusters 
become more prevalent overall at the mNK cell stage, indicating that NK cells also 
sequentially accumulate activating and non-self-binding Ly49 receptors before 
expressing Ly49I. Consistent with previous findings, we observed decreased mNK 
cell proliferation relative to iNK and tNK cells (2), which may suggest that self-
inhibitory Ly49I completes the maturation process and maintains mNK cells in a 
quiescent state ready to be triggered in an immune response. 

Our data expand the sequential expression model and suggest an updated 
working model in which MHC-I affects NK cell Ly49 activating and inhibitory 
receptor expression and alters the progressive pathways of NK cluster 
differentiation, but via distinct mechanisms. Our model distinguishes between the 
differentiation of clusters expressing only inhibitory (Figure 6L-M), or only 
activating receptors at an early maturation stage (Figure 6N-6O). In this working 
model, we focus on the Ly49 receptor interactions at the iNK and tNK stages of 
maturation that result in upregulation of Ly49I to complete NK cell maturation. In 
Figure 6L, in the predominant iNK cluster that expresses inhibitory Ly49G2 but no 
activating receptors (C15), Ly49G2 inhibitory signals are not initiated (because 
there is no Ly49G2 ligand in B6 mice). Due to this lack of inhibitory signal, 
developing NK cells then upregulate inhibitory receptor Ly49I (differentiating to 
C16).  Ly49I binds to its H-2Kb ligand, and in turn, C16 NK cell development is 
completed and then sustained (Figure 6L). The increased frequencies of C15 and 
C16 observed in MHC-I-/- mice (Figure 6I) can be explained by this model (Figure 
6M).  In MHC-I-/- mice, the C15 cluster upregulates Ly49I in the same fashion as 
in WT mice. However, Ly49I inhibitory signals are not generated (because H-2Kb 
is not present) and the developing C15 cluster continues to expand (Figure 6M). 
Extending this working model to clusters that co-express a single activating Ly49 
receptor with Ly49G2 suggests that Ly49H and Ly49D regulate cluster frequencies 
differently, as C10 (G2+H+D-I-) and its mature counterpart C12 (G2+H+D-I+) are 
both increased in MHC-I-/- mice, whereas frequencies of C6 (G2+D+H-I-) and its 
counterpart C13 (G2+D+H-I+) are unaffected. This suggests that the Ly49H+ 
clusters are controlled by presence of MHC-I. However, C4, which expresses both 
activating receptors (G2+H+D+I-), was lower in frequency in MHC-I-/- mice, but 
frequencies of its counterpart C9 (G2+H+D+I+) were normal.  This indicates that 
the roles of Ly49H and Ly49D during NK cell development are complex, and MHC-
I is not essential for some of these roles. 
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 Our accompanying working model of NK cell development starting with 
clusters expressing only activating receptors at the iNK and tNK stages is shown 
in Figure 6N.  The known ligand for Ly49H is m157, a mouse cytomegalovirus 
MHC-like protein (2, 29), while the known ligand for Ly49D is H-2Dd. No known 
self-MHC-I ligand has been identified for Ly49H and Ly49D in B6 mice (30), but it 
is possible weak binding to self-MHC-I or non-MHC-I ligands exist (31, 32).  Freund 
et al. reported that activation signals via SLP-76 upregulates inhibitory Ly49A, 
Ly49G2, and Ly49I receptor expression (10). Similarly, we presume that in B6 
mice, an activating ligand exists for Ly49H and Ly49D. NK clusters with one 
activating receptor (e.g. C2, C3) will generate a signal in response to this activating 
ligand, which promotes its differentiation and expansion. The activating signal also 
results in upregulation of inhibitory Ly49I at the mNK stage (Figure 6N). We 
interpret the clear effects of MHC-I deficiency on Ly49H and Ly49D frequencies to 
demonstrate a relationship between MHC-I and the activating receptors, but that 
this is not a direct ligand-receptor interaction. NK cell development and NK cell 
survival in MHC-I-deficient mice may be impaired by dysfunctional dendritic cell 
expression of IL-12 and IL-15 transpresentation (33, 34). In MHC-I-/- mice, we 
assume the activating ligand is absent or signaling is impaired. In the absence of 
these signals, low expansion and impaired differentiation to the corresponding 
mNK cluster in MHC-I-/- mice results.  Lack of activating signals in MHC-I-/- also 
dysregulates the expression of Ly49I at the mNK stage (Figure 6O). We observed 
an enhanced decrease in cluster frequencies in MHC-I-/- mice when two activating 
receptors were expressed (C1 and C5), which we posit could result from lower 
expansion of dual H+D+ clusters (Figure 6I). However, C9, which is H+D+ and 
also co-expresses both inhibitory receptors, is unaffected in the MHC-I-/-, 
suggesting a “canceling out” or “balancing” of activating and inhibitory signals in 
this case.  This balancing is further supported by the similar frequencies of C6 and 
its mNK counterpart C13, which express one inhibitory and activating receptor, in 
B6 and MHC-I-/- mice (Figure 6I).  

