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Abstract 

 

The tolerogenic nature of the liver allows daily exposure to gut-derived foreign 

antigen without causing inflammation, but may facilitate the establishment of persistent 

infection in the liver. Natural killer (NK) cells make up a large proportion of the 

lymphocyte population in the liver, and are critical to both the innate and adaptive 

immune responses.  The presence of immature NK cells in the liver has been reported, 

but the factor(s) involved in shaping the liver NK cell population remains unclear.  We 

hypothesized that the immature phenotype observed on liver NK cells is due to liver 

specific regulation, leading to a lower functional capacity by liver NK cells.   

Compared to splenic NK cells, liver NK cells display a decreased response to IL-

12/IL-18 stimulation.  Importantly, the liver contains a significant population of NK cells 

lacking expression of MHC class I-binding Ly49 receptors, whose expression correlates 

with greater IFN-γ production.  A large percentage of intrahepatic Ly49- NK cells express 

high levels of the inhibitory receptor NKG2A, are poor producers of IFN-γ, and are the 

major source of IL-10 among liver NK cells.  Splenic NK cells that migrate to the liver 

following adoptive transfer display phenotypic and functional changes, suggesting that 

the liver environment can modify NK receptor expression and functional responsiveness.   

Importantly, IL-10 is present at high levels within the liver, and administration of 

IL-10 receptor blocking antibody resulted in a decreased percentage of intrahepatic 

NKG2A+Ly49- NK cells.  These data suggest that the liver environment regulates NK 

cell receptor expression, and that IL-10 is an important regulatory factor in dampening 
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the responsiveness of liver NK cells in part by maintaining a greater percentage of the 

hyporesponsive NKG2A+Ly49- NK cells in the liver. 

Finally, we demonstrate through NK depletion studies that while CD80/CD86 

expression on liver DCs is not affected by NK cells, the absolute number of the more 

mature liver DC population (CD45+B220-CD11c+MHCIIHi cells) increases following NK 

cell depletion.  These data have important implications for not only liver tolerance but 

also for chronic liver disease such as chronic hepatitis C virus infection. 
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Chapter 1: Introduction 

 

NK cell development 

Natural killer (NK) cells have been defined as lymphocytes that develop from 

bone marrow-derived NK cell precursors (NKPs) in an IL-15-dependent fashion (Di 

Santo 2006; Farag and Caligiuri 2006).  NKPs are defined as precursor cells that possess 

the ability to differentiate solely into NK cells (Di Santo 2006).  While there remains 

much to learn about NK cell development and maturation, several studies have provided 

a framework by which an outline of NK cell development stages have been proposed.  

The earliest committed NKP population in the mouse bone marrow has been described as 

CD49b-CD161-CD122+ (Rosmaraki et al. 2001).  NKPs develop into immature NK cells, 

which express CD161 (NK1.1), maintaining CD122 expression (Kim et al. 2002; 

Vosshenrich, Samson-Villeger and Di Santo 2005).  Both immature and mature NK cells, 

as well as additional cell types including NKT cells and γδT cells, express NK1.1 (Di 

Santo 2006).  Recently, the cytotoxicity receptor NKp46 has been shown to be expressed 

only on NK cells, and thus may represent a more specific pan-NK cell marker (Walzer et 

al. 2007).  Immature NK cell development follows a stepwise acquisition of phenotypic 

markers, including early acquisition of CD94/NKG2 receptors, followed by Ly49 

receptors and CD49b (Dx5).  CD11b and CD43 also increase with maturation (Dorfman 

and Raulet 1998; Kim et al. 2002; Sivakumar et al. 1999; Williams et al. 2000).  

Although all stages of NK cell development can be identified in the bone marrow, 

some studies suggest that the bone marrow may not represent the only site of NK cell 

development.  Indeed, a recent study identified a population of thymic-derived NK cells 
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characterized by the expression of CD127, and dependent on the expression of the 

transcription factor GATA-3 (Vosshenrich et al. 2006).  Furthermore, interleukin-7 (IL-

7), while non-essential for NK cell development in the bone marrow, was shown to be 

critical for thymic-derived NK cell development.  Whether thymic-derived NK cells 

develop from bone marrow-derived NKPs or from a distinct precursor cell remains to be 

determined.  In addition, a distinct population of NKp46+CD3- cells that were IL-15 

independent was identified in the gut (Luci et al. 2009).  Increasing evidence suggests 

that peripheral sites of NK cell development do exist, as immature NK cells have been 

identified in peripheral organs including the spleen and liver (Di Santo 2006).  It remains 

unclear, however, at what stage developing NK cells may migrate from the bone marrow 

to peripheral organs, and what factor(s) may be regulating their trafficking.  Importantly, 

the functional significance of distinct sites of NK cell development has yet to be 

demonstrated.  

Immature NK cells that develop into mature NK cells have recently been 

characterized as either educated (also termed “licensed”) or uneducated (Huntington, 

Vosshenrich and Di Santo 2007).  An educated NK cell is defined as possessing full 

functional capacity; that is, an NK cell that responds to stimulation or activation receptor 

triggering.  NK cell education appears to be regulated by signaling through MHC class I 

receptors, as NK cells that lack the expression of self-specific MHC class I receptors are 

functionally hyporesponsive (Fernandez et al. 2005; Kim et al. 2005).  Indeed, NK cells 

isolated from MHC class I deficient mice display a lower functional capacity compared 

to NK cells from wild-type mice.  Furthermore, the ITIM (located on the cytoplasmic tail 

of MHC class I inhibitory receptors) was shown to be critical for full functional capacity 
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of NK cells (Kim et al. 2005).  These data initially were counterintuitive and appeared to 

be in conflict with the current understanding of NK cell tolerance, as the engagement of 

self-specific MHC class I receptors is known to be critical in maintaining NK cell 

tolerance in the face of activating receptor signaling (discussed in greater depth below). 

Two models have been proposed to explain these observations, and have been 

termed the stimulatory receptor model and the disarming model (Raulet and Vance 2006; 

Yokoyama and Kim 2006).  Both models are founded on the idea that NK cell education, 

or licensing, is aimed at ensuring that a mature NK cell is equipped with a functional 

inhibitory receptor that acts to control activating receptor signaling.  A balance of 

intracellular signaling initiated through inhibitory and activating receptor engagement 

regulates NK cell activation, discussed in more detail below.  The stimulatory receptor, or 

arming, model suggests that direct signaling through a MHC class I receptor during NK 

cell development supplies a signal that conveys functional capacity on the NK cell.  The 

disarming model, similar to the concept of T cell exhaustion, suggests that, in the absence 

of inhibitory signaling via the MHC class I receptors, continual signaling through 

activating receptors renders the NK cell hyporesponsive.  To date, the data is insufficient 

to determine which model is correct.  

NK cell activation 

The reports of the critical role for NK cell education through MHC class I 

receptors underscores the importance of the balance of anti- and pro-activation signals, 

mediated through the expression of inhibitory and activating receptors, respectively, that 

regulate NK cell activation.  NK cell self-tolerance is achieved through the interaction of 

inhibitory receptors with MHC class I and class I-like molecules.  Signaling through 
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inhibitory receptors leads to the phosphorylation of immunoreceptor tyrosine-based 

inhibition motifs (ITIMs) located on the cytoplasmic tail of inhibitory receptors (Lanier 

2005).  ITIMs are not unique to NK cell inhibitory receptors, but may be found in other 

receptors involved in inhibitory functions in numerous cell types (Ravetch and Lanier 

2000).  ITIM phosphorylation results in the recruitment of the protein tyrosine 

phosphatase Src homology 2 (SH2) domain-containing phosphatase-1 (SHP-1), leading 

to the suppression of activating signals received through activating receptor engagement 

(Binstadt et al. 1996).  The cytoplasmic tails of NK cell activating receptors associate 

with the immunoreceptor tyrosine-based activating motifs (ITAM)-containing adaptor 

proteins DAP10 or DAP12, which results in signaling through the phosphatidylinositol 3-

kinase pathway or Syk and ZAP70 tyrosine kinase pathways, respectively (Lanier 2009).  

Thus, NK cells are regulated via a balance of potentially continuous sensing of their 

environment through various activating and inhibitory receptors, with activation occuring 

when activating signals outweigh inhibitory signals, either through decreased inhibitory 

signaling or increased activating signaling.   

NK cell effector functions include direct cell killing of infected or transformed 

cells, and secretion of a variety of cytokines, both pro- and anti-inflammatory 

(Hamerman, Ogasawara and Lanier 2005).  The functional capacity of NK cells increases 

with increased maturation (Vosshenrich, Samson-Villeger and Di Santo 2005).  In 

addition to activating receptor cross-linking, NK cell activation can also be induced by 

various cytokines, including type I interferons, IL-2, IL-12, IL-15, and IL-18 

(Hamerman, Ogasawara and Lanier 2005).  Distinct functions have been attributed to 

different cytokines, with some having synergistic effects.  For example, following murine 



 

 

5 

cytomegalovirus (MCMV) infection of dendritic cells (DCs), type I interferons were 

required to induce NK cytotoxic activity, while deficiencies in IL-12 and IL-18 had no 

affect (Andoniou et al. 2005).  In contrast, IL-12 and IL-18 are potent inducers of IFN-γ 

production.  In addition, IL-15 has been shown to be important in NK cell “priming” 

following viral and bacterial infection through transpresentation of membrane-bound IL-

15 on the surface of DCs (Lucas et al. 2007).   

NK cells can mediate cell lysis via the production of perforin and granzymes, 

whose exocytosis is regulated by the interaction of multiple activating receptors 

(Bryceson et al. 2006).  NK cells have also been reported to directly kill cells through 

TNF-related apoptosis-inducing ligand (TRAIL) expression (Takeda et al. 2001).  

Cytokine production by NK cells can be regulated through both inhibitory and activating 

receptors.  Activating receptor engagement classically leads to production of IFN-γ, 

which plays a critical role in shaping the subsequent adaptive immune response, as well 

as tumor necrosis factor alpha (TNF-α) (Lanier 2005; Martin-Fontecha et al. 2004).  

Anti-inflammatory cytokine production, such as interleukin-10 (IL-10) and transforming 

growth factor-beta (TGF-β), can be mediated through activating as well as inhibitory 

receptors.  In particular, NKG2A engagement can lead to IL-10 and TGF-β production 

(Jinushi et al. 2007).  

 NK cell receptors 

As discussed above, NK cell function in mice and humans is regulated by the 

expression of numerous NK cell inhibitory and activating receptors.  In mice, several NK 

cell receptors have been identified in the Ly49 receptor family with extensive 

polymorphism (Brown and Scalzo 2008).  Ly49 receptors are type II transmembrane 
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glycoproteins that are expressed mainly on NK cells.  Ly49 receptors are expressed as 

homodimers, with most NK cells expressing 1-4 individual Ly49 receptors.  There are 14 

identified mouse Ly49 receptors, with most being inhibitory receptors that recognize 

MHC class I molecules (Yokoyama and Plougastel 2003).  Many of the ligands for the 

activating Ly49 receptors remain unknown, but include MHC class I and MHC class I-

like molecules.  Signaling through activating Ly49 receptors occurs via the DAP12 

adaptor protein (Bakker et al. 2000; Smith et al. 1998).  While structurally different from 

Ly49 receptors, a family of functional homologues of the Ly49 receptor molecules is 

expressed on human NK cells, referred to as the killer cell immunoglobulin-like receptor 

(KIR) family.  Similar to Ly49 receptors, the KIR family includes both activating and 

inhibitory receptors (Lanier 2005).  Inhibitory KIR consist of a long cytoplasmic tail 

containing an ITIM, and interact with MHC class I molecules.  Activating KIR have short 

cytoplasmic tails and require the association of DAP12 for delivering a signal (Lanier et 

al. 1998a).  The presence of activating KIR has been reported on effector and memory T 

cells, and may contribute to autoimmunity under certain conditions (Namekawa et al. 

2000; Snyder et al. 2003). 

The NKG2 group of receptors are c-type lectin-like receptors that are present in 

both humans and mice (Gunturi, Berg and Forman 2004).  The NKG2 receptors include 

NKG2A, C, and E, (with NKG2F also expressed in humans) and are expressed at the 

surface as heterodimers with CD94.  NKG2A is inhibitory, with an ITIM present in the 

cytoplasmic tail, while NKG2C and E receptor engagement results in an activating signal 

via the adaptor protein DAP12 (Lanier et al. 1998b; Le Drean et al. 1998). The ligand for 

NKG2A, C, and E is the nonclassical MHC class I molecule HLA-E in humans and Qa-
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1b in mice.  Expression of HLA-E and Qa-1b is dependent on peptides derived from 

classical MHC class I molecules and thus acts as an overall measurement of MHC class I 

expression (Vance, Jamieson and Raulet 1999; Vance et al. 1998).  While Ly49 and KIR 

receptors are thought to be stably maintained once expressed, NKG2 receptor expression 

is more susceptible to modulation.  In particular, IL-10 and TGF-β enhance expression of 

NKG2A (Jinushi et al. 2007).  In addition, NKG2A can be induced on T cells following 

TCR engagement, and may have a role in limiting immunopathology by increasing the 

signaling threshold (McMahon et al. 2002; Moser et al. 2002).   

 Although initially described as being part of the NKG2 group of receptors, 

NKG2D has very little homology to the other NKG2 receptors.  NKG2D does not bind 

CD94, but is expressed as a homodimer on both mouse and human NK cells (Wu et al. 

