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Abstract

The liver is known to favor the induction of immunological tolerance rather than immunity. Although
Kupffer cells (KC) have been indicated to play a role in liver tolerance to allografts and soluble
antigens, the mechanisms involved remain unclear. We hypothesized that KCs could promote
immune tolerance by acting as incompetent antigen-presenting cells (APC), as well as actively
suppressing T cell activation induced by other potent APCs. The expression of antigen presentation-
related molecules by KCs was phenotyped by flow cytometry. The abilities of KCs to act as APCs
and to suppress T cell activation induced by splenic dendritic cells (DC) were examined by in vitro
proliferation assays using CD4* OVA-TCR (ovalbumin T cell receptor) transgenic T cells. We found
that, compared with DCs, KCs expressed significantly lower levels of major histocompatibility
complex (MHC) Il, B7-1, B7-2, and CD40. This result is consistent with our observation that KCs
were not as potent as DCs in eliciting OV A-specific T cell proliferation. However, KCs isolated from
polyinosinic:polycytidylic acid—treated mice expressed significantly higher levels of MHC Il and
costimulatory molecules than did naive KCs and could stimulate stronger T cell responses. More
importantly, we found that KCs could inhibit DC-induced OV A-specific T cell activation. Further
investigation of the underlying mechanism revealed that prostaglandins produced by KCs played an
important role. The results ruled out the possible involvement of interleukin-10, nitric oxide, 2,3-
dioxygenase, and transforming growth factor g in KC-mediated T cell suppression.

Conclusion—Our data indicate that KCs are a tolerogenic APC population within the liver. These
findings suggest that KCs may play a critical role in regulating immune reactions within the liver
and contributing to liver-mediated systemic immune tolerance.

Despite the liver’s continuous exposure to pathogens, toxins, and dietary antigens, the adaptive
immune response of the liver is known to favor induction of immunological tolerance rather
than immunity. This is supported by numerous studies that have demonstrated that: (1) dietary
antigens derived from the gastrointestinal tract are tolerized in the liver; (2) allogeneic liver
organ transplants are accepted across major histocompatibility complex (MHC) barriersl; 3)
preexposure to donor cells through the portal vein of recipient animals increased their
acceptance of solid tissue allograft52’3; and (4) preexposure of soluble antigens via the portal
vein leads to systemic immune tolerance.4 The mechanism of liver-induced systemic immune
tolerance is not well understood, although several hypotheses, including T cell apoptosis,
immune deviation, and active suppression, have gained some experimental support.
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The liver has been dubbed the “elephant’s graveyard” for activated T cells. A number of studies
have been conducted using T cell receptor (TCR) transgenic models, in WhICh CD8+T cells
express MHC class I-restricted TCR specific for a known antigenic peptlde '/ These studies
demonstrated that, after a series of injections of the specific peptide, the activated T cells
undergo apoptosis after a transient accumulation in the liver. This phenomenon coincides with
the disappearance of these cells from the peripheral lymphoid organs. However, this hypothesis
was recently challenged by the findings that viral-specific CD8" T cells can accumulate within
the liver after an extrahepatic infection, and that these T cells are viable and retain effector
functions.8:9

Immune deviation represents another possible mechanism of liver tolerance. It has been
demonstrated that liver sinusoidal endothelial cells (LSEC) are capable of selectively
suppressing interferon (IFN)-y—producing T helper (Th)1 cells, but promoting the outgrowth
of interleukin (IL)-4 — expressing Th2 cells, thereby causing tolerance.

Active suppression of T cell activation can occur within the liver because of its unique anatomy
and the composition of “tolerogenic” antigen-presenting cells (APC). The blood flow slows
down within the liver because of the narrow sinusoids (7—12 um) and the temporary obstruction
by resident Kupffer cells (KC). Because of the slow blood flow, circulating T cells are forced
into contact with endothelium and presented with opportunities to interact with various APCs,
including LSECs, KCs, and hepatic dendritic cells (DC). It has been demonstrated that LSECs
are capable of presenting antigens to naive CD4* and CD8*T cells and inducing tolerance,
because LSEC-activated CD8* cells fail to differentiate into cytotoxic effector cells, and
LSEC- actlvated CD4* T cells produce immune regulatory cytokines, such as IL-4 and
IL-10.11,12 However, a recent study using an improved method for LSEC purification
demonstrated that these cells do not express MHC 1l and costimulatory molecules, suggesting
that they cannot act as APCs.13 The tolerogenicity of hepatic DCs has also been investigated,
and several studies demonstrated that, compared with spleen DCs, those in the liver exhibit
immature phenotypes and that they are ineffective stimulators of antigen-specific T cell
responses.14‘16 However, because a very low number of DCs reside within the liver, it is not
clear whether these cells could play a predominant role in the mechanism of liver tolerance.
In contrast, KCs represent the largest population of tissue resident macrophages, and they are
ideally situated to encounter circulating T cells in the sinusoidal lumen of the liver.17:18 It has
been shown that KCs play a role in liver-mediated tolerance to allografts 9-21 and our
previous studies demonstrated their importance in the induction of tolerance against soluble
antigens.22 However, the mechanism(s) involved in KC-mediated T cell tolerance have not
been clearly defined. The aims of the current study were to (1) characterize the phenotypes of
KCs related to antigen presentation, and (2) investigate KCs’ ability to regulate/suppress
antigen-specific T cell responses. The data demonstrated that KCs were not effective APCs to
elicit T cell activation, and that more importantly, KCs were able to actively suppress T cell
proliferation induced by splenic DCs.