In our study, we focused on the role of Ly49 receptors on NK cell 
development.  However, given that NK cytotoxicity is governed by balance of 
signals between Ly49 activating and inhibitory receptors (3), it is also possible that 
our evidence of progressive NK cell developmental pathways can be applied to the 
identification of NK cell clusters with high cytotoxic potential. Transcription of 
cytotoxicity genes increases with NK maturation with the highest cytotoxic gene 
expression at the mNK stage (22, 23). NK cell licensing via the expression of Ly49I 
and its binding to Kb is consistent with our observations that mNK cells acquire 
Ly49I expression in a manner that correlates to NK cell maturation.   
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 Although we have focused on splenic NK cells in our work, it is also 
noteworthy that mice and human NK cell maturation are could be tissue-specific, 
which may change the NK cell Ly49 cluster pathways we observed in the spleen 
(22, 35). Although NK cells originate in the bone marrow, they continue to mature 
in peripheral tissues. However, these tissues have been shown to express different 
frequencies of iNK, tNK, and mNK cells (22, 36). The bone marrow and lymph 
node tend to express high frequencies of iNK and tNK cells, whereas the lung 
compartment expresses mostly mNK cells. The spleen, liver and blood tend to 
express all three stages of NK cell maturation (22). Additional studies are 
necessary to determine if the progressive pathways of NK development we 
observed in the spleen are conserved in other tissues.   
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FIGURE LEGENDS  

Figure 1. Identification of NK cell cluster phenotypic heterogeneity in B6 
mice.  (A) Frequencies of Ly49I, Ly49G2, Ly49H, and Ly49D receptors on Lin- 
(negative for CD3, CD4, CD8, CD19, Gr1, and Ter119), NK1.1+ gated cells.  
Asterisks indicate statistically significant differences between means as 
determined by the Student’s t-test. ****p < 0.0001 ; (B) Representative flow 
cytometry histogram plots of Ly49 receptor expression shown in A; (C) Table of 
NK cell clusters defined by expression of Ly49 receptors, ordered from most 
activating (C1) to most inhibitory (C16) based on the number of activating or 
inhibitory receptors expressed; (D) tSNE color mapping plots in red for clusters 
with Ly49I, Ly49G2, Ly49H, and Ly49D receptor expression; (E) Manual gating of 
16 NK cell Ly49 clusters gated on live, Lin-NK1.1+ cells; (F) Representative 
unbiased clustering of the 16 clusters visualized by tSNE; (G) Frequencies of each 
cluster in the Lin- NK1.1+ population. Each point of the graph represents an 
individual mouse of two separate experiments.   

 

Figure 2. Higher interdependence of NK cell Ly49 cluster frequencies at the 
iNK stage. (A) Example of the product rule calculations of independent probability 
for NK cells that express Ly49H and Ly49D (H,D) out of three receptors observed. 
(B) Summary graph of experimental (observed) cluster frequencies and cluster 
frequencies predicted by the product rule (predicted); (C) Graph of NK cell 
log2(observed/predicted) error grouped by activating Ly49 receptors; (D) 
Representative flow cytometry plot of CD27 and CD11b staining to distinguish 
stages of NK cell maturation; (E) Total error was calculated by the sum of the 
absolute values of log2(observed/predicted) from all clusters found at each NK 
maturation stage determined by the product rule and observed frequencies (iNK, 
white bars, tNK, gray bars and mNK, black bars); (F-G) Total product rule for NK 
cells organized by expression of (F) activating receptors or (G) inhibitory receptors; 
(H-J) Log2(observed/predicted) error plots for each cluster found in (H) iNK, (I) tNK, 
and (J) mNK cell stages of maturation.  Positive error values indicate 
underestimation while negative values indicate overestimation. Each point on the 
graph represents an individual mouse. Asterisks indicate statistically significant 
differences between means as determined by the Student t test. **p < 0.01, ***p < 
0.001, ****p < 0.0001. 

 

Figure 3. Certain NK clusters predominate at each stage of NK cell 
maturation.  (A) Map of cluster location via tSNE plot; (B-D) Representative tSNE 
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plots of (B) iNK, (C) tNK, and (D) mNK cells visualized by density;  (E) Summary 
graph of Ly49I, Ly49G2, Ly49H, and Ly49D receptor frequencies gated on iNK 
(white bars), tNK (gray bars), or mNK cells (black bars); (F) Summary graph of 
each NK cell maturation stage expressing 0, 1, 2, 3, or 4 Ly49 receptors; (G) PCA 
plots were generated from 4 biological replicates of average percentage for 
clusters with respect to NK cell maturation stage; (H-J) Summary graph of each 
calculated cluster percentage for each cluster at (H) iNK, (I) tNK, (J) and mNK cell 
stage. Each point of the graph represents an individual mouse. Asterisks indicate 
statistically significant differences between means as determined by the Student t 
test. *p < 0.05.  

 

Figure 4. Evidence for progressive pathways of NK cell cluster differentiation 
in vitro and in vivo.  (A) Scheme of experimental design for sorting clusters and 
in vitro culture; (B-C) Representative Ly49I vs. Ly49G2 flow cytometry plots of 
sorted clusters showing post-sort purity on Day 0 (top row) and 4-days after culture 
(bottom row) of gated NK1.1+ cells; (B) Differentiation of clusters predominantly 
found at the iNK stage, (C) differentiation of clusters predominantly found at the 
tNK stages: (D) Summary graph of cluster Ly49I receptor expression after Day 4 
of culture, calculated by subtracting Day 4 Ly49I frequency from Day 0 Ly49I 
frequency; (E) Scheme of experimental design of in vivo adoptive transfer of 
selected NK clusters; (F-H) Representative Ly49I vs. Ly49G2 flow cytometry plots 
of sorted clusters for post-sort purity of gated NK cells on Day 0 (top row) and Day 
4 after adoptive transfer into recipient mice (bottom row); (F) In vivo differentiation 
of clusters predominantly found at the iNK stage;  (G) In vivo differentiation of 
clusters predominantly found at the tNK stage, and (H) in vivo differentiation of 
C14, found predominantly in mNK; (I) Summary graph of cluster Ly49I receptor 
expression 4 days after adoptive transfer, calculated as in D. Each point of the 
graph represents an experimental replicate; (J) Schematic summary of 
progressive pathways from iNK-predominant clusters; (K) Summary of progressive 
pathways from tNK-predominant clusters. 