1999).  In mice, two isoforms of NKG2D are present, characterized by either a long or 

short cytoplasmic tail (Lanier 2005).  The long-tailed isoform associates with the adaptor 

protein DAP10, while the short-tailed isoform can associate with DAP10 or DAP12.  

Expression of only the long-tailed isoform of NKG2D has been reported in humans.  

NKG2D is an activating receptor that can also be expressed by CD8+T cells, and 

recognizes ligands induced by cellular stress on virally infected or transformed cells 

(Bauer et al. 1999).  While most NK cells constitutively express NKG2D, the cytokine 

environment can modulate the level of expression, with IL-15 increasing expression, and 

TGF-β downregulating expression of NKG2D (Castriconi et al. 2003; Roberts et al. 

2001; Sutherland et al. 2002). 

Thus, inhibitory receptors include several of the Ly49 receptor family molecules 

(Ly49A, C, G2, I) in mice, the killer-cell immunoglobulin receptor (KIR) family (KLRL 



 

 

8 

receptors) in humans, and NKG2A (both mouse and human), which binds the MHC class 

I-like receptor Qa-1b in mice (HLA-E in humans).  Activating receptors include the Ly49 

receptor family molecules (Ly49D, H) in mice, the KIR family (KLRS receptors) in 

humans, and NKG2C/E and NKG2D (in both mouse and humans).  Ligands for NK 

activating receptors include stress-inducible and virally encoded proteins. 

NK cell subsets 

NK cells were initially defined as lymphocytes that could respond non-

specifically to transformed or virally infected target cells without prior sensitization.  

Over the last several years, scientists have gained an appreciation for the broader role that 

NK cells play in the overall immune response.  As a part of the innate immune response, 

NK cells represent a first line of defense against viral infection, rapidly responding to and 

killing infected cells, controlling virus spread during the early response to infection 

(Hamerman, Ogasawara and Lanier 2005).  Through production of a wide range of 

cytokines, NK cells contribute to the enhancement of the immune response by triggering 

further activation of additional innate cells and cytokine/chemokine production.  NK cells 

also contribute to the shaping of the adaptive immune response and optimal T cell 

activation through direct cell-to-cell interactions with DCs, as well as cytokine 

production that can act directly on either the DC or T cell (Andrews et al. 2003; Martin-

Fontecha et al. 2004).  NK cells may also help shape the adaptive immune response 

through selective killing of DCs and/or T cells (Lu et al. 2007; Moretta 2002).  Indeed, 

our understanding of the variety of roles that NK cells may play during an immune 

response continues to deepen, and has led to an appreciation for the existence of NK cell 

subsets.    
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In humans, differential functional capacity has been attributed to distinct NK cell 

subsets, based on the expression of CD16 and CD56.  CD16+CD56Dim NK cells are 

highly cytotoxic, and make up the bulk of the NK cell population in human peripheral 

blood (>90%), while CD16-CD56Bright NK cells are poorly cytotoxic and produce higher 

amounts and a broader array of cytokines (IFN-γ, TNF-α, GM-CSF, IL-10) (Jacobs et al. 

2001; Lanier et al. 1986).  CD16-CD56Bright NK cells may give rise to CD16+CD56Dim 

NK cells, as suggested by shorter telomere length in CD16+CD56Dim NK cells, and a rise 

in the percentage of peripheral blood CD16-CD56Bright NK cells after bone marrow 

transplantation (Jacobs et al. 1992; Ouyang et al. 2007).  A greater proportion of CD16-

CD56Bright NK cells are also found in lymph nodes, and may play an important role in 

driving a TH1 response (Fehniger et al. 2003; Martin-Fontecha et al. 2004).  

In mice, such well-defined NK cell subsets have not been established.  Recently, 

surface expression of CD27 and CD11b has been used to define NK cell subsets on the 

basis of maturation and function (Hayakawa and Smyth 2006).  Adoptive transfer 

experiments indicated a linear progression of maturation from CD11b-CD27+ to 

CD11b+CD27+ to CD11b+CD27-.  With regards to function, CD11b-CD27+ NK cells 

produce higher amounts of cytokines and show decreased cytotoxicity compared to 

CD11b+CD27+ NK cells.  Both of these subsets display a greater functional capacity than 

the more differentiated CD11b+CD27- NK cells.  CD11b+CD27- NK cells also express 

higher levels of killer-cell lectin-like receptor subfamily G, member 1 (KLRG1), which is 

an inhibitory receptor that is induced following activation and proliferation (Robbins et 

al. 2002).  In addition, CD11b+CD27- NK cells are predominant in the blood, while 

CD11b-CD27+ NK cells are found at a greater proportion in lymph nodes.  Whether the 
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use of these markers will prove as useful as CD56 and CD16 in humans remains to be 

determined. 

Identifying phenotypically and functionally distinct NK cell subsets may prove 

increasingly important as our ability to distinguish subtle factors that influence the 

outcome of infection and cancer therapy continues to improve.  In addition, the role that 

differential sites of maturation may play in the development of such subsets will be of 

equal importance in our understanding of NK cell biology and their impact on the 

immune response.   

NK cells in defense against viral infection 

NK cells play a central role in the innate immune response to intracellular 

pathogens and in shaping the adaptive response through their ability to directly lyse 

virally infected cells, secrete both pro-and anti-inflammatory cytokines, and interact with 

and influence the maturation of DCs.  Perhaps the greatest evidence of the important role 

that NK cells play in the defense against viral infection is the number of mechanisms that 

viruses have evolved to avoid detection by NK cells.  The following are a few examples 

of viral immunomodulatory mechanisms influencing NK cells; a more complete review 

of the subject has been published recently (Lodoen and Lanier 2005). 

NK cells have been studied extensively in cytomegalovirus (CMV) infection, and 

multiple virally encoded proteins have been shown to influence the NK cell response.  In 

murine CMV (MCMV), viral proteins gp40 and m155 downregulate the NKG2D stress-

induced ligands Rae-1 and H60, respectively (Krmpotic et al. 2002; Lodoen et al. 2004).  

Gp40 also downregulates MHC class I expression (Ziegler et al. 1997).  Interestingly, 

MCMV protein m157 acts as a ligand for two NK cell receptors, one activating and one 
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inhibitory (Arase et al. 2002; Smith et al. 2002).  In MCMV-resistant C57BL/6 mice, 

m157 interacts with the activating Ly49H receptor, and has been shown to be critical to 

control of early viral infection.  In contrast, NK cells from MCMV-susceptible 129/J 

mice lack Ly49H but interact with m157 through the inhibitory receptor Ly49I, which 

may result in not only the absence of direct viral recognition by NK cells but also 

induction of inhibitory signaling (Arase et al. 2002).   

Human CMV (HCMV) also encode multiple proteins that potentially impact the 

NK cell response.  While several proteins (US2, US3, US6, and US11) are involved in 

down-regulating MHC class I expression, potentially increasing susceptibility to NK cell 

targeting, a peptide derived from HCMV-encoded UL40 binds within the peptide groove 

of HLA-E and stabilizes its expression (Ulbrecht et al. 2000; Wang et al. 2002).  In 

addition, HCMV-encoded UL16 prevents the surface expression of NKG2D ligands 

ULBP-1, ULBP-2, and MICB (Dunn et al. 2003; Rolle et al. 2003).  

Human immunodeficiency virus (HIV)- encoded Nef protein selectively 

downregulates HLA-A and HLA-B, while leaving HLA-C and HLA-E expression intact 

(Cohen et al. 1999).  As a monitor for overall MHC class I expression, HLA-E expression 

may play an especially important role in avoiding NK cell recognition.  Indeed, a 

hepatitis C virus (HCV) core-derived peptide has been shown to bind HLA-E and 

stabilize its expression.  In addition, plate-bound HCV E2 protein binds CD81 on NK 

cells, decreasing their activation (Crotta et al. 2002; Tseng and Klimpel 2002).  It is 

important to note, however, that a recent report using intact HCV virions showed no 

impact on NK cell function, bringing into question the relevance of the prior studies 

(Yoon et al. 2009). 
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Overall, viruses appear to have evolved numerous mechanisms aimed at avoiding 

detection by NK cells, highlighting their important role in viral immunity.   

 

NK cells and the hepatic microenvironment 

The liver is a unique organ that is exposed daily to foreign antigen derived from 

food and commensal flora that traffic from the gut (Adams, Eksteen and Curbishley 

2008; Crispe 2003).  Indeed, an estimated seventy five percent of the liver’s blood supply 

flows through the portal vein, which drains the gut.  The removal of potential 

immunogens such as the gram-negative bacterial cell wall component lipopolysaccharide 

(LPS) flowing from the gut is a critical function of the liver, and requires a level of 

immune tolerance.  The mechanisms underlying liver tolerance to such gut-derived 

antigen remain incompletely defined, but may include a role for regulatory T cells, 

elimination of activated T cells, and the production of immunosuppressive cytokines such 

as IL-10 (Bowen, McCaughan and Bertolino 2005; Crispe 2003; Goddard et al. 2004).  

The evidence to date suggests that the central players in maintaining liver tolerance are 

the antigen presenting cells (APCs).  The potential APC populations in the liver include 

Kupffer cells and dendritic cells, as well as the liver sinusoidal endothelial cell (LSEC) 

and hepatocytes (Adams, Eksteen and Curbishley 2008; Crispe et al. 2006). 

Hepatocytes constitute approximately 70% of total liver cells (Racanelli and 

Rehermann 2006).  Hepatocytes may influence the immune response through multiple 

mechanisms.  In response to IL-6, hepatocytes are major producers of acute phase 

proteins, which are transiently increased in the blood during acute inflammation.  In 

addition, hepatocytes secrete complement factors and soluble pathogen recognition 
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receptors (PRRs) (Gao, Jeong and Tian 2008).  Hepatocytes can also produce a number 

of cytokines, including IL-10 and TGF-β.  Antigen presentation to both CD8 and CD4 T 

cells is thought to lead to apoptosis, probably by a death-by-neglect mechanism due to 

the lack of sufficient co-stimulatory molecule expression (Bertolino, Trescol-Biemont 

and Rabourdin-Combe 1998; Bertolino et al. 1999).  Furthermore, direct hepatocyte 

interaction with NK cells has been shown to decrease the ability of NK cells to drive the 

maturation of DCs, leading to suboptimal T cell activation (Jinushi et al. 2007).  

LSECs can present antigen to both CD4 and CD8 T cells, and constitutively 

express ICAM-1 and VCAM-1, which are upregulated on endothelial cells by pro-

inflammatory cytokines and facilitate integrin-mediated adhesion of activated CD8+ T 

cells (Knolle et al. 1999; Lohse et al. 1996).  While LSECs have been shown to express 

the costimulatory molecules CD40, CD80, and CD86, they also constitutively express the 

PD-1 ligand, B7-H1 (Iwai et al. 2003).  PD-1 expression is induced upon activation on 

CD8+ T cells, and may be important for clearance of activated CD8+ T cells.  In addition, 

fenestrations in LSECs allow contact of T cells with hepatocytes and stellate cells (Crispe 

2003). 

NKT cells are abundant in the liver, and have been shown to play a central role in 

the response to tumor and pathogen in the liver (Exley and Koziel 2004; Toura et al. 

1999).  NKT cells can play a regulatory role through the production of a broad range of 

pro- and anti-inflammatory cytokines (Vincent, Gumperz and Brenner 2003).  In 

addition, NKT cells, similar to cytotoxic T lymphocytes, mediate direct killing in a 

perforin dependent manner.  
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Kupffer cells are critical in endotoxin removal from the blood, and may play an 

important role in maintaining liver tolerance (Racanelli and Rehermann 2006).  Although 

they can be found throughout the liver, Kupffer cells are found at a higher concentration 

around the periportal regions of the liver.  A recent study demonstrated that LPS 

treatment of Kupffer cells resulted in high production of the anti-inflammatory cytokine 

IL-10, compared to polyI:C treatment, while the pro-inflammatory cytokine IL-12 was 

produced at similar levels in response to both TLR ligands (Tu et al. 2008).  This study 

also suggested an important role for IL-10 in maintaining liver tolerance, and further 

demonstrated that IL-10 production by Kupffer cells led to decreased NK cell activation. 

Several studies have indicated that the liver DC population displays an immature 

phenotype and are poor activators of T cells.  Human liver DCs have been shown to 

secrete more IL-10, as compared to skin DCs, and were found to be less capable in 

stimulating T cell proliferation, leading to IL-10-producing T cells (Goddard et al. 2004).  

In contrast, skin DC activation of T cells resulted in greater proliferation and more IFN-γ 

production.  Interestingly, DCs isolated from human hepatic lymph nodes have also been 

characterized by high IL-10 production and low allogeneic stimulatory capacity, 

compared to human inguinal lymph node DCs (Kwekkeboom et al. 2005).  Murine liver 

DCs have also been described as less capable of stimulating T cells in comparison to 

spleen DCs (Pillarisetty et al. 2004).  This report suggested that the differences may be 

due in part to differences in subset composition.  Indeed, the liver reportedly contains a 

large proportion of plasmacytoid DCs, as well as a B220-CD11chi and B220-CD11clow 

DC subsets, expressing high and low levels of costimulatory molecules, respectively 

(Jomantaite et al. 2004).     
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Multiple reports have investigated the role of NK cells during viral infection.  The 

most comprehensive data has come from studies of MCMV infection.  As noted earlier, 

MCMV employs multiple mechanisms aimed at avoiding NK cell recognition.  A series 

of studies on the importance of NK cells for early control of MCMV infection in the liver 

provides a framework for NK cell function during viral infection of the liver.  Viral 

infection of hepatocytes results in production of type I interferons, which induces 

production of macrophage inflammatory protein-1α (MIP-1α) (Salazar-Mather, Lewis 

and Biron 2002).  MIP-1α is responsible for accumulation of NK cells to the liver, where 

IFN-γ production by NK cells leads to the expression of MIG and IP-10 (Salazar-Mather, 

Hamilton and Biron 2000; Salazar-Mather, Orange and Biron 1998).  MIG and IP-10 in 

turn are involved in the recruitment of activated T cells to the liver.  Thus, during viral 

infection, NK cells play a critical role in viral immunity in the liver.  In addition to viral 

infection, NK cells also play an important role in tumor rejection in the liver, and the 

regenerative response to liver injury (Jinushi et al. 2005; Radaeva et al. 2006; Zwirner et 

al. 2007). 

