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[JAbstract— Hemocytes (effectors) of Ciona
intestinalis showed a natural cytotoxic capacity
(HCA) when assayed in vitro against erythro-
cytes (targets). Cytotoxic cells lysed, to a vari-
able extent, rabbit (RE), human (A, B, 0),
guinea pig, and sheep (SE) erythrocytes.
Hemocyte cytotoxic activity (HCA) assayed
against SE is a calcium-dependent reaction, oc-
curs rapidly (15-30 min), at 25-37°C over a
wide range of pH (5.4-8.0). Assays were car-
ried out using: 1) the medium in which hemo-
cytes were maintained, 2) the soluble portion of
hemocyte lysates, and 3) debris prepared from
hemocyte lysates. Results suggest that HCA is
a cell-mediated process that requires effector—
target cell contacts. Anti-SE (calcium-
dependent) and anti-RE (calcium-indepen-
dent) agglutinins were also found in the reac-
tion medium, probably released by hemocytes
as a consequence of the in vitro experiments.
The occurrence of HCA was independent of
any allogeneic reaction between mixed hemo-
cytes. Various levels of cytotoxic activity reveal
hemocyte specificity.

OKeywords— Hemocytes; Hemolysins;
Invertebrates; Tunicate; Ciona intestinalis;
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Introduction

Natural killing activity as a defense func-
tion, independent of phagocytosis, prob-
ably appeared early during the evolution
of the immune system (1). In mammals,
cell killing by immune or nonimmune
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cells represents a defense against foreign
targets, including transformed cells, vi-
rus-infected cells, parasites, and other
pathogenic invaders [see (2,3) for re-
views]. The cell-killing mechanism can
involve soluble cytotoxic mediators or it
requires contact between effector and
target cells [reviewed in (2,3)]. Natural
killer (NK) cells are non-MHC-restricted
lymphocytes that show lytic activity, in-
dependent of antigenic induction, against
a variety of target cells (1,2). They are
thought to be the evolutionary precur-
sors of cytotoxic T cells (4). Similar cel-
lular mechanisms exist in the inverte-
brates (1). Natural cytotoxic activity di-
rected against xenogeneic or malignant
cells has been demonstrated in sipuncu-
lids (5,6), annelids (7), molluscs (7,8)
echinoderms (7,9,10), and arthropods
(11-13).

In tunicates, Fuke (14) observed that a
contact reaction leading to mutual lysis
can occur in vitro between xenogeneic
and allogeneic hemocytes of several as-
cidian species. Cytotoxic activity by
hemocytes was also observed in Styela
(15) and in nonfusion reactions between
allogeneic Botryllus colonies (16). With
respect to Ciona intestinalis, hemocytes
are capable of xenogeneic contact reac-
tions (14). Moreover, granulocytes react
against erythrocytes injected into the tu-
nic and are probably responsible for tis-
sue lysis (17—19). The mechanisms re-
sponsible for cell-killing reactions are
still poorly understood.
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Lymphocyte-like cells, implicated in
the reaction of tunic allografts in Styela
plycata, may be responsible for anti-
graft responses; their influx is coincident
with the decline in other cell types. Ac-
cording to one view, the rejections of ex-
perimentally transplanted living tissue
are due to the cytotoxic effect of lym-
phocyte-like cells and their capacity to
divide (20,21). As a model for testing cy-
totoxicity, erythrocytes represent useful
cell targets for assaying lytic activity of
hemocyte effector cells. Here we exam-
ine in vitro cytotoxic activity of hemo-
cytes from Ciona intestinalis against
sheep erythrocyte targets.

Materials and Methods
Tunicates

Living Ciona intestinalis were col-
lected from Porticello harbor (Gulf of
Palermo).

Bleeding, Hemocyte Preparation,
and Quantification and Dialysis
of Plasma

Hemolymph was withdrawn from the
heart with a syringe containing artificial
sea water without CaCl, and MgCl, but
enriched with 100 mM EDTA (FSW-
EDTA) as an anticoagulant (v/v). The he-
molymph from about 200-300 specimens
was pooled. Hemocytes were separated
from plasma by centrifugation at 1500 x
g for 15 min at 4°C, washed three times in
Tris-buffered saline (10 mM Tris-HCl, pH
8, 150 mM NaCl) (TBS), and finally sus-
pended in TBS containing 10 mM CaCl,
(TBS-Ca) to obtain a 1-1.5 x 107/mL
cell concentration (unless otherwise in-
dicated). Total cell counts were deter-
mined using an improved Neubauer he-
mocytometer. Hemocyte mortality was
evaluated by the trypan blue (0.2% in
TBS) exclusion test: mortality vaiues

ranging from 1.0 to 5.0% were found in
all experiments after periods of 30-60
min. The plasma was dialyzed against
phosphate-buffered saline, pH 7.4
(PBS), before assaying it to test for he-
magglutinating activity against sheep
(SE) and rabbit (RE) erythrocytes.

