
Intrahepatic IL-10 Maintains NKG2A+Ly49− Liver NK Cells in a
Functionally Hyporesponsive State

Matthew G. Lassen*,†, John R. Lukens*,†, Joseph S. Dolina*,†, Michael G. Brown*,‡, and
Young S. Hahn*,†,§
* Beirne B. Carter Center for Immunology Research, University of Virginia, Charlottesville, VA 22908
† Department of Microbiology, University of Virginia, Charlottesville, VA 22908
‡ Division of Nephrology, Department of Medicine, University of Virginia, Charlottesville, VA 22908
§ Department of Pathology, University of Virginia, Charlottesville, VA 22908

Abstract
The tolerogenic nature of the liver allows daily exposure to gut-derived foreign Ags without causing
inflammation, but it may facilitate persistent infection in the liver. NK cells play a central role in
innate immunity, as well as in shaping the adaptive immune response. We hypothesized that the naive
mouse liver maintains intrahepatic NK cells in a functionally hyporesponsive state. Compared with
splenic NK cells, liver NK cells displayed a dampened IFN-γ response to IL-12/IL-18 stimulation.
Importantly, the liver contains a significant population of functionally hyporesponsive NK cells that
express high levels of the inhibitory receptor NKG2A and lack expression of MHC class I-binding
Ly49 receptors. Adoptively transferred splenic NK cells that migrate to the liver displayed phenotypic
and functional changes, suggesting that the liver environment modifies NK cell receptor expression
and functional responsiveness. Notably, IL-10 is present at high levels within the liver, and in vivo
blockade of IL-10R 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
contributes to the regulation of liver NK cells, in part, by maintaining a greater percentage of the
hyporesponsive NKG2A+Ly49− NK cells in the liver.

Natural killer 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 pro- and anti-inflammatory cytokines, and interact with and influence the maturation
of dendritic cells (DCs) (1–3). NK cells develop from bone marrow-derived NK precursor cells
that follow a stepwise acquisition of phenotypic markers, including early acquisition of NK1.1
and CD94/NKG2 receptors, followed by Ly49 receptors and CD49b (Dx5) (4–7). CD11b and
CD43 also increase with maturation (4).

The liver is a unique organ that is exposed daily to foreign Ags derived from food and
commensal flora that traffic from the gut (8,9). The mechanisms underlying liver tolerance to
such gut-derived Ags remain incompletely defined, but they may include a role for regulatory
T cells, elimination of activated T cells, and the production of immunosuppressive cytokines,
such as IL-10 (9–11). Certain pathogens may exploit the tolerogenic environment of the liver
in attempts to avoid immune clearance and establish persistent infection. Indeed, the liver is
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the primary site of persistence for the chronic viral hepatitis agents hepatitis B virus (HBV)
and hepatitis C virus (HCV) (12). Further elucidating the mechanisms contributing to liver
tolerance will provide valuable insight into the design of novel therapeutic intervention
strategies for chronic liver disease.

NK cells represent a large proportion of the lymphocyte population in the liver and might be
involved in maintaining liver tolerance through their interactions with a variety of cell types
and their ability to secrete pro- and anti-inflammatory cytokines (13–15). In a recent study,
NK cells cocultured with hepatocytes were shown to alter the ability of DCs to prime CD4+ T
cells, resulting in a regulatory T cell phenotype and function (16). Importantly, DC induction
of the T cell regulatory phenotype was dependent on NKG2A engagement on NK cells during
coculture with hepatocytes. Interestingly, NKG2A expression is reportedly increased on NK
cells from patients with chronic HCV infection, suggesting a role for NKG2A in persistent
viral infection (17,18).

The immunosuppressive role of IL-10 has been well established (19,20). With regard to IL-10
function in the liver, LPS treatment of Kupffer cells (KCs) leads to increased IL-10 production
compared with polyinosinic:polycytidylic acid treatment, and increased IL-10 production by
LPS treatment dampens the ability of the KCs to activate NK cells (21). In addition, NK–
hepatic cell interactions via NKG2A-Qa-1b engagement can result in increased IL-10 and
decreased IFN-γ production by NK cells, potentially leading to suboptimal T cell activation
by DCs (16,17).