In contrast, studies relating to the phenotypic and functional capacity of the NK 

cell population in the naïve liver are more limited.  Early reports of a liver-specific NK 

cell population identified in the rat liver were termed Pit cells, due to the observation of a 

large number of intracellular granules, which correlated with a high level of cytotoxic 

activity (Luo et al. 2000; Nakatani et al. 2004).  Pit cells express CD69 and were 

described as an activated NK cell population (Luo et al. 2001).  However, data 

concerning cytokine production and receptor expression on Pit cells is limited. 
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Other studies have noted the presence of an immature NK cell population within 

the liver.  TRAIL has been reported as a marker of immature NK cells in the fetal and 

adult mouse liver (Takeda et al. 2005).  In addition, fewer Ly49 expressing NK cells, as 

well as NK cells lacking Dx5 and CD11b expression, within the liver have also been 

noted (Daniels et al. 2001; Kim et al. 2002).  Whether the immature NK cells observed in 

the liver represent a population that migrated from the bone marrow, the thymus, or, 

alternatively, developed intrahepatically from a distinct liver precursor cell, has not been 

determined.  In addition, the factor(s) regulating the liver NK cell population are 

undefined.    

Certain pathogens may exploit the tolerogenic environment of the liver in 

attempts to avoid immune clearance and establish persistent infection.  Indeed, the liver is 

the primary site of persistence for the chronic viral hepatitis agents, hepatitis B (HBV) 

and hepatitis c (HCV) viruses (Guidotti and Chisari 2006).  HCV is particularly 

intriguing in that an estimated 75-85% of acutely infected individuals are unable to clear 

the virus and progress to chronic HCV infection.  A number of factors have been 

suggested in the ability of HCV to establish persistent infection, including the 

development of escape mutants due to the rapid degree of genetic mutation, the multiple 

reported immunomodulatory affects of the HCV core protein, and the binding of HCV E2 

protein to CD81 on NK cells, suppressing their activation (Crotta et al. 2002; Cruise et al. 

2005; Eisen-Vandervelde, Yao and Hahn 2004; Large, Kittlesen and Hahn 1999; Lukens 

et al. 2008; Waggoner, Hall and Hahn 2007).   

Although there are conflicting reports, several studies have noted alterations in the 

NK cell population from chronic HCV patients, including frequency, phenotype and 
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function (Corado et al. 1997; De Maria et al. 2007; Jinushi et al. 2004; Meier et al. 2005).  

Expression of the inhibitory receptor NKG2A is reportedly increased on peripheral blood 

NK cells isolated from chronic HCV patients (Jinushi et al. 2004).  In addition, NK cells 

from chronic HCV patients are less capable in activating DCs, compared to control NK 

cells.  Recently, it was suggested that NK cells may play a central role in the ability of 

HCV to establish persistent liver infection, and that the NK-DC interaction may be at the 

core of the immunomodulatory effects targeted by HCV (Golden-Mason and Rosen 

2006).  Given the central role that DCs play in driving a strong and competent antiviral 

immune response, and the ability of NK cells to influence the maturation of DCs, 

disregulating the NK-DC interaction in favor of a weakened T cell response would be an 

effective means of establishing a persistent infection.  It is plausible that HCV and other 

persistent liver pathogens may take advantage of tolerance mechanisms already in place 

within the naïve liver, thus emphasizing the importance of investigating such mechanisms 

that contribute to the daily tolerant liver environment.    
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Chapter 2: Statement of rationale and purpose 

 

The liver represents a unique immunological environment due to daily exposure 

to gut-derived foreign antigen, providing a critical barrier to potential inflammation-

inducing material.  The immune tolerance of the liver has been noted for many years in 

the high rate of successful liver transplants observed in several species.  Indeed, data 

from the U.S. Scientific Registry of Transplant Recipients indicates that the long-term 

graft survival (>3 years) for liver transplants between 2005 and 2007 was greater than 

70%.  This immunological privilege observed in the liver has received a tremendous 

amount of attention in the scientific community and has been the subject of numerous 

studies (Adams, Eksteen and Curbishley 2008; Crispe 2009; Knechtle and Kwun 2009).  

Perhaps even more intriguing is the ability of the liver to rapidly and effectively switch 

from an environment where T cell engagement typically results in immune tolerance 

and/or cell death to a strong pro-inflammatory site upon infection, leading to pathogen 

clearance.  However, despite the ability of the liver to successfully clear many pathogens 

(e.g. MCMV, LCMV), some pathogens, including hepatitis B and hepatitis C (HCV) 

viruses, may exploit liver tolerance mechanisms in attempts to avoid immune clearance 

and establish persistent infection.  A deeper understanding of the regulatory mechanisms 

responsible for the initial state of immune tolerance may shed light on potential factors 

targeted by persistent pathogens.   

NK cells represent a large proportion of the lymphocyte population in the liver 

and may be key players in maintaining liver tolerance through their interactions with a 

variety of cell types and ability to secrete both pro- and anti-inflammatory cytokines.  
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Despite recent progress in our knowledge of the diverse functions delivered by NK cells 

and their vital impact on our defense against disease, the NK cell population in the liver 

remains relatively unexplored.  As noted in chapter one, the liver contains several cell 

types that appear to contribute to the tolerant liver environment, including LSECs, 

Kupffer cells (KCs), DCs, and hepatocytes.  These studies have enhanced our 

understanding of liver immunobiology and tolerance.  We sought to further increase our 

knowledge of liver immunobiology by identifying factors regulating liver NK cells that 

contribute to a tolerant liver environment. 

In a recent study, NK cell coculture with hepatocytes has been shown to alter the 

ability of DCs to prime CD4+ T cells following NK-DC coculture, resulting in a 

regulatory T cell phenotype and function (Jinushi et al. 2007).  Importantly, DC induction 

of the T cell regulatory phenotype was dependent on NKG2A engagement of NK cells 

during coculture with hepatocytes. 

Interestingly, NKG2A expression is reportedly increased on NK cells from 

chronic HCV patients, suggesting a role for NKG2A in persistent viral infection in the 

liver (Jinushi et al. 2004).  In addition, these NK cells isolated from chronic HCV patients 

were impaired in their ability to activate DCs, leading to suboptimal T cell activation, 

compared to NK cells from normal healthy donors.  However, blockade of NKG2A 

restored the ability of NK cells from chronic HCV patients to activate DCs.  Interestingly, 

NKG2A blockade in these experiments also correlated with lower IL-10 production by 

the NK cells. 

The immunosuppressive role of IL-10 has been well established.  With regards to 

IL-10 function in the liver, several studies have noted higher IL-10 production from liver 
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DC preparations, compared to other peripheral DCs, including DCs from the spleen and 

skin (Bosma et al. 2006; Goddard et al. 2004).  Additionally, LPS treatment of KCs leads 

to increased IL-10 production compared to polyinosinic:polycytidylic acid (polyI:C) 

treatment, and that increased IL-10 production by LPS treatment dampens the ability of 

the KC to activate NK cells (Tu et al. 2008).  In addition, NK-hepatic cell interactions via 

NKG2A-Qa-1b engagement lead to suboptimal T cell activation by DCs through 

increased IL-10 and decreased IFN-γ production (Jinushi et al. 2007). 

In an effort to better understand the liver NK cell tolerogenic mechanisms 

potentially exploited by HCV and other persistent liver pathogens, we sought to 

characterize the receptor expression, subset composition, and functional capacity of the 

liver NK cell population.  Our early observations of increased NKG2A expression in the 

liver as well as decreased IFN-γ production compared to spleen NK cells led to the 

hypothesis that the liver-specific factors dampen the NK cell response through increased 

NKG2A expression.  We demonstrate in chapter four that the liver contains a distinct 

subset of NKG2A+Ly49- NK cells that are functionally hyporesponsive.  We further 

demonstrate that IL-10 contributes to the regulation of the liver NK cell population.  In 

chapter five we investigate the influence of NK cells on the liver DC population through 

NK depletion studies and NK-DC coculture experiments, demonstrating that the number 

of mature DCs increases in the liver following NK cell depletion.  Further elucidating the 

mechanisms regulating liver NK cells will increase our understanding of NK cell biology 

and the role of NK cells in the tolerogenic liver environment, as well as provide valuable 

insight into the design of novel therapeutic intervention strategies for chronic liver 

disease. 
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Chapter 3: Materials and Methods 

Mice 

C57BL/6 female mice, 6-10 weeks old, were obtained from Taconic. Macrophage 

inflammatory protein 1-α deficient (MIP1-α-/-) and Ly5.1 congenic female mice (both on 

a C57BL/6 background), 6-10 weeks old, were obtained from The Jackson Laboratory.  

Mice were housed in a pathogen-free facility at the University of Virginia, 

Charlottesville.  All mice were handled according to protocols approved by the 

University of Virginia Institutional Animal Care and Use Committee.  

Cell preparation 

For isolation of intrahepatic leukocytes, the liver was perfused with PBS via the portal 

vein, followed by PBS plus 0.05% collagenase (Sigma-Aldrich) and then washed with 

IMDM (Invitrogen) supplemented with 10% newborn calf serum (wash buffer). The liver 

sections were passed through a wire screen and further digested with PBS plus 0.05% 

collagenase at 37°C for 20 minutes.  Hepatocytes were removed by centrifuging at 40 x g 

for 4 minutes at 4°C.  Mononuclear cells were purified on a 21% nycodenz gradient after 

centrifugation at 1100 x g for 20 minutes without braking.  Splenocytes were prepared by 

mechanical disruption and isolation over a Ficoll (Atlanta Biologicals, Lawrenceville, 

GA) gradient centrifugation at 1250 x g for 20 minutes without braking.  For preparation 

of purified NK cells, liver leukocytes and splenocytes were isolated as above, surfaced 

stained for CD3 and NK1.1, and sorted for CD3-NK1.1+ cells using a FACSVantage SE 

Turbo Sorter (Becton Dickinson) with purities > 98%.  For lung cell preparations, lung 

tissue was finely minced and digested in 183 U/ml Type II collagenase (Worthington, 
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Lakewood, NJ) in IMDM  at 37°C for 30-40 minutes.  Lung tissues were then passed 

through a wire screen.  For blood leukocyte preparations, mice were anesthetized with 

nebutal prior to tissue harvest and blood was collected via a heart stick.  Red blood cells 

were removed by incubation in ACK lysis buffer for 2-3 minutes at room temperature.  

Flow cytometry and intracellular staining 

Cells were stained with antibodies against B7-H1, B220, CD3, CD11b, CD11c, CD27, 

CD43, CD45, CD69, CD80, CD86, CD117, CD127, Dx5, Granzyme B, IFN-γ, IL-10R, 

Ly5.1, Ly49C/I/F/H, Ly49G2, Ly49D, Ly49I, Ly49A, Ly49C/I, MHC class II, NK1.1, 

NKG2A, and NKG2D (all obtained from eBioscience or BD Biosciences).  Anti-Ly49H 

was kindly provided by Michael Brown (University of Virginia, Charlottesville, VA).  

For measurements of intracellular levels of granzyme B, NK cells were stained directly 

ex vivo using Cytofix/Cytoperm (BD Biosciences, San Jose, CA) according to 

manufacturers instructions.  Positive staining was determined by using appropriate 

isotype controls.  For intracellular cytokine staining, NK cells were stimulated with 

recombinant mouse IL-12 (100 ng/mL) and IL-18 (100 ng/mL) (both from R&D 

Systems, Minneapolis, MN) in the presence of monensin (BD Biosciences) at a 

concentration of 1 x 106 cells/mL in IMDM containing 10% FBS at 37°C for 5 hours.  

Cells were stained for intracellular IFN-γ or IL-10 using Cytofix/Cytoperm according to 

manufacturers instructions.  Positive staining was determined using unstimulated cells.  

All samples were run on a FACSCanto (Becton Dickinson) and analyzed using FlowJo 

software. 
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Generation of bone marrow-derived dendritic cells  

Femurs were collected from C57BL/6 female mice.  After removing the muscle, the 

femur was washed once in 75% EtOH for 2 minutes, and twice in RPMI for 2 minutes 

each.  Bone marrow was isolated by cutting the ends of the femur and flushing the bone 

marrow into RPMI using a 23 gauge needle.  Bone marrow was then transferred to a 50 

mL tube using a 19 gauge needle.  Bone marrow cells were pelleted at 1500 rpm for 6 

minutes, and resuspended in pre-warmed DC media (RPMI containing 10% FBS and 20 

ng/mL recombinant mouse GM-CSF) at approximately 107 cells/mL.  Bone marrow cells 

were added to Petri dishes containing 10 mL pre-warmed DC media in a dropwise 

fashion to the center of each dish and incubated at 37°C and 5% CO2.  On day 3, 10 mL 

pre-warmed DC media was added to each plate.  On day 6, the plates were removed from 

incubator, allowed to sit for 5-10 minutes, and then 10 mL media was carefully removed 

from each dish.  10 mL fresh prewarmed DC media was added to each dish.  Non-

adherant cells on day 6 were used in co-culture assays.  