Preparation of Erythrocyte Targets

Human A, B, and O erythrocytes
were supplied from the Avis Transfusion
Center, University General Hospital
(Palermo). Sheep and guinea pig erythro-
cytes (GPE) were provided by the
Zooprophylaxis Institute (Palermo),
whereas RE were a commercial prepara-
tion (Sclavo, Siena). Erythrocytes were
washed three times in PBS, then in TBS-
Ca’", and finally suspended in that me-
dium at the required concentration. To
obtain comparable results, SE used in
the cytotoxic assays were derived from
the same donor.

Experimental Cytotoxic Assay

A 200-pL sample of hemocyte sus-
pension (2-3 X 10° cells) in TBS-Ca®*
was mixed with an equal volume of
freshly prepared SE suspension (8 X 10°
cells) in TBS-Ca?*. The mixture was in-
cubated with continuous and moderate
shaking at 37°C for 1 h, and hemoglobin
(Hb) release was determined at 541 nm
after removing intact cells by centrifug-
ing the reaction mixture at 1500 x g for
15 min at 4°C.

The percent of hemolysis was calcu-
lated according to the following formula:

% Hb released =
test release — spontaneous release

maximum release — spontaneous release
x 100.

Maximum hemoglobin release was ob-
tained by preparing an erythrocyte sus-
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pension in distilled water at room tem-
perature. Control erythrocyte suspen-
sions were prepared in the same medium
of the reaction mixture and incubated
under the same experimental conditions
(spontaneous release). To evaluate the
effect of an acidic pH, TBS-Ca’* at pH
5.4 was used as the reaction medium.

Cytotoxic Assay of Hemocyte
Preparations From
Individual Ciona

Hemocyte cytotoxic activity (HCA)
from each of 70 Ciona was evaluated.
The cells from each hemolymph sample
(0.3—1.0 mL) were pelleted, washed, and
suspended in 200 pL TBS-Ca’* to per-
form the assays.

Statistical Analysis

Hemocyte counts were determined in
the final suspension. For each experi-
ment three samples were prepared, the
values representing the means * SD.
Statistical significance of differences be-
tween mean values was determined by
Duncan’s test (22).

Hemagglutination Assay

Hemagglutinating activity was deter-
mined with 1% suspersions of washed
erythrocytes from sheep, rabbit, and hu-
man in microtiter plates (Cooke Engi-
neering Co. Alexandria, VA) following a
standard method (23) and using TBS or
TBS-Ca** medium containing 0.1% gel-
atin. Titers were expressed as the recip-
rocal of the last dilution giving clear
agglutination.

Preparation of Cellular Debris and
Lysate From Hemocytes, and
Ghosts From Erythrocytes

The cellular debris and lysate of
Ciona hemocytes were obtained by son-

ication (Vibra-Cell, Sonics & Materials
Inc., Danbury, CT) of 10 mL hemocyte
suspension (3 X 10’/mL). Cellular debris
was separated from the soluble portion
by centrifugation at 27,000 X g for 30
min, then washed four times in TBS or
TBS-Ca’*. Sheep erythrocyte ghosts
were prepared by washing them several
times as a 5% suspension in distilled wa-
ter or in hypotonic solution. In order to
separate ghosts, the preparation was
then centrifuged at 10,000 X g for 30 min
at 4°C.

Results

Condition Supporting
Hemocyte Viability

Trypan blue exclusion test showed
that TBS-Ca®™* is a suitable medium for
Ciona hemocyte suspensions. The
hemocyte mortality after 24 h at 4°C or 1
h at 37°C in TBS-Ca’* ranged from 1.0
to 5.0% (data not shown). Table 1 shows
that, in a typical experiment, in the ab-
sence of Ca’™ ions, hemocytes did not
lyse SE after 1-h incubation at 37°C,
whereas 10 mM CaCl, appears to be the
lowest salt concentration capable of pro-
ducing hemolysis higher than 50%; 100

Table 1. Effect of Various Concentrations of
Divalent Cation on the Cytotoxic Activity of
Ciona intestinalis Hemocytes (1-1.5 x 107/mL)
Against Sheep Erythrocytes (4 x 107/mL).