We hypothesized that the local environment may influence liver NK cells by decreasing their
ability to respond to stimulation, thus contributing to liver tolerance, as well as facilitating
infection by liver-tropic pathogens. To determine the functional competence of liver NK cells,
we examined the expression of various NK inhibitory and activating receptors. Our data show
that the liver contains a prominent subset of NKG2A+ NK cells that lack Ly49 receptor
expression. Importantly, this NKG2A+Ly49− NK cell subset is hyporesponsive to IL-12/IL-18
stimulation in the liver, and Ly49 expression appears sufficient to overcome this induced
hyporesponsiveness. Adoptive transfer experiments suggest that the liver environment can
modify NK cell receptor expression and responsiveness to cytokine stimulation and may
preferentially retain immature NK cells within the liver. These data further establish a role for
IL-10 in shaping intrahepatic NK cells, which are phenotypically distinct and functionally less
responsive than those found within the spleen.

Materials and Methods
Mice

C57BL/6 female mice, 6–10 wk old, were obtained from Taconic Farms (Germantown, NY).
Ly5.1 congenic female mice and MIP-1α–deficient (MIP-1α−/−) mice (both on C57BL/6
background and 6–10 wk old) were obtained from The Jackson Laboratory (Bar Harbor, ME).
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
Intrahepatic leukocytes were isolated from livers, as described previously. Briefly, the liver
was perfused with PBS via the portal vein, followed by PBS plus 0.05% collagenase (Sigma-
Aldrich, St. Louis, MO) and then washed with IMDM supplemented with 10% newborn calf
serum. The liver sections were finely minced and further digested with PBS plus 0.05%
collagenase at 37°C for 20 min. Hepatocytes were removed by centrifuging at 40 ×g for 4 min
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at 4°C. Mononuclear cells were purified on a 21% Nycodenz gradient after centrifugation at
1100 ×g for 20 min without braking. Splenocytes were prepared by mechanical disruption and
isolation over a Ficoll gradient centrifugation at 1250 ×g for 20 min 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 (BD Biosciences, San Jose, CA) with purities >98%.

Flow cytometry and intracellular staining
Cells were stained with Abs against CD3, CD27, CD11b, CD43, CD117, CD122, CD127, Dx5,
Granzyme B, IFN-γ, IL-10, IL-10R, Ly5.1, Ly49C/I/F/H, Ly49G2, Ly49D, Ly49I, Ly49A,
Ly49C/I, NK1.1, NKG2A, and NKG2D (all obtained from eBioscience, San Diego, CA, or
BD Biosciences). Anti-Ly49H was kindly provided by Wayne Yokoyama (Washington
University, St. Louis, MO). 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 at a concentration of 1 × 106 cells/ml in IMDM
containing 10% FBS at 37°C for 5 h. Cells were stained for intracellular IFN-γ using Cytofix/
Cytoperm (BD Biosciences), according to the manufacturer’s instructions. Positive staining
was determined using unstimulated cells. All samples were run on a FACSCanto (BD
Biosciences) and analyzed using FlowJo software.

Adoptive transfer experiments
Liver and spleen leukocytes were obtained from Ly5.1 congenic mice, as described above. NK
cells were enriched by negative selection on an autoMACS Separator using a NK Cell Isolation
Kit (both from Miltenyi Biotec, Auburn, CA), according to the manufacturer’s instructions.
Approximately 1 × 105 Ly5.1+ cells were transferred i.v. into wild-type (Ly5.2) C57BL/6 mice.
For transfer of Ly49Hi and Ly49Lo/Neg NK cell subsets, splenocytes were isolated from wild-
type C57BL/6 mice, as described above. Ly49Hi or Ly49Lo/Neg CD3− NK1.1+ cell subsets were
sorted by positive selection on a FACSVantage SE Turbo Sorter (BD Biosciences) and
transferred into naive Ly5.1 congenic hosts. Transferred cells were detected by flow cytometry
in livers and spleens 48 h posttransfer. All samples were run on a FACSCanto and analyzed
using FlowJo software.