Materials and Methods

Animals

Six-week-old to 8-week-old male C57BL/6J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and kept in the Center for Laboratory Animal Care at the
University of Colorado Health Sciences Center for 1 week before being used for isolation of
various APCs. In some experiments, the mice were injected intraperitoneally with
polyinosinic:polycytidylic acid (poly I:C, 50 #g/mouse, Amersham Biosciences, Piscataway,
NJ) 12 hours before KC isolation. Mice transgenic for TCR that recognizes OV As,3.339 peptide
in the context of 1-Ad (OTII mice) on a C57BL/6J background were provided by Dr. Philippa
Marrack (National Jewish Medical and Research Center, Denver, CO). An OTII breeding
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colony was set up and maintained in pathogen-free conditions in the Center for Laboratory
Animal Care. All animal handlings were performed in accordance with guidelines from the
University of Colorado Health Sciences Center Institutional Animal Care and Use Committee.

KC Isolation and Purification

Mice were anesthetized with isoflurane and livers perfused in situ with a Ca**-free Hanks’
balanced salt solution (HBSS) containing 1 mM ethylene glycol tetra-acetic acid for 4 minutes
at 37°C followed by a 0.05% collagenase solution (type 1V, Sigma, St. Louis, MO) for 20
minutes. After digestion, the liver was disrupted in HBSS containing 0.5% of fetal bovine
serum and 0.6% citrate-dextrose (Sigma). Single-cell suspension was filtered through a 100-
um cell strainer (BD Falcon, Bedford, MA), and the cells centrifuged at 30g for 3 minutes to
pellet hepatocytes. The supernatant enriched of non-parenchymal cells (NPCs) was centrifuged
and washed twice at 500g for 7 minutes. The pellet was resuspended in 1.5 mL RPMI 1640
containing 10% fetal bovine serum, and subsequently mixed with 3 mL 30% Nycodenz
(Accurate Chemical & Scientific Co., Westbury, NY). The resulting suspension was layered
under 5 mL HBSS and centrifuged at 5009 for 15 minutes. KC-enriched NPCs located in the
interface were harvested and washed twice. The cells were stained with fluorescein
isothiocyanate—conjugated anti-CD45 (clone 30-F11, eBioscience, San Diego, CA) and
allophycocyanin-conjugated anti-F4/80 (clone BMS8, eBioscience) antibodies for 30 minutes
on ice. To prevent nonspecific binding, cells were blocked with normal rat serum (Sigma) and
anti-mouse CD16/32 (clone 93, eBio-science) antibody for 5 minutes on ice. Subsequently,
CD45*F4/80* KCs were sorted using a MoFlo High Performance Cell Sorter (Cytomation Inc.,
Fort Collins, CO).

Isolation of Resident Peritoneal Macrophages and Splenic DCs

Male C57BL/6J mice were injected intraperitoneally with 8 mL cold HBSS and lavaged three
times. The collected cells were plated on a fetal bovine serum pre-coated culture dish for 60
minutes, and the adherent cells harvested as peritoneal macrophages (PM). To isolate splenic
DCs, mouse spleens were cut into small pieces and incubated in HBSS containing collagenase
D (1 mg/mL, Roche Applied Science, Indianapolis, IN) for 30 minutes at 37°C. The tissue
pieces were homogenized and filtered through a 100-um cell strainer. Single-cell suspension
was centrifuged at 300g for 5 minutes. CD11c¢* DCs were purified by magnetic cell sorting
using MACS CD11c MicroBeads (Milltenyi Biotec Inc., Auburn, CA).

Isolation of CD4" T Cells from C57BL/6J WT and OVA-TCR Transgenic OTIl Mice

The spleens of OTII or C57BL/6J mice were removed and homogenized. Single-cell
suspension was filtered through a 100-um cell strainer. CD4*T cells were purified by negative
selection using a CD4*T cell isolation kit (Milltenyi Biotec Inc).

Flow Cytometric Analysis

Liver NPCs, splenocytes, and lavaged peritoneal cells were stained with one or more of the
following antibodies, including anti-CDA45, anti-F4/80, anti-CD11b (clone M1/70,
eBioscience), and anti-CD11c (clone N418, eBioscience) for the identification of KCs
(CD45%F4/80™), PMs (CD11b*F4/80%), and splenic and liver DCs (CD45*CD11c*).
Phenotypical analysis of various APCs was performed by staining the cells with the following
phycoerythrin-conjugated antibodies (BD Biosciences, San Jose, CA), which include anti-I-
AP (clone AF6-120.1), anti-B7-1 (clone 16-10A1), anti-B7-2 (clone GL1), anti-CD40 (clone
3/23) and anti-intercellular adhesion molecule (ICAM)-1 (clone 3E2). To examine the status
of T cell activation, the cells were collected after 12 hours’ incubation and stained with
allophycocyanin-conjugated anti-CD4 (clone GK1.5, eBioscience), fluorescein
isothiocyanate—conjugated CD69 (clone H1.2F3, eBioscience), and phycoerythrin-conjugated
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CD25 (clone PC61.5, eBioscience). After antibody staining, the cells were analyzed on a
FACSCalibur using CellQuest software (BD Biosciences). The data were further analyzed
using FlowJo software (Tree Star Inc., Ash-land, OR).

T Cell Stimulation by Various APCs In Vitro

Purified CD4* OVA-TCR T cells (5 x 10%) were incubated with 2.5 x 104 PMs, DCs, KCs, or
the combination of DCs and KCs. The cells were cultured in 96-well plates in RPMI 1640
medium containing 10% fetal bovine serum (200 uL/well [Invitrogen, Carlshad, CA]). After
3 days, various concentrations of OVAg»3.339 ISQAVHAAHAEINEAGR, Molecular
Resource Center, National Jewish Medical Research Center, Denver, CO) were included in
the cultures. T cell proliferation was measured by [3H]-thymidine (0.5 xCi/well [Amersham
Biosciences]) incorporation during the last 16 hours of incubation. In some experiments, the
naive CD4" OVA-TCR T cells were labeled with 0.5 uM carboxy-fluorescein diacetate
succinimidyl ester (CFSE, Molecular Probes, Eugene, OR) before incubation with various
APCs. After 3 days, the CFSE fluorescence intensity was measured by flow cytometry to
determine the degree of T cell differentiation. For IL-2 measurement, the supernatants were
collected 12 hours after culturing T cell alone, or T cells plus DCs or KCs. IL-2 levels were
determined by sandwich enzyme-linked immunosorbent assay using capture and detection
antibody pairs according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN).
In some experiments, CD4* T cells (2 x 10°/well) isolated from C57BL/6J mice were
cocultured with DCs or KCs for 3 days in wells of 96-well plates precoated with anti-CD3
antibody (5 ug/mL, clone 145-2C11, eBioscience). T cell proliferation was determined by
[3H]-thymidine incorporation during the last 16 hours of incubation.