Reaction Hemolysis Degree
Medium (% * SD)
TBS 3714
TBS Ca®* 100 mM 82.6 +10.2
TBS Ca®* 10 mM 73783
TBS Ca?* 1mM 9.0+34
TBS Mg?* 100 mM 15.0 £ 2.5
TBS Mg?* 10 mM 26 +07
TBS Mg?* 1mM 0.6 = 0.1
TBS Ca?* — Mg?*
10 + 10 mM 265+ 6.7
TBS Ca?* 10 mM
+ EDTA 10 mM 2607
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mM CaCl, did not increase significantly
the hemolytic reaction (82.6%). In other
experiments, reaction mixtures contain-
ing 10 mM CaCl, reached hemolysis to a
degree higher than 90.0%. These results
prompted the use of TBS enriched with
10 mM CaCl, (TBS-Ca%™) as a standard
medium. MgCl, had a negligible effect on
the HCA. Moreover, when MgCl, was
mixed with CaCl, at the same concentra-
tion, a reduced hemolytic activity by
hemocytes was observed (Table 1). Fi-
nally, 10 mM EDTA inhibited the hemol-
ysis of erythrocytes in TBS-Ca?™.

Some Properties of Hemocyte
Cytotoxic Activity (HCA) Against
Sheep Erythrocytes

Figure 1 shows the hemolytic values
plotted as effector cell (EC):target cell
(TC) ratios. Hemolysis increased with
the number of hemocytes in the reaction
mixture; however, a plateau character-
izes the diagram for a hemocyte number
higher than 1.5 x 10”/mL (EC:TC ratio
about 1:3). To plot a kinetic curve, the
reaction was interrupted in two experi-
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Figure 1. Hemolytic values plotted against
hemocytes (EC): sheep erythrocytes (TC) ratio.
Dilutions of the Ciona intestinalis hemocyte sus-
pension were assayed with constant erythrocyte
numbers.

ments at 15-min intervals: the slope of
the curve increases from the first hemo-
cyte—target contact (14%), reaching the
highest values (85-92%) at 30-60 min
(Fig. 2). Large clumps of mixed hemo-
cytes-erythrocytes were observed mi-
croscopically shortly after performing
the reaction mixtures. Plasma dialyzed
against TBS, containing 10 or 100
mM CaCl,, never caused lysis of
erythrocytes.

Effects of Temperature
on Cytotoxicity

The effect of increasing the incubation
temperatures reveals no significant
erythrocyte lysis at 0°C, a sharp inflec-
tion at 25°C, achieving the maximum at
30-37°C (Fig. 3). Hemocytes held for 24
h at 0—-4°C maintained their cytotoxic ac-
tivity (80.0 = 5.1%) after washing and
transferring them to the reaction mixture
at 37°C. No significant differences were
found using the reaction medium at pH
8.0 or 5.4, in two distinct experiments:
69.2-70.5% and 69.0-72.1% (SD from
*(0.1 to =4.4) were the hemolytic values
obtained.

100
80|
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40

Hemolysis degree (%)

20

0. 15 30 45 60
Incubation time (minutes)
Figure 2. Time course curve of Ciona intestina-
lis hemocyte (1-1.5 x 107/mL) cytotoxic activity
against sheep erythrocytes (4 x 107/mL).
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Flgure 3. Effect of incubation temperature on
Ciona intestinalis hemocyte (1-1.5 X 107/mL)
cytotoxic activity against sheep erythrocytes (4
x 107/mL).

Erythrocyte Specificity, and
Hemocyte Cytotoxic Activity of
Individual Ciona Specimens

Hemocytes lysed sheep as well as rab-
bit, guinea pig, human A, B, and O
erythrocytes (Table 2). Individual hemo-
lytic activity varied depending on the
Ciona donor. This variability appears to
be related primarily to hemocyte num-
bers. Although HCA of samples from
various specimens is statistically signifi-
cant (linear regression, p < 0.002) with
increasing numbers of hemocytes, an ev-
ident difference was observed in cyto-
toxic activity by samples containing al-
most the same hemocyte number (Fig.

Table 2. Hemocyte Cytotoxic Activity of Clona
intestinalls (1-1.5 x 107/mL) Against Varlous
Erythrocyte Types (4 