 

Figure 5. Immature NK cells display in vitro characteristics of proliferation, 
regardless of cluster type. (A) Scheme of experimental design to sort and culture  
iNK (CD27+CD11b-), tNK (CD27+CD11b+), and mNK (CD27-CD11b+) cells; (B-E) 
NK cell proliferation as determined by flow cytometry and calculating the fold 
change in cellularity between Day 2 and Day 6 of culture (e.g. # of cells at Day 6 
divided by # of cells at Day 2) for (B) overall cell proliferation, proliferation in 
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cultures initiated with sorted (C) iNKs, (D) tNKs, and (E) mNKs, further categorized 
into predominant iNK, tNK, and mNK clusters (n=3 experimental replicates; (F) 
Fold change in proliferation for clusters that originated from sorted iNK cells; (G) 
Intracellular Ki-67 expression of Lin- NK1.1+ CD27+ (iNK and tNK stages) and Lin- 

NK1.1+ CD27- (mNK stage) cells post-culture (n=2 female mice (triangles; 24 
weeks old), n=2 male mice (circles; 19 weeks old); (H) Summary plots of Ki-67 
expression between CD27+ or CD27- NK cells:  (I) Ki-67 expression on CD27+ and 
CD27- NK cells disaggregated by Ly49 receptor type, and (J) Ki-67 expression on 
NK cells disaggregated by cluster type. Asterisks indicate statistically significant 
differences between means as determined by the Student’s t test. *p < 0.05, **p < 
0.01, ****p < 0.0001.  

 

Figure 6. Altered NK cell cluster distribution in MHC-I-/- mice. (A) Summary 
graph of Ly49I, Ly49G2, Ly49H, and Ly49D frequencies gated on NK1.1+ cells in 
β2m-/- (MHC-I-/-) and B6 (MHC-I+/+) spleens; (B) Graph of frequencies of iNK 
(CD27+CD11b-), tNK (CD27+CD11b+), and mNK (CD27-CD11b+) cells; (C,E) 
Representative plots of Lin-NK1.1+ cells examining (C) Ly49I and Ly49G2 and (E) 
Ly49H and Ly49D in MHC-I+/+ (left) and MHC-I-/- mice; (D,F) Summary plots for 
data shown C and E; (G) Graphs gated on parent iNK, tNK or mNK gate for Ly49I 
and Ly49G2; (H) Graph gated on parent iNK, tNK or mNK gate for Ly49H and 
Ly49D; (I) Log2(observed/expected) values for MHC-I-/- and MHC-I+/+ NK cell 
clusters; (J) Graph of NK cell cluster frequencies in MHC-I+/+ and MHC-I-/- mice; 
(K-N) Working model illustrating MHC-I’s influence on NK cell pathways for 
clusters expressing only inhibitory receptors (K-L)  or activating receptors (M-N);  
(K and M) model of cluster pathways in MHC-I+/+ mice; (L and N) model of cluster 
pathways in MHC-I-/- mice. Each point of the graph represents an individual mouse. 
Asterisks indicate statistically significant differences between means as 
determined by the Student t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  
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FIGURES AND FIGURE LEGENDS 

 

 
Figure 3: Graphical Abstract for Chapter 3. Representative image from the 
conclusions discovered in chapter 3 of this dissertation.  

 

I

C5
DH

C13
D

IG2

C9
D

G2

H

I

C6
D

G2

D
C4

H

G2

C2
D

C1
DH

C7
D

I

C8 C14
I

C11
H

I
C3

H

CD11b
CD27
NK1.1

Ki-67 and Proliferation

Ly49I

Activating Inhibiting

C16
IG2

C12
H

IG2

C10
H

G2

C15
G2

Predominant mNKs

Increased 
in 

MHCI-/-
mice

Decreased 
in 

MHCI-/-
mice

Cluster Pathways
Predominant iNKs

Predominant tNKs



 68 

Live, Lin- NK1.1+

Ly
49

I

Ly49G2

Ly
49

H

Ly49D

Ly49I+ Ly49G2+

Ly
49

H

Ly49D

Ly49I+ Ly49G2-

Ly
49

H

Ly49D

Ly49I- Ly49G2-

Ly
49

H

Ly49D

Ly49I- Ly49G2+

C1 C10

C15C14 C13

C12C11

C2

C3 C4C5

C6C7C8

C9

C16

- - - - + - + - + - + + + + - +
- - - + - + - - + + - + + - + +
+ - + + + - - - + + + + - - - -
+ + - + + + + - + - - - + - - -

Ly49I

C
ou
nt
s

Ly49G2

C
ou
nt
s

Ly49H

C
ou
nt
s

Ly49D

C
ou
nt
s

A B

C D

G

E

Millan et al. 2020. Figure 1

C16C1 C10 C15C14C13C12C11C2 C3 C4 C5 C6 C7 C8 C9

tSNE 1

tS
NE

2

Ly49I Ly49G2

Ly49H Ly49D

tSNE 1

tS
NE

2

tSNE 1

tS
NE

2

tSNE 1

tS
NE

2

F

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16
0
2
4
6
8

10
12
14
16

%
 fr

eq
. o

f N
K

1.
1+  

ce
lls

Fr
eq

ue
nc

y 
of

 N
K

1.
1+

0
5

10
40

50

60

70

80

%
 F

re
q.

 o
f N

K
1.

1+  
ce

lls

Ly49I Ly49G2 Ly49H Ly49D

****
Fr

eq
ue

nc
y 

of
 N

K
1.