To examine the involvement of various soluble factors in mediating KC-induced T cell
suppression, 1-methyl-d,I-trytophan (1-MT, 1 mM, Sigma), N®-monomethyl-L-arginine (L-
NMMA, 0.1 mM, Sigma), anti-IL-10 or anti—transforming growth factor (TGF) £ antibody
(10 ug/mL, R&D Systems) was included in some DC/KC cocultures for 16 hours before the
addition of T cells. To determine the effect of prostaglandin (PG)E, and 15-deoxy-deltal2,14-
PGJ; (15d-PGJ,) in mediating KC-induced T cell suppression, indomethacin (1 «M, Sigma)
was added to DC/KC cocultures overnight before the addition of T cells. In some of these
cultures, a combination of PGE; (3 ng/mL) and PGJ, (3 ng/mL) was included. Alternatively,
the combination of PGE, and PGJ, was added to T/KC/DC cocultures the same time as the
addition of T cells.

Measurement of PGE,, 15d-PGJ»,, and Nitric Oxide

Results

Purification

After 48 hours of incubation, the supernatants were collected from the cultures of T cell alone,
or T cells plus DCs, KCs, or DCs and KCs. In some experiments, KCs (2.5 x 10%well) were
cultured in the absence and presence of various concentration of indomethacin. The levels of
PGE; and 15d-PGJ, were measured using enzyme immunoassay kits (Assay Designs, Ann
Arbor, MI) according to the manufacturer’s instructions. For nitric oxide (NO) measurement,
the supernatants of PM/T cell and KC/T cell cocultures were collected at 48 hours. Total nitrite/
nitrate levels were determined by the use of a Griess Reagent System kit (Promega Co.,
Madison, WI).

and Characterization of Hepatic KCs

Even though KCs represent the largest APC population within the liver, and the in vivo KC
depletion data suggested a possible immune tolerogenic role of these cells,19-22 studies
investigating the underlying mechanism accounting for their tolerogenic function have been
scarce. One reason may be that it is not straightforward to isolate mouse KCs with high purity
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and yield. Previous regorts described isolation of KCs from rats or mice using differential
plating or elutriation23-25; however, these methods are limited in achieving high cell purity.
In the current study, we took an immunological approach to isolate mouse KCs using
fluorescence-assisted cell sorting technique. After enrichment of liver NPCs as described in
the literature, the cells were stained with anti-F4/80 and anti-CD45 antibodies, which recognize
F4/80 (a tissue macrophage marker) and CD45 (a pan-leukocyte marker), respectively. KCs
were identified as CD45- and F4/80-double positive cells. The purity of isolated KCs is greater
than 95%, and the yield of the cells isolated from 6 mice is approximately 3 x 106 (Fig. 1A).

Although evidence suggests that KCs represent a primary population of hepatic APCs, their
surface expression of molecules related to antigen presentation has not been examined in
comparison with other APCs. Using flow cytometric analysis, we determined KC expression
of MHC II, B7-1, B7-2, CD40, and ICAM-1. The expression levels on KCs were compared
with those on naive PMs, liver DCs, and splenic DCs (known as potent “professional” APCs).
The data showed that KCs expressed similar levels of MHC |1 and costimulatory molecules,
including B7-1, B7-2, and CD40, when compared with PM, but lower when compared with
splenic DCs. Among all types of cells compared, liver DCs expressed the lowest levels of MHC
Il and costimulatory molecules (Fig. 1B).

KCs Are Not Potent in Induction of Antigen-Specific T Cell Activation

The ability of KCs to induce antigen-specific T cell activation was examined using CD4* OVA.-
TCR (ovalbumin-T cell receptor) transgenic T cells isolated from OT Il mice. KCs, PMs, and
splenic DCs were isolated from syngeneic male C57BL/6J wild-type mice. The T cells were
cocultured with APCs in the presence of OV A peptide 323-339 (OVA323.339). T cell activation
and proliferation were determined by measuring 3H-th¥midine uptake and CFSE fluorescence
intensities. Consistent with reports in the Iiterature,14* 6 we found that splenic DCs elicited a
strong T cell proliferative response as evidenced by high uptake of 3H-thymidine and the
increased number of differentiated cells that express lower CFSE intensities. However,
measurement of 3H-thymidine uptake and CFSE fluorescence intensities showed that T cells
were nearly completely refractory to KC-induced activation (Fig. 2A, B). The data
demonstrated that PMs could induce T cell activation in the presence of a low concentration
of OVA323.339 (0.1 g/mL), but T cell proliferation decreased when the amount of antigen was
increased to 1 and 10 ug/mL (Fig. 2A). In these cultures, significant amounts of NO were
detected (Fig. 2C). Because numerous studies have demonstrated that NO can inhibit T cell
proliferation,27‘ 4 the role of NO in the suppression of PM-mediated T cell activation was
investigated by adding L-NMMA in the cultures to inhibit NO production (Fig. 2C). The results
showed that inhibition of NO drastically increased PM-induced T cell proliferation, at a level
similar to that induced by DCs (Fig. 2A). In contrast, NO production was not detectable in KC/
T cocultures (data not shown), and the addition of L-NMMA did not affect T cell proliferation
(Fig. 2A). These data suggested that the mechanisms for the lack of T cell proliferation induced
by KCs and PMs are different.