Cytotoxicity assay
NK cells were purified from liver and spleen cell preparations, as described above. Purified
liver or spleen NK cells were cocultured with CFSE-labeled YAC-1 target cells at E:T ratios
of 30:1, 12:1, and 5:1 at 37°C for 4 h. CFSE labeling of YAC-1 cells was performed using the
CellTrace CFSE Cell Proliferation Kit, according to the manufacturer’s instructions
(Invitrogen, Eugene, OR). Following the coculture, dead target cells were detected by adding
5 μl of a 10-μM solution of TO-PRO-3 (Invitrogen, Eugene, OR) immediately before running
the sample on a FACSCanto. Flow data were analyzed using FlowJo software. Dead target
cells were defined as CFSE+TO-PRO-3+ cells within the CFSE+ cell gate. NK cytotoxicity
was calculated as the percentage of target cell death in NK:target cell cocultures minus the
spontaneous target cell death (YAC-1 cells cultured in the absence of NK cells).

Viral infection experiments
For analyzing the phenotypic and functional impact of viral infection on liver NK cell subsets,
wild-type and MIP-1α−/− C57BL/6 mice were injected i.p. with 5 × 104 PFU murine CMV
(MCMV). After 48 h, leukocytes were isolated from infected livers as well as from uninfected
control mice. The surface expression of NK cell receptors and intracellular staining for IFN-
γ were performed as described above.
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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 min. 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), according to the manufacturer’s instructions.
Because of significant background staining of liver homogenates, positive IL-10 levels were
determined by subtracting background signal from wells containing everything except capture
Ab.

In vivo IL-10R blockade experiments
For blocking experiments, 250 μg anti–IL-10R (clone 1B1.3a) or rat IgG1 was injected i.p.
every 2 d for 6 d. Liver and spleen leukocytes were isolated, as described above, 2 d following
the last injection. The surface expression of NK cell receptors and intracellular staining for
IFN-γ were performed as described above.

Statistical analysis
Student t tests were used to evaluate the significance of the differences. A value of p < 0.05
was regarded as statistically significant.

Results
The liver contains a significant population of NKG2A+ NK cells that lack Ly49 expression

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. Because of their prominent presence in the liver (13,14),
as well as their ability to secrete pro- and anti-inflammatory cytokines and influence the
maturational state of DCs (15,22), 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. 1A is representative of the gating strategy used to define NK
cells throughout this study. Compared with splenic NK cells, and in accord with previous work
(23), liver NK cells expressed lower levels of all of the Ly49 receptors tested (Fig. 1B). In
addition, liver NK cells expressed higher levels of the inhibitory receptor NKG2A. Similar to
the spleen, NK cells isolated from the blood and lung also expressed higher levels of Ly49
receptors and lower levels of NKG2A than did liver NK cells (data not shown). Interestingly,
liver NK cells expressed lower levels of the activating receptor NKG2D.

Developing NK cells were shown to sequentially express NKG2A, followed by Ly49 (4,7);
thus, the predominance of NKG2A expression and the relatively low expression of Ly49
receptors may reflect the presence of a population of less mature NK cells in the liver. Indeed,
the presence of immature NK cells in the adult mouse liver has been reported (24). Our data
confirm that a significant population of Dx5neg and CD11blow NK cells is found in the liver
but not the spleen, lung, or blood. However, CD43 was expressed at high levels on NK cells
from all organs tested (Fig. 1B and data not shown). Therefore, the liver may represent a distinct
NK cell population consisting of a substantial subset of NKG2A+ NK cells that lack Ly49
receptor expression (Fig. 1C).

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 (25). Our
analysis showed that the liver contains a significant population of CD27+ CD11b− NK cells,
whereas spleen, lung, and blood NK cells are almost entirely the more mature
CD27+CD11b+ and CD27− CD11b+ subsets (Fig. 1D and data not shown). Further analysis
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revealed that increased Ly49 receptor expression correlated with increased maturational state,
as defined by CD27 and CD11b staining, in the liver and the spleen (Fig. 1E). However, in all
subsets analyzed, fewer liver NK cells expressed Ly49 receptors, whereas a greater proportion
expressed NKG2A. Taken together, the receptor expression profile of liver NK cells presented
in this study supports that the liver contains a large population of NK cells that are
phenotypically distinct compared with other NK cells present in the periphery.