1+

Cluster Map Guide

Color
Cluster
Ly49I

Ly49G2
Ly49H
Ly49D

tSNE 1

tS
N
E
2

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.05.23.112391doi: bioRxiv preprint 



 69 

mNKs

-3
-2
-1
0
1
2
3
4

Lo
g 2
(O
bs
er
ve
d/
Ex
pe
ct
ed
)

C1 C2C3C4 C5 C6 C7C8 C9 C10 C11C12 C13C14 C15C16

H-D- H+D+ H+D- H-D+

-3
-2
-1
0
1
2
3
4

Lo
g 2
(O
bs
er
ve
d/
Ex
pe
ct
ed
)

C1 C2C3C4 C5 C6 C7C8 C9 C10 C11C12 C13C14 C15C16

iNKs

H-D- H+D+ H+D- H-D+

0
1
2
3
4
5
6
7

**

****
****
********

****
***
***

***

Inhibitory receptors

To
ta

l e
rr

or

iNKs
tNKs
mNKs

I-G2- I+G2+ I+G2- I-G2+

A B

C D

G

H I

Millan et al. 2020. Figure 2

F

0

5

10

15

20

25

To
ta

l p
ro

du
ct

 r
ul

e 
er

ro
r

iNK

****
****

tNK mNK

To
ta

l e
rr

or

***

****

0
2
4
6
8
10
12
14
16

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16

Observed
Predicted

**** ****
****

****

****
**

Fr
eq

ue
nc

y 
of

 N
K

1.
1+Ly49H

Ly49D Ly49G2D,G2

D,G2
H

H,G2H,D

P(H,D) = P(H)*P(D)*[1-P(G2)] 

E

J

Live, Lin- NK1.1+

CD11b

C
D

27

iNK tNK

mNK

0
1
2
3
4
5
6
7

**

****
****

****
********

****

Activating receptors
iNKs
tNKs
mNKs

H-D- H+D+ H+D- H-D+

To
ta

l e
rr

or

tNKs

-3
-2
-1
0
1
2
3
4

Lo
g 2
(O
bs
er
ve
d/
Ex
pe
ct
ed
)

C1 C2C3C4 C5 C6 C7C8 C9 C10 C11C12 C13C14 C15C16

H-D- H+D+ H+D- H-D+

Lo
g 2
(O
bs
er
ve
d/
Pr
ed
ic
te
d)

Lo
g 2
(O
bs
er
ve
d/
Pr
ed
ic
te
d)

Lo
g 2
(O
bs
er
ve
d/
Pr
ed
ic
te
d)

-3
-2
-1
0
1
2
3
4

Lo
g 2
(O
bs
er
ve
d/
Ex
pe
ct
ed
)

C1 C2C3C4 C5 C6 C7C8 C9 C10 C11C12 C13C14 C15C16

Total NK1.1+ cells

H-D- H+D+ H+D- H-D+

Lo
g 2
(O
bs
er
ve
d/
Pr
ed
ic
te
d)

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.05.23.112391doi: bioRxiv preprint 



 70 

0 20 40 60 80 100

C7
C11
C14
C13
C12
C16
C5
C9
C6
C4
C2
C1
C10
C3
C15
C8

0 20 40 60 80 100 0 20 40 60 80 100

A

E F

H

B C

G

D

tSNE 1

tS
N

E
2

tSNE 1

tS
N

E
2

tSNE 1

tS
N

E
2

tSNE 1

tS
N

E
2

C16
C15

C8

C6

C13

C14

C5

C9

C3

C10

C7

C2

C4

C1

C11

C12

I J

Millan et al. 2020. Figure 3

% of cluster in mNK 
over NK maturation

% of cluster in tNK 
over NK maturation

% of cluster in iNK
over NK maturation

CD27-CD11b+ (mNKs)CD27+CD11b+ (tNKs)CD27+CD11b- (iNKs)Cluster Map Guide

C1
C2

C10

C4
C6

C3 C15

C9

C13 C5

C16C12
C7

C11
C14 C8NK

Maturation

PC1: 59.5% variance

PC
2:

 4
0.

5%
 v

ar
ia

nc
e

0
10
20
30
40
50
60
70
80
90

%
 fr

eq
. o

f p
ar

en
t g

at
e

*

*
* *

*
* *

*
**

*

Ly49I Ly49G2 Ly49H Ly49D

iNK
tNK
mNK

%
 o

f p
ar

en
t g

at
e

0

10

20

30

40

50

%
 fr

eq
. o

f p
ar

en
t g

at
e *

*

*

0 1 2 3 4
Numer of Ly49 receptors

*
* *

*

*
**

* *

iNK
tNK
mNK

%
 o

f p
ar

en
t g

at
e

Number of Ly49 receptors

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.05.23.112391doi: bioRxiv preprint 



 71 

mNK
predominant 

cluster

iNK

NK1.1 CD27

iNK

NK1.1

CD27

iNK

NK1.1
CD27

Bleed 1 Bleed 1 Analysis

4 weeks 8 weeks 12 weeks post-transplant

StartBMT

Sostdc1-/-

CD45.2
WT

CD45.1

NK
NK

NKNK NK

NK Cell Enrichment

WT spleens (n=3 to 4)

iNK

NK1.1 CD27

iNK

NK1.1

CD27
iNK

NK1.
1

CD27

iNK

NK1.1
CD27

iNK Cell Sort

Lethally Irradiated Feeder Cells

Day 2 Day 4rm - IL-15 
75 ng/ml

Day 6 Day 8
Flow cytometry analysis per time point

Flow cytometry analysis

NK cell sortSort 16 NK 
cell clusters

Flow cytometry 
analysis after 4 days

A.