Itis knownthat T cell activation results in the production of IL-2, up-regulation of IL-2 receptor
y chain (CD25), and the expression of an early activation marker CD69. Subsequently, the
activated T cells undergo cell cycle progression and proliferation. To examine whether KCs
are incompetent in initiating T cell activation or whether they negatively affect T cell
proliferation, the indicators for T cell activation were examined by flow cytometry. We found
that KC-stimulated T cells expressed similar levels of CD69 as those stimulated by DCs (Fig.
3A). However, instead of one major CD25M9" T cell population observed after DC stimulation,
KC-activated T cells contained two additional subsets that were CD25%M and CD25-negative.
Moreover, KC-stimulated T cells produced much lower levels of IL-2 compared with those
activated by DCs (Fig. 3B). This suggested that KCs might be able to cause T cell anergy.
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Anergized T cells should be able to proliferate when exposed to exogenous IL-2. As well, once
T cells are anergized, they should not proliferate even when they encounter potent APCs
subsequently. We performed the rescue experiment using exogenous IL-2; however, KC-
induced T cell proliferation was not increased (data not shown). Moreover, we examined the
ability of OTII T cells to respond to DC stimulation after they were cocultured with KCs for
3 days and found that the degree of proliferation of these T cells (counts per minute [CPM] =
75,257 + 8344) was comparable to that of naive T cells (CPM = 69,196 + 11,143), in response
to DC elicitation. These results indicated that KCs did not induce T cell anergy.

To determine whether the lack of T cell proliferation in response to KC stimulation was
attributable to the insufficient expression of signal 1 or signal 2 by KCs, we conducted a series
of experiments. We added anti-CD28 antibody in some KC/T cell cocultures, and observed a
onefold increase in T cell proliferation (data not shown), suggesting that enhancing signal 2
could not restore T cell activation to the level that was induced by splenic DCs. However, when
examining T cell activation induced by anti-CD3 antibody in the presence of DCs or KCs, we
found that KCs were as potent as DCs in eliciting T cell proliferation (Fig. 3C). These data
suggested that the lack of priming of OVA-specific T cells by KCs was predominantly
attributable to KCs’ inability to present antigen and provide signal 1.

Poly I:C Enhanced the Ability of KCs To Induce T Cell Activation

It is known that bacterial or viral infection causes activation of DC and increases their ability
to initiate stronger immune responses.35‘37 Similar immunostimulatory effects on KCs have
not been explored. To examine whether KCs can be stimulated to increase their T cell-
activating capacity, male C57BL/6J mice were treated with poly I:C, a viral RNA mimic. After
12 hours, KCs were isolated and their ability in T cell activation evaluated. The data showed
that, compared with naive KCs, poly I:C-stimulated KCs were much more potent in the
induction of OVA-specific T cell responses (Fig. 4B). Furthermore, flow cytometric analysis
indicated that poly I:C treatment significantly increased KC expression of MHC 11, B7-1, B7-2,
and ICAM-1, which could account for the increased ability of these cells to activate T cells
(Fig. 4A).

Suppression of DC-Induced T Cell Activation by KCs

It is known that the frequency of effector and memory T cells in the liver is higher than in the
circulation38; however, these activated T cells appear to be quiescent within the liver. One
possible explanation is that T cell activation may be suppressed and that KCs may be involved
in the mechanism. To examine this hypothesis, KCs were included in the cocultures of DCs
and CD4*OVA-TCR transgenic T cells. The data demonstrated that addition of KCs
significantly inhibited DC-induced T cell activation, evidenced by both decreased [3H]-
thymidine uptake and the decreased number of differentiated cells with lower CFSE intensity
(Fig. 5). To determine whether KC-mediated T cell suppression was cell-cell contact
dependent, the experiments were repeated using transwell plates to separate KCs from the DC/
T cell cultures. The pattern of the CFSE staining was not affected by where KCs were placed,
either above the membrane or mixed with DCs and T cells (Fig. 5B). This finding suggests
that soluble mediator(s) are involved in KC-induced T cell suppression.

Evidence suggests that KCs represent a major hepatic source of IL-10 and TGF-8 39-41 two
cytokines that have been widely shown to be potent suppressors of T cell activation. To examine
whether the production of these two cytokines may contribute to KC-induced T cell
suppression, neutralizing anti-1L-10 or anti-TGF-£ antibody was included in some cultures.
However, reversal of T cell inhibition was not observed, suggesting that IL-10 and TGF-p are
not involved in KC-induced T cell suppression (Fig. 6).
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Many studies have demonstrated that indoleamine 2,3-dioxygenase (IDO) expressed by APCs
plays an important role in mediating T cell suppression through depletion of tryptophan,
thereby inhibiting T cell proliferation.42'43 To determine whether IDO could contribute to
KC-induced T cell suppression, 1-MT was included in some cultures. The data showed that T
cell activation was still suppressed even when IDO activity was inhibited (Fig. 6), negating a
possible role for IDO in KC-mediated T cell suppression.

It has been demonstrated that macrophages can be activated by Iizpogolysaccharides, IFN-y, or
other stimuli to produce NO, which can inhibit T cell activation. 8,29 Therefore, it is possible
that IFN-y production by DC-activated T cells could stimulate KCs to produce NO, which in
turn, suppresses T cell proliferation. To examine this hypothesis, L-NMMA was added in some
cultures. However, the data demonstrated that NO inhibition did not affect KC-induced T cell
suppression (Fig. 6).

