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Abstract

The hallmark of primary biliary cirrhosis (PBC) is the presence of autoreactive T and B cell 

responses that target biliary epithelial cells (BEC). We have previously demonstrated that biliary 

cell cytotoxicity is dependent upon the initiation of innate immune responses followed by chronic 

adaptive as well as bystander mechanisms. Critical to these mechanisms are the interactions 

between natural killer (NK) cells and BEC. We have taken advantage of our ability to isolate 

relatively pure viable preparations of liver-derived NK cells, BEC, and endothelial cells, and 

studied the interactions between NK cells and BEC and focused on the mechanisms that activate 

autoreactive T cells, their dependence on IFN-γ, and the expression of BEC MHC class I and class 
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II molecules. Importantly, we demonstrate herein that at a high NK/BEC ratio, NK cells are 

cytotoxic for autologous BECs, but are not dependent on autoantigen, but yet still activate 

autoreactive CD4+ T cells in the presence of antigen presenting cells (APC). In contrast, at a low 

NK/BEC ratio, BECs are not lysed, but IFN-γ production is induced, which facilitates expression 

of MHC class I and class II molecules on BEC and, interestingly, protects them from lysis upon 

subsequent exposure to autoreactive NK cells. Furthermore, IFN-γ secreted from NK cells after 

exposure to autologous BECs is essential for this protective function and enables autoreactive 

CD4+ T cells to become cytopathic. In conclusion, our data reveal that NK cell mediated innate 

immune responses are likely critical at the initial stage of PBC, but also facilitate and maintain the 

chronic cytopathic effect of autoantigen-specific T cells, essential for progression of disease.
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Introduction

There have been considerable efforts to define the effector mechanisms that lead to biliary 

cell destruction in PBC (1-4). Indeed, such work has defined the epitopes recognized by 

autoimmune CD4+ and CD8+ T cells and autoantibody and has led to the thesis that a multi-

lineage response against PDC-E2, the immunodominant autoantigen in PBC, is an essential 

component of disease pathogenesis (5-11). Our laboratory has suggested, both from work in 

human PBC and animal models of autoimmune cholangitis, that innate immune responses 

shape acquired immune responses in the pathogenesis of cholangitis (12-16). Indeed, there is 

increasing recognition that an adaptive immune response requires significant contributions 

from innate immunity, both in a normal immune response and in a breach of tolerance (13, 

17-21).

PBC is an organ-specific autoimmune disease without evidence of global defect in either 

innate or adaptive responses (22, 23). It is particularly noteworthy that the liver, which 

normally functions to restore and maintain tolerance, itself becomes the victim of an 

autoimmune response, leading directly to portal inflammation and destruction of biliary 

epithelial cells (BEC) (24-26). Moreover, PBC reoccurs following liver transplantation and 

recent data suggests that although biliary epithelial cells express toll-like receptors (TLRs) 

and can function as antigen presenting cells (APC), that the biliary epithelial cell is itself 

only a victim of an immune attack based upon its own unique apoptotic properties, namely 

that the major mitochondrial autoantigens of PBC remain immunologically intact within an 

apoptotic bleb (24, 27-30). Our laboratory has demonstrated the ability to isolate BEC and 

phenotypically defined individually isolated liver infiltrating mononuclear cells (13, 14, 31). 

We have taken advantage of this technology and the availability of human liver to study in 

detail the role of activated natural killer (NK) cells in the induction of autologous biliary 

epithelium cytotoxicity. We propose, based on our data, that the critical bridge that links the 

innate immune response with the adaptive effector autoimmune responses characteristic of 

PBC is activation of NK cells. Indeed, we demonstrate herein that appropriate pre-treatment 

of NK cells can modulate BEC destruction. Further, NK cells directly influence the ability 
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of autoreactive CD4+ T cells to destroy PDC-E2 peptide antigen pulsed BEC. Finally, IFN-γ 

appears to play a central role in this switch from innate to acquired immunity, highlighting 

the important function of Th1 cytokines in PBC. We submit that further studies on the 

switch mechanisms between innate and adaptive immunity have the potential to alter the 

effector mechanisms that lead to the continued portal inflammation.