Co-culture assays 

Bone marrow-derived dendritic cells (BMDCs) were generated as described above and 

used on day 6 for coculture assays.  Prior to addition of NK cells, BMDCs were 

incubated with or without lipopolysaccharide (LPS) (1 µg/mL) or polyinosine-

polycytidylic acid (polyI:C) (10 µg/mL) for 5-6 hours at 37°C.  LPS and polyI:C was 

washed out prior to addition of NK cells.  Purified CD3-NK 1.1+ cells were obtained from 

liver and spleen leukocyte preparations (described above) on a FACSVantage SE Turbo 

Sorter (Becton Dickinson).  Purity was >98%.  NK cells were cultured with BMDCs at a 
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1:2.5 ratio for 24 hours at 37°C, followed by surface staining for FACS analysis as 

described above.  

Adoptive transfer experiments 

Liver and spleen leukocytes were obtained from Ly5.1 congenic mice as described above.  

NK cells were enriched on an autoMACS Separator (Miltenyi Biotec) using a NK Cell 

Isolation Kit (Miltenyi Biotec) according to the manufacturers instructions.  

Approximately 1 x 105 Ly5.1+ cells were transferred intravenously into wildtype (Ly5.2) 

C57BL/6 mice.  For experiments involving the transfer of Ly49Hi and Ly49Lo/Neg NK cell 

subsets, splenocytes were isolated from wildtype Ly5.2+ C57BL/6 mice.  Ly49Hi and 

Ly49Lo/Neg NK cell subsets were sorted on a FACSVantage SE Turbo Sorter (Becton 

Dickinson), and transferred into naïve Ly5.1 congenic hosts.  Transferred cells were 

detected by flow cytometry in livers and spleens 48 hours post-transfer.  All samples 

were run on a FACSCanto (Becton Dickinson) and analyzed using FlowJo software. 

ELISAs 

Whole liver and spleen homogenates were obtained from naïve C57BL/6 female mice 

using a glass pestle.  Cells and debris were pelleted at 1500 rpm for 6 minutes.  

Supernatants were carefully transferred to clean tubes and stored at -80°C.  IL-10 levels 

were measured using a BD OptEIA mouse IL-10 ELISA kit (BD Biosciences, San Jose, 

CA) according to the manufacturers instructions.  Due to significant background staining 

of liver homogenates, positive IL-10 levels were determined by subtracting background 

signal from wells containing everything except capture antibody.  
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IL-10 receptor blockade experiments 

For blocking experiments, 250 µg anti-IL-10R (clone 1B1.3a) or rat IgG1 was injected 

intraperitoneally every two days for six days.  Liver and spleen leukocytes were isolated 

as described above, two days following the last injection. Surface expression of NK cell 

receptors and intracellular staining for IFN-γ was performed as described above. 

NK depletion experiments 

For depletion of NK cells, mice were administered intraperitoneally with 250 µg of anti-

asialo GM1 (α-GM1) (Wako Chemicals).  Mice received up to three injections every 24 

hours.  Control mice received three injections of 250 µl of PBS intraperitoneally every 24 

hours.  Livers were harvested from NK-depleted mice at days 1, 2, and 3 of α-GM1 

treatment.  Each group consisted of three mice. 

Viral infection experiments 

For analyzing the phenotypic and functional impact of viral infection on liver NK cell 

subsets, wildtype and macrophage inflammatory protein 1-α deficient (MIP1-α-/-) 

C57BL/6 mice were injected intraperitoneally with 5 x 104 pfu of murine 

cytomegalovirus (MCMV) (Kindly provided by the laboratory of Michael Brown).  After 

48 hours, total leukocytes were isolated from infected livers, as well as uninfected control 

mice.  Surface expression of NKG2A and Ly49 receptors, as well as intracellular IFN-γ 

levels following cytokine restimulation, was analyzed on gated NK cells as described in 

the flow cytometry and intracellular staining section of this chapter.  
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Statistical analysis 

Student’s t tests were used to evaluate the significance of the differences.  A value of 

p<0.05 was regarded as statistically significant. 
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Chapter 4: A distinct subset of hyporesponsive liver NK cells is 

regulated by IL-10 

Liver natural killer cell receptor expression profile 

 NK cells display cell surface inhibitory receptors for self-MHC class I molecules, 

including Ly49 and NKG2A.  Inhibitory receptors are involved in NK tolerance and 

recognition of transformed or infected target cells.  Due to their prominent presence in 

the liver, as well as their ability to secrete both pro- and anti-inflammatory cytokines and 

influence the maturational state of DCs, NK cells may play a central role in the 

tolerogenic nature of the liver.  To examine their cell surface expression profile, we 

stained liver NK cells for various NK cell receptors.  Fig. 1 is representative of the gating 

strategy used to define NK cells throughout this study, and confirms the higher NK cell 

frequency compared to the spleen, lung, and blood that has been reported in published 

data.   

As compared to splenic NK cells and in accordance with previous work, fewer 

liver NK cells express the Ly49 receptors tested, either inhibitory or activating (Fig. 2A).  

In addition, liver NK cells express higher levels of the inhibitory receptor NKG2A, while 

expressing lower levels of the activating receptor NKG2D.  Similar to the spleen, NK 

cells isolated from the blood also express higher levels of Ly49 receptors and lower 

NKG2A than liver NK cells, suggesting that the liver environment may be influencing 

the receptor expression on NK cells (Fig. 2B & C).  Alternatively, the distinct receptor 

expression profile displayed by the liver NK cell population could be the result of a 

difference in NK cell development or maturation site.   
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FIGURE 1.  NK cell gating strategy.  Liver, spleen, and lung tissues were harvested 

from 6-10 week old naïve female C57BL/6 mice.  Blood was collected at the time of 

harvest via a heart stick.  Total leukocytes were isolated and stained for CD3 and 

NK1.1 expression.  (A) NK cells were defined throughout these studies as CD3-

NK1.1+ cells.  (B) Quantification of the percentage of NK cells among total 

leukocyte population isolated from liver, spleen, lung, and blood.  Data is 

representative of at least 3 independent experiments using at least 3 mice per group. 
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FIGURE 2.  NK cell receptor expression profile indicates enhanced NKG2A 

expression and fewer Ly49 expressing NK cells in the liver compared to spleen 

and blood NK cells.  Liver and spleen tissue was harvested from 6-10 week old 

naïve female C57BL/6 mice.  Blood was collected at the time of harvest via a heart 

stick.  Total leukocytes were isolated and stained for various NK cell receptors.  (A) 

Expression of various NK cell receptors on gated liver (solid line) and spleen 

(dashed line) NK cells.  Shaded histograms represent isotype control staining.  (B) 

Combined results from a single experiment demonstrating the expression of various 

NK cell receptors on NK cells isolated from the liver, spleen, and blood.  (C) 

Combined results from a single experiment of mean fluorescent intensity of NKG2A 

staining on NK cells from the liver, spleen, and blood.  Data is representative of at 

least 3 independent experiments using 3 mice per group. 
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NK cell precursors (NKPs) may migrate from the bone marrow and undergo 

further development within the liver, resulting in the distinct NK cell receptor expression 

of liver NK cells.  CD43 is a maturation marker present on mature NK cells, and should 

be absent on NKPs.  Analysis of CD43 expression showed that all NK cells from the liver 

and spleen stain positive for CD43, suggesting that NKPs are not present in the liver (Fig. 

3).  However, most of the receptor expression during NK cell development has been 

characterized in the bone marrow.  Very little is known about the nature of NKPs outside 

of the bone marrow, and what factors may influence their receptor expression after 

leaving the bone marrow.  

A unique development pathway for NK cells has been described in the thymus.  

Thymic-derived NK cells are characterized by the expression of CD127 and are 

dependent on the expression of the transcription factor GATA-3 (Vosshenrich et al. 

2006).  In addition, fewer thymic NK cells express Ly49 receptors.  Interestingly, a recent 

study reported that homing to the liver during Listeria monocytogenes infection was 

impaired in GATA-3 deficient mice (Samson et al. 2003).  To analyze the potential role 

for thymic-derived NK cells in populating the liver, we stained for the expression of 

CD127.  In accordance with previous reports, neither NK cells from the liver or spleen 

stained positive for CD127 expression (Fig. 3), suggesting that thymic-derived NK cells 

do not have a major impact on the liver NK cell population.   

Developing NK cells have been shown to sequentially express NKG2A, followed by 

Ly49 (Kim et al. 2002); thus, the predominance of NKG2A expression and the relatively 

low expression of Ly49 receptors may reflect the presence of a population of immature 

NK cells in the liver.  Indeed, the presence of immature NK cells in the adult  
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FIGURE 3.  Analysis of NK cell maturation markers indicates the liver contains an 

immature population of NK cells.  Expression of NK cell maturation markers on 

NK cells isolated from the liver (solid line) and spleen (dashed line). Shaded 

histograms represent isotype control staining.  Data is representative of at least 3 

independent experiments using 3 mice per group. 
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mouse liver has been reported (Kim et al. 2002; Takeda et al. 2005).  Our data confirms a 

significant population of Dx5neg and CD11blow NK cells is found in the liver, but not the 

spleen (Fig. 3).  This data seems to be contradictory to the expression of CD43, expressed 

on mature NK cells, found on all liver NK cells, suggesting that liver NK cells may 

represent a distinct NK cell population.   

The liver contains a significant subset of NKG2A+ NK cells that lack Ly49 

expression. 

 As discussed earlier, the range of functions associated with NK cells may be 

explained by the existence of various NK cell subsets displaying distinct functional roles.  

The markers CD27 and CD11b have been used to separate NK cells based on maturation.  

A recent report showed that CD27+CD11b- NK cells appear first after bone marrow 

reconstitution, followed by CD27+CD11b+ and then CD27-CD11b+ NK cells (Hayakawa 

and Smyth 2006).  Our analysis confirmed that all CD27/CD11b subsets reported 

previously are present in the liver, spleen, lung, and blood (Fig. 4A).  However, in 

contrast to published data (Hayakawa and Smyth 2006), we found that the liver contains 

a greater proportion of CD27+CD11b- NK cells compared to spleen NK cells, which are 

almost entirely the more mature CD27+CD11b+ and CD27-CD11b+ subsets.  The 

discrepancy between the two findings is unclear.  Several studies have noted a greater 

percentage of immature NK cells in the liver compared to other peripheral organs, 

suggesting that an increased proportion of the less mature CD27+CD11b- NK cell subset 

in the liver is not surprising.  While most available data do not use CD27 and CD11b 

jointly in identifying NK cells in the liver, our findings are in line with current  
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FIGURE 4.  Analysis of NK cell subsets based on CD27 and CD11b expression.  (A) 

Liver, spleen, blood, and lung NK cell subsets defined according to surface 

expression of CD27 and CD11b.  Plots represent expression on gated NK cells from 

total leukocyte isolations.  (B) Combined results from a single experiment analyzing 

CD27/CD11b NK cell subsets.  (C) Expression of NK cell receptors within 

CD27/CD11b NK cell subsets. Liver and spleen data is representative of at least 3 

independent experiments using 3 mice per group.  Blood and lung data is 

representative of 2 independent experiments using 3 mice per group. 
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published data in showing a population of NK cells with a less mature phenotype.  

Alternatively, the conflicting observations in the two reports could reflect differences in 

the liver cell preparations. 

 If the difference in receptor expression observed on the total liver NK cell 

population is due to a greater proportion of an immature NK cell subset, then the receptor 

expression profile within a particular NK cell subset should be identical, regardless of the 

organ where the NK cells were isolated from.  When NK cell receptor expression was 

analyzed within NK subsets based on CD27 and CD11b expression, we found that 

receptor expression was similar among all NK subsets on NK cells from the spleen and 

blood.  In contrast, liver NK cells display a unique receptor expression, most notably in 

the CD27+CD11b- NK cell subset (Fig. 4C).  While there were some differences observed 

among the different organs in the more mature CD27+CD11b+ and CD27-CD11b+ NK 

cells subsets, the greatest difference was seen in the CD27+CD11b- NK cell subset.  

As CD27 and CD11b appear limited in their utility to characterize the distinctive 

nature of the liver NK cell population, we sought for a novel means of separating the 

liver NK cells into subsets.  NKG2A expression occurs early during NK cell 

development, followed by the acquisition of Ly49 receptors in a variegated manner, with 

mature NK cells typically expressing 1-4 Ly49 receptors (Joncker and Raulet 2008).  As 

NKG2A is expressed on NK cells at high levels in the liver, while Ly49 receptor 

expression is decreased, we analyzed the proportion of liver NK cells expressing NKG2A 

but lacking expression of Ly49 receptors by staining with a cocktail of Ly49 receptors 

(C, I, F, H, G2, D).  Our results showed that the liver contains a prominent subset of NK 

cells expressing NKG2A but lacking Ly49 receptor expression, while spleen, blood, and 
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lung NK cells are almost entirely positive for Ly49 expression (Fig. 5A).  We further 

analyzed the proportion of NKG2A+Ly49- NK cells within NK cell subsets defined by 

CD27 and CD11b expression (Fig. 5C).  Our analysis revealed that increased positive 

staining for Ly49 receptors correlated with increased maturational state, as defined by 

CD27 and CD11b staining, in both the liver and the spleen.  However, in all 

CD27/CD11b subsets analyzed, the liver contains a significant proportion of 

NKG2A+Ly49- NK cells.  