Liver NKG2A+Ly49− NK cells are hyporesponsive to cytokine stimulation
Because recent studies have shown that the surface expression of inhibitory NK receptors for
self-MHC class I ligands coincides with the acquisition of effector functions by individual NK
cells, we next assessed liver NK cell subsets for effector activity (26,27). IL-12 and -18 are
important cytokines in driving proinflammatory responses to pathogens, as well as potent
activators and inducers of cytokine production by NK cells (28–30). Following stimulation
with IL-12 and IL-18, a smaller proportion of liver NK cells produced IFN-γ compared with
spleen NK cells (Fig. 2A). 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 that a lower percentage of liver NK cells produced IFN-γ. In addition, the mean
fluorescence intensity of intracellular IFN-γ staining was significantly lower in liver NK cells
(Fig. 2B). Because mature NK cells express Ly49 receptors, we considered that the liver NK
cell population might be less functionally competent as a result of 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 correlated with greater IFN-γ production
in the liver and spleen (Fig. 2C). Thus, in accord with previous findings, liver and spleen NK
cells expressing Ly49 receptors display functional competence (26,27).

Because of the abundance of NKG2A receptors on intrahepatic NK cells, we next examined
the effect of NKG2A expression on the functional capacity of liver and spleen NK cells. As
expected, NK cells from either organ lacking expression of NKG2A and Ly49 receptors were
relatively insensitive to cytokine stimulation, whereas NK cells expressing Ly49 receptors
readily produced IFN-γ (Fig. 2D, 2E). Furthermore, NKG2A expression contributed little, if
any, additional control to Ly49+ NK cells because NKG2A+Ly49+ and NKG2A−Ly49+ NK
cells in the liver and spleen produced comparable IFN-γ. However, the production of IFN-γ
by intrahepatic NKG2A+Ly49− NK cells was greatly reduced compared with spleen
NKG2A+Ly49− NK cells (Fig. 2D, 2E). We further found that the level of NKG2A expression
was significantly higher on NKG2A+Ly49− NK cells in the liver compared with all other
NKG2A-expressing NK cells in the liver or spleen (Fig. 2F).

Several studies reported tolerogenic activity for various cell types within the liver, including
DCs and KCs (21,31–33). Within the stimulation conditions used in Fig. 2A–E, 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, we found that sorted liver NK cells were dramatically less responsive to
cytokine stimulation compared with spleen NK cells in all subsets analyzed (Fig. 2G). 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, in the context of additional liver leukocytes, cytokine stimulation did restore full
functional competence in Ly49+ liver NK cells but not NKG2A+Ly49− liver NK cells.
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NKG2A+Ly49− liver NK cells express high levels of granzyme B and produce IL-10
In addition to IFN-γ production, NK cell effector functions include cytotoxic activity and anti-
inflammatory cytokine production. To extend the functional analysis of liver NK cells, we
measured the intracellular levels of granzyme B in liver and spleen NK cells directly ex vivo,
as well as their cytotoxic activity against the NK-susceptible YAC-1 cell line. Total liver NK
cells contained elevated levels of granzyme B compared with spleen NK cells (Fig. 3A, 3B),
which correlated with increased cytotoxic activity (Fig. 3C). Further analysis of NK cell subsets
revealed that a greater percentage of NKG2A+ Ly49− liver NK cells stained positive for
granzyme B compared with other liver NK cell subsets and spleen NK cells (Fig. 3A, 3B).

Previous reports suggested that NK cells are able to produce IL-10 (34,35). Because IL-10 may
play a significant role in the tolerant environment of the liver, we analyzed the ability of liver
NK cell subsets to produce IL-10 in response to cytokine stimulation. Although low levels of
IL-10 staining were noted in all liver NK cell subsets, NKG2A+Ly49− NK cells seemed to be
the major source of IL-10 within the liver NK cell population (Supplemental Fig. 1). In contrast,
IL-10 staining in spleen NK cell subsets was negligible.