Materials and Methods

Subjects and Protocol

Explanted liver and spleen from a total of 8 patients were used throughout this study and, in 

all cases, their liver derived mononuclear cell (LMC) populations and intrahepatic biliary 

epithelial cells were isolated and defined as described below. These 8 explanted organs 

included 3 livers with PBC and 5 livers with hepatitis C virus infection. We should 

emphasize, as described below, that there were no significant differences in the results 

derived from the liver mononuclear cell or the BEC population from either PBC or hepatitis 

C and ultimately all data were combined. Further, the observation that liver samples from 

PBC and hepatitis C can be used for the current study is consistent with our thesis that the 

BEC is a victim as well as the established data that PBC reoccurs following transplantation. 

All 8 livers were derived from patients with end-stage cirrhosis, but in whom there was no 

evidence of an acute liver process nor any unrelated disease. The 3 patients with PBC were 

known to have high titer anti-mitochondrial antibodies and the diagnosis was based on 

established criteria (32). In all cases, the livers were obtained after informed consent and all 

protocols were approved by the Research Ethics Committee of Kyushu University.

Isolation of intrahepatic biliary epithelial cells (BEC) and endothelial cells (EC) from liver

The LMC populations were isolated as previously described (7, 12). Briefly, liver specimens 

were first digested with 1 mg/ml of collagenase type I. Cells from the digested tissue were 

purified to obtain LMCs as described (8). The adherent cells within the LMCs were isolated 

following incubation of the cells overnight in tissue culture plates. The adherent cell 

population was maintained in tissue culture until the cells reached full confluence, usually 

by day 14, and the non-adherent cell population aspirated, washed and cryopreserved in 

medium containing 7.5% DMSO and stored in liquid nitrogen. BEC were separated from 

adherent cells using CD326 (EpCAM) conjugated MicroBeads (Miltenyi Biotec) specific for 

epithelial cells. Cells were then re-suspended in medium consisting of a 1:1 mixture of 

Ham’s F12 and DMEM, supplemented with 5% FCS, epithelial growth factor (10 ng/ml), 

cholera toxin (10 ng/ml), hydrocortisone (0.4 μg/ml), tri-iodothyronine (1.3 μg/l), transferrin 

(5 μg/ml), insulin (5 μg/ml), adenine (24.3 μg/ml), and 10 ng/ml hepatocyte growth factor 

(R&D systems, Minneapolis, MN) and cultured (12, 31). The purity of the cells was verified 

by immunohistochemistry using antibodies against cytokeratins 7 and 19 (Dako, Glostrup, 

Denmark) and only cultures that were > 90% positive for these cytokeratins and > 95% 

viable (as determined by trypan blue) utilized for the studies reported herein. EC were 

separated from BEC and adherent cells using CD31 microbeads specific for endothelial 

cells. The cultures used in the studies herein were between 4 to 6 passages to exclude the 

potential loss of phenotype after prolonged in vitro culture. The methods used herein have 

all been previously described (13, 14, 16, 31).
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Cytotoxicity of NK cells against autologous BEC and EC

All assays were performed with autologous cell populations; the ability of NK cells to lyse 

BEC or EC was assessed using a previously described 8 hour 51Cr release assay against 

autologous BEC or EC (12, 32). Briefly, the detached BEC or EC were labeled with 2 μCi/

well 51Cr (Amersham) overnight, washed X3 in medium and 5 × 103 cells dispensed into 

individual wells of a 96 well round-bottom plate. To prepare effector NK cells, spleen was 

mechanically disrupted and the dissociated cells were filtered through a 150-μm mesh and 

separated by Ficoll centrifugation to obtain SpMC (33). As described (7, 14), the SpMC 

used for the assay were stimulated for 3 days with the TLR3 ligand poly (I:C) and TLR4 

ligand lipopolysaccharide (LPS) each at an optimal concentration of 10 μg/ml. Activated 

spleen NK cells were purified using an NK cell isolation kit (Miltenyi Biotec). The purity of 

the isolated NK cell population was >90% as determined by flow cytometry with anti-CD56 

mAb (Miltenyi Biotec) and viability >95%. The isolated activated NK cells were added to 

triplicate wells with BEC or EC target cells at an effector to target cell ratio of 50:1, 10:1, 