Lastly, macrophages are known to be a major source of prostaglandins (PGs), such as PGE»
and 15d-PGJ,; both have been shown to suppress T cell proliferation.44 The ability of KCs to
produce PGE; and 15d-PGJ, was evaluated by measuring the release of these prostaglandins
into the culture supernatants. The data showed that isolated naive KCs produce significant
amounts of PGE, and 15d-PGJ,, much higher than the levels detected in the culture
supernatants of T cell alone or DC/T cell cocultures (Fig. 7A). To examine whether PGE; or
15d-PGJ; release by KCs may contribute to their tolerogenic function, 1 «M indomethacin was
added to DC/KC cocultures overnight before the addition of T cells. The data demonstrated
that indomethacin effectively inhibited PGE, and 15d-PGJ, production in a dose-dependent
manner (Fig. 7B) and inhibited KC-mediated T cell suppression (Fig. 7C). However, this
inhibitory effect on T cell suppression was reversed by the addition of exogenous PGE, and
15d-PGJ; (Fig. 7C). Interestingly, this effect was greater if exogenous PGs were added together
with T cells than if they were added before the T cell addition (Fig. 7C), suggesting PGs acting
directly on T cells. Furthermore, we found that, compared with naive KCs, poly I:C-stimulated
KCs produce similar levels of PGE, (2768 + 271 pg/mL versus 2744 + 575 pg/mL in naive
KCs) and 15d-PGJ5 (2995 + 740 pg/mL versus 2718 + 499 pg/mL in naive KCs), and were
equally potent in suppressing DC-induced T cell activation (Fig. 7D). Collectively, these results
suggested that PGE, or 15d-PGJ, produced by KCs play an essential role in their suppression
of antigen-specific T cell activation induced by DCs.

Discussion

The tolerogenic properties of the liver may be explained by its composition of “tolerogenic”
APCs, including LSECs, hepatic DCs, and KCs. Although the immunosuppressive functions
of LSECs and hepatic DCs have been investigated extensively,lo_16 very little was known
about the immunogenicity or tolerogenicity of KCs as APCs toward T cell activation. Our
previous studies revealed an immunosuppressive function of KCs by using a murine model of
T cell-mediated delayed-type hypersensitivity reaction induced by a hapten, 2,4-
dinitrochlorobenzene.22 The data demonstrated that pretreatment of mice with a bovine serum
albumin adduct of 2,4-dinitrochlorobenzene led to tolerance against the 2,4-
dinitrochlorobenzene—induced delayed-type hypersensitivity reaction response. We also found
that adoptive transfer of KC-enriched, but not KC-depleted, NPCs, from tolerized mice, could
induce tolerance in naive recipient mice. These results suggested that KCs are important in
down-regulating T cell reactions to soluble antigens. Other evidence also indicated a regulatory
role for KCs in allograft immune reactions.19-21 However, the underlying mechanism(s) for
the immunotolerogenic role of KCs has not been well studied.

The current study characterized KCs’ expression of APC-related molecules and compared the
levels with those on other APCs. The data demonstrated that KCs expressed significant levels
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of MHC 11 and costimulatory molecules, such as B7-1 and B7-2, even though the levels were
lower than those expressed by splenic DCs. Moreover, KCs expressed high levels of ICAM-1,
suggesting that these cells, ideally situated to encounter circulating lymphocytes in the
sinusoidal lumen, are capable of interacting and immobilizing T cells in the liver through
binding to leukocyte functional antigen expressed by T cells. The immunogenicity of KCs was
evaluated by in vitro T cell proliferation assay using OV A-specific TCR transgenic CD4* T
cells. The data showed that splenic DCs could induce a strong activation of T cells; however,
T cell proliferative response was low when KCs were used as APCs (Fig. 2). Moreover, the
level of IL-2 production by KC-stimulated T cells was markedly lower than that by DC-
activated T cells (Fig. 3B). There are three possible causes for the observed phenomenon: (1)
induction of T cell apoptosis, (2) activation of regulatory T cells (Tregs), and (3) inadequate
stimulation by KCs.

It is known that a large proportion of T cells activated in the lymph nodes and the spleen flow
into the liver.4> However, evidence suggests that a large percentage of these T cells undergo
apoptosis within the liver.46-48 Recent studies demonstrated that KCs may be involved in the
induction of T cell apoptosis through the expression of pro%rammed death L1, a ligand for
programmed death 1, that is expressed on activated T cells.#>49 our flow cytometric analyses
of T cell apoptosis demonstrated a onefold increase in the percentage of apoptotic T cells in
the presence of KCs (21.6% + 3.4%), compared with T cells alone (4% + 0.6%) or DC/T cell
cocultures (10.1% + 1.7%). However, we did not observe a significant increase in T cell
proliferation when a caspase inhibitor (Z-VAD) was added in the KC/T cell cocultures to
prevent apoptosis (data not shown). These data suggest that the slight increase in T cell
apoptosis induced by KCs could not explain the drastically impaired T cell proliferative
response.

Another potential cause for the defective T cell priming is that KCs m%y activate and expand
Tregs, which can deplete IL-2 and suppress effector T cell proliferation. 051 A previous study
using CD4*CD25* cells isolated from the mouse spleen demonstrated that KCs could induce
proliferation of these cells in the presence of anti-CD3 antibody.52 However, using Foxp3
intracellular staining approach to identify Tregs, we did not observe a significant increase in
the percentage of Foxp3*CD4*T cells in the KC/T cocultures compared with T cell alone or
DC/T cocultures (data not shown). Aside from the fact that two different in vitro T cell
activation systems (anti-CD3 antibody versus OVA peptide) were used, this discrepancy is
likely due to the different methods used for the identification of Tregs. Foxp3*CD4*cells were
defined as Tregs in our studies; however, the published study used CD25 as the marker for
Treg, most likely because the Foxp3 method was not available at the time the work was
conducted. It is well established now that Foxp3 is the most accurate marker for Treg, and that
CD25 is not a specific marker. Not all CD25* cells are Tregs and Tregs are not all CD25-
positive.53