WT 
Splenic cells

NK
NK

NK

16 cluster 
NK cell sort

rm-IL-15
75 ng/ml

NK
NK

NK

Lethally irradiated 
splenic feeder cells FACS

analysis

A

D

B C

C9 C5 C16 C12 C13 C14 C11 C7

Ly49G2

Ly
49
I

C8 C15 C3 C10 C1 C2 C4 C6

Ly49G2

Ly
49
I

Ly49G2

Ly
49
I

E

G H

Millan et al. 2020. Figure 4

F

I

iNK predominant clusters tNK predominant clusters

tNK predominant 
clustersiNK predominant clusters

C14C8 C15 C3 C10 C1 C2

Ly49G2

Ly
49
I

Ly49G2

Ly
49
I

Ly49G2

Ly
49
I

Day 0

Day 4

Day 0

Day 4

iNK

NK1.1 CD27

iNK

NK1.1

CD27

iNK

NK1.1
CD27

Bleed 1 Bleed 1 Analysis

4 weeks 8 weeks 12 weeks post-transplant

StartBMT

Sostdc1-/-

CD45.2
WT

CD45.1

NK
NK

NKNK NK

NK Cell Enrichment

WT spleens (n=3 to 4)

iNK

NK1.1 CD27

iNK

NK1.1

CD27
iNK

NK1.
1

CD27

iNK

NK1.1
CD27

iNK Cell Sort

Lethally Irradiated Feeder Cells

Day 2 Day 4rm - IL-15 
75 ng/ml

Day 6 Day 8
Flow cytometry analysis per time point

Flow cytometry analysis

NK cell sortSort 16 NK 
cell clusters

Flow cytometry 
analysis after 4 days

A.

NK
NK

NK

550 Rad irradiation 
B6

(CD45.2/5.2)

16 cluster 
NK cell sort

B6.SJL
(CD45.1/5.1)

R.O. injection of NK cluster

4 days

FSC-W

C
D
45
.1

Donor NK Ly49 
cluster analysis

Ly49 
analysis

C8 C15 C3 C10 C1 C2 C4 C6
0

5

10

15

20

25

30

35

N
or

m
al

iz
ed

 L
y4

9I
 %

%
 L

y4
9I

 e
xp

re
ss

io
n

(D
ay

 4
 –

D
ay

 0
)

C8 C15 C3 C10 C1 C2
0

5

10

15

20

25

30

35

N
or

m
al

iz
ed

 L
y4

9I
 %

%
 L

y4
9I

 e
xp

re
ss

io
n

(D
ay

 4
 –

D
ay

 0
)

J K

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.05.23.112391doi: bioRxiv preprint 



 72 

0
5
10
15
20
25
30
35
40

0

1

2

10
20
30
40

******

0
5
10
15
20
25
30
35
40 ****

0
2
4
6
8
10
12
14
16
18
20

C1

*
****

**
*

*

*

***
*

*

C2C3 C4 C5C6 C7C8 C9C10 C11C12 C13 C14C15 C16

0
2
4
6
8
10
12
14 ** ** ** **

Ly49I Ly49G2 Ly49H Ly49D
0
2
4
6
8
10
12
14
16

CD27+ CD27-

**

0
5
10
15
20
25
30
35
40 ****

****
****

K
i-6

7 
%

 o
f p

ar
en

t g
at

e

mNK

NK
NK

NK

NK cell 
Enrichment

NK maturation stage sort

rm-IL-15
75 ng/ml

NK
NK

NK

Lethally irradiated splenic 
feeder cells

iNK

tNK
Proliferation 
at d2 and d6

B6 splenic
cells

C
ou

nt

CD27 Ki-67

N
or

m
al

iz
ed

 to
 m

od
e

CD27+

N
or

m
al

iz
ed

 to
 m

od
e

Ki-67

CD27-NK1.1+

A B

D

G

J
CD27+ (iNK,tNKs)

CD27- (mNKs)

Millan et al. 2020. Figure 5

E

H I
CD27+

CD27-

K
i-6

7 
%

 o
f p

ar
en

t g
at

e

iNKs

iNK predominant 
clusters

tNK predominant 
clusters

mNK predominant 
clusters

K
i-6

7 
%

 o
f p

ar
en

t g
at

e

C8 C15 C3 C10 C1 C2 C4 C6 C9 C5 C16 C12 C13 C14 C11 C7
0
5
10
15
20
25
30

Cluster proliferation when initiated with iNKs

Pr
ol

ife
ra

tio
n

Pr
ol

ife
ra

tio
n

Pr
ol

ife
ra

tio
n

Pr
ol

ife
ra

tio
n

Pr
ol

ife
ra

tio
n

C

F

Initiated with iNKs

Initiated with tNKs Initiated with mNKs

tNKs mNKs iNK
Predom.

tNK
Predom.

mNK
Predom.

iNK
Predom.

tNK
Predom.

mNK
Predom.

iNK
Predom.

tNK
Predom.

mNK
Predom.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 26, 2020. . https://doi.org/10.1101/2020.05.23.112391doi: bioRxiv preprint 



 73 

-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5

Lo
g 2
(O
bs
er
ve
d/
Ex
pe
ct
ed
)

C1
**

**

*

**
**

*

C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16

*

** *

MHC-I-/-WT

Ly49I

MHCI
(H-2Kb)

Stroma

Ly49G2 - Ly49G2

Cluster 
Pathway

C15

C16

Predominant
iNK Predominant mNK

Ly49I

MHC-I-/-
Stroma

Ly49G2 Ly49G2

Cluster 
Pathway

C15

C16

Predominant
iNK Predominant mNK

MHC-I-/-WT

0
10
20
30
40
50
60

iNK tNK mNK

0

20

40

60

80
** *

iNK tNK mNK
0

20

40

60

80

iNK

*** ****

tNK mNK

0

20

40

60

80

****
** **

iNK tNK mNK
0

20

40

60

80

**
**

**

iNK tNK mNK
0

10

20

30

40

50

60

H-D-

***
****

**

H+D- H-D+ H+D+

0
10
20
30
40
50
60

I-G2-

***
***

**

I+G2- I-G2+ I+G2+

0

2

4

6

8

10

12

14

16

%
 F

re
q.