Taken together, the receptor expression profile of liver NK cells presented here 

supports that the liver contains a large population of NK cells that display an earlier 

maturation stage phenotype than other NK cells present in the periphery.  In addition, 

these data suggest that the liver contains a distinct population of liver NK cells that 

displays a unique NK cell receptor expression profile. 

Liver NKG2A+Ly49- NK cells have decreased capacity to produce IFN-γ  in response 

to cytokine stimulation. 

To further define the liver NK cell population, we analyzed the functional 

attributes of liver NK cells compared to spleen NK cells.  IL-12 and IL-18 are important 

cytokines in driving pro-inflammatory responses to pathogens, as well as potent 

activators and inducers of cytokine production by NK cells.  Following stimulation with 

IL-12 and IL-18, a smaller proportion of liver NK cells produced IFN-γ as compared to 

spleen NK cells (Fig. 6A).  Although the percentage of liver IFN-γ+ NK cells was not 

statistically different within a single experiment, the overall trend in multiple experiments 

consistently showed a lower percentage of liver NK cells produce IFN-γ (Fig. 6B).  In  
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FIGURE 5.  Analysis of NK cell subsets based on NKG2A and Ly49 expression. 

(A) Liver, spleen, blood, and lung NK cell subsets according to surface expression of 

NKG2A and a cocktail of Ly49 receptors (C/I/F/H/G2/D).  (B) Combined results from a 

single experiment showing NK cell subset composition based on NKG2A+Ly49- and 

Ly49+ NK cells within the liver, spleen, blood, and lung.  (C) NKG2A/Ly49 expression 

on CD27+CD11b-, CD27+CD11b+, and CD27-CD11b+ subsets of liver and spleen NK 

cells.  Liver and spleen data is representative of at least 3 independent experiments using 

3 mice per group.  Blood and lung data is representative of 2 independent experiments 

using 3 mice per group. 
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FIGURE 6.  Liver NK cells are less responsive to cytokine stimulation.  Total female 

C57BL/6 liver or spleen leukocytes were stimulated with IL-12 and IL-18, followed 

by intracellular staining for IFN-γ.  Plots are gated on CD3-NK1.1+ cells.  (A) IFN-γ 

production by total liver and spleen NK cells.  (B) Combined results from a single 

experiment showing percentage of IFN-γ positive liver and spleen NK cells as well 

as mean fluorescent intensity of intracellular IFN-γ staining.  Data is representative 

of 3 independent experiments using 3 mice per group.  * = p<.05. 
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addition, the mean fluorescence intensity of intracellular IFN-γ staining was significantly 

lower in liver NK cells (Fig. 6B).  

Because recent studies have shown that surface expression of inhibitory NK 

receptors for self-MHC class I ligands coincides with acquisition of effector functions by 

individual NK cells (Yokoyama and Kim 2006), we considered that the liver NK cell 

population might be less functionally competent due to the larger proportion of NK cells 

lacking Ly49 receptor expression.  When NK cells were gated according to Ly49 receptor 

expression, we found that Ly49 receptor expression did indeed correlate with greater 

IFN-γ production, in both the liver and spleen (Fig. 7).  Thus, in accord with previous 

findings, liver and spleen NK cells expressing Ly49 receptors display functional 

competence.  

Due to the abundance of NK cells expressing NKG2A in the liver, we next 

examined the effect of NKG2A expression on the functional capacity of liver and spleen 

NK cells.  As expected, liver and spleen NK cells lacking expression of both NKG2A and 

Ly49 receptors were hyporesponsive to stimulation, while those NK cells expressing 

Ly49 receptors readily produced IFN-γ (Fig. 8A & B).  Furthermore, NKG2A expression 

contributed little, if any, additional control to NK cells with Ly49 receptors expressed 

since NKG2A+Ly49+ and NKG2A-Ly49+ NK cells in the liver and spleen produced 

comparable IFN-γ.  However, the production of IFN-γ from NKG2A+Ly49- NK cells in 

the liver was greatly reduced compared to spleen NKG2A+Ly49- NK cells.  We further 

found that the level of NKG2A expression is significantly higher on NKG2A+Ly49- NK 

cells in the liver, compared to all other NKG2A expressing NK cells in the liver or spleen 

(Fig. 8C).   
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FIGURE 7.  Ly49 expressing NK cells demonstrate a higher functional capacity.  

(A) IFN-γ production in response to IL-12 and IL-18 stimulation by Ly49- and 

Ly49+ (C/I/F/H/G2/D) liver and spleen NK cells.  (B) Combined results from a 

single experiment showing intracellular IFN-γ staining by NK cell subsets gated 

according to Ly49 expression.  Data is representative of 3 independent experiments 

using 3 mice per group.  * = p<.05, *** = p<.0005. 
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FIGURE 8.  NKG2A+Ly49- NK cells are hyporesponsive to 5 hour cytokine 

stimulation.  (A) IFN-γ production by NK cell subsets based on NKG2A and Ly49 

expression on liver and spleen NK cells in response to IL-12 and IL-18 stimulation 

for 5 hours.  (B) Combined results from a single experiment showing intracellular 

IFN-γ staining by NKG2A/Ly49 NK cell subsets. (C) Combined results from a 

single experiment of mean fluorescent intensity of NKG2A staining on Ly49- and 

Ly49+ NK cells.  Data is representative of three independent experiments containing 

3 mice per experiment.  * = p<.05, *** = p<.0005. 
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To determine if prolonged cytokine exposure could reverse the hyporesponsive 

nature of NKG2A+Ly49- liver NK cells, we stimulated liver and spleen cells with IL-12 

and IL-18 for 24 hours.  Intracellular staining for IFN-γ expression showed similar results 

as the 5 hour cytokine stimulations (Fig. 9).  Thus, IL-12 and IL-18 stimulation appear to 

be insufficient for inducing IFN-γ production by NKG2A+Ly49- liver NK cells. 

Several studies have reported tolerogenic activity for various cell types within the 

liver, including DCs and KCs.  Within the stimulation conditions used in Figs. 6-9, it is 

possible that additional intrahepatic cells may be dampening the ability of the liver NK 

cells to produce IFN-γ in response to IL-12/IL-18, or conversely, additional splenocytes 

enhancing the functional response of splenic NK cells.  To assess the direct ability of 

liver NK cells to respond to cytokine stimulation, sorted liver and spleen NK cells were 

stimulated as above.  Unexpectedly, sorted liver NK cells are dramatically less responsive 

to cytokine stimulation compared to spleen NK cells in all subsets analyzed (Fig. 10).  

These results suggested that the liver environment is suppressing the functional 

responsiveness of all NK cell subsets, and that cytokine stimulation alone is insufficient 

to overcome the suppression.  However, cytokine stimulation in the context of additional 

liver leukocytes restores full functional competence in Ly49+ liver NK cells, but not 

NKG2A+Ly49- liver NK cells.  These data further suggest that the stimulation 

requirements for the induction of IFN-γ differ among Ly49+ and NKG2A+Ly49- liver NK 

cells. 

Since the NKG2A+Ly49- NK cell subset in the liver is a poor producer of IFN-γ, 

we sought to determine if this subset produced other cytokines.  NKG2A engagement on 

NK cells has been reported to result in the production of IL-10, therefore we analyzed  
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FIGURE 9.  NK cell functional response following 24 hour cytokine stimulation.  (A) 

IFN-γ production by total NK cell population from the liver and spleen.  (B) IFN-γ 

production by NK cell subsets based on NKG2A and Ly49 expression on liver and 

spleen NK cells in response to IL-12 and IL-18 stimulation for 24 hours.  (C) 

Combined results from a single experiment showing intracellular IFN-γ staining by 

NKG2A/Ly49 NK cell subsets.  Data is representative of two independent 

experiments containing 3 mice per experiment.  * = p<.05, *** = p<.0005. 
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FIGURE 10.  IFN-γ production by purified NK cells. Purified NK cells were obtained 

from liver and spleen leukocyte preparations from 6-10 week old C57BL/6 mice.  

(A) IFN-γ production by total purified NK cells in response to 5 hour IL-12 and IL-

18 stimulation.  (B) IFN-γ production by purified liver and spleen NK cells gated 

according to NKG2A and Ly49 expression in response to IL-12 and IL-18 

stimulation for 5 hours. Data is representative of pooled purified NK cells from two 

independent experiments containing at least 6 mice per experiment. 
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FIGURE 11.  IL-10 production by liver and spleen NK cells.  Intracellular expression 

of IL-10 was analyzed following IL-12 and IL-18 stimulation for 5 hours.  (A) 

Intracellular IL-10 levels in NK cell subsets based on NKG2A and Ly49 expression 

on liver and spleen NK cells.  FMO controls represent background staining for the 

APC channel on CD3-NK1.1+ gate.  (B) Combined results from a single experiment 

showing intracellular IL-10 staining by NKG2A/Ly49 NK cell subsets.  Data is 

representative of two independent experiments containing 3 mice per experiment. 
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their ability to produce IL-10 following IL-12/IL-18 stimulation.  Our analysis showed 

that liver NK cells do stain positive for low levels of IL-10, while most spleen NK cells 

were negative (Fig. 11).  Furthermore, NKG2A+Ly49- NK cells appear to be the major 

producer of IL-10 among liver NK cells.  Importantly, a dramatic difference in IL-10 

production is seen between NKG2A+Ly49- NK cells in the liver compared to the spleen.    

These data provide further evidence that liver NK cells represent a distinct NK 

cell population, and suggest that the liver environment may be regulating the phenotype 

and function of liver NK cells.  Additionally, the phenotype and functional capacity of 

NKG2A+Ly49- NK cells appear to be diverse depending on the peripheral location.   

Liver environment suppresses functional capacity of NK cells. 

The receptor profile and lower functional responsiveness of the liver NK cell may 

be due to preferential retention/recruitment of less mature NK cells, or, alternatively, the 

liver environment may modify NK cell receptor expression and functional 

responsiveness.  To address this question, we performed adoptive transfer experiments 

utilizing a CD45 (Ly5) mismatch.  We examined the NK cell receptor expression on 

adoptively transferred splenic NK cells that had migrated to the liver or spleen 48 hours 

post-transfer.  Adoptively transferred splenic NK cells (Ly5.1+) that migrated to the liver 

showed a greater proportion of NKG2A+ cells that lack Ly49 expression, while splenic 

NK cells that migrated back to the spleen were almost entirely Ly49+ (Fig. 12A).  In 

addition, a greater proportion of splenic NK cells that migrated to the liver display the 

less mature CD27+CD11b- phenotype (Fig. 12B).   

These data indicate that the liver can modify receptor expression on NK cells, 

potentially influencing their functional competence.  Indeed, a lower proportion of 
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FIGURE 12.  Splenic NK cells that migrate to the liver display greater immature 

phenotype.  Splenic NK cells were isolated from 6-10 week old naïve female Ly5.1 

congenic C57BL/6 mice.  Approximately 6 x 105 Ly5.1+ NK cells were adoptively 

transferred intravenously into C57BL/6 mice (Ly5.2+).  48 hours post-transfer, liver 

and spleen leukocytes were isolated and stained for CD3, NK1.1, Ly5.1, and various 

NK cell receptors.  Plots represent data from CD3-NK1.1+ gated cells.  (A) Staining 

for NKG2A and Ly49 receptors on adoptively transferred (Ly5.1+) and endogenous 

(Ly5.1-) NK cells.  (B) Staining for CD27 and CD11b molecules on adoptively 

transferred (Ly5.1+) and endogenous (Ly5.1-) NK cells.  Data is representative of 

pooled samples of 2-3 mice per group in two independent experiments.  
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FIGURE 13.  Splenic NK cells are impaired following migration to the liver.  Splenic 

NK cells were enriched from Ly5.1+ mice and adoptively transferred intravenously 

into C57BL/6 (Ly5.1-) mice.  CD3+NK1.1- gated NK cells from liver and spleen 

were analyzed 48 hours following transfer.  (A) Dot plots are representative of 

intracellular IFN-γ staining of transferred (Ly5.1+) and endogenous (Ly5.1-) total 

NK cells.  (B) Combined results from a single experiment of IFN-γ production by 

transferred (Ly5.1+) and endogenous (Ly5.1-) total NK cell populations.  (C) 

Representative dot plots of intracellular IFN-γ staining in gated Ly49+ NK cells.  (D) 

Combined IFN-γ results from transferred (Ly5.1+) and endogenous (Ly5.1-) Ly49+ 

NK cells.  Data is representative of two independent experiments with 2-3 mice per 

group. * = p<.05, *** = p<.0005. 
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splenic NK cells that migrated to the liver were IFN-γ+ following IL-12/IL-18 stimulation 

(Fig. 13A & B).  In addition, when IFN-γ production was examined in Ly49 expressing 

NK cells, both the percent positive as well as the mean fluorescence intensity was lower 

in those NK cells that migrated to the liver, compared to those that migrated to the spleen 

(Fig. 13C & D).   

To further address the possibility of a preferential retention of immature NK cells 

within the liver, we sorted splenic NK cells into Ly49Hi and Ly49Lo/Neg subsets and 

transferred them into separate hosts.  Regardless of Ly49 receptor expression, adoptively 

transferred spleen NK cells showed no preference to migrate to the liver over the spleen 

(Fig. 14A).  

In contrast, when liver NK cells were adoptively transferred, they displayed a 

preference to migrate back to the liver.  Indeed, transferred liver NK cells were virtually 

undetectable in the spleen (Fig. 14B).  Interestingly, the transferred cells that migrate 

back to the liver were enriched for the NKG2A+Ly49- subset of NK cells, suggesting 

distinct factors regulating the trafficking of specific NK cell subsets (Fig. 14C). 