It is known that T cell activation requires two signals. T cell receptor recognition of a specific
MHC/antigenic peptide complex produces signal 154 Signal 2 is provided by the binding of
costimulatory molecules expressed on APCs to their ligandson T cells. For example, CD40
and B7 molecules (B7-1 and B7-2) on APCs interact with CD40 ligand and CD28 on T cells,
respectively.56'57 Our data showed that, compared with DCs, KCs expressed significantly
lower levels of costimulatory molecules, including B7-1, B7-2, and CD40 (Fig. 1B), which
may contribute to the lack of T cell activation. To examine this hypothesis, in some KC/T cell
cocultures, anti-CD28 antibody was added to provide sufficient costimulation. Although a
onefold increase in T cell proliferation was observed, the enhanced signal 2 could not restore
T cell activation to the level that is induced by splenic DCs (data not shown). Our data showed
that, compared with DCs, KCs also expressed lower levels of MHC 11, suggesting that these
cells may be incompetent in presenting antigens and providing signal 1. Moreover, we
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cocultured T cells with DCs or KCs in the presence of anti-CD3 antibody, and found that when
signal 1 levels were the same, KCs and DCs were equally potent to induce T cell activation
(Fig. 3C). The data further supported that the lack of priming of OVA-specific T cells by KCs
was predominantly attributable to KCs’ inability to present antigen (signal 1). However, when
KCs were stimulated by poly I:C, their expression of signal 1 and signal 2 were increased, and
they became much more potent in induction of OVA-specific T cell activation (Fig. 4). To
investigate the role of KC-derived PGs in regulating T cell priming, we conducted experiments
using indomethacin to inhibit PGs in naive KCs, and found a onefold increase of T cell priming.
Similarly, using poly I:C-stimulated KCs, we observed that adding indomethacin caused an
increase in T cell priming, whereas adding exogenous PGs caused a decrease (data not shown).
Collectively, these findings suggest that the inability of KCs to activate antigen-specific T cell
responses is primarily attributable to their inability to present antigens, and also attributable to
their inadequate expression of costimulatory molecules and production of PGs.

Interestingly, our data demonstrated that, although KCs were incompetent in eliciting T cell
activation, they could actively suppress T cell proliferation induced by splenic DCs. KC-
mediated T cell suppression was evidenced by both decreased [3H]-thymidine uptake and
increased CFSE intensity (Fig. 5). Moreover, the trans-well experiments showed the
involvement of soluble mediators in such suppression. Numerous studies have demonstrated
that KCs regresent a major source of IL-10 and TGF-g, two most potent immunosuppressive
cytokines.3 =41 The possibility that IL-10 or TGF-4 are involved in KC-induced T cell
inhibition was examined by including neutralizing anti—-IL-10 or anti-TGF-g antibody in the
KC/DCIT cell cocultures. However, reversal of T cell suppression was not observed (Fig. 6),
suggesting that these two cytokines did not play a role. Furthermore, no significant levels of
IL-10 and TGF-g could be detected in cultures containing KCs. This is not contradictory to the
reports describing production of these cytokines by KCs, because the KCs used in our studies
were naive rather than activated. In fact, this result confirmed that the KCs were not activated
during our isolation of the cells, as macrophages are sensitive to lipopolysaccharides that might
be present during cell isolation and culturing systems.

It has been demonstrated that macrophages produce NO in response to IFN-y released by
activated T cells, and that NO in turn inhibits T cell proliferation.27v28'58 Consistent with
these findings, our data demonstrated that significant amounts of NO were produced in PM/T
cell cocultures, and that inhibition of NO drastically increased PM-induced T cell proliferation
(Fig. 2). However, NO was not detected in cultures containing KCs (data not shown), and the
addition of L-NMMA did not reverse KC-induced inhibition of T cell activation (Fig. 6). These
data suggest that NO production cannot account for the mechanism of KC-mediated T cell
suppression.

Evidence suggests that amino acid metabolism in myeloid cells is a mechanism for effectively
limiting T cell activation and proliferation. L-tryptophan and L-arginine are central to the
control of T cell responses. Myeloid cells regulate the levels of these two amino acids by the
expression of arginase and 1DO, which degrades arginine and tryptophan, respectively. A
considerable body of evidence supports that IDO-expressing cells negatively regulate T cell-
mediated immune responses in inflammatory disease, transplant rejection, pregnancy, and
cancer.43 The initial studies demonstrated that IDO expression by macrophages suppressed T
cell proliferation.59v60 Further studies showed that certain subsets of DCs can express IDO
and induce T cell suppression.42 To examine the potential involvement of IDO in the
mechanism of KC-mediated T cell suppression, 1-MT was added in some cultures to inhibit
IDO activity. However, no effect on T cell activation was observed, indicating that IDO did
not contribute to the mechanism of KC-induced T cell suppression (Fig. 6). The role of L-
arginine in regulating immune response has been suggested by the markedly decreased T cell
response found in patients with liver transplantation, trauma, and certain cancers in which the
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L-arginine level is reduced.61-63 A recent study showed that the mechanism by which L-
arginine starvation blocks T-cell proliferation is due to impaired expression of cell cycle
regulating proteins, thereby resulting in cell cycle arrest.%% In the current study, L-arginine
was added to some cultures containing KCs, DCs, and T cells. However, KC-induced inhibition
of DC-mediated T cell activation was not affected (data not shown), suggesting that regulation
of L-arginine levels does not play a role in our model.