 o
f N

K1
.1

+  c
el

ls

C1

*****
*

***
***

*

**

** ***
***

*

C2C3 C4 C5C6 C7C8 C9C10 C11C12 C13 C14C15 C16

Fr
eq

ue
nc

y 
of

 N
K

1.
1+

Fr
eq

ue
nc

y 
of

 N
K1

.1
+

Fr
eq

ue
nc

y 
of

 N
K1

.1
+

A B

Millan et al. 2020. Figure 6

FG

H

J

I

E

DC

MHC-I-/-MHC-I+/+

MHC-I-/-MHC-I+/+

Ly49D

Ly
49

H

Ly49D

Ly
49

H

Ly49G2

Ly
49

I

Ly49G2

Ly
49

I

Ly49I Ly49G2

Ly49H Ly49D

%
 o

f p
ar

en
t g

at
e

%
 o

f p
ar

en
t g

at
e

%
 o

f p
ar

en
t g

at
e

%
 o

f p
ar

en
t g

at
e

30

40

50

60

70

80

***
***

***

Ly49I Ly49G2 Ly49H Ly49D

**

Fr
eq

ue
nc

y 
of

 N
K1

.1
+

Fr
eq

ue
nc

y 
of

 N
K1

.1
+

iNK tNK mNK

WT

KO

WT

MHCI-/-MHC-I-/-
MHC-I+/+

WT

KO

WT

MHCI-/-MHC-I-/-
MHC-I+/+WT

KO

WT

MHCI-/-MHC-I-/-
MHC-I+/+

WT

KO

WT

MHCI-/-MHC-I-/-
MHC-I+/+

MHC-I-/-
Stroma

Ly49I

Ly49DLy49D
Cluster 

Pathway

C2 C7

Predominant
tNK

Predominant mNK

Ly49I

Cluster 
Pathway

MHCI
(H-2Kb)

Stroma

-

Ly49DLy49D

C2 C7

Predominant
tNK

Predominant mNK

K L

M N

Increased frequencies compared to WT

Decreased frequencies compared to WT

MHCI+/+

MHCI-/-
MHC-I+/+
MHC-I-/-

MHCI+/+

MHCI-/-
MHC-I+/+
MHC-I-/-

MHCI+/+

MHCI-/-
MHC-I+/+
MHC-I-/-

MHCI+/+

MHCI-/-
MHC-I+/+
MHC-I-/-

MHCI+/+

MHCI-/-
MHC-I+/+
MHC-I-/-



 74 

 
  

A

CB D

0

2

4

6

8

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*

*

*

0

3

6

9

12

15

18

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
* *

0

1

2

3

4

5
%

 o
f p

ar
en

t g
at

e

iNK tNK mNK

* *

0

1

2

3

4

5

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
* *

0

5

10

15

20

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

* *

0

5

10

15

20
%

 o
f p

ar
en

t g
at

e

iNK tNK mNK

*
* *

0

2

4

6

8

10

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
* *

0

2

4

6

8

10

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*

*

*

0

20

40

60

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*

*

*

0

5

10

15

20

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

0

1

2

3

4

5

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

0

5

10

15

20

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

*

0

2

4

6

8

10

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

*

0

2

4

6

8

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

*

0

5

10

15

20

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

*

0

2

4

6

8

%
 o

f p
ar

en
t g

at
e

iNK tNK mNK

*
*

C8 C2
D

C7
D

I

C14
I

C3
H

C1
DH

I

C5
DH

C11
H

I

C15
G2

C6
D

G2

C13
D

IG2

C16
IG2

C10
H

G2

D
C4

H

G2

C9
D

G2

H

I

C12
H

IG2

C8 C2 C7 C14

C3 C1 C5 C11

C15 C6 C13 C16

C10 C4 C9 C12

C1

C2

C3

C4

C5

C6
C7

C8

C9

C10

C11

C12

C13

C14

C15
C16

iNK Cluster 
Frequency 

9.7%

2.9
%

2.8
%

6.0%

5.9%

1.5%1.5%

40.5%

3.4%

3.8%

4.1%

2.8%

1.0%
5.2%

6.5%

2.4%

C1

C2

C3

C4

C5

C6
C7

C8

C9

C10

C11

C12

C13

C14
C15 C16

tNK Cluster 
Frequency 

12.6%

2.1%
3.8
%

18.3%

11.0%
5.9%3.

2%

5.66%

10.2%

3.9%

5.4%

4.9%

2.9%
3.9%

3.5%
2.5%

C1 C2
C3

C4

C5

C6

C7

C8
C9

C10

C11

C12

C13

C14

C15
C16

5.4% 1.
7%

1.
0%

6.6%

16.1%

2.5%

7.0%3.67%11.4%

1.
6%

13.5%

8.5%

4.3%

11.4%

0.7%

4.6%

mNK Cluster 
Frequency 

Millan et al. 2020. Supplemental Figure 1

Supplemental Figure 1. NK cell Ly49 cluster frequencies predominantly found at
iNK, tNK and mNK cell stage. (A) Summarized NK cell cluster mean frequencies gated
on iNK (CD27+CD11b-), tNK (CD27+CD11b+) and mNK (CD27-CD11b+) cells and
plotted on as part of a whole; (B-C) NK cell frequencies gated on parent maturation stage
and grouped in clusters found predominantly in the (B) iNK, (C) tNK, (D) and mNK
compartments. Asterisks indicate statistically significant differences between means as
determined by the Student t test. *p < 0.05.
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Supplemental Figure 2. MHC-I-/- mice display altered frequencies of NK cell clusters at
each maturation stage. (A) Sum of frequencies of MHC-I-/- and MHC-I+/+ NK cell clusters
gated on iNK, tNK, and mNKs that express one, (B) two, and (C) three Ly49 surface
receptors; (D) PCA analysis of calculated percent of NK cell clusters from a given iNK, tNK, or
mNK stage of maturation between MHC-/- (grey dots) and MHC+/+ (black dots) with a dotted
line between the clusters to show changes between the two groups; (E-G) NK cell
frequencies gated on parent maturation stage and grouped in clusters found predominantly in
the (E) iNK, (F) tNK, (G) and mNK compartments for MHC-I-/- and MHC-I+/+ mice. Asterisks
indicate statistically significant differences between means as determined by the Student t
test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
 
