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Abstract. The induction of peripheral immune tolerance in the liver is a well-known phenomenon that is operative
in different situations, such as tolerance to organ transplants and tolerance to oral antigens. The mechanisms
l

�
eading to peripheral immune tolerance in the liver are still incompletely understood. Whil

�
e different cell popu-

lations of the liver have been implicated in and probably contribute in concert to the induct
�
ion of hepatic immune

t
�
olerance, one hepatic cell type in particular seems to be suited for tolerance induction: liv	 er sinusoidal endothelial

c
 ell (LSEC). LSEC are microvascular endothelial cells with a unique phenotype reminiscent of dendritic cells
a� nd a unique function as antigen-presenting cells for CD4+�  T cells. The hepatic microenvironment, i.e. portal
v	 enous constituents and soluble mediators from sinusoidal cell populations, tightly control antigen presentation
b



y LSEC to avoid immune-mediated damage. LSEC, in contrast to other endothelial cells, have th

�
e capacity to

p� rime naive CD4+ T cells and induce cytokine release. Importantly, naive CD4+ T cells primed by antigen-presen-
t

�
ing LSEC differentiate into regulatory T cells, whereas T cells primed by bone marrow-derived professional
a� ntigen presenting cells differentiate into Th1 cells. Thus, LSEC represent a new type of organ-resident “non-
-professional”  antigen-presenting cell that appears to be involved in the local control of the immune response and
t

�
he induction of immune tolerance in the liver.
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Immune Tolerance in the Liver

T
�

he liver seems to favor the induction of immune
t

�
olerance rather than immunity. A number of observa-
t

�
ions demonstrate that antigen-specific immune toler-

a� nce is the result of presentation of antigen within the
liver. First, allogeneic liver organ transplants are often
w� ell accepted by the recipient6

�
, 7 and lead to tolerance

t
�
o further organ transplants from the same donor, but

not to third party grafts (“split tolerance”)9
�
. Second,

p� ortal venous drainage of an allogeneic organ trans-
p� lant2, 4, 13 as well as pretransplant portal venous injec-
t

�
ion of donor leukocytes lead to increased graft accept-

a� nce11, 27. Further evidence for tolerance induction after
a� pplication of antigen via the portal route comes from
t

�
he observation that portosystemic shunting results in

a�  loss of tolerance towards orally ingested antigens3
�

9. It
is important to note that clonal elimination of antigen-
-reactive T cells or immune ignorance are not the
mechanisms leading to immune tolerance in these situ-
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a� tions, because adoptive transfer of lymphocytes from
a� nimals treated as described above again leads to de-
v	 elopment of antigen-specific immune tolerance in the
r� ecipient12.

M
�

icroanatomy of the Liver

Blood enters the liver via two separate ways: from
t

�
he gastrointestinal tract via the portal vein and from

t
�
he systemic circulation via the hepatic artery. After

ramification, the portal vein drains together with the
b



ranches of the hepatic artery, into the hepatic sinu-

soids, leading to a mixed arterial-venous blood perfu-
sion of the liver3

�
7. The sinusoids are formed by

a�  unique population of endothelial cells, the liver sinu-
soidal endothelial cells (LSEC), which are fenestrated
a� nd lack a basement membrane, but, nevertheless, form
a�  barrier between cells in the sinusoidal lumen and the
hepatocytes3

�
6. Further cell populations of the hepatic

sinusoid are the Kupffer cells and the liver-associated
l

�
ymphocytes. Stellate cells are found in between the

LSEC and hepatocytes in the space of Dissé.
Due to the fenestrated endothelium, it was believed

t
�
hat hepatocytes are easily accessible to leukocytes pas-

sing through the liver and that this leads to a direct and
c
 ontinuous immune surveillance of hepatocytes1. How-
e� ver, a recent publication has clearly shown that a� ntigen
p� resented exclusively by hepatocytes is not seen by
T cells specific for this antigen during their passage
t

�
hrough the liver2

�
3. Moreover, it was demonstrated that

b


lood-borne particles ≥12 nm in diameter do not diffuse

f
�
reely through the endothelial fenestrae and do not have

d
�
irect contact with receptors on the hepatocyte surface16.

These studies reveal LSEC as a barrier that protects he-
p� atocytes from direct contact with passenger leukocytes.