2:1 and 0.5:1 in a total volume of 200 μl in complete RPMI medium. Controls consisted of 

triplicate wells containing target cells cultured alone and target cells incubated with 10% 

triton X-100 to determine spontaneous and maximal 51Cr release, respectively. Following 

incubation of the co-cultures of the effector with target cells for 8 hr. 100 μl of supernatant 

fluid was collected from each well and counted and the percentage of specific 51Cr release 

calculated as (cpm of experimental release − cpm of spontaneous release) / (cpm of maximal 

release − cpm of spontaneous release) × 100 (%). In a modified cytotoxicity assay, BEC 

were incubated with or without autologous NK cells at an NK to BEC ratio of 0.5 for 24 

hours in the presence or absence of either IFN-γ (final concentration: 0.4, 2.0 or 10ng/ml) or 

mAb to NKG2D (final concentration: 25 μg/ml) (BioLegend, San Diego, CA), IFN-γ or 

HLA class I (final concentration: 50 μg/ml) (R&D systems). Cytotoxicity was quantitated as 

described above.

Analysis of cellular debris released from the cytotoxicity assay

To analyze the contents of the cellular debris following NK cell-mediated lysis of BEC or 

EC, we first seeded BEC or EC at a concentration of 1×105 cells/well in 6-well plates in 

complete BEC medium, a 1:1 mixture of Ham’s F12 and DMEM, supplemented with 5% 

FCS, epithelial growth factor (10ng/ml), Cholera toxin (10ng/ml), hydrocortisone (0.4μg/

ml), tri-iodo-thyronine (1.3μg/l), transferrin (5μg/ml), insulin (5μg/ml), adenine (24.3μg/ml) 

(all from Sigma) and hepatocyte growth factor (10ng/ml) (R&D systems), or endothelial 

specific medium (HuMedia-EG2) that included cell growth factors (Kurabo, Osaka, Japan). 

Activated NK cells were added to each well at 5×106 cells/well (E:T ratio=50) for BEC and 

EC, and 1×106 cells/well (E:T ratio=10) for BEC, then cultured for 24 hours. The 

subcellular fragments of BEC or EC were isolated by filtration and ultracentrifugation. 

Briefly, the cell culture supernatant fluid was collected and two additional centrifugation 

steps (500g for 5 minutes) were performed to remove remaining cells and cell fragments. 

The supernatant fluid was then passed through a 1.2μm-pyrogenic, hydrophilic syringe filter. 

BEC fluid from an E:T ratio of 50 were also used unfiltered as a positive control. After 

centrifugation at 100,000g for 30 minutes, the pellet containing micro particles was re-

suspended in lysis buffer containing a protease inhibitor cocktail (Roche Diagnostics, 
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Indianapolis, IN). Lysis was performed for 30 minutes on ice. The protein content of the 

samples was determined by BCA (bicinconic acid assay) using a Nanodrop ND-1000 

ultraviolet-visible Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Each 

sample (20 μg) was diluted in loading buffer and subjected to standard sodium dodecyl 

sulfate polyvinylidene fluoride membrane separation. The E2 component of pyruvate 

dehydrogenase (PDC-E2) was detected using our standardized monoclonal antibody, clone 

2H-4C8 as previously described (34).

Proliferation assays of T cell clones that respond to PDC-E2 163-176

We took advantage of our previously well described and well characterized T cell clones 

that respond to PDC-E2 163-176. Firstly, the PDC-E2 163-176 peptide 

GDLLAEIETDKATI was synthesized by F-moc chemistry using a peptide synthesizer 

(Model Synergy; Applied Biosystems Inc., Foster City, CA). The peptide was purified by 

reverse phase high-pressure liquid chromatography (HPLC) to a degree of >90% as 

determined by HPLC. Cryopreserved T cell clone TCC independent 1 that is specific for 

PDC-E2 163-176 was thawed, tested for viability, and our standardized proliferation assays 

performed (35).