CONTRIBUTIONS TO THE FIELD 
 
Natural Killer Cell Biology 

The first half of my work described in this dissertation defines a novel role 
between the microenvironmental factor, Sostdc1, and NK cells. Sostdc1 is a 
secreted protein which has been previously identified in the context of bone 
regulatory protein, kidney disease, hair follicle formation, early digit formation, and 
bone fractures (1-3). Previously, NK cells have been extensively studied in terms 
of transcriptional regulation and receptor surface expression in development, 
maturation, and cytotoxicity (4). We have learned through hematopoietic stem cell 
(HSC) studies that microenvironmental influences are essential for HSC quiescent, 
maintenance, and hematopoiesis (5). However, only limited number of studies 
have addressed the influence of microenvironment on NK cell behavior. The work 
described in Chapter 2 demonstrated Sostdc1 as an important factor in NK cell 
maturation and function through two distinct mechanisms. Our findings support 
that Sostdc1 from two distinct sources, nonhematopoietic stromal cells and 
hematopoietic cells (in particular, CD4+ and CD8+ T cells), regulate NK cell 
maturation versus Ly49 receptor expression and frequencies in somewhat an 
independent manner. These dependencies were found to be controlled by Wnt 
signaling activation. Additionally, we show that developmental and functional NK 
cytotoxicity are regulated by niche cell populations for healthy NK cell repertoire 
that can distinguish between self and non-self-cells. Understanding the details of 
the basic biology underlying the development and regulation of NK cell cytotoxicity 
and how these processes are integrated could be an applied method for the 
production of specific numbers of NK cells with enhanced killing ability (4, 6).  

 The second half of my dissertation work extends the current knowledge on 
NK cell Ly49 receptors expression combined with maturation, which together can 
enhance our current understanding of NK cell cytotoxicity models. Ly49 receptors 
have been identified on multiple immune cell subsets, such as uterine NK, memory 
NK cells, NKT cells, dendritic cells, plasmacytoid dendritic cells, macrophages, 
neutrophils, activated T cells, and regulatory CD8+ T cells (7). The Ly49 receptors 
in mice and killer cell immunoglobulin-like receptors (KIR) in humans, consist of 
both highly polymorphic activating and inhibitory surface receptors which serve as 
key players in NK cell killing (7, 8). The inhibitory Ly49 receptors are involved in 
NK cell education, a process in which NK cells acquire function and tolerance 
toward cells that express self-MHC-I, while the activating Ly49 receptors recognize 
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altered cells expressing activating ligands. The NK cell field has effectively been 
working on understanding the regulatory mechanisms which control Ly49 receptor 
expression and how these receptors mediate killing (7). In Chapter 3 of this 
dissertation, we extended the current knowledge of Ly49 receptors by studying 
interdependencies between inhibitory Ly49I, Ly49G2 and activating Ly49H, Ly49D 
receptors and maturation. We showed for the first time that the majority of the 
interdependencies in Ly49 receptor expression originate at the iNK cell stage, and 
that specific clusters predominate at each stage of maturation. My study expands 
the current models of NK cell education and suggest an updated model in which 
MHC-I and maturation affects NK cell Ly49 activating and inhibitory receptor 
expression in a progressive pathway. 
 

FUTURE DIRECTIONS 

Microenvironmental factors 

 The studies in this dissertation have focused on BM and splenic 
conventional NK cells. However, understanding what drives NK cell maturation and 
effector function in different tissues would enhance our current understanding of 
NK cell biology and potential avenues for NK cell immunotherapies. One possible 
outcome to consider is the influence of NK cell specific cytokines, which have been 
shown to regulate NK cell function. In particular, how the abundance of 
microenvironmental cytokines drive tissue-specific NK maturation and function. 
For example, IL-15 cytokine has been well studied in the context of development, 
homeostasis, and activation, whereas IL-2, IL-4, IL-7, IL-10, IL-12, IL-18, and IL-
21 have been shown to enhance activating and effector function (9). We show that 
NK cells from Sostdc1-/- mice exhibit hyporesponsive response towards 𝛽2m-/- 
targets, which was not mediated by IL-12-producing dendritic cells in the spleen 
(10). However, our analysis was limited in the microenvironmental cytokines that 
may influence NK cell maturation and function, in particular IL-15. To fully 
determine the role of Sostdc1 from the microenvironment, it would be necessary 
to also measure cytokine production from surrounding cells.  

  We have shown that CD4+ and CD8+ splenic T cells expressing levels of 
the Sostdc1 gene may influence NK cell Ly49 receptor expression. Previous 
studies have identified some T cell subsets as Sostdc1-expressing T follicular 
helper (TFH) and T follicular regulatory (TFR) cells in the peripheral lymph node 
(pLN) and Peyer’s patches (11). Additionally, CD4 PD-1 T cells in the spleen were 
found to express a memory phenotype (CD44highCD62Llow) and high levels of 
Sostdc1 of aged mice (12). Furthermore, In vitro stimulation with anti-CD3 and 
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anti-CD28 results in an increase of Sostdc1 (12). Together, these results may 
provide some evidence for T cell and NK cell regulation by Sostdc1. To test the 
hypothesis that T cells regulate NK cell Ly49 receptor expression by Sostdc1, one 
could perform a series of mixed BM transplantation experiments. BM from T cell-
deficient (CD3-/- or RAG-/-) and Sostdc1-/- could be simultaneously transplanted into 
fully irradiated congenic WT mice. In the recipient mice, the only cells lacking 
expression of Sostdc1 are the T cells. When mice are reconstituted, one could 
determine the interplay between T cells and NK cell Ly49 receptor expression by 
flow cytometric analysis. These experiments may provide further evidence of 
interplay between T cells and NK cell Ly49 receptor expression.  