I
�
nteraction of Passenger Leukocytes with

S
�

inusoidal Cells of the Liver

It is evident that leukocytes entering the liver with
t

�
he blood can interact with the sinusoidal lining cells of

t
�
he liver, i.e. the Kupffer cells and the LSEC. The

m� icrocirculation in the liver has several unique charac-
t

�
eristics: 1) the blood flow is discontinuous and chaotic
(as migrating Kupffer cells can lead to flow arrest in
d

�
ownstream sinusoids by blocking the lumen)26;

2
�
) flow velocity in the sinusoids is low enough to allow

t
�
he establishment of leukocyte-endothelial interaction28;

3) there is constitutive interaction between LSEC and
leukocytes in the physiological situation3

�
8. Although

l
�
eukocyte adhesion to endothelial cells in general is

t
�
hought to require the expression of selectins on the

e� ndothelial cells, expression of selectins is neither neces-
sary for leukocyte-LSEC contact in the liver nor is ex-
p� ression of selectins detected on LSEC3

�
8. At the present

t
�
ime it is still unclear why there is constitutive leukocyte-
-LSEC interaction in the physiological situation.

P
 

henotype of LSEC

The sinusoidal endothelial cells of the liver have
a�  unique phenotype compared with both the macrovas-
c
 ular and microvascular endothelial cells from other
o! rgans. Table 1 summarizes the molecules known to be
e� xpressed on LSEC as detected by flow cytometry on
isolated LSEC or by immunohistochemistry in situ. The
molecules necessary for the interaction of LSEC with
l

�
eukocytes are constitutively expressed at high levels,

w� hich provides supportive evidence for constitutive
l

�
eukocyte-LSEC adhesion observed in vivo. LSEC con-

stitutively express all costimulatory molecules as well
a� s the MHC class I and II molecules necessary for the
p� resentation of antigen to T cells21, 24. The expression
l

�
evel of these molecules, however, is much lower than

in so-called professional antigen-presenting cells such
a� s dendritic cells. LSEC further express a number of
m� olecules that are normally found on bone marrow-
-derived cells such as CD43

�
3 and CD11c2

�
0. However,

LSEC are not derived from the bone marrow, but, fol-
l

�
owing partial hepatectomy, apparently regenerate from

resident liver cells (KN
"

OLLE and ARNOLD, unpublished
o! bservation). It can be concluded from these observa-
t

�
ions that LSEC are endowed with a set of surface
molecules that renders them competent for both recruit-
ment of T cells and antigen presentation to T cells.

Table 1. Phenotype of liver sinusoidal endothelial cells (LSEC)

L
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b

$
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A
)

ntigen Presentation by LSEC to CD4+*  T Cells

W
+

e have studied the capacity of LSEC to function
a� s antigen-presenting cells for CD4+ T cells using pure
p� rimary cultures of LSEC from mice. Using primary
c
 ell cultures of pure LSEC and cloned antigen-specific
C

,
D4+�  T cells, we have shown that LSEC present nomi-

nal antigen to CD4+ T cells24. It is important to note
t

�
hat LSEC do not need to undergo maturation and do

n- ot require exogenous cytokines such as interferon γ.

(IFN-γ).  to present antigen efficiently to CD4+�  T cells.
LSEC are almost as efficient in presenting antigen to
C

,
D4+�  T cells as Kupffer cells and bone marrow-de-

rived antigen-presenting cells24. This implies that LSEC
m� ay present antigen to CD4+ T cells in the liver.

Regulation of Antigen Presentation in LSEC

Regulation of T cell activation in the liver is very
i

/
mportant. Uncontrolled activation of T cells in the
l

�
iver is detrimental and leads to severe liver damage, as

shown in the model of T cell-mediated liver damage
induced by intravenous injection of the lectin concana-
v	 alin A (ConA)3

�
4. Upon binding of ConA, LSEC acti-

v	 ate CD4+ T cells, which leads to the destruction of
L

0
SEC by the activated T cells and, consequently, to

h
�
epatocyte damage17. Therefore, antigen presentation

b


y LSEC must be stringently controlled in order to

a� void unnecessary activation of T cells.
W

+
e have reported that Kupffer cells secrete a potent

immuno-modulatory cytokine, interleukin 10 (IL-10),
i

/
n response to physiological concentrations of endo-

t
�
oxin in the portal venous blood19, 22. In a paracrine

fashion, IL-10 released from Kupffer cells efficiently
d

�
ownregulates antigen presentation by LSEC through

t
�
wo mechanisms: downregulation of receptor-mediated

a� ntigen uptake in LSEC and downregulation of the cos-
t

�
imulatory molecules CD80 and CD86 as well as MHC

c
 lass II molecules2
�

1. Antigen presentation in LSEC is
further regulated by endogenously produced prosta-
g1 landins (KN

"
OLLE, unpublished observation) which are

g1 enerated in response to physiological constituents of
p� ortal venous blood. Furthermore, endotoxin itself ap-
p� ears to have a direct negative influence on LSEC for
a� ntigen presentation to CD4+�  T cells. Physiological
c
 oncentrations of endotoxin downregulate antigen pres-
e� ntation to CD4+ T cells by more than 50% only in
L

0
SEC but not in bone marrow-derived antigen-presen-

t
�
ing cells18. The endotoxin effect on LSEC is mediated

b


y alkalization of the endosomal compartment, which

p� revents endosomal enzymatic proteolysis, and by

d
�
ownregulation of MHC class II molecules as well as

c
 ostimulatory molecules18. These findings may explain
w� hy antigens derived from the gastrointestinal tract,
w� hich reach the liver together with endotoxin, do not
p� rovoke an immune response in the liver. However, this
d

�
oes not explain the induction of immune tolerance.