Taken together, these data suggest that the normal liver environment is sufficient 

to dampen spleen NK cell IFN-γ production and that NKG2A+Ly49- NK cells are 

enriched in the liver following adoptive transfer of liver NK cells.  

IL-10 is responsible in part for the immature phenotype of the liver NK cell 

population. 

 The immunosuppressive nature of IL-10 has been well documented in many 

facets of the immune response, and may be critical to the tolerogenic nature of the liver 

(Couper, Blount and Riley 2008).  Indeed, a recent report suggested that high levels of  
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FIGURE 14.  NK cells preferentially migrate back to organ of isolation.  Splenic or 

liver NK cells were isolated from naïve female wildtype (Ly5.2) or Ly5.1 congenic, 

respectively, C57BL/6 mice, and transferred intravenously into Ly5 mismatched 

hosts.  48 hours post-transfer, liver and spleen leukocytes were isolated and stained 

for CD3, NK1.1, Ly5.1, and various NK cell receptors.  Plots represent data from 

CD3-NK1.1+ gated cells.  For adoptive transfer of Ly49Hi/Ly49Lo NK cells, Ly5.2+ 

splenic NK cells were sorted into Ly49Hi and Ly49Lo/Neg populations, and adoptively 

transferred separately into Ly5.1 congenic C57BL/6 mice.  (A) Percentage of cells 

that migrated to the liver was calculated by dividing the absolute number of 

transferred cells that migrated to the liver by the absolute number of transferred cells 

that migrated to the spleen and liver ((liver absolute #/(spleen absolute # + liver 

absolute #)) x 100).  Data represents combined data from two independent 

experiments.  (B) Ly5.1+ liver NK cells were adoptively transferred intravenously 

and detected in liver and spleen 48 hrs. post-transfer.  (C) NKG2A and pan Ly49 

staining on transferred (Ly5.1+ NKs) and endogenous (Ly5.1-) NK cells.  Data is B 

& C is representative of two independent experiments with 2-3 mice per group. 
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IL-10 produced by KCs in response to LPS may contribute to liver tolerance by 

dampening the effect of pro-inflammatory cytokines present in the liver (Tu et al. 2008). 

Figure 15A shows that liver homogenates contain a high amount of IL-10, compared to 

spleen homogenates, as measured by ELISA.  In addition, IL-10 receptor is expressed on 

both liver and spleen NK cells (Fig. 15B).   

To analyze the role of IL-10 in the regulation of the liver NK cell population, we 

administered IL-10R blocking antibody every two days over a six day period.  

Unexpectedly, IL-10R blockade resulted in an increase of Ly49+ NK cells in the liver 

(Fig. 16A & B).  This increase in the proportion of Ly49+ NK cells, and accompanying 

decrease in the proportion of NKG2A+Ly49- NK cells, was specific to the liver 

compartment.  In addition, there was no significant difference in the absolute number of 

NK cells between treatments (Fig. 16C).   

Surprisingly, IL-10R blockade did not significantly increase the production of 

IFN-γ by liver NK cells in response to cytokine stimulation, in any of the NK cell subsets 

analyzed (Fig. 17).  Although a trend in increased IFN-γ production was observed in NK 

cells from both the liver and the spleen of αIL-10R treated mice, most notably in Ly49 

expressing NK cells, it did not reach statistical significance.   

NKG2A+Ly49- display full functional competence following viral infection. 

 Upon viral infection, the liver can switch from a tolerant environment to one that 

can support a strong pro-inflammatory response that results in viral clearance.  To 

determine if viral infection is sufficient to restore functional competence in 

NKG2A+Ly49- liver NK cells, we analyzed liver NK cells 48 hours following murine 

cytomegalovirus (MCMV) infection.  Since MCMV infection is known to induce a rapid  
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FIGURE 15.  Liver contains high levels of IL-10.  (A) Liver and spleen tissue was 

isolated from naïve 6-10 week old C57BL/6 female mice and weighed prior to 

homogenization.  Tissue was gently homogenized in iscove’s media using a glass 

pestle.  Cells and debris were then pelleted by centrifugation and supernatants 

collected and stored at -80°C.  IL-10 levels were measured in triplicate by ELISA.  

Cytokine levels represent positive signal above background (wells containing no 

capture antibody).  (B) IL-10 receptor expression on total liver (solid line) and 

spleen (dashed line) NK cells.  Data is representative of three independent 

experiments using three mice. ** = p<.005. 
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FIGURE 16.  IL-10R blockade shifts liver NK cell subsets to greater proportion of 

Ly49 expressing NK cells.  6-10 week old female C57BL/6 mice were injected 

intraperitoneally with 250 µg of IL-10 receptor blocking antibody or isotype control 

every 2 days over a six day period.  Total leukocytes from liver and spleen tissue 

were isolated.  (A) Expression of NKG2A and Ly49 receptors on liver and spleen 

NK cells from control and anti-IL-10R treated mice.  (B) Combined results from a 

single experiment showing NKG2A+Ly49- and Ly49+ NK cell subsets.  (C) 

Combined results from a single experiment showing absolute numbers of Ly49+ and 

NKG2A+Ly49- NK cells following IL-10R blockade or control antibody injection. 

Data is representative of three independent experiments using three mice per group. 

* = p<.05. 
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FIGURE 17.  IL-10R blockade does not significantly alter IFN-γ response by liver 

NK cells.  (A) IFN-γ production by total liver and spleen NK cells.  (B) Combined 

results from a single experiment showing percentage of IFN-γ positive liver and 

spleen NK cells as well as mean fluorescent intensity of intracellular IFN-γ staining 

from control and anti-IL-10R treated mice. (C) Combined results of a single 

experiment displaying the percentage of IFN-γ+ NK cells and the mean fluorescence 

intensity of intracellular IFN-γ staining in liver and spleen NKG2A+Ly49- NK cells 

from control and anti-IL-10R treated mice. (D) Combined results of a single 

experiment displaying the percentage of IFN-γ+ NK cells and the mean fluorescence 

intensity of intracellular IFN-γ staining in liver and spleen Ly49+ NK cells from 

control and anti-IL-10R treated mice. Data is representative of two independent 

experiments using 3 mice per group.  
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recruitment of NK cells to the liver, we also analyzed the effect of viral infection on liver 

NK cells in mice deficient for MIP1-α (MIP1-α-/-), which is critical for the recruitment of 

NK cells to the liver in MCMV infection (Salazar-Mather, Orange and Biron 1998).  As 

shown in Fig. 18, the percentage of NKG2A+Ly49- NK cells in the liver decreases 

significantly following MCMV infection, in both wildtype (WT) and MIP1-α-/- mice.  

However, the mechanism responsible for the observed decrease in the percentage of 

NKG2A+Ly49- NK cells in the liver is unclear.  

 We further analyzed the functional capacity of liver NK cells 48 hours following 

MCMV infection in WT and MIP1-α-/- mice.  In response to IL-12 and IL-18 stimulation, 

NKG2A+Ly49- from both WT and MIP1-α-/- MCMV infected mice displayed full 

functional competence, as assessed by IFN-γ production (Fig. 19A & B).  Importantly, 

this increased functional response correlated with a decrease in NKG2A expression on 

NKG2A+Ly49- NK cells (Fig. 19C).  In addition, a greater percentage of Ly49 expressing 

NK cells also produce IFN-γ in response to cytokine stimulation following viral infection. 

These data suggest that upon viral infection, a significant proportion of 

NKG2A+Ly49- liver NK cells may acquire Ly49 expression.  Furthermore, the 

NKG2A+Ly49- NK cells still present in the liver following viral infection are fully 

competent in their ability to produce IFN-γ.  Thus, while the normal liver appears to 

suppress the functional responsiveness of NKG2A+Ly49- NK cells, the virally infected 

liver can restore functional competence. 
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FIGURE 18.  Liver NK cell subset composition shifts to greater proportion of Ly49 

expressing NK cells following viral infection. Wildtype (WT) C57BL/6 or MIP1-

α-/- mice on the C57BL/6 background were injected intraperitoneally with 5 x 104 

pfu of murine cytomegalovirus (MCMV).  Liver leukocytes were harvested 48 hours 

post-injection and stained for NK cell subsets.  (A) Plots represent NKG2A and 

Ly49 (C/I/F/H, G2, & D) staining on gated CD3-NK1.1+ cells from naïve or 

MCMV-infected WT or MIP1-α-/- mice.  (B) Combined results from a single 

experiment showing the NKG2A/Ly49 subset composition. * = p<.05. 
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FIGURE 19.  NKG2A+Ly49- NK cells are display full functional capacity following 

viral infection.  Wildtype (WT) C57BL/6 or MIP1-α-/- mice on the C57BL/6 

background were injected intraperitoneally with 5 x 104 pfu of murine 

cytomegalovirus (MCMV).  Liver leukocytes were harvested 48 hours post-injection 

and stimulated with IL-12 and IL-18 for 5 hours.  (A) Representative dot plots of 

intracellular IFN-γ staining in NK cell subsets from naïve or viral infected WT or 

MIP1-α-/- mice.  (B) Combined results from a single experiment using 3 mice per 

group.  (C) Combined results from a single experiment of mean fluorescent intensity 

of NKG2A staining on NKG2A+Ly49- NK cells from naïve or MCMV-infected 

wildtype mice. 
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Chapter 5: Impact of liver NK cells on liver DC function 

NKG2A+Ly49- liver NK cells contain high amount of granzyme B and express 

elevated levels of CD69.  

 The data presented in chapter 4 demonstrated that the liver NK cell population 

contains a significant proportion of a distinct NKG2A+Ly49- NK cell subset with 

phenotypic and functional features that are unique to the liver, including fewer IFN-γ 

producing cells when stimulated with IL-12 and IL-18.  Although NKG2A+Ly49- liver 

NK cells are poor producers of IFN-γ, they may provide other functions in the normal 

liver.  Indeed, our analysis of IL-10 production showed that the NKG2A+Ly49- NK cell 

subset is the major source of IL-10 among liver NK cells.  We sought to further analyze 

the functional potential of liver NK cell subsets by examining granzyme B (GmB) levels. 

NK cells can mediate direct cell killing through the production of GmB.  We 

analyzed the levels of intracellular GmB in liver and spleen NK cells directly ex vivo.  

Approximately 10% of spleen NK cells stain positive for intracellular GmB directly ex 

vivo, compared to approximately 40% of liver NK cells (Fig. 20A & B).  When GmB 

levels were analyzed within NK cell subsets according to NKG2A and Ly49 expression, 

we found that the NKG2A+Ly49- NK cell subset in the liver expresses higher levels of 

GmB than other liver NK cells (Fig. 20B & C).  In comparison, GmB expression in 

spleen NK cells shows a very different pattern.  The majority of GmB positive spleen NK 

cells are Ly49+, while only a fraction of NKG2A+Ly49- spleen NK cells stain positive for 

GmB.  These data suggest that while the cytokine profile of NKG2A+Ly49- liver NK  

 

 



 

 

77 

FIGURE 20.  Intracellular granzyme B levels in NK cell subsets.  Intracellular 

granzyme B levels were analyzed in NK cell subsets directly ex vivo.  (A) Plots 

represent intracellular granzyme B staining in total NK cells and gated NK cell 

subsets based on NKG2A and Ly49 expression on liver (solid line) and spleen 

(dashed line).  (B) Combined results from a single experiment showing positive 

granzyme B staining in liver and spleen NK cell subsets.  (C) Combined results from 

a single experiment showing mean fluorescent intensity (MFI) of intracellular 

granzyme B staining.  Data is representative of two independent experiments 

containing 3 mice per experiment.  * = p<.05, ** = p<.005, *** = p<.0005. 
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cells appears to be more immunosuppressive, they may be an important NK cell subset in 

mediating cytotoxicity within the normal liver.   

The greater expression of GmB by liver NK cells may reflect the constant 

exposure of the liver to gut-derived foreign material.  Expression of CD69 on liver NK 

cells has been reported previously.  Our analysis of CD69 expression confirmed its higher 

expression on liver NK cells compared to spleen NK cells (Fig. 21A).  Further analysis of 

liver NK cell subsets revealed that nearly all NKG2A+Ly49- liver NK cells expressed 

CD69 at high levels, compared to other liver NK cell subsets, providing further evidence 

that the NKG2A+Ly49- liver NK cell subset is a distinct NK cell population (Fig. 21B & 

C).  

In vivo depletion of NK cells increases total number of mature liver DCs 

As the liver is a tolerogenic organ, and NK cells have the ability to influence the 

maturation and function of a variety of cell types, we hypothesized that the liver NK cell 

population plays an important role in maintaining the tolerant environment critical to the 

function of the normal liver.  To begin to investigate the functional impact of the liver 

NK cell population, we investigated the effect of liver NK cells on the maturation of 

dendritic cells (DCs).   

As discussed earlier, multiple studies have indicated that, in comparison to other 

DC populations such as skin and spleen DCs, the liver DC population is tolerogenic in 

nature, including poor T cell stimulatory capacity, lower costimulatory molecule 

expression, greater IL-10 production, and less antigen uptake (Goddard et al. 2004; 

Kwekkeboom et al. 2005).  It has been proposed that these observations may be  
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FIGURE 21.  CD69 expression on NK cell subsets.  CD69 expression was analyzed on 

NK cell subsets from the liver and spleen.  (A) Representative histograms showing 

CD69 expression on total NKs and NKG2A/Ly49 NK cells subsets in the liver 

(solid line) and spleen (dashed line).  Shaded histogram represents isotype control 

staining.  (B) Combined results from a single experiment showing positive CD69 

staining in liver and spleen NK cell subsets.  (C) Combined results from a single 

experiment showing mean fluorescent intensity (MFI) of CD69 staining.  Data is 

representative of two independent experiments containing 3 mice per experiment.  