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 a distinct subset of 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 using a CD45 (Ly5)
mismatch. We examined the NK cell receptor expression on adoptively transferred spleen NK
cells that had migrated to the liver or spleen 48 h posttransfer. Adoptively transferred spleen
NK cells (Ly5.1+) that migrated to the liver showed a greater proportion of NKG2A+ cells that
lacked Ly49 expression, whereas spleen NK cells that migrated back to the spleen were almost
entirely Ly49+ (Fig. 4A). In addition, a greater proportion of spleen NK cells that migrated to
the liver displayed the CD27+CD11b− phenotype (Fig. 4B). These data indicate that the liver
can modify receptor expression on NK cells, potentially influencing their functional
competence. Indeed, a lower proportion of spleen NK cells that migrated to the liver were IFN-
γ+ following IL-12/IL-18 stimulation (Fig. 4C). In addition, when IFN-γ production was
examined in Ly49-expressing NK cells, the percentage that was positive as well as the mean
fluorescence intensity were lower in those NK cells that migrated to the liver compared with
those that migrated to the spleen (Fig. 4D).

To further address the possibility of a preferential retention of a specific subset of NK cells
within the liver, we sorted spleen NK cells into Ly49Hi and Ly49Lo/Neg subsets and transferred
them into separate hosts. Regardless of Ly49 receptor expression, adoptively transferred spleen
NK cells preferentially migrated back to the spleen (Fig. 5A). 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. 5B). Interestingly, the
transferred cells that migrated back to the liver were enriched for the NKG2A+Ly49− subset
of NK cells (Fig. 5C). Taken together, these data suggest that the naive liver environment is
sufficient to dampen spleen NK cell IFN-γ production and that liver NKG2A+ NK cells
preferentially migrate back to the liver following adoptive transfer.

Although the naive liver environment is immunosuppressive, the liver is capable of clearing
many pathogens, including lymphocytic choriomeningitis virus and MCMV. To determine the
functional capacity of liver NK cells in response toviral infection, we measured the functional
response of liver NK cell subsets following MCMV infection. Compared with naive mice,
NKG2A+Ly49− liver NK cells from MCMV-infected mice were capable of producing IFN-γ
with similar magnitude to that of Ly49+ liver NK cells (Supplemental Fig. 2). Because the
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recruitment of blood or spleen NK cells to the liver following viral infection may confound
the interpretation of these results, we also analyzed liver NK cell function in MCMV-infected
mice deficient in MIP-1α (MIP-1α−/−), which were shown to be impaired in the migration of
NK cells to the liver following MCMV infection (36). Intracellular IFN-γ staining was similar
in all liver NK cell subsets from MCMV-infected wild-type and MIP-1α−/− mice (Supplemental
Fig. 2). Thus, although NKG2A+Ly49− liver NK cells from the naive liver respond poorly to
cytokine stimulation, full functional competence can be achieved under certain conditions.

IL-10 modifies liver NK cell subset composition and functional responsiveness
The immunosuppressive nature of IL-10 has been well documented in many facets of the
immune response (20), and it may be critical to the tolerogenic nature of the liver (9,21). Indeed,
a recent report suggested that high levels of IL-10 produced by KCs in response to LPS may
contribute to liver tolerance by dampening the effect of proinflammatory cytokines present in
the liver (21). Fig. 6A shows that the liver contains a large amount of IL-10, compared with
the spleen, as measured by ELISA. In addition, IL-10R is expressed on liver and spleen NK
cells (Fig. 6B).

We hypothesized that IL-10 within the liver could be contributing to the lower functional
capacity of liver NK cells. Administration of IL-10R–blocking Ab resulted in a significant
increase in Ly49+ liver NK cells (Fig. 7A). This increase in the proportion of Ly49+ NK cells,
and the accompanying decrease in the proportion of NKG2A+Ly49− NK cells, was specific to
the liver compartment (Fig. 7B). In addition, there was no significant difference in the absolute
number of NK cells between treatments (Fig. 7C). Surprisingly, IL-10R blockade did not
significantly increase the production of IFN-γ by NKG2A+Ly49− or Ly49+ liver NK cells (Fig.
7D, 7E). Importantly, Ly49 expression on spleen NK cells did not seem to be affected by
IL-10R blockade.