T
�

herefore, we investigated the ability of LSEC to in-
fluence the function of T cells using naive CD4+ T cells,
w� hich are still susceptible to regulation of T cell function,
f

�
rom T cell receptor transgenic animals.

P
 

riming of Naive CD4+*  T Cells by
Antigen-Presenting LSEC

T
�

he priming of naive CD4+ T cells is believed to
o! ccur exclusively in bone marrow-derived, professional
a� ntigen-presenting cells such as dendritic cells or mac-
r� ophages. Although LSEC are not myeloid cells they
c
 an present antigen to naive CD4+ T cells20. Again,
L

0
SEC do not require exogenous cytokines such as IFN-γ.

t
�
o efficiently present antigen to naive CD4+ T cells20.

This feature distinguishes LSEC from the microvascu-
lar endothelial cells of other organs, which require pre-
stimulation in order to present antigen to T cells8, 25, 31, 35.
So far, the priming of naive T cells has been thought
t

�
o occur exclusively in lymphatic tissue, but LSEC are

o! rgan-resident cells that do not migrate into lymphatic
t

�
issue. Thus, the liver appears to be a unique locus

w� here T cell priming occurs outside lymphatic tissue.

I
�
nduction of Regulatory CD4+ T Cells by LSEC

The local environment and costimulatory signals de-
livered from the antigen-presenting cell during the
p� riming of naive CD4+�  T cells determine the functional
p� henotype of the T cell (Th1, Th2, Th3 or Tr). Th1
c
 ells are required to mount protective cell-mediated im-
mune responses against tumors or pathogens, whereas
Th2 cells support the induction of antibody responses
a� nd, in certain situations, appear to counteract Th1 cell
a� ction. Th3 and Tr cells have been implicated in the
induction of immune tolerance. We have demonstrated
t

�
hat CD4+ T cells primed by antigen-presenting LSEC

d
�
o not differentiate into Th1 cells. T cells primed by

LSEC express the cytokines IL-4 and IL-10 upon rest-
imulation, which is consistent with a Th0 phenotype of
c
 ytokine secretion2

�
0. In contrast, CD4+�  T cells primed

b


y professional antigen-presenting cells develop into

T
�

h1 cells expressing large amounts of IFN-γ.  upon rest-
imulation2

�
0. Importantly, T cells primed by LSEC can
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suppress antigen-specific T cell responses, which points
t

�
o a regulatory function of these T cells (KN

"
OLLE, un-

p� ublished observation). Thus, the priming of naive
T

�
 cells by antigen-presenting LSEC seems not to lead

t
�
o immunity, but to the induction of immune tolerance.

Local Control of the Immune Response 
in the Liver

In the liver, blood-borne antigen is preferentially
t

�
aken up by LSEC and not by other hepatic cell popu-

l
�
ations (KN

"
OLLE and LI

2
MMER, unpublished observation).

G
3

iven the constitutive interaction of LSEC with leuko-
c
 ytes in the liver, it seems likely that antigen endocy-
t

�
osed by LSEC is presented to T cells in the liver and
t

�
hat the functional LSEC – T cell interaction occurs in

v4 ivo. LSEC may represent a new type of antigen-presen-
t

�
ing cell that operates in a peripheral organ to promote
immune surveillance on the one hand, but rather in-
d

�
uces peripheral immune tolerance to ensure organ in-

t
�
egrity on the other.

However, it is unlikely that LSEC are the only cell
p� opulation involved in peripheral immune-tolerance in-
d

�
uction in the liver. Almost every cell population of the

liver has been demonstrated to be implicated in toler-
a� nce induction: Kupffer cells5

5
, 32 and a specific subset

o! f hepatic dendritic cells in the portal field14 appear to
c
 ontribute to tolerance against alloantigens. Immune
t

�
olerance in the liver is likely to be achieved by a com-
b



ination of mechanisms such as clonal deletion and

immune deviation. The liver is known for its ability to
e� liminate apoptotic T cells15 and it is an open question
w� hether apoptosis of T cells is even induced in the
liver. Hepatocytes3

�
, 10, as well as LSEC and Kupffer

c
 ells29, 30, are reported to have the capacity to induce
a� poptosis in susceptible T cells. However, at present it
is still unclear whether induction of apoptosis in T cells
c
 ontributes to immune tolerance in the liver.
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