** = p<.005, *** = p<.0005. 
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explained in part due to the subtype composition of the liver DC population (Pillarisetty 

et al. 2004).  The conventional DC population in the liver consists of a major B220-

CD11cLow and a minor B220-CD11cHi DC subset, expressing low and high levels of 

costimulatory molecules, respectively (Jomantaite et al. 2004).  The liver also contains a 

significant population of plasmacytoid DCs, which are less capable of stimulating T cell 

activation.  The factors regulating the liver DC population subtype composition and 

costimulatory molecule expression remain unclear.  As the interaction between NK cells 

and DCs is known to play an important role in both the innate and adaptive immune 

responses, we hypothesized that liver NK cells contribute to the immature profile 

reported for liver DCs.   

The reciprocal activation and maturation observed in NK-DC crosstalk appears to 

be achieved through both soluble mediators and cell-cell contact.  Type I IFN, IL-12, and 

IL-18 production by DCs, as well as trans-presentation of surface bound IL-15 and 

upregulation of NKG2D ligands contribute to the ability of DCs to activate NK cells 

(Hamerman, Ogasawara and Lanier 2005; Mortier et al. 2008).  DC-mediated NK cell 

activation results in enhanced cytotoxicity, IFN-γ production, CD69 expression, and 

proliferation (Hamerman, Ogasawara and Lanier 2005).  On the opposite side, NK-

mediated maturation of DCs requires direct cell contact and secretion of IFN-γ and TNF-

α, resulting in upregulation of costimulatory molecules and enhanced T cell stimulatory 

capacity (Gerosa et al. 2002; Piccioli et al. 2002). Importantly, NK cells also have the 

ability to kill immature DCs, thus further influencing the outcome of the adaptive 

immune response (Moretta 2002). 
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NK cocultures with bone marrow-derived DCs 

To investigate the ability of the liver NK cell population to drive DC maturation, 

we performed coculture experiments of bone marrow-derived DCs (BMDCs) and 

purified liver or spleen NK cells. BMDCs were used at day 6 of BMDC generation, due 

to the greater proportion of immature BMDCs (Fig. 22A).  We observed that the 

upregulation of CD80 and CD86 on BMDCs correlated with the induction and 

upregulation of CD11c and MHC class II (Fig. 22B).  

Prior to the addition of the NK cells, BMDCs were incubated for 5-6 hours with 

or without LPS or polyI:C.  Purified liver or spleen NK cells were then cocultured with 

BMDCs for 24 hours, followed by DC subset analysis and CD80/CD86 expression levels.  

BMDCs upregulated MHC class II in response to both LPS and polyI:C stimulation (Fig. 

23).  In addition, the presence of either liver or spleen NK cells slightly increased the 

expression of MHC class II in all conditions.  However, no difference was observed 

between liver and spleen NK cells in their ability to alter MHC class II expression or the 

proportion of DC subsets according to CD11c and MHC class II expression.   

The expression of CD80 and CD86 was also analyzed among the CD11c+MHCIILo/Int and 

CD11c+MHCIIHi BMDC subsets.  Among the CD11c+MHCIILo/Int BMDC subset, LPS 

and polyI:C had little effect on the expression of CD80 and CD86 (Fig. 24A).  In 

addition, the presence of either liver or spleen NK cells failed to modulate costimulatory 

molecule expression under any condition among the CD11c+MHCIILo/Int BMDCs.  In 

contrast, CD11c+MHCIIHi BMDCs showed enhanced expression of both CD80 and 

CD86 by LPS, while polyI:C had little impact (Fig. 24B).  Furthermore, in the absence of 

TLR stimulation, both liver and spleen NK cells increased the expression of CD80 and  
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FIGURE 22.  Analysis of bone marrow-derived dendritic cells.  Bone marrow-derived 

dendritic cells (BMDCs) were generated from C57BL/6 mice.  BMDCs were 

harvested at days 6, 7, and 8 of BMDC generation.  (A) BMDC maturation stages 

according to CD11c and MHC class II expression.  (B) Analysis of CD80 and CD86 

expression on different BMDC maturation stages.  
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FIGURE 23.  Analysis of DC maturation following coculture with liver or spleen NK 

cells.  Bone marrow-derived dendritic cells (BMDCs) were harvested at day 6 of 

BMDC generation and incubated at 37°C for 5-6 hours with or without LPS (1 

µg/mL) or polyI:C (10 µg/mL) in RPMI containing 10% FBS.  LPS and polyI:C 

were then washed out, and purified liver or spleen NK cells were added to the 

BMDCs for 24 hours at 37°C.  After 24 hours, BMDCs were analyzed for the 

expression of CD11c and MHC class II.   
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FIGURE 24.  NK cell coculture does not modify costimulatory molecule expression 

of BMDCs.  NK cell cocultures with BMDCs were set up as described for figure 21.  

After 24 hours of coculture, BMDCs were stained for the surface expression of 

CD80 and CD86.  (A) CD80 and CD86 expression on CD11c+MHCIILo/Int gated 

BMDCs.  Values in plots represent the mean fluorescent intensity of staining on 

positive cells.  Shaded histograms represent isotype control staining.  (B) CD80 and 

CD86 expression on CD11c+MHCIIHi gated BMDCs.  Values in plots represent the 

mean fluorescent intensity of staining on positive cells.  Shaded histograms 

represent isotype control staining. 
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CD86 on CD11c+MHCIIHi BMDCs.  However, no differences were seen between liver 

and spleen NK cells.  

Impact of NK cell depletion on liver DCs 

To investigate the in vivo impact of NK cells on the liver DC population, we 

depleted NK cells via intraperitoneal administration of antibody against asialo-GM1 

(αGM-1).  Injections were administered every 24 hours for up to three days, and livers 

were harvested after 1, 2, or 3 days of injections (Fig. 25A).  Control mice received PBS 

injections every 24 hours for 3 days.  To determine the effectiveness of NK cell depletion 

within the liver, we analyzed the CD3-NK1.1+ cell population in livers from αGM-1 

treated and control mice.  FACS analysis showed that following two and three injections 

of αGM-1, the liver NK cell population was virtually undetectable (Fig. 25B).  The 

percentage of liver NK cells was reduced following one αGM-1 injection, but still readily 

detectable.  In addition, the total number of NK cells in the liver was greatly reduced 

following one αGM-1 injection, and almost completely depleted following two and three 

injections (Fig. 25C). 

Next we analyzed the liver DC subset composition following NK cell depletion.  

Figure 26A outlines the gating strategy used in these experiments for defining the liver 

DC populations.  The liver DC subsets were defined as CD11cLoMHCII+ and 

CD11c+MHCIIHi cells within the CD45+B220- gate.  Following NK cell depletion, we 

noted a dramatic decrease in a population of CD11cLoMHCII-/Lo cells.  As NK cells can 

express low levels of CD11c and MHC class II (Caminschi et al. 2007; Laouar et al. 

2005), we looked at the expression of NK1.1 within this gate.  Virtually all of the 

CD11cLoMHCII-/Lo cells in a control mouse stained positive for NK1.1 (Fig. 26C).  NK  



 

 

91 

FIGURE 25.  Antibody-mediated NK cell depletion using anti-asialo GM-1.  

C57BL/6 mice were injected intraperitoneally with 300 µg of anti-asialo GM-1 

(anti-GM-1)every 24 hours for up to three days.  Control mice were injected 

intraperitoneally with 300 µL phosphate buffered saline every 24 hours for three 

days.  (A) Injection schedule for administration of anti-GM-1.  Each group consisted 

of three mice and received anti-GM-1 or PBS injections every 24 hours following 

the initial injection until the day of harvest.  (B) Isolated liver leukocytes were 

combined in each group and stained for the expression of CD3 and NK1.1.  (C) 

Graph showing the total number of NK cells isolated in each treatment group. 
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FIGURE 26.  Liver DC analysis following NK cell depletion.  Liver leukocytes from 

NK depleted and control mice were isolated and stained for DC markers.  (A) 

Gating strategy for defining conventional liver DCs.  Liver DCs were defined as 

CD45+B220-CD11c+MHCIIHi cells.  (B)  Dot plots showing the percentage of 

conventional liver DCs (CD11c+MHCIIHi) in control and NK depleted mice.  (C) 

Dot plot showing NK1.1 expression on CD11cLoMHCII-/Lo cells from control mice.  

(D) Absolute numbers of conventional liver DCs from control and NK depleted 

mice.  * = p<.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

94 

 

 

Fig. 26 

B 

C,,) 
"I""""' 
"I""""' 

o 
o 

c 
Gated on 

A 

PBS 

CD45+B220-CD11 cLowMHCII-

86.8 

C,,) 
T""" 

:~{;;;~i.~: • . ·1 
T""" 

0 
U 

NK1.1 

24 hrs 
aGM-1 

MHC II 

0 i ... 35 ... 
u 30 ::t 
::E .;-- 25 + 
IJ 0 
.-I .-I 20 
.-I )( c ..... 15 u ..!!! It- a; 10 0 
'*I: IJ 

5 
jij .... 0 
0 
I- PBS 

+ ... 90 ... 
u 80 ::t 
::E 70 
~ .r 60 0 
-' 0 IJ .-I 50 .-I 

~ 40 .-I 
C 

..!!! 30 u ... a; 20 0 IJ 

'*I: 10 
jij 0 .... 

PBS 0 
I-

48 hrs 
aGM-1 

Day 1 
aGM-l 

Day 1 
aGM-l 

* 

Day 2 
aGM-l 

Day 2 
aGM-l 

72 hrs 
aGM-1 

* 

Day 3 
aGM-l 

Day 3 
aGM-l 



 

 

95 

depletion also correlated with an increase in the percentage of the CD11c+MHCIIHi DCs, 

but had no affect on the percentage of CD11cLoMHCII+ DCs (Fig. 26B).  This shift in the 

proportion of DC subsets was also seen in the total number of DCs, with NK depleted 

animals showing a significant increase in the number of CD11c+MHCIIHi DCs following 

two and three injections of αGM-1 (Fig. 26D). 

The impact of NK depletion on costimulatory molecules expressed by DCs was 

also analyzed, by staining for the expression of CD80 and CD86.  Figure 27 shows that 

NK depletion had no impact on the expression of CD80 or CD86 on CD11c+MHCIIHi 

DCs.  Similar results were observed for CD80 and CD86 expression on CD11cLoMHCII+ 

DCs.  In addition, we looked at the impact of NK depletion on the expression of the PD-1 

ligand, B7-homologue 1 (B7-H1).  The expression of B7-H1 on CD11c+MHCIIHi DCs 

was not affected by NK depletion (Fig. 27).  Similar results were observed for B7-H1 

expression on CD11cLoMHCII+ DCs. 

These data suggest that liver NK cells have little impact on the expression of the 

costimulatory molecules CD80 and CD86, as well as the inhibitory molecule B7-H1, on 

liver DCs.  In contrast, NK cells do contribute to the overall subset composition of the 

liver DC population, as NK depletion results in an increase of the more mature 

CD11c+MHCIIHi DCs in the liver.  Further work is warranted to determine if the 

observed shift in liver DC subsets and higher number of CD11c+MHCIIHi DCs correlates 

with an increased T cell stimulatory capacity by the liver DC population.  
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FIGURE 27.  Costimulatory molecule expression on liver DCs following NK 

depletion.  Liver leukocytes from NK depleted and control mice were isolated and 

stained for costimulatory molecules.  Histograms represent staining on CD45+B220-

CD11c+MHCIIHi liver cells from control and NK depleted mice.  Values in plots 

represent the mean fluorescent intensity of staining on positive cells.  Shaded 

histograms represent isotype control staining. 
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Chapter 6: Conclusions and Future Directions 

 

The normal liver is exposed to a daily barrage of gut-derived foreign antigen that 

must be absorbed and dealt with in a manner that does not elicit an inflammatory 

response.  The liver is therefore armed with a variety of immune tolerance mechanisms 

that may include induction of regulatory T cells and elimination of activated T cells.  

Recent reports have highlighted cells with antigen presenting capabilities, such as liver 

sinusoidal epithelial cells (LSECs), dendritic cells (DCs), and kupffer cells (KCs) as 

playing a central role in maintaining liver tolerance.  The findings presented in this thesis 

suggest that an additional contribution to liver tolerance may include regulation of certain 

NK cell subsets, rendering them functionally less responsive.  

Through these data we demonstrated that the liver NK cell population is less 

responsive to cytokine-inducing stimulation.  Multiple factors may be contributing to 

lower IFN-γ production by liver NK cells, including a decreased proportion of Ly49 

expressing NK cells.  Indeed, Ly49 expression on NK cells correlated with greater IFN-γ 

production in liver and spleen NK cells.  A reduced functional response among liver NK 

cells corresponds with a smaller proportion of NK cells expressing Ly49 receptors.  This 

increased functional response by Ly49+ NK cells most likely reflects a more mature state 

of development, as the ability to secrete IFN-γ increases with maturation.  However, 

sorted Ly49+ liver NK cells were less responsive to cytokine stimulation than Ly49+ NK 

cells from the spleen, indicating that there are likely additional factors unique to the liver 

influencing the NK cell functional response. 
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NKG2A is a major inhibitory receptor expressed by liver NK cells; its high 

expression coincided with hyporesponsiveness observed in intrahepatic NKG2A+Ly49- 

NK cells, suggesting a significant role for NKG2A in regulating liver NK cell effector 

functions.  Importantly, Ly49 expression appears sufficient to overcome this 

hyporesponsiveness, as there was no statistical difference in IFN-γ production between 

NKG2A+Ly49+ and NKG2A-Ly49+ NK cells.   