Discussion
The normal liver is exposed to a daily barrage of gut-derived foreign Ags that must be absorbed
and dealt with in a manner that does not elicit an inflammatory response (8,9). Therefore, the
liver is armed with a variety of immunetolerance mechanisms that may include the induction
of regulatory T cells and the elimination of activated T cells (9). Recent reports also highlighted
a role for DCs (31–33) and KCs in maintaining liver tolerance (21). Our findings suggest that
an additional contribution to liver tolerance may include regulation of NK cells so that they
are functionally less responsive.

In this report, we demonstrated that the liver contains a large proportion of NK cells that are
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. Enhanced function by Ly49+ NK
cells could reflect maturational differences, because the ability to secrete IFN-γ increases with
NK maturation (37). However, sorted Ly49+ liver NK cells were less responsive to cytokine
stimulation than were Ly49+ NK cells from the spleen, indicating that there are likely additional
factors unique to the liver influencing the NK cell functional response.

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, because
there was no statistical difference in IFN-γ production between NKG2A+Ly49+ and
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NKG2A−Ly49+ NK cells. It is interesting to note that a majority of fetal NK cells were reported
to express CD94/NKG2 molecules, while lacking surface expression of Ly49 receptors (6).
Liver NKG2A+Ly49− NK cells, although less responsive to cytokine stimulation than Ly49-
expressing NK cells, may have other functions within the liver. Intracellular staining for IL-10
indicated that a greater proportion of NKG2A+Ly49− liver NK cells produced IL-10 compared
with other liver NK cell subsets or spleen NK cells (Supplemental Fig. 1). In addition, the
analysis of intracellular granzyme B revealed that liver NK cells contained higher amounts
compared with spleen NK cells and that this increased granzyme B level correlated with
enhanced cytotoxicity against YAC-1 target cells (Fig. 3). This is most intriguing because of
the observation that the weak immunostimulatory function associated with the liver DC
population may be due, in part, to differences in subtype composition (31). Further analysis is
required to determine whether 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. NK cell
subset analysis of intracellular granzyme B levels indicated that NKG2A+Ly49− liver NK cells
have a greater cytolytic potential (Fig. 3A). Interestingly, a recent report showed that the killing
of immature DCs by human NK cells was mediated by a subset of NK cells that express NKG2A
but lack killer Ig-like receptor (KIR) expression (38).

The adoptive transfer experiments of spleen NK cells reported herein suggest that the liver
environment can modify NK cell functional responsiveness. 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 was reported to inhibit the expression of the
costimulatory molecules B7-1/B7-2 on DCs and macrophages, influencing their ability to
optimally activate T cells (39,40), whereas autocrine IL-10 signaling in DCs was shown to
inhibit their migration to draining lymph nodes (41). IL-10 may also lead to lower NK cell
activation through the inhibition of IL-12 production (42), and KC production of IL-10 was
shown to directly dampen NK cell activation and decrease IFN-γ production (21). 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 IL-10R led
toanincreaseinLy49-expressingNKcells in the liver. Notably, we also observed a greater
percentage of Ly49-expressing NK cells in the livers of IL-10–deficient mice compared with
wild-type C57BL/6 mice (data not shown).

Although there existed a trend toward a greater percentage of IFN-γ–positive NK cells, as well
as increased mean fluorescence intensity of IFN-γ staining, in the total liver NK cell population
from anti-IL-10R–treated animals, the differences were not statistically significant. Therefore,
although IL-10 contributes to the overall shaping of the liver NK cell population, additional
regulatory factors likely influence IFN-γ production by liver NK cells in response to cytokine
stimulation. Futhermore, the mechanism of IL-10 regulation of NK cells in the liver remains
unclear. One possibility is that IL-10 directly regulates Ly49 expression through the inhibition
of NF-κB activation, which was suggested to play a role in regulating Ly49 receptor expression
(43,44). Alternatively, IL-10R blockade may modify the chemokine profile of the liver,
resulting in different NK cell subsets migrating to the liver (45). Indeed, although 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 herein is under investigation.