NK cell Ly49 variegated expression patterns 

 The variegated pattern of Ly49 expression for each NK cell subset suggest 
a stochastic mechanism for each receptor. The association between MHC-I-
specific inhibitory Ly49 receptors and NK cell development has been shown 
previously with sequential expression in vivo and in vitro (13-15). Furthermore, we 
have shown that NK maturation by CD27 and CD11b express a variegated pattern 
of Ly49 expression with increasing self-inhibitory Ly49I receptor at the mNK 
(CD27-CD11b+) cell stage. Perhaps, this tight regulation of self-inhibitory Ly49 
receptors are involved in the acquisition of NK cell self-tolerance by MHC-I 
molecules (15). Furthermore, our results from Chapter 3 were limited in the number 
of self-inhibitory Ly49 and NKG2A receptors we analyzed for self-MHC-I 
molecules. To fully determine the influence of self-inhibitory receptors in NK cell 
maturation, we would need to observe additional self-MHC-I-specific Ly49 and 
NKG2 family receptors, such as Ly49C and NKG2A, expression patterns of the 
receptors throughout maturation. Sternberg-Simon et al. analysis of inhibitory 
receptors in mice show that Ly49C was over-represented and Ly49I was under-
represented under the product rule (16). The study further show that NKG2A-single 
positive NK cell frequencies were found more frequent than expected in MHC-I-
KO mice. Notably, Ly49C is known to have strong binding to H2-Kb and bind MHC-
I in a cis manner, whereas Ly49I has been shown to bind weakly to H2-Kb (14). 
Binding of these self-inhibitory receptors to MHC-I ligand may contribute to the 
variegated pattern of expression in NK cells. Moreover, more experiments are 
required with multiple activating and inhibitory receptors throughout NK cell 
maturation to further determine the patterns of variegated receptor expression to 
fully determine interdependencies between Ly49 receptor expression.    

NK cell Immunotherapies  
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 Immunotherapies are innovative approaches for the treatment of cancers 
and disease with the idea of harnessing the immune system. Similar to mouse NK 
cell Ly49s, human inhibitory KIRs recognize HLA class-I alleles (8) and lack killing 
of autologous cells expressing self-HLA. Within an environment where tumors 
downregulate self-HLA, NK cells mediate killing. Conversely, the KIR activating 
receptors are activated by a series of non-HLA-specific receptors and co-receptors 
that are commonly expressed on tumor cells (17). Thus, NK cells make for a great 
source for cancer immunotherapies. One focus of NK cell cancer immunotherapies 
are therapeutic monoclonal antibodies against inhibitory KIR receptors, such as 
anti-pan-KIR2D (lirilumab) (https://www.innate-pharma.com/en/pipeline/ lirilumab-
first-class-anti-kir-mab-licensed-bristol-myers-squibb). Blocking KIR2D on the NK 
cells would mimic “missing-self” response and killing by disrupting the interaction 
between the inhibitory receptor and its ligand.  

Chapter 3 of this dissertation identifies diverse Ly49 expression in NK cell 
subsets and their predominate stages in maturation. However, given that NK killing 
can be governed by the balance of signals between Ly49 activating and inhibitory 
receptors (18), it is possible that our progressive NK cell cluster pathways can be 
applied to the identification of NK cell clusters with high cytotoxic potential. It has 
been shown that cytotoxicity increases with NK maturation with the highest 
cytotoxic gene expression at the mNK stage (19). Furthermore, we show that the 
self-inhibitory Ly49I receptor is expressed on all predominate mNK 
(CD27+CD11b+) cells in Kb expressing C57BL/6 mice. Thus, our studies suggest 
that NK killing may be evidence of proper maturation and upregulation of self-
inhibitory Ly49 receptors. In parallel to the human NK cell immunotherapies, I 
believe it would be essential to promote NK cell maturation before treatment of 
monoclonal inhibitory KIR antibodies for optimal NK cell killing. Together, NK cell 
Ly49 receptors play an important role in governing NK cell killing and further 
analyzing cluster progression could enhance current NK cell immunotherapies.   

More recently, chimeric antigen receptor (CAR)-NK cell immunotherapies 
have proven to kill hematological and solid tumor cells in preclinical and clinical 
trials (20) with improved safety and effectiveness compared to CAR-T cells 
immunotherapy (21). CAR-NK which express the transmembrane surface receptor 
NKG2D and ligated CD3𝜁 induce down-stream signal transduction of 
phosphorylated DAP10 have been shown to have strong antitumor effects on 
acute lymphocytic leukemia (ALL), osteosarcoma, and prostate tumors (22). The 
DAP10 signals active adaptor proteins that produce perforin and granzyme 
mediate NK cell killing (23). Moreover, regulating the tumor microenvironmental 
may increase the efficacy of CAR-NK cell immunotherapy. Mohammed et al. have 
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engineered an inverted cytokine receptor in which IL-4 receptor exodomain fused 
to the IL-7 receptor endodomain (4/7 ICR) (24). IL-4 in the tumor microenvironment 
acts as an immunosuppressant for T cell function, thus utilizing the IL-7 
downstream signaling domains when IL-4 binds would promote T cell activating 
and evade immunosuppression. This is an example of how the microenvironmental 
influence can be optimize for enhanced NK cell immunotherapies.      

SUMMARY 

 NK cells play an important role in the elimination of cancerous and virally 
infected cells. Understanding the role of the microenvironment factors and the 
diversity of surface Ly49 receptors provides information which can be translated 
to develop NK cells with high effector function in vitro or in vivo. Furthermore, the 
complexity observed in the regulation of maturation and Ly49 expression in this 
dissertation can be potentially applied towards the improvement of current NK cell 
immunotherapies. Moreover, we have demonstrated a novel role for Sostdc1/Wnt 
signaling in the regulation of maturation and cytotoxicity. Altogether, this research 
promotes the further understanding of NK cell behavior.  
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