It is interesting to note that a majority of fetal NK cells have been reported to 

express CD94/NKG2 molecules, while lacking surface expression of Ly49 receptors.  

Liver NKG2A+Ly49- NK cells, while less responsive to cytokine stimulation than Ly49 

expressing NK cells, may have other functions within the liver.  Indeed, liver 

NKG2A+Ly49- NK cells appear to be a distinct NK cell subset with unique phenotypic 

and functional characteristics.  While few NKG2A+Ly49- liver NK cells produced IFN-γ, 

a large proportion stained positive for low levels of IL-10.  In addition, our examination 

of intracellular granzyme B revealed that liver NK cells contain higher amounts 

compared to spleen NK cells.  However, upon further analysis we found that the 

NKG2A+Ly49- liver NK cell subset contained higher intracellular amounts of granzyme 

B than all other liver NK cell subsets.  This is most intriguing due to the observation that 

the weak immunostimulatory function associated with the liver DC population may in 

part be due to differences in subtype composition (Jomantaite et al. 2004; Pillarisetty et 

al. 2004).  Further analysis is required to determine if the cytolytic potential and/or 

cytokine production of specific NK cell subsets in the liver may contribute to the shaping 

of the liver DC population.  Interestingly, a recent report showed that the killing of 
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immature DCs by human NK cells was mediated by a subset of NK cells that express 

NKG2A but lack killer Ig-like receptors (KIR) expression (Della Chiesa et al. 2003).   

In addition to the functional differences observed in NKG2A+Ly49- liver NK 

cells, a number of phenotypic differences were also very interesting.  While lacking Ly49 

expression, which is associated with a less mature NK cell developmental stage, all liver 

NK cells stained positive for CD43, a marker typically expressed on mature NK cells.  

Analysis of NKG2A/Ly49 NK cell subsets within CD27/CD11b subsets further revealed 

that the NKG2A+Ly49- NK cell subset is present at significant proportions even in the 

CD27+CD11b+ and CD27-CD11b+ liver NK cells, while these same CD11b expressing 

subsets in the spleen were virtually void of NK cells lacking Ly49 expression.  

Furthermore, while expression of CD69 is elevated on a majority of liver NK cells, 

compared to a small fraction of spleen NK cells, a significantly higher percentage of 

NKG2A+Ly49- liver NK cells, as well as enhanced levels of expression, are positive for 

CD69 expression compared to all other liver NK cell subsets.  The adoptive transfer of 

liver NK cells also suggested that trafficking of NKG2A+Ly49- liver NK cells may be 

differentially regulated.  These data, together with the enhanced levels of NKG2A 

observed on NKG2A+Ly49- liver NK cells, strongly suggest that NKG2A+Ly49- NK cells 

in the liver represent a unique NK cell population with distinct phenotypic and functional 

characteristics. 

The adoptive transfer experiments of spleen NK cells reported here suggest that 

the liver environment can modify NK cell functional responsiveness and surface marker 

expression.  Although the adoptive transfer experiments we performed are not definitive 

in showing modification of surface marker expression, the lack of a preferential 
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recruitment of Ly49- NK cells to the liver, as shown in the separate transfer of Ly49-/Lo 

and Ly49+ spleen NK cells, strengthens the theory that factors specific to the liver 

environment lead to a modulation of the NK cell receptor expression profile upon 

migration to the liver.   

There are several possibilities that may explain these observations.  As discussed 

briefly in the introduction section of this thesis, the contribution of peripheral maturation 

sites for NK cells is relatively unknown, although recent reports have given traction to 

the idea that the bone marrow may not be the only site of NK cell development and 

maturation.  Thymic-derived NK cells are characterized by the expression of CD127 and 

are dependent on several unique developmental factors distinct from spleen NK cells, 

including IL-7 and the transcription factor GATA-3 (Vosshenrich et al. 2006).  

Importantly, thymic-derived NK cells were dependent on hematopoetic precursors.  More 

recently, a distinct population of NKp46+CD3- cells was identified in the gut (Luci et al. 

2009).  While NKp46 is expressed exclusively on NK cells, this novel gut-derived 

NKp46+CD3- population was IL-15 independent, suggesting a developmental pathway at 

least partially independent of the bone marrow.  The potential for trafficking of NK cell 

precursors (NKPs) outside of the bone marrow has been proposed by some researchers 

(Di Santo 2006), but has yet to be investigated.  The liver may represent a site that NKPs 

or another hematopoetic precursor traffic to undergo further maturation, giving rise to the 

distinct NKG2A+Ly49- liver NK cell subset described in this thesis.  Additional 

experiments should be performed to assess the contribution of migrating NKPs on the 

liver NK cell subset composition.  Irradiation experiments may prove useful in 

identifying the NK cells that appear first in the liver following bone marrow 
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reconstitution.  In addition, following genetically labeled NKPs over time after adoptive 

transfer may provide insight into peripheral sites that could support their development 

outside of the bone marrow, as well as the fate of such additional maturation sites.   

NK cells may also migrate to the liver following development in the bone marrow 

and undergo liver specific modifications that give rise to the NK cell subset composition 

present in liver cell preparations.  Our adoptive transfer experiments suggest that the 

ability of the liver environment to modify both surface marker expression and functional 

capacity contributes at least in part to the distinctiveness of the liver NK cell population.  

Further investigation is needed to identify additional factors involved in shaping the liver 

NK cell population.  The data presented in this thesis identifies IL-10 as one factor 

contributing to the NK cell subset composition in the liver. 

Given the immunosuppressive functions of IL-10 and its high levels in the liver 

determined by ELISA, IL-10 may play a critical role in maintaining liver tolerance.  IL-

10 has been reported to inhibit the expression of MHC class II and the costimulatory 

molecules B7-1/B7-2 on DCs and macrophages, influencing their ability to optimally 

activate T cells (de Waal Malefyt et al. 1991; Ding et al. 1993; Willems et al. 1994).  IL-

10 may also lead to lower NK cell activation through inhibition of IL-12 and IL-18 

production, and KC production of IL-10 has been shown to directly dampen NK cell 

activation and decrease IFN-γ production (D'Andrea et al. 1993; Tu et al. 2008).  Our 

data suggest that IL-10 may also contribute to liver tolerance by decreasing the 

percentage of NK cells expressing Ly49 receptors within the liver.  Indeed, blocking the 

IL-10R leads to an increase of Ly49 expressing NK cells in the liver.  Notably, we also 
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observed a greater percentage of Ly49 expressing NK cells in the livers of IL-10-

deficient mice, as compared to wildtype C57BL/6 mice (data not shown).   

The mechanism of IL-10 regulation of NK cells in the liver remains unclear.  One 

possibility is that IL-10 may directly regulate Ly49 expression through the inhibition of 

NF-kB activation, which has been suggested to play a role in regulating Ly49 receptor 

expression (Pascal et al. 2007; Yoshidome et al. 1999).  Alternatively, IL-10R blockade 

may modify the chemokine profile of the liver, resulting in different NK cell subsets 

migrating to the liver (Li et al. 2004).  Indeed, while we favor a hyporesponsiveness 

induced by the liver environment, the results of our adoptive transfer experiments could 

be explained by a preferential migration of less functionally responsive NK cells.  The 

potential role of differential chemokine production in the IL-10R blockade phenotype 

reported here is under investigation. 

Liver DCs and KCs are likely candidates for regulating the NK cell population.  

Recent studies discussed above have highlighted receptor expression differences on liver 

DCs and KCs compared to spleen DCs and peritoneal macrophages, noting lower T cell 

activation capabilities by liver DCs and KCs.  Whether liver DCs and/or KCs contribute 

to the immature phenotype and lower functional response of liver NK cells reported here 

is also under investigation.  

Importantly, the results of our viral infection experiments suggest that liver NK 

cells are fully capable of responding in an infectious environment.  The factors mediating 

the perceived functional restoration and maturation of liver NK cells are undefined at this 

time, but most likely include type I IFNs. 
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An important question driven by the data presented in this thesis is the functional 

impact on the liver environment of a NK cell population that is less responsive to 

cytokine stimulation.  We began to address this question in this thesis through in vitro 

NK-DC cocultures and in vivo analysis of the liver DC population following NK cell 

depletion.   

NK-DC cocultures failed to reveal any impact on the BMDCs unique to liver NK 

cells.  However, several factors were problematic with this experiment.  First, as 

compared to the BMDC phenotype at day 6 prior to coculture, BMDCs displayed 

increased maturation after 24 hours of culture in the absence of GM-CSF, TLR ligation, 

or NK cells.  Repeating NK-DC cocultures with BMDCs at an earlier maturation stage, 

such as day 4, would be worthwhile.  Second, while LPS increased the expression of 

CD80 and CD86 in CD11c+MHCIIHi BMDCs, polyI:C had no affect.  Neither LPS nor 

polyI:C had any measurable affect on CD80 or CD86 expression on CD11c+MHCIILo/Int 

BMDCs.  Optimizing the dose of polyI:C should be done in future NK-DC cocultures.  

Third, although both liver and spleen NK cells increased CD80 and CD86 expression on 

CD11c+MHCIIHi BMDCs, the increases were very modest.  Increased NK:DC ratios may 

reveal greater differences.  Caution should be taken, however, as high NK:DC ratios have 

been shown to result in DC killing.  Fourth, a major obstacle in performing these NK-DC 

cocultures is obtaining sufficient numbers of purified liver NK cells.  A typical yield for 

one C57BL/6 liver was 0.5-1.0 x 105 NK cells, severely limiting the size and scope of the 

experiment.  The ultimate direction foreseen with these studies is to establish the specific 

impact of the NKG2A+Ly49- NK cells on liver function; cell sorting yields may prove to 

be the greatest challenge in the successful completion of such studies. 
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NK cell depletion results in an increase in the numbers of CD11c+MHCIIHi DCs 

in the liver.  Expression of CD80 and CD86 was unaffected on either the 

CD11c+MHCIIHi or CD11cLoMHCII+ liver DCs.  The expression of the co-inhibitory 

receptor B7-H1 was similarly unaffected.  The expression of additional costimulatory 

molecules such as CD83 and CD40L should be done to assess the impact of NK cell 

depletion.  In addition, it would be very interesting to determine differences in the 

expression of NK cell receptor ligands by liver DCs following NK cell depletion.   

Whether the observed shift towards a more mature DC population in the liver is 

sufficient to modify liver DC function or liver tolerance needs to be addressed in a direct 

functional assay.  DC function could be investigated initially through in vitro T cell 

stimulation assays using TCR transgenic T cells stimulated by antigen pulsed DCs from 

control or NK depleted mice.  In addition to total NK cell depletion, the impact of 

purified specific NK cell subsets on liver DC function could be analyzed in vitro. 

The in vivo impact on the ability of the liver to clear virus should also be 

analyzed.  In choosing an appropriate viral model, adenovirus may prove to be very 

useful.  Intravenous (i.v.) administration of adenovirus results in almost an exclusive 

infection of the liver.  In addition, studies in our lab have shown that i.v. adenovirus 

infection results in suboptimal T cell priming in the liver leading to an impaired CD8+ T 

cell response.  Assessing the CD8+ T cell response to i.v. adenovirus infection following 

NK cell depletion would provide a readout for liver APC function.  The specific role of 

liver DCs could be further determined through in vitro T cell stimulatory assays 

following adenovirus infection in control and NK depleted mice.   
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 These findings have important significance for not only liver tolerance but for 

chronic liver disease.  Certain pathogens such as HCV may exploit the tolerogenic nature 

of the liver in evading the immune system and establishing persistent infection.  Several 

reports have indicated an impairment of NK cells associated with chronic HCV infection, 

leading to a proposed model that targeting NK cells is central to HCV persistence in the 

liver (Golden-Mason and Rosen 2006).  In addition, the outcome of HCV infection may 

be influenced by certain killer-cell immunoglobulin-like receptors (KIR)/HLA-type 

combinations, as weaker inhibitory KIR/HLA combinations positively correlated with 

resolution of infection (Khakoo et al. 2004).  Interestingly, our unpublished observations 

suggest that infection with an HCV core protein expressing adenovirus (Ad-core) results 

in enhanced levels of NKG2A on liver NK cells, compared to infection with a beta-gal 

expressing adenovirus (Ad-LacZ).  Furthermore, NK cells isolated from Ad-core infected 

livers show reduced IFN-γ production compared to Ad-LacZ-infected liver NK cells 

(Lassen et al. unpublished observations).  Lower NK production of IFN-γ could result in 

suboptimal DC maturation, leading to inefficient T cell activation.   

These data presented here identify a NK cell subset present in the liver that 

displays distinct phenotypic and functional characteristics.  These data further suggest an 

important contribution for IL-10 in regulating the functional capacity of the liver NK cell 

population, in part by decreasing the percentage of the more functionally responsive 

Ly49+ subset of NK cells.  Further characterization and elucidation of the mechanism of 

IL-10 regulation of liver NK cells may increase our understanding of liver tolerance and 

may lead to the development of novel and improved therapeutic strategies for persistent 

liver pathogens.  In addition, future studies on the functional impact of NKG2A+Ly49- 
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NK cells on liver tolerance and response to viral infection may help us better understand 

how the liver maintains a tight balance between tolerance and immunity to pathogens.  
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