Liver DCs and KCs are likely candidates for regulating the NK cell population. Recent studies
highlighted receptor expression differences on liver DCs and KCs compared with spleen DCs
and peritoneal macrophages, noting lower T cell activation capabilities by liver DCs and KCs
(46,47). Whether liver DCs and/or KCs contribute to the immature phenotype and lower
functional response of liver NK cells reported herein is also under investigation.
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These findings have important significance for liver tolerance as well as for the treatment of
certain persistent pathogens, such as HBV and HCV, which may exploit the tolerogenic nature
of the liver in evading the immune system and establishing chronic infection. HCV is
particularly intriguing because of the high rate of persistence, estimated at 70–80% of infected
individuals (12). In contrast, HBV is cleared by >95% of healthy adults (12). Several reports
indicated an impairment of NK cells associated with chronic HCV infection (48–50), leading
to a proposed model that targeting NK cells is central to HCV persistence in the liver (51).
Host and viral factors may contribute to the impact of HCV infection on NK cell function.
Indeed, the outcome of HCV infection was shown to be influenced by certain KIR/HLA-type
combinations, because weaker inhibitory KIR/HLA combinations positively correlated with
the resolution of infection (52). In addition, our unpublished observations suggest that infection
with an HCV core protein-expressing adenovirus results in enhanced levels of NKG2A on liver
NK cells compared with infection with a β-gal–expressing adenovirus (M.G. Lassen and Y.S.
Hahn, unpublished observations). Importantly, increased NKG2A expression was reported on
NK cells isolated from patients with chronic HCV infection (17,18). Furthermore, NK cells
isolated from livers infected with an HCV core protein-expressing adenovirus showed reduced
IFN-γ production compared with NK cells from livers infected with a β-gal–expressing
adenovirus (M.G. Lassen and Y.S. Hahn, unpublished observations). Lower NK production
of IFN-γ could result in suboptimal DC maturation, leading to inefficient T cell activation.
However, MCMV infection results in strong IFN-γ production by NKG2A+Ly49− and
Ly49+ liver NK cells (Supplemental Fig. 2). This may reflect a differential role for
NKG2A+Ly49− liver NK cells, depending on the nature of the pathogen. The salivary glands
are the primary site of viral persistence in latent CMV infection. In contrast, the liver is the
primary site of viral replication during chronic HCV infection. Certain persistent pathogens
may have evolved immunoevasion mechanisms that target tolerogenic factors involved in
regulating the liver NK cell population, including modulation of NKG2A expression on liver
NK cells.

The data presented herein indicate 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.
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FIGURE 1.
NK cell receptor expression profile indicates liver contains a large proportion of immature NK
cells. Liver and spleen tissue was harvested from 6- to 10-wk-old naive female C57BL/6 mice.
Total leukocytes were isolated and stained for various NK cell receptors. A, NK cells are
defined throughout this article as NK1.1+ cells lacking CD3 expression. B, Expression of
various NK cell receptors on gated liver (solid line) and spleen (dashed line) NK cells. Shaded
curves represent isotype control staining. C, Liver and spleen NK cell subsets according to
surface expression of NKG2A and a mixture of Ly49 receptors (C/I/F/H/G2). D, Liver and
spleen NK cell subsets gated according to surface expression of CD27 and CD11b. E, NKG2A/
Ly49 expression on CD27+CD11b−, CD27+CD11b+, and CD27−CD11b+ subsets of liver and
spleen NK cells. Data are representative of at least three independent experiments using at least
three mice per group.
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FIGURE 2.
Liver NKG2A+Ly49− NK cells are hyporesponsive to cytokine stimulation. A–E, Total female
C57BL/6 liver or spleen leukocytes were stimulated with IL-12 and -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 the
percentage of IFN-γ+ liver and spleen NK cells as well as mean fluorescent intensity of
intracellular IFN-γ staining. C, Combined results from a single experiment of IFN-γ production
by Ly49− and pan NK Ly49+ (C/I/F/H/G2) NK cells. D, IFN-γ production by NK cell subsets
based on NKG2A and pan Ly49 expression. E, Combined results from a single experiment
showing intracellular IFN-γ staining by NK cell subsets gated according to NKG2A and pan
NK Ly49 expression. F, Combined results from a single experiment of mean fluorescent
intensity of NKG2A staining on Ly49+ and Ly49− NK cells. G, Dot plots of intracellular IFN-
γ staining in cell-sorted total NK cells and flow-gated NK cell subsets. Data in A–F are
representative of three independent experiments containing three mice per experiment. Data
in G are representative of two independent experiments containing NK cells sorted from at
least six mice. *p < 0.05; ***p < 0.0005.
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FIGURE 3.
Higher granzyme B levels in liver NK cells correlates with enhanced cytotoxic activity. Liver
and spleen leukocytes were isolated from naive C57BL/6 mice as before. A, Representative
dot plots showing intracellular levels of granzyme B in liver and spleen NK cells. B, Combined
results from a single experiment of positive percentage and mean fluorescent intensity of
granzyme B intracellular staining. C, Liver and spleen NK cells were purified from 8- to 12-
wk-old naive female C57BL/6 mice. Purified NK cells were cocultured with CFSE-labeled
YAC-1 target cells at an E:T ratio of 30:1, 12:1, or 5:1 at 37°C for 4 h. Following the coculture,
dead cells were detected by TO-PRO-3 staining measured by FACS analysis. Dead target cells
were defined as CFSE+TO-PRO-3+ cells. Cytotoxicity percent was calculated as the percentage
of target cell death in NK:target cell cocultures minus the spontaneous target cell death (YAC-1
cells cultured in the absence of NK cells). Data in A and B are representative of at least two
independent experiments containing three mice. Data in C are representative of two
independent experiments using purified NK cells pooled from ≥12 mice. *p < 0.05; **p <
0.005; ***p < 0.0005.