For antigen presentation, we used monocyte-derived dendritic cells (DC) prepared from 

HLA-DR53 positive healthy donors as described previously, with minor modifications (36). 

Briefly, peripheral blood mononuclear cells (PBMC) isolated using Ficoll-Hypaque were 

allowed to adhere overnight. After removing the non-adherent cell fraction by gentle 

washing with phosphate-buffered saline (PBS), the remaining adherent cells were 

maintained in complete RPMI 1640 medium with 1000 U/ml human recombinant GM-CSF 

and 500 U/ml human recombinant IL-4 (R&D systems) for 7 days. At the end of the 7 day 

incubation period, non-adherent cells were recovered as DC after gentle washing. DC as 

antigen presenting cells (APC) were seeded at 2×106 cells/well in 24-well round-bottomed 

plates and incubated in the presence or absence of the micro particles from BEC or EC 

(250μg/ml at final concentration) for 24 hours. For positive control DC were pulsed with 

PDC-E2 163-176 peptide (10 μg/ml at final concentration). Thence, DC were harvested, 

washed and irradiated (3000 rad). The CD4 T cell clone was seeded at 5×104 cells/well in 

96-well round-bottomed plates with irradiated HLA-DR53 matched DC (5×104 cells/well) 

that were pre-pulsed or not pulsed with the micro particles or peptide for 72 hours in the 

presence of 1 μCi/well of 3H-thymidine during the final 12 hours. Cells were then harvested 

and 3H-thymidine incorporation measured in a beta scintillation counter.

Cytokine analysis

For the analysis of IFN-γ secreted by the T cell clone, the T cells were seeded at 5×105 cells/

well in 48-well plates with irradiated HLA-DR53 matched DC (5×105 cells/well) as APC 

with PDC-E2 163-176 peptide (10 μg/ml at final concentration) or the micro particles from 

BEC or EC (250 μg/ml at final concentration) for 24 hours, and the supernatants harvested. 

For the analysis of cytokines secreted from NK cells, activated NK cells were co-cultured 

with BEC in 6-well plates with serial numbers of NK cells and BEC in complete BEC 

medium for 24 hours, and the supernatants harvested. The concentration of cytokines in the 

harvested supernatants were evaluated by a sandwich ELISA, using a combination of 
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unlabeled and biotin- or enzyme-coupled monoclonal antibodies to IFN-γ, TNF-α, or LT-β 

(R&D systems).

Cytotoxic assay of autoreactive T cells

The cytotoxic activity of PDC-E2-specific CD4 T cells was assessed using the T cell clone 

TCC independent 1 as effector cells and HLA DR53-matched BEC as target cells. BEC 

were pre-incubated with activated autologous NK cells at an NK/BEC ratio of 0.5 for 24 

hours. NK cells were removed by washing three times with PBS. The adherent BEC 

population was harvested and dispensed into a 96 well round-bottom plate at 5 × 103 cells/

well. The BEC were incubated with either PDC-E2 163-176 peptide or a control peptide at 

10 μg/mL overnight. T cell clones were then added at T/BEC ratios of 50:1, 10:1, 2:1 and 

0.5:1 and the cytotoxicity assay described above was performed.

Flow Cytometry

To analyze surface expression of HLA molecules, BEC were stained by indirect 

immunofluorescence using optimal concentrations of mAb to HLA-ABC, E and DR 

(Biolegend) before or after incubation with NK cells at an NK/BEC ratio of 0.5, in the 

presence or absence of IFN-γ at serial final concentrations, for 24 hours. The stained cells 

were analyzed by flow cytometry.

Statistical analysis

All experiments were performed in triplicate and results are presented as mean ± standard 

deviation (SD). Comparison between groups were performed by Student’s t test. All 

analyses were two-tailed and p values <0.05 were considered significant. Statistical analyses 

were performed using Intercooled Stata 8.0 (Stata Corp, College Station, TX).