Macrophages are known to be a major source of PGs, such as PGE, and 15d-PGJ,, which have
been shown by numerous studies to inhibit T cell proliferation.44 Our data demonstrated that
isolated naive KCs produced significant amounts of PGE, and 15d-PGJ,, much higher than
the levels detected in the culture supernatants of T cell alone or DC plus T cells (Fig. 7A).
When KCs were cultured in the presence of various concentrations of indomethacin, the
production of PGE, and 15d-PGJ, was effectively reduced (Fig. 7B), and more importantly,
KC-induced T cell suppression was inhibited (Fig. 7C). However, addition of exogenous
PGE; and PGJ, at the levels detected in cultures containing KCs (as shown in Fig. 7A) did
reverse the effect of indomethacin (Fig. 7C). We also found that polyl:C-stimulated KCs
produced similar levels of PGE; and 15d-PGJ, and were as potent in T cell suppression (Fig.
7D). Collectively, these results suggest that PGE, or 15d-PGJ, produced by KCs play an
essential role in their suppression of antigen-specific T cell activation induced by DCs.

We further examined which cells, KCs, DCs, or T cells, were targeted by KC-derived PGE,
and 15d-PGJ, to exert their tolerogenic effect. We found no autocrine effect of PGs on KCs,
because the addition of indomethacin did not alter MHC 11, B7-1, and B7-2 expression by KCs
(data not shown). To investigate whether KCs would affect the phenotype of DCs, DCs were
cultured alone or with KCs overnight, and the surface expression of MHC |1, B7.1, and B7.2
by DCs was determined. We found that coculturing with KCs did not alter DC’s phenotype
related to antigen presentation (data not shown). These results suggested that the tolerogenic
effect of KCs, via their production of PGE, and 15d-PGJy, is mediated through a direct action
on T cells, rather than on KCs or DCs. This was further supported by our findings from the
following experiment: KCs and DCs were cocultured for 16 hours before the addition of T
cells; if PGs were added simultaneously with T cells, a greater suppression of T cell
proliferation was observed than if PGs were added earlier into the KC/DC cocultures (Fig. 7C).
Although the mechanism of T cell inhibition induced by 15d-PGJ; is currently unclear,65‘
67 ample evidence suggests that the mechanisms by which PGE; inhibits T cell proliferation
include suppression of intracellular calcium elevation,58 reduction of IL-2 secretion,®9 and
inhibition of the activity of tyrosine kinases, such as JAK3 and p59.70!71 More recent studies
also demonstrated that PGE, can induce Foxp3* regulatory T cells, which are pivotal in
suppressing immune responses and maintaining tolerance. 2,73 However, in our experimental
system, the molecular mechanism for the involvement of PGE; or 15d-PGJ; in mediating KC-
induced T cell suppression warrants further investigation.

In summary, this study fully characterizes the immunogenicity/tolerogenicity of KCs. The data
demonstrated that KCs cannot elicit T cell activation, and more importantly, they can inhibit
antigen-specific T cell responses induced by other APCs. Further investigation of the
underlying mechanism revealed the role of PGE, and 15d-PGJ, in mediating the suppressive
function of KCs, and the studies ruled out the involvement of IL-10, TGF-4, NO, and amino
acid starvation in the mechanism. Our findings suggest that KCs are a tolerogenic population
of APC in the liver and that they may play an important role in the mechanisms of liver-
mediated systemic immunological tolerance.
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Fig. 1.

Phenotypical analysis of KCs in comparison with PMs and splenic DCs. (A) Liver NPCs were
isolated and dual stained with anti-F4/80 and anti-CD45 antibodies. KCs were subsequently
sorted by fluorescence-assisted cell sorting and used for T cell stimulation experiments. The
purity of sorted KCs, indicated by the enclosed circle (CD45*F4/80%), is 96%. (B) Liver NPCs,
splenocytes, and lavaged peritoneal cells were stained with various antibodies and analyzed
by flow cytometry. The cells were gated on KCs (CD45*F4/80%), PMs (CD11b*F4/80%), liver
DCs (CD45*CD11c"), or splenic DCs (CD45*CD11c"), and further analyzed for the
expression of various surface molecules. The results are shown as histograms with fluoresce
intensity on x-axis and cell number on y-axis. Solid black lines represent isotype control
antibodies, and shaded histograms, specific staining. The data depicted represent three
independent experiments producing similar results.
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Fig. 2.

Comparing the abilities of KCs, PMs, and DCs to activate OVA TCR transgenic T cells. (A)
CD4* OVA-TCR transgenic T cells (5 x 10%/well) were incubated with DCs, PMs, or KCs
(2.5 x 10%well) for 3 days in the presence of various concentrations of OVAg»3.339. L-NMMA
(0.1 mM) was included in some KC/T cell or PM/T cell cocultures. T cell proliferation was
determined by [3H]-thymidine incorporation during the last 16 hours of incubation. The
experiments were carried out in triplicate and the results represent mean * standard error of
the mean (SEM). *P < 0.05 compared with T cells stimulated by KCs. **P < 0.05 compared
with T cells stimulated by PM. (B) CD4" OVA-TCR transgenic T cells were labeled with
CFSE, followed by incubation for 3 days with DCs or KCs in the presence of 10 xg/mL
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OVAg3;3.339. Fluorescence intensities of CFSE on CD4* T cells were measured by flow
cytometry. (C) The levels of NO production in PM/T cell cocultures in the presence or absence
of L-NMMA. The experiments were carried out in triplicate, and the results represent mean +
SEM. *P < 0.05 compared with cultures including L-NMMA. The data shown in panels A, B,
and C represent four separate experiments producing similar results.
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Fig. 3.

The activation status of T cells in response to stimulation by KCs and DCs. (A and B) CD4*
OVA-TCR transgenic T cells were incubated with DCs or KCs as described. (A) After 12
hours, the cells were collected and stained with anti-CD4, anti-CD25, and anti-CD69
antibodies. Results shown are flow cytometric analyses of gated CD4* T cells. (B) After 12
hours, the supernatants were collected and IL-2 levels determined. The experiments were
carried out in triplicate and the results represent mean + SEM. *P < 0.05 compared with DC/
T cell cocultures. The data shown represent two separate experiments producing similar results.
(C) CD4* T cells (2 x 105/well) isolated from C57BL/6J mice were cocultured with DCs or
KCs in the wells of 96-well plate pre-coated with anti-CD3 antibody (5 ug/mL). T cell
proliferation was determined by [3H]-thymidine incorporation during the last 16 hours of
incubation. The experiments were carried out in triplicate and the results represent mean +
SEM.
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Poly I:C can stimulate KCs and increase their ability to activate T cells. Male C57BL/6J mice
were treated by poly I:C (50 ug/mouse), or phosphate-buffered saline as control. After 12 hours,
the animals were sacrificed, NPCs isolated, and KCs purified. (A) Liver NPCs were analyzed
for the expression of various surface molecules. Results shown are flow cytometric analyses
of gated CD45%F4/80" KCs. The solid lines represent isotype controls, shaded histograms
staining of naive KCs, and the dotted lines staining of poly I:C-stimulated KCs. (B) CD4*
OVA-TCR transgenic T cells were incubated with either naive or poly I:C-stimulated KCs for
3 days in the presence of various concentrations of OVAs3»3.339. T cell proliferation was
determined as described. The measurements were carried out in triplicate and the results
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represent mean + SEM. *P < 0.05 compared with T cells stimulated by naive KCs. The data
shown are representative of three independent experiments producing similar results.
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Fig. 5.

KCs inhibit splenic DC-induced expansion of OVA-TCR transgenic T cells. (A) CD4* OVA-
TCR transgenic T cells (5 x 10%well) were incubated with 2.5 x 10%/well DCs, KCs, or DCs
plus KCs (1:1 ratio) for 3 days in the presence of 10 ug/mL OV Ag,3.339. T cell proliferation
was determined by [3H]-thymidine incorporation during the last 16 hours of incubation. The
experiments were carried out in triplicate and the results represent mean + SEM. *P < 0.05
compared with T cells stimulated by DCs alone. (B) CD4* OVA-TCR transgenic T cells were
labeled with CFSE, followed by incubation with DCs alone, or in the presence of KCs with or
without separation by a transwell membrane. OV A3»3.339 (10 #g/mL) were included in all
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cultures, and after 3 days the cells analyzed for CFSE staining on CD4* T cells. The data shown
in A and B are representative of four independent experiments producing similar results.
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KC-induced T cell suppression was not mediated by NO, IDO, IL-10, or TGF-3. CD4* OVA-
TCR transgenic T cells were incubated with DCs or the combination of DCs and KCs as
described. L-NMMA (0.1 mM), 1-MT (1 mM), anti-IL-10 (10 xg/mL), or anti-TGF-$ (10
#g/mL) neutralizing antibody was included in some DC/KC/T cell cocultures. T cell
proliferation was determined after 3 days as described. The experiments were carried out in
triplicate, and the results represent mean + SEM. *P < 0.05 compared with T cells stimulated
by DCs alone. Similar results were obtained in four separate experiments conducted in the
same manner.

Hepatology. Author manuscript; available in PMC 2008 December 10.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

You et al.

A 4000+ * 6000~ .
3500- * T -
- T 7 — T
= 3000+ / = | 7
£ 25004 / £ 4000 N /
£ 2000+ / £ 30004 T
N o
W 1500 o
o / @ 2000-
@ 1000 / o /
1000
500+ /
__nzpn_ﬁ /A -_n::;m_- ///
o M v 0 T T
@ S S A 2 S A A
& x x x N x x x
?}o 0(’ *l-(' ,x_o 0\0 oo *.0 SS;
\© ¢ N o
,\dz’ < &o"’
B 3500 3500+
30004 T 3000- T
g 2500 g 25004
§ 2000 ?g 20004
‘m' 1500 5 15004 .
© 10004 £ 1000 %
d 500- *
U | 72 e i 7 55 mstm
0 T ¢ T —_ 0 T ¢ 4 T
0 0.04 0.2 1 0 0.04 0.2 1
Indomethacin (M) Indomethacin (uM)
800007 100000+
70000
60000 80000
50000 *
600004
§ 400004 2 *
30000 © 400004 7’
200004 20000
10000
04 - : T
DC+T DC+nKC+T  DC+pKC+T

Fig. 7.

Page 26

KC-induced T cell suppression was mediated by PGs. (A) CD4" OVA-TCR transgenic T cells
were cultured alone, or in the presence of DCs, KCs, or DCs and KCs. After 48 hours, the
supernatants were collected and the levels of PGE, and 15d-PGJ, were determined. The
measurements were carried out in triplicate and the results represent mean = SEM. *P < 0.05
compared with T cells alone. (B) KCs (2.5 x 10%/well) were cultured in the absence and
presence of various concentrations of indomethacin. After 48 hours, the supernatants were
collected and the levels of PGE, and PGJ, measured. The measurements were carried out in
triplicate and the results represent mean + SEM. *P < 0.05 compared with KCs cultured in the
absence of indomethacin. (C) DCs (2.5 x 10%well) and KCs (2.5 x 10%well) were cultured
overnight before the addition of CD4* OVA-TCR transgenic T cells (5 x 10%/well).
Indomethacin (INDO, 1 xM) was included in some DC/KC overnight cocultures. Furthermore,
a combination of exogenous PGE; (3 hg/mL) and PGJ, (3 ng/mL) wad added either in DC/
KC overnight cultures, or in DC/KC/T cell cocultures at the same time as the addition of T
cells (PGs). T cell proliferation was determined after 3 days as described. (D) CD4* OVA-

TCR transgenic T cells were incubated with DCs alone, or in the presence of naive KCs (nKC)
or KCs isolated from poly I:C-treated mice (pKC). T cell proliferation was determined after 3
days as described. (C and D) The measurements were carried out in triplicate and the results
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represent mean + SEM. *P < 0.05 compared with T cells stimulated by DCs. The data shown
in panels A, B, C, and D represent four independent experiments producing similar results.
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