simply removal of waste cells?
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The in situ liver recognition of apoptotic lymphocytes
was studied by using different sources of lymphocytes (i.e.
human, rat and mouse) and animal models (i.e. rat and
mouse). Lymphocytes were induced to apoptosis using
10M cycloheximide for up to 24 hours; three types of
apoptosing lymphocytes, corresponding to different stages
in the apoptotic process, were described: type 1 or early
apoptosis, type 2 or mature apoptosis and type 3 or
late/necrotic apoptosis. When livers were in situ injected
with apoptotic lymphocytes enriched for type 1 (early), 2
(mature) or 3 (late/necrotic) apoptosis, they recognized and
internalized apoptosing cells, with an efficiency directly
dependent on the stage of the apoptotic process. The high-
est recognition rate, which was, in all cases, mediated by
galactose- and mannose-specific receptors, was obtained
with homologous apoptotic cells (i.e. rat lymphocytes and
rat liver). Moreover, the drastically reduced efficiency of
recognition of human or mouse apoptotic lymphocytes when
injected into rat liver, suggested the involvement also of
species-specific antigens.
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main site for protein synthesis, bile formation,

glycogen production and detoxification
(Desmet 1994). Moreover, phagocytosis, one of the
specific functions of the liver, is performed by the
sinusoidal cells (i.e. endothelial and Kupffer cells)
(Smedsrot et al. 1990).

Recent studies have revealed that the liver is the
main site for apoptosis of blood cells, either as a
battlefield or as a graveyard (Sun and Shi 2001;
Crispe et al. 2000). The large amount of apoptotic
cells in the liver may be responsible for the distinc-
tive characteristics of the role of liver in immunity
and its acceptance of grafting (Starzel et al.
1989).Indeed, it is well known that human leuko-
cyte typing in clinical liver transplantation is not as
crucial as in the transplantation of other organs,
such as the kidney, heart and pancreas (Sun and Shi
2001). Moreover, the maintenance of immune toler-
ance by apoptosis as described in many experimen-
tal systems could explain the liver immune respons-
es (Sun and Shi 2001).

Although the mechanisms concerning the distinct
immunological function of the liver remains unclear,
the available data suggest that the large number of
apoptotic cells that specifically accumulate in the
liver are partially responsible for this (Crispe et al.
2000). A preferential accumulation of apoptotic
lymphocytes by sinusoidal liver cells has been
reported (Dini and Carla 1998).

The exact identity of the cells responsible for the
recognition of apoptotic cells is far from being
entirely revealed, although there is more and more
evidence to suggest that macrophages are the main
scavengers for apoptotic cells. As liver Kupffer cells
account for 80% of all macrophages in mammals,
it is reasonable to assume that the liver is a special-
ized organ for inducing and/or clearing apoptotic
cells (Dini 2000; Dini et al. 2002). A great deal is
now known, both of the molecules on the surface of
apoptotic cells that are responsible for phagocytic

The liver is the largest internal organ and the
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recognition, and of the receptors involved (Savill
1998; Savill and Fadok 2000; Schlegel and
Williamson 2001; Fadok et al. 2001). However,
much remains to be established; in particular, in
order to understand the tolerance-inducing mecha-
nism, it is important to know which signals are
transduced from the phagocyte to the lymphocyte
or vice-versa. In addition, correct elimination of
apoptotic cells is important to prevent the onset of
autoimmune diseases (Rosen and Casciola-Rosen
1999; Rovere et al. 1999). Studies have clearly
demonstrated that apoptotic cells are the source of
autoantigens, and that insufficient clearance of
apoptotic cells results in the accumulation of
autoantigens in the circulation, which activates the
immunosystem and leads to systemic autoimmunity
(Rodenburg et al. 2000; Lorenz et al. 1997).

To better understand the mechanism of apoptotic
lymphocyte accumulation in the liver, the recogni-
tion of lymphocytes (from various Mammalian
species) at different stages of their apoptotic pro-
gram by the sinusoidal liver cells was studied .