Lassen et al. Page 15

J Immunol. Author manuscript; available in PMC 2010 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Splenic NK cells that migrate to the liver display greater immature phenotype and decreased
IFN-γ production. Splenic NK cells were isolated from 6- to10-wk-old naive female Ly5.1
congenic C57BL/6 mice. Approximately 6 × 105 Ly5.1+ NK cells were adoptively transferred
i.v. into C57BL/6 mice (Ly5.2+). Forty-eight hours posttransfer, 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. C, Combined
results of IFN-γ production by transferred (Ly5.1+) and endogenous (Ly5.1−) total NK cell
populations. D, Combined results of transferred (Ly5.1+) and endogenous (Ly5.1−) Ly49+-
gated NK cells. Data are representative of two independent experiments with two or three mice
per group. *p <0.05; ***p <0.0005.
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FIGURE 5.
NK cells preferentially migrate back to the organ of isolation. Splenic or liver NK cells were
isolated from naive female wild-type (Ly5.2) or Ly5.1 congenic, C57BL/6 mice, respectively,
and were transferred i.v. into Ly5-mismatched hosts. Forty-eight hours posttransfer, 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, The
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 no./(spleen absolute no. + liver absolute no.)]
×100). Data are combined from two independent experiments. B, Ly5.1+ liver NK cells were
adoptively transferred i.v. and detected in liver and spleen 48 h. posttransfer. C, NKG2A and
pan Ly49 staining on transferred (Ly5.1+) and endogenous (Ly5.1−) NK cells. Data in B and
C are representative of two independent experiments with two or three mice per group.
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FIGURE 6.
Liver contains high levels of IL-10. A, Liver and spleen tissue was isolated from naive 6- to
10-wk-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 pelleted by
centrifugation, and supernatants were 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 Ab). **p <0.005. B, IL-10R expression on total liver (solid line)
and spleen (dashed line) NK cells. Shaded graph represents isotype control staining. Data are
representative of three independent experiments using three mice.
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FIGURE 7.
IL-10R blockade shifts liver NK cell subsets to a greater proportion of Ly49-expressing NK
cells. Six- to 10-wk-old female C57BL/6 mice were injected i.p. with 250 μg of IL-10R–
blocking Ab or isotype control every 2 d over a 6-d period. Total leukocytes were isolated from
liver and spleen tissue. 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. *p <0.05. C, Combined results from a
single experiment showing absolute numbers of Ly49+ and NKG2A+ Ly49− NK cells
following IL-10R blockade or control Ab injection. 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− (D) and Ly49+ (E) NK cells
from control and anti-IL-10R–treated mice. Data showing surface expression of NKG2A and
Ly49 receptors are representative of three independent experiments, and intracellular IFN-γ
staining is representative of two independent experiments using three mice per group.

Lassen et al. Page 19

J Immunol. Author manuscript; available in PMC 2010 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