Results

Activated NK cells induced release of PDC-E2 from autologous BEC

We first examined the cytotoxicity of activated NK cells on autologous BEC or EC. The NK 

cells isolated from TLR3-L and TLR4-L stimulated SpMC produced significant cytotoxicity 

when co-cultured with autologous BEC or EC (Figure 1A); this lysis was regulated by 

NKG2D and its receptors (Figure 1B). Importantly, intact PDC-E2 was detected in the 

unfiltered or filtered lysates obtained from BEC, but not in the filtered lysates of EC (Figure 

1C). Of note, the filtration removed large cell debris resulting in isolation of microparticles. 

These results indicate that undegraded PDC-E2 is presented in the microparticles released 

from NK-lysed BEC but not in the lysed EC. A PDC-E2-specific CD4 T cell clone 

underwent proliferation in response to these BEC-derived microparticles (Figure 1D) and 

further, IFN-γ production of these T cells correlated with their proliferation (Figure 1E). 

Hence, although both BEC and EC were destroyed by NK cells, the microparticles from the 

lysed BEC differ from those from EC in terms of their content of the autoantigen PDC-E2 

and their ability to activate PDC-E2-specific CD4 T cells.
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Phenotypic changes of BEC induced by NK cells

Next we examined the influence of NK cells on the co-cultured BEC. For BEC not 

incubated with NK cells, we detected expression of HLA-A, B, C and E, but not HLA-DR 

(Figure 2A). After incubation of BEC with NK cells at an NK/BEC ratio of 0.5, the majority 

of BEC were not lysed and the levels of these MHC class I molecules and HLA-DR 

increased significantly (Figure 2A and 2B), indicating that NK cells induced or enhanced the 

expression of the HLA class I and class II molecules on co-cultured BEC at low NK/BEC 

ratio.

Cytokine expression of NK cells induced by BEC

We next evaluated the production of cytokines by activated NK cells co-cultured with BEC. 

In agreement with a previous report (37), activated NK cells produce TNF-α and IFN-γ at 

different NK/BEC ratios (Figure 3A) but did not produce LT-β (data not shown). The level 

of secreted IFN-γ increased with the number of BEC (Figure 3B). When activated NK cells 

were not co-cultured with BEC, the amount of secreted IFN-γ was negligible (Figure 3B). 

These results indicate that BEC induced production of IFN-γ from NK cells.

NK cell-derived IFN-γ modulates HLA-dependent NK cytotoxicity to BEC

As shown in Figure 1A, NK cells lysed autologous BEC efficiently at higher NK/BEC 

ratios. Reduction of this ratio from 50 to 0.5 in the co-culture cytotoxicity assay resulted in 

diminished BEC lysis. If BEC were pre-treated with small numbers of NK cells at an 

NK/BEC ratio of 0.5, subsequent addition of NK cells to higher E/T ratios did not result in 

the lysis of BEC under the same assay conditions (Figure 4A). To examine if the protective 

effect of NK pre-treatment is mediated by cytokines produced by NK cells in the presence of 

autologous BEC, IFN-γ or TNF-α were added to BEC that were not pre-treated with NK 

cells, followed by the NK/BEC co-culture cytotoxicity assay. Addition of TNF-α at a 

concentration of 10 ng/mL did not affect NK cell cytotoxicity against autologous BEC (data 

not shown). In contrast, addition of IFN-γ significantly suppressed lysis of BEC, which was 

reduced with an IFN-γ concentration of 0.4ng/ml and further reduced increased amounts of 

IFN-γ (Figure 4A and 4B). Addition of IFN-γ also resulted in induction of HLA-DR and 

increased levels of MHC class I molecules on the surface of BEC (Figure 4C). Addition of 

anti-IFN-γ mAb to BEC pretreated with NK cells abolished the protection effect of NK 

pretreatment (Figure 4A). In addition, blocking HLA class I by adding class I specific mAb 

to the NK-pretreated BEC also abolished the protective effect of NK pretreatment (Figure 

4A). Taken together, these results suggest that exposure of NK cells to autologous BEC 

induced IFN-γ production from NK cells, which in turn enhanced the expression of class I 

MHC molecules on BEC and protected the latter from the cytotoxicity of NK cells.

Cytotoxicity of autoreactive CD4+ T cell clone against BEC is enhanced by NK cells

Our previous work demonstrated that PDC-E2 peptide specific CD4+ T cell clones were 

cytotoxic against HLA-matched BEC pulsed with PDC-E2 peptide in the presence of IFN-γ 

(38). Herein we note that in the absence of exogenous IFN-γ, PDC-E2-specific CD4+ T cells 

were unable to lyse PDC-E2 peptide pulsed BEC, even at high T/BEC ratios (Figure 5). 

However, when the PDC-E2 peptide-pulsed BEC were pre-incubated with NK cells at 
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NK/BEC ratio of 0.5, the T cell clones were capable of lysing the target BEC at T/BEC 

ratios ranging from 50 to 2 (Figure 5). The effect of NK pretreatment was abolished by the 

addition of mAb to IFN-γ at all these T/BEC ratios (Figure 5). These data indicate that NK 

cells were capable of enhancing the cytotoxicity of autoantigen-specific CD4+ T cells 

against autologous BEC.

Discussion

In organ specific autoimmune diseases, target cells modify immunological responses and 

contribute to pathology. BEC in PBC express cell surface markers including HLA class II 

(39), CD40 (40) and DR5 (41) in addition to CX3CL1 (42) that serves as an adhesion 

molecule; in general, these molecules enhance the immunological response. In contrast, 

BEC in PBC also produce high levels of PG-E2 that suppress immunological responses (12). 

In our previous work, we reported that the cytotoxic activity of hepatic NK cells from 

patients with PBC was increased compared to NK cells from liver diseased controls against 

autologous BEC (31). In the work herein, there were no statistically significant cytotoxic 

differences between PBC and HCV patients, but the sample size was relatively small and, 

hence, we expanded our investigation of the interactions between NK cells and BEC in more 

detail. We isolated NK cells from splenic mononuclear cells following activation by TLR 

ligands and IL-2 stimulation; the number of activated NK cells in the groups herein were 

similar (data not shown). More importantly, we demonstrate that at high NK/BEC ratios, 

NK cells attacked BEC, resulting in release of autoantigens from injured BEC, which in turn 

activate autoreactive T cells in the presence of APC (Figure 1); at low NK/BEC ratios, NK 

cells do did not directly damage BEC, whereas IFN-γ secreted from NK cells induced the 

expression of HLA class II on BEC (Figure 4C), which leads to the destruction of BEC by 

autoreactive CD4+ T cells (Figure 5). In contrast, we confirmed the destruction of EC by 

autoreactive CD4+ T cells after exposure at low NK/autologous EC ratios (data not shown). 

We speculate that TLR ligands, NK cells and of course autoreactive CD4+ T cells surround 

BEC but not EC within the microenvironment of a PBC liver. Importantly, we demonstrate 

that at low NK/BEC ratios, IFN-γ produced from NK cells inhibits the direct cytotoxicity of 

NK cells toward autologous BEC (Figure 4A and 4B). Of particular interest, the destruction 

of BEC and EC by NK cells is neither PBC specific nor PDC-E2-specific (Figure 1A), 

suggesting that autoreactive T cell-mediated acquired immunity becomes the dominant 

immunological process only in established PBC that follows the initial non-specific innate 

immune attack that leads to breakdown of self-tolerance. This is supported by the finding 

that in established PBC, not only Th17 cells but also Th1 cells infiltrate into the lesions of 

chronic non-suppurative destructive cholangitis (CNSDC) with high levels of IFN-γ 

production derived from Th1 cells (43).

In addition to the IFN-γ that regulates the expression of HLA class I and class II and plays a 

role in the interaction between innate immunity and acquired immunity as reflected herein, it 

is well known that IFN-α primarily produced by plasmacytoid DC (pDC), leads to enhanced 

self-reactivity in several autoimmune diseases (44). Previously we demonstrated that IFN-α 

is necessary for activation of NK cells in their destruction of BEC (31). Like IFN-γ, IFN-α 

is also known to influence HLA expression (45, 46). However, pre-incubation of BEC with 

IFN-α did not affect damage of BEC mediated by NK cells (data not shown). As IFN-α 
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promotes the activation and maturation of cDC, it is likely that type I IFN will enhance the 

antigen specific autoreactive T cell response. The role of type 1 IFNs in the pathogenic 

acquired immunity in PBC should be studied in the future.

The hallmark of acquired immunity in PBC are the T and B cell responses targeted to PDC-

E2. As glutathiolation does not occur in apoptotic BEC, PDC-E2 is not degraded by 

caspases in PBC (29). As shown in the current work, PDC-E2 in apoptotic BEC is presented 

in an immunologically intact form in microparticles, which can be internalized by APC by 

the process of endocytosis (27, 30) and presented to antigen-specific T and B cells, resulting 

in the activation of these acquired immune cells after the initial attack of BEC by autologous 

NK cells in the presence of professional APC. It is currently not known if other parenchymal 

cells such as hepatocytes can also be damaged by NK cells. This should also be examined in 

future studies and, indeed, it is possible that following the action of NK cells on autologous 

EC, that autoantigens released from apoptotic ECs will be immediately digested and 

therefore not presented by APCs. In such a scenario, autoreactive responses would be 

reduced. Finally, we note that a weakness of the study herein is the small numbers of PBC 

livers and the surrogate use of HCV livers. However, our thesis, as discussed above, is that 

the BECs are victims of an effector response, a hypothesis supported by our previous data 

and by the recurrence of PBC following liver transplants.

Memory-like NK cells induced by viral infection or cytokine stimulation have been reported 

(47, 48). In many cases such memory-like NK cells become antigen specific in their 

reactivation. As the majority of memory NK cells reside in the liver (49), we speculate that 

memory NK cells may participate in the inflammatory process of PBC in an antigen specific 

way. The potential role of memory NK cells in PBC in terms of their interaction with and 

modulation of T cells and acquired immune responses either directly or indirectly (50, 51) 

should also be explored.
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NK cells natural killer cells
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PBMC peripheral blood mononuclear cells
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pDC plasmacytoid dendritic cells

PDC-E2 E2 component of pyruvate dehydrogenase complex

SD standard deviation
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Figure 1. 
Activated NK cells cause damage of autologous BEC and release of autoantigen-containing 

microparticles. A. Cytotoxicity of activated NK cells against autologous BEC and EC. 

SpMC isolated from 2 PBC patients and 5 non-PBC patients were cultured in vitro with a 

mixture of TLR3-L and TLR4-L for 3 days, washed and then used for isolation of NK cells, 

which was assayed for cytotoxicity against autologous BEC or EC target cells at serial 

effector/target (E/T) ratios in a standard 51Cr release assay. The assay was performed in 

triplicate and results expressed as mean +/− S.D. Representative data from one PBC patient 

are shown. B. Activated NK cells were added to the co-cultures, in triplicate, to bring the 

NK/BEC ratio to the indicated levels for a standard 51Cr release assay, in the presence or 

absence of NKG2D Ab. C. Western blot analysis for detecting PDC-E2 using a mAb against 

PDC-E2. The whole lysate of NK-lysed BEC, or microparticles (MP) isolated by filtration 

and ultracentrifugation from cell lysates recovered after induction of cytolysis with E/T ratio 

of 50 or 10, were analyzed. D. Isolated microparticles (MP) were re-suspended in PBS and 

sterilized by filtration, then used as stimulating antigen in a standard 3H-TdR proliferation 

assay for the PDC-E2 specific CD4+ T cell clone TCC independent 1 (31). For the purpose 

of control, the T cell clone was incubated with the PDC-E2 163-176 peptide (P) or without 

the peptide (−). HLA DR53 matched irradiated monocyte derived dendritic cells were 

included in the assay as APC. E. Production of IFN-γ by the PDC-E2 specific CD4+ T cell 
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clone stimulated with microparticles from BEC or EC as described in C. Results are 

presented as mean +/− S.D. *, significant differences (p<0.01) between Ag (−) versus PDC-

E2 peptide or MP from BEC; **, significant differences (p<0.05) between anti NKG2D Ab 

treatment is present or absent.
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Figure 2. 
Effect of NK cells on the expression of MHC molecules on BEC. BEC were co-cultured 

with or without activated NK cells for 24 hours at an NK/BEC ratio of 0.5. Levels of cell 

surface HLA-ABC, -E and HLA-DR were assessed by flow cytometry. A. Representative 

FACS plots. B. Mean fluorescence intensity (MFI) of staining for MHC molecules on BECs 

with (+) or without (−) pre-incubation with NK cells.
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Figure 3. 
BEC induced TNF-α and IFN-γ production from activated NK cells. A. Activated NK cells 

were co-cultured with autologous BEC (1×105 per well) in triplicate at serial NK/BEC ratios 

for 24 hours. Results are presented as mean +/− S.D. *, significant differences (p<0.01) 

between NK cells: 5×104 versus 1×106 or 5×106. B. Activated NK cells (1×106 per well) 

were co-incubated with BEC for 24 hours. The concentrations of TNF-α and IFN-γ in the 

conditioned medium were measured by ELISA. Results are presented as mean +/− S.D. *, 

significant differences (p<0.01) between BEC: 0 versus 5×103, 2×104 or 1×105.
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Figure 4. 
IFN-γ and HLA class I modulated NK cell cytotoxicity against BEC. BEC were mixed with 

activated autologous NK cells at an NK/BEC ratio of 0.5 and incubated for 12 hours during 

pre-incubation (+). After pre-incubation, activated NK cells were added to the co-cultures, in 

triplicate, to bring the NK/BEC ratio to the indicated levels for a standard 51Cr release assay, 

in the presence or absence of anti-IFN-γ Ab or anti-HLA class I Ab. BEC without NK cell 

pre-incubation (−) were also used as target cells with or without addition of IFN-γ. Results 

are presented as mean +/− S.D. *, significant difference (p<0.01) between pre-incubation (+) 

versus pre-incubation (−), pre-incubation (−) versus pre-incubation (−) + IFN-γ, pre-

incubation (+) versus pre-incubation (+) + anti-IFN-γ Ab, or pre-incubation (+) versus pre-

incubation (+) + anti-HLA Ab. B. BEC not pre-incubated with NK cells were co-cultured 

with autologous activated NK cells at an NK/BEC ratio of 50 for a standard 51Cr release 

assay in the presence of IFN-γ at the indicated concentrations. Results are presented as mean 

+/− S.D. *, significant differences (p<0.01) between IFN-γ 0 versus 2.0 or 10. C. BEC not 

pre-incubated with NK cells were co-cultured for 24 hours in the presence of IFN-γ at the 

indicated concentrations, then analyzed for the expression of MHC class I and class II 

molecules by flow cytometry. Results are presented as mean +/− S.D. *, significant 

differences (p<0.01) between IFN-γ 0 versus 2.0 or 10.
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Figure 5. 
NK cell pretreatment up-regulated cytotoxicity of autoreactive CD4+ T cells against BEC. 

BEC, pulsed with the PDC-E2 163-176 peptide, were mixed with (+) or without (−) 

activated autologous NK cells at an NK/BEC ratio of 0.5 and incubated for 24 hours. The 

PDC-E2 specific CD4+ T cell clone TCC independent 1 was then added as an effector cell at 

the indicated E/T ratios to the BEC in triplicate, followed by a standard 51Cr release assay in 

the presence or absence of anti-IFN-γ Ab. Results are presented as mean +/− S.D. *, 

significant differences (p<0.01) between pre-incubation (+) versus pre-incubation (−) or pre-

incubation (+) + anti-IFN-γ Ab.
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