Materials and Methods
Cells and treatments

Cells and cultures. Peripheral mononuclear blood
cells were obtained after Ficoll gradient separation
of buffy coats from blood donated by non-smoking
healthy males, aged 25 to 45. Peripheral blood lym-
phocytes (PBL) were separated from monocytes by
double adherence to plastic; they were over 95%
pure as judged by morphological criteria. They were
maintained at a cell density of 1x10° cells/mL in
complete culture medium at 37°C supplemented
with 10% inactivated fetal calf serum (FCS), 2
mM L-glutamine, 100 TU/mL pennicillin and strep-
tomycin in a humidified atmosphere of 5% COz;
cells were used on the first day of explant.

Induction of apoptosis. Apoptosis was induced
with 102 M cycloexhimide (CHX) for up to 24hrs,
followed by 1hr of recovery in fresh medium.

Analysis and quantification of apoptosis

Cell viability was assessed by membrane imper-
meability to trypan blue and propidium iodide, pos-
itive staining with vital dyes, and normal nuclear
shape and texture as revealed by vital staining with
Hoechst 33342, Hematoxilyn and Eosyn.

Apoptosis was detected by light microscopy and
quantified by cytofluorimetry.

Nuclear fragmentation was detected after stain-
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ing with the vital dye Hoechst 33342 (1 pg/mL)
according to the nuclear morphological features.
The percentages of both apoptotic and viable cell
fractions were determined by cytometry with an
EPICS XL cytofluorimeter (Coulter Electronic Inc.
Hialegh, FL, USA) equipped with a 5-W argon
laser having a 488-nm excitation wavelength. The
fixed cells were stained with propidium iodide (10
pMg/mL) in phosphate saline buffer containing 40
units/mL Rnase and 0.5% Tween 20. The 635-nm
emission wavelength was monitored for propidium
iodide emission. For each of the flow cytometry
analyses, at least 10,000 events were calculated.
The stage of the cell cycle was determined from the
amount of incorporated propidium iodide. The per-
centage of apoptotic cells was based on the sub G1
fraction.

Transmission electron microscopy

The ultrastructure of lymphocytes was obtained
by transmission electron microscopy. 10° cells/mL
were fixed with 2.5% glutaraldehyde in cacodilate
buffer, pH7.4, for 1 hr at ice temperature, postfixed
with 1% 0s0+ in the same buffer, dehydrated,
embedded in Spurr resin and examined under a
Philips CM12 TEM.

Lectins and phosphatydilserine cytochemistry

Lymphocytes, fixed with 4% paraformaldehyde in
phosphate buffer pH 7.4 for 10 min and deposited
on gelatinated microscopy slides, were analyzed for
sugars' surface localization by using Concanavalin-
A (Con-A, 40 Pg/mL, mannose), Helix pomatia
(HPA, 60 po/mL, N-acetylgalctosamina) and Ulex
europaeus (UEA, 40 pg/mL, a-fucose) FITC con-
jugates for 30 min at room temperature in the dark.
AnnexinV-FITC conjugate was used to localize
phosphatydilserine on the cell surface; it was used
at a concentration of 20 puM for 20 min at room
temperature in the dark. Samples were observed
with conventional and confocal fluorescent micro-
scopy (PCM 2000 Nikon microscope).

In situ liver injection of apoptotic lymphocytes
Livers were perfused in a non-recirculating sys-
tem at a flow rate of 1 mL/min. 1X10° lymphocytes
labelled with Hoechst 33342 were injected into the
liver circulation (total volume 10 mL). Lymph-
ocytes used in the different experiments were non-
apoptotic, or type 1, type 2 or type 3 apoptotic
cells. The livers were then extensively washed with



culture medium to remove unbound cells. Livers,
fixed in 4% paraformaldehyde in phosphate buffer,
were processed for routine light microscopy or for
cryosectioning. The adhesion of lymphocytes to the
sinusoidal wall was evaluated by light and fluores-
cence microscopy of liver sections. The adhesion
specificity was tested in parallel inhibition experi-
ments by adding 80 mM (final concentration) of a
sugar cocktail (N-acetyl-D- glucosamine, N-acetyl-
D- galactosamine, fucose, mannose) into the perfu-
sion tube before lymphocyte administration.

The concentration of lymphocytes used for all
experiments was at saturation point, as evaluated
by the presence of apoptotic lymphocytes in the
medium collected from the liver. Experiments were
performed on mice and rats.
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Results
Liver recognition of apoptotic lymphocytes
increases with apoptotic progression

Peripheral human, rat and mouse blood lympho-
cytes, were induced to apoptosis by CHX 10*M for
up to 24hrs. During the 24hrs of CHX incubation,
the cells were monitored for their progressive accu-
mulation of cell surface and morphological (nucle-
us and cell shape) modifications. According to the
differences observed, three types of apoptosing lym-
phocytes were described (Figure 1). The three types
of apoptosis were found at all times and irrespec-
tive of the species used, during the 24 hrs of incu-
bation with CHX, but with different percentages
(Table 1).

Type 1 or early apoptosis. The majority of the cell

Annexin

Normal human lymphocytes

Type 1 ¥ early apoptosis
\ 2
AR\ 2%
“: : 3
Type 2 - mature apoptosis
.

.1!1‘:“1{._ ".L- &
»
@ -
Type 3 - late/necrotic apoptosis

.

Con A

e®
-_-_-b' &

Lectins-FITC
HPA UEA V-FITC

Figure 1. Morphologies and cell surface properties of apoptotic human lymphocytes type 1, 2 and 3. In type 1 or early apoptosis no
morphological modifications are observed in the majority of the cell population. Modifications of the cell surface include scarce expo-
sure of AnnexinV, ConA and HPA binding sites. Fucose residues are absent from the surface. In type 2 or mature apoptosis modifica-
tions of nucleus (fragmentation) and cell shape (blebbing) are observed. Cell surface is largely modified: exposure of PS and sugar
residues. In type 3 or late/necrotic apoptosis; most of the apoptotic cells undergo secondary necrosis. Cell surface modifications
show a decreased expression of PS and the appearance of sugar residues such as fucose, absent from the surface of early apoptotic
lymphocytes. Concanavalin-A (Con-A, 40 mg/mL, mannose), Helix pomatia (HPA, 60 mg/mL, N-acetylgalctosamina), Ulex europaeus

(UEA, 40 mg/mL, a-fucose), Annexin V (20 mM, phosphatydilserine).
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Table 1. Percentage of type 1,2 and 3 apoptosis among human
lymphocytes incubated with CHX 10-2M for 24 hrs.

0/6 hrs 6/18 hrs 18/24 hrs
Type 1 94,5 15 10
Type 2 5 65 35
Type 3 0.5 20 55

One representative experiment out of three performed is reported.
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Figure 2. Percentage of human lymphocytes (control, type 1, 2
and 3) retained by mouse sinusoidal liver cells. Mouse livers
were in situ injected with control or apoptotic lymphocytes as
described in the materials and methods section. The highest
liver recognition was achieved with type 2 apoptosis lympho-
cytes and the lowest with type 1. The addition of a sugar cock-
tail prevented the recognition of apoptotic cells to an extent
related to the type of apoptosis.

population showed no sign of apoptotic morpholog-
ical modifications, although some cells show mild
margination of chromatin. Very few cells show the
stereotypical apoptotic morphology. Modifications
of the cell surface (i.e. increased PS and sugar
residue expression) were detected, independently of
the nuclear modifications.

Type 2 or mature apoptosis. The majority of cells
showed modifications of nucleus and cell shape
(blebbing). The cell surface was highly modified,
with extensive exposure of PS and sugar residues.

Type 3 or late/necrotic apoptosis. Most of the
apoptotic cells underwent secondary necrosis. Cell
surface modifications showed a decreased exposure
of PS and abundant expression of sugar residues
such as fucose, absent from the surface of early
apoptotic lymphocytes. When surface modifications
are considered, differences were observed between
human and rat lymphocytes and between rat and
mouse lymphocytes, human and mouse lymphocytes
being similar (Table 2).
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Figure 3. Percentage of apoptotic lymphocytes from rat (panel
a), human (panel b) and mouse (panel c) adhering to sinusoidal
cells of rat and mouse livers. The highest recognition rate was
obtained when homologous (i.e. rat) apoptotic lymphocytes
were injected into rat liver. The lowest recognition rate was
obtained when rat apoptotic lymphocytes where injected into
mouse liver.

Liver injected with apoptotic lymphocytes
enriched for type 1, 2 or 3 apoptosis recognized and
internalized apoptosing cells, with an efficiency
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Figure 4. Percentage of apoptotic lymphocytes from human and
rat adhering to periportal and perivenous sinusoidal cells of rat
and mouse livers. Liver sinusoids of periportal zone retained
higher amounts of apoptotic lymphocytes than sinusoidal cells
of perivenous tracts, due to their high levels of mannose- and
galactose-specific receptors. Homologous recognition was
always higher than heterologous.
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directly dependent on the stage of the apoptotic
process (Figure 2). Interestingly, the maximum inhi-
bition of recognition (by using a sugar cocktail)
was achieved with type 2 - mature apoptosis. The
data in Figure 2 in fact, suggest that type 1 or type
3 apoptotic lymphocytes are mainly recognized by
liver cells by means of molecules differing from
lectin-like receptors.

Species specificity of apoptotic lymphocyte
recognition by the liver

The in situ injection of apoptotic lymphocytes
from rat or human to rat or mouse liver is reported
in Figures 3 and 4. The data show that the highest
recognition rate was obtained when homologous
(i.e. rat) apoptotic lymphocytes were injected into
rat liver. Sinusoidal rat liver cells (SEC) retained
more than 90% of the injected homologous lym-
phocytes. Conversely, 70% of the injected apoptotic
human lymphocytes and 45% of injected rat lym-
phocytes were recognized respectively by rat and
mouse sinusoidal endothelial cells (SEC). Similar
results were obtained when mouse apoptotic lym-
phocytes were injected into mouse liver circulation
(Figure 3, panel C). Human apoptotic lymphocytes
were better recognized by the mouse liver SECs
than by the rat liver SECs (87 % as against 70%).

The recognition of apoptotic lymphocytes was, in
all cases, mediated by specific receptors, i.e. galac-
tose and mannose, which recognized the surface
modifications. The experiments reported in Figure
4 support the presence of sugar specific receptors
able to recognize apoptotic lymphocytes. In fact,
the liver sinusoid tracts (periportal) that express

Table 2. Major differences and/or similarities among human, rat and mouse apoptotic lymphocytes induced to apoptotis by 102M CHX.

Human Rat Mouse

Early  Mature Late Early Mature Late Early Mature Late
Chromatin condensation -+ ++ +Ht - i . + + .
Nucleus fragmentation - ++ +- +- B B + ..
PS ++ ++++ +++ + +++ ++ ++ ++++ +++
ConA binding sites ++ o o + + ++ + - -+
HPA binding sites - ++ ++ + + . S +
UEA binding sites - -+ ++ + _ + +
Blebs* - +++ ++ + N + +

+Increase; -absence; *cytoplasmatic.
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high levels of mannose- and galactose-specific
receptors are able to retain a high amount of apop-
totic lymphocytes. However, homologous recogni-
tion was always higher than heterologous. In addi-
tion, normal control lymphocytes were always
retained by liver (rat or mouse) to a very low extent
(less than 10% of injected lymphocytes). Again, a
mixture of sugars (80 mM N-acetyl-D-glucosa-
mine, N-acetyl-D- galactosamine, fucose, mannose),
injected simultaneously with the apoptotic cells,
reduced the recognition of apoptotic lymphocytes
by about 70-90%. However, 10-20% of injected
apoptotic cells still bound to the sinusoids (Figure
2); the percentage of non-inhibited binding was
constant in type 1, 2 or 3 apoptosis, and higher in
the inhibition experiments on homologous interac-
tions (rat/rat and mouse/mouse), thus indicating
that the recognition of apoptotic lymphocytes
involves receptors and molecules different from
lectin-like receptors and sugar residues. Moreover,
the drastically reduced efficiency of recognition of
human or mouse apoptotic lymphocytes when
injected into rat liver further suggests the involve-
ment of species-specific antigens for the recognition
of apoptotic cells.

Discussion

A myriad of phagocyte receptors have been impli-
cated in the recognition of apoptotic cells, among
them a PS receptor, and yet few ligands other than
PS have been identified on the apoptotic cell sur-
face, besides sugar residues (Schlegel and William-
son, 2001). This is supported by the data here
reported, clearly indicating that liver apoptotic
recognition involves more than one type of
ligand/receptor interaction. The modifications on
the cell surface of apoptotic cells are widespread
andconserved in evolution, in particular the expo-
sure of PS. In fact, apoptosis and the associated
exposure of PS on the cell surface is probably over
600 million years old and therefore the conserva-
tion of surface modifications (Schlegel and
Williamson, 2001) in different Mammalian species
as shown here for mouse, rat and human is not sur-
prising. On the other hand, evolution has appropri-
ated aspects for other purposes, as is the case for
liver lectin-like receptors. Our data are in agree-
ment with the above-mentioned studies: the type of
surface modification (PS and sugar exposure) is
the same in different cell types and in the same cell
types of different species. However, during evolu-
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tion, irrespective of cell type, peculiarities in the
pattern of cell surface modifications have been
introduced, i.e. timing of exposure, quality and
quantity. In any case, surface modifications of the
apoptotic lymphocytes are the prerequisite for their
recognition and subsequent engulfment (Savill,
1998; Savill and Fadok, 2000; Schlegel and
Williamson, 2001; Fadok et al. 2001 ).

From the in situ adhesion experiments on enriched
populations of type 1, 2 or 3 apoptotic lymphocytes,
it appears that the efficiency of recognition and sub-
sequent engulfment is a balance of quality, quantity
and timing of exposure of PS and sugar residues on
the apoptotic cells and the amount of receptors
present on the phagocytic cells. The accumulation of
apoptotic lymphocytes was not homogenous in the
liver: periportal zones retained much more than
perivenous ones. In fact, the different recognition of
apoptotic lymphocytes by the SECs of periportal
and perivenous liver zones, has been attributed to
the different amount of receptors for mannose and
galactose residues expressed on the cell surface
(Dini and Carla 1998).

All the inhibition experiments suggest that recog-
nition of apoptotic lymphocytes is mainly mediated
by lectin-like receptors co-adjuvated by other mol-
ecules for type 2 apoptosis; conversely, the recogni-
tion of type 1 or type 3 apoptotic lymphocytes is
mainly mediated by receptors different from lectin-
like ones, probably scavenger receptors type A and
B (Shiratsuchi et al. 1999; Platt et al. 1996).
Recent data indicates that most of the receptors
that have been indicated for the recognition of
apoptotic cells, including the liver lectin receptors,
may provide the strong adhesion needed to increase
the likelihood of contact between the PS receptor
and its phospholipid ligand, which is required for
uptake (Fadok et al. 2001). Given that for a high
rate of adhesion the species is important as well, as
the experiments on heterologous adhesion have
indicated, a major candidate, apart from the phos-
pholipid ligand and its receptor, is species-specific
antigen molecules. But why is rapid self-recognition
of apoptotic cells necessary? One possible explana-
tion could be lie in the distinct immunological func-
tion of the liver; probably the higher rate of recog-
nition between homologous apoptotic cells and
phagocytes is a mechanism for specifically accumu-
lating in the liver a large number of apoptotic cells,
that in turn, are partially responsible for the liver
immune tolerance (Sun and Shi 2001). Another



explanation could be the risk linked to the presence
in the circulation of apoptotic cells, which can be a
source of autoantigens (Rodenburg et al. 2000;
Rovere et al. 1999; Lorenz et al. 1997). Indeed, it
is known that in systemic autoimmunity their pres-
ence in the blood is increased (Kovacs et al. 1996).
Further supporting the notion that apoptotic cells
act as supplier of autoantigens are the data regard-
ing immunization with apoptotic murine thymo-
cytes (Mevorach et al. 1998). However, the signals
transduced from the phagocyte to lymphocyte or
vice-versa are still unknown. On the other hand, if
apoptotic cells are present in large numbers, over-
whelming the phagocytic capacity, or if recognition
is not efficient, the apoptotic cells will accumulate
and undergo secondary necrosis. Such necrotic cells
release danger signals, which stimulate the immune
system.

In conclusion our experiments suggests that livers
recognize and internalize apoptosing cells by means
of galactose- and mannose- specific receptors, with
an efficiency directly dependent on the stage of the
apoptotic process (i.e. type 1 (early), 2 (mature) or
3 (late/necrotic) apoptosis), and on the presence of
species-specific antigens for enhancing the removal
rate.
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