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Background & Aims: The occurrence of primary CD8 T cell acti-
vation within the liver, unique among the non-lymphoid organs,
is now well accepted. However, the outcome of intrahepatic T cell
activation remains controversial. We have previously reported
that activation initiated by hepatocytes results in a tolerogenic
phenotype characterized by low expression of CD25 and IL-2,
poor cytotoxic T lymphocyte (CTL) function, and excessive
expression of the pro-apoptotic protein Bim.
Methods: To investigate whether this phenotype was due to acti-
vation in the absence of co-stimulation, we generated bone mar-
row (bm) radiation chimeras in which adoptively transferred
naïve transgenic CD8 T cells were activated in the presence of
co-stimulation by liver bm-derived cells.
Results: Despite expressing pro-inflammatory cytokines, high
levels of CD25 and CD54, donor T cells activated by liver bm-
derived cells did not produce detectable IL-2 and displayed poor
CTL function, suggesting incomplete acquisition of effector func-
tion. Simultaneously, these cells expressed high levels of Bim and
died by neglect. Transfer of Bim-deficient T cells resulted in
increased T cell numbers.

Conclusions: These results imply that expression of CD25 and
CD54 is co-stimulation dependent and distinguishes T cell acti-
vated by hepatocytes and liver bm-derived cells. In contrast,
low expression of IL-2, poor CTL function and excess Bim produc-
tion represent a more universal phenotype defining T cells under-
going primary activation by both types of hepatic antigen
presenting cells (APC). These results have important implications
for transplantation, in which all liver antigen presenting cells
contribute to activation of T cells specific for the allograft.
� 2012 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

The liver possesses a remarkable capacity to retain and activate
naïve CD8 T cells recognizing their cognate antigen in this organ
[1,2]. Hepatocytes, Kupffer cells (KC), liver sinusoidal endothelial
cells (LSEC), dendritic cells (DC), and stellate cells have all been
demonstrated to act as potential antigen presenting cells for
naïve CD8 T cells [3,4]. This unique ability of the liver to activate
naïve T cells has been implicated in oral tolerance, the propensity
for liver allografts to be accepted, and the failure of adaptive
immune responses to clear HBV and HCV in many cases [3,5,6].

The phenotype and fate of naïve T cells activated in the liver
remain controversial. We have shown that most naïve T cells
activated in the liver were deleted [1,2,7,8], while other reports
have indicated that they acquired full effector function [9,10].
These discrepancies might be due to the different experimental
models used and/or the variety of liver cells endowed with anti-
gen-presenting ability. Using T cell receptor (TCR) transgenic (Tg)
T cell models, we have recently shown that regardless of the type
of liver APC expressing the antigen, most naïve CD8 T cells acti-
vated intrahepatically were rapidly cleared by a non-apoptotic
process. Within the first few hours after transfer, recipient-reac-
tive T cells entered hepatocytes and were rapidly degraded in
lysosomes, a process that we termed ‘‘suicidal emperipolesis
(SE)’’ [11]. Some T cells survived suicidal emperipolesis and
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proliferated within the liver, but did not recirculate during the
first 48 h post-activation [11].

When cognate antigen expression was restricted to hepato-
cytes, T cells surviving SE acquired a unique cell surface pheno-
type characterized by low expression of the interleukin 2
receptor (IL-2R) alpha chain (CD25) and intercellular adhesion
molecule-1 (ICAM-1) [12]. In addition, these cells were poor CTLs,
unable to produce IL-2, IFNc, and TNF-a, and subsequently
underwent Bim-dependent death by neglect [12].

As hepatocytes do not express co-stimulatory molecules, it
remains unclear whether the ‘‘neglected’’ phenotype was due
to activation in the absence of co-stimulation. To address this
question, we used a previously described model in which naïve
Tg CD8 T cells were rapidly retained in the liver and activated
in situ by bone marrow (bm) derived-cells [2]. We show here that
in contrast to hepatocyte-activated CD8 T cells, T cells activated
by liver bm-derived APCs expressed high levels of CD25 and
ICAM-1 at 48 h, consistent with activation in the presence of
co-stimulation. However, despite the high expression level of
CD25, these cells were poor CTLs, did not produce detectable
levels of IL-2, and expressed high levels of Bim. These results
suggest that the low CD25/ICAM-1 phenotype is only acquired
following activation by hepatocytes while the poor CTL
function/IL-2low Bimhigh ‘‘neglected’’ phenotype is a universal
phenotype acquired as a result of primary T cell activation within
the liver environment.

Materials and methods

Mice

Des, Des-RAG, BimDes, Met-Kb, and 178.3 Tg mice have been described elsewhere
[1,2,12] and were maintained at the Centenary Institute animal facility under spe-
cific pathogen free conditions. B10.BR and C57BL/6 mice were purchased from the
Animal Resource Centre (Perth, WA, Australia). All experiments were approved by
the University of Sydney Animal Ethics Committee.

Generation of chimeric mice

B10.BR mice were irradiated with 9.5 Gy and reconstituted with 5 � 106–107 bm
cells from either B10.BR or syngeneic 178.3 mice. Irradiated recipients were
injected with Des-RAG, Des or BimDes T cells, 6 weeks after hematopoietic recon-
stitution, as previously described [1,12].

Adoptive transfer experiments

Single cell suspensions of pooled lymph node (LN) cells were labeled with 5-car-
boxyfluorescein di-acetate succinimidyl ester (CFSE, Molecular Probes, Eugene,
OR, USA) or 51Cr as previously described [8,13]. 2 � 106 labeled Des-RAG lympho-
cytes or 5–15 � 106 Des or BimDes labeled lymphocytes were injected into the
tail veins of recipient mice. In some experiments, liver phagocytic cells were
depleted from recipient mice 48 h prior to adoptive transfer of T cells by i.p. injec-
tion of 200 ll of clodronate liposomes. Clodronate liposomes (Roche Diagnostics
GmbH, Mannheim, Germany) and control PBS liposomes were prepared, as previ-
ously reported [14].

Radioactivity analysis

Four hours following the transfer of radiolabeled T cells, blood was extracted by
cardiac puncture. To remove residual blood, livers were perfused with PBS via the
inferior vena cava. Liver, lungs, intestine, pooled LNs, spleen, and the remaining
carcass were harvested and retained radioactivity quantified using a gamma
counter (PerkinElmer Wallac, Turku, Finland).

Functional assays and flow cytometric analysis

Leukocytes were prepared from blood, liver, LNs, and spleen as previously
described [7,8,12]. Monoclonal antibodies specific to leukocyte surface markers
were purchased from Becton Dickinson (Franklin Lakes, NJ, USA) or Cell Signaling
Technology (Danvers, MA, USA). PE-conjugated antibody recognizing the cleaved
form of caspase 3 (clone C92–605) was also purchased from Becton Dickinson.
Antibodies specific for the clonotypic Tg TCR Desiré were prepared in-house.
MAb 3C5, which recognizes all isoforms of Bim [15], was purchased from Alexis
(Lausen, Switzerland). Surface, cytokine and intracellular staining were carried
out as previously described [1,12]. In vivo CTL assays were conducted at day 2
and 5 post-transfer as previously described [12]. Flow cytometric analysis was
performed using a FACSCanto or LSRII flow cytometer (Becton Dickinson). Analy-
sis was performed using FlowJo software (TreeStar Inc, San Carlos, CA, USA) on a
Macintosh computer (Apple Computers, Cupertino, CA, USA).

Serum ALT measurement

Serum was collected and analyzed for the concentration of serum alanine amino-
transferase (ALT) using a Hitachi 917 automated analyzer (Roche Diagnostics,
Sydney, Australia).

Immunohistochemistry

For paraffin sections, tissues were immediately fixed in 10% formalin (Sigma, St.
Louis, MO, USA). Following fixation in formalin, tissues were embedded in paraf-
fin and 5-lm sections cut and stained with hematoxylin and eosin (H&E).

Statistics

Prism 5 (GraphPad software Inc., La Jolla, CA) was used to perform (i) 2 way
ANOVA followed by Bonferroni’s post-test for analysis of 3 or more groups and
(ii) Mann–Whitney test for analysis of two groups. p values of less than 0.05 were
considered significant.

Results

Unlike liver bone marrow-derived cells (identified as MHC II+F4/
80+ cells), hepatocytes do not express co-stimulatory molecules
(Supplementary Fig. 1). To investigate whether the Bimhigh IL-
2low phenotype acquired by hepatocyte-activated T cells resulted
from lack of co-stimulation during primary activation, we used a
previously published model in which CD8 T cells are activated by
liver resident bm-derived cells [2]. B10.BR animals were irradi-
ated and reconstituted with bm from 178.3 mice (B10.BR mice
expressing Tg H-2Kb ubiquitously). Following hematopoietic
reconstitution, we have previously demonstrated by immunohis-
tochemistry and flow cytometry that expression of H-2Kb was
restricted to bm-derived cells in 178.3bm ? B10.BR chimeric
mice (178.3 bm chimeras) [2]. B10.BRbm ? B10.BR chimeric
mice (B10.BR bm chimeras) served as controls.

Antigen expression on phagocytic cells promotes retention of naïve
CD8 T cells in the liver

Consistent with previous data [2,13], adoptive transfer of radiola-
beled naïve CD8 T cells specific for H-2Kb (Des-RAG T cells) into
178.3 bm chimeric mice resulted in the majority of radioactivity
(and hence donor T cells) being detected in the liver within 4 h,
despite the expression of cognate antigen being dispersed on
bm-derived cells in all tissues (Fig. 1A). As a result of this efficient
intrahepatic T cell retention, little radioactivity was retained in
spleen or LNs of 178.3 bm chimeras (Fig. 1A). As expected, the
majority of radioactivity was retained within lymphoid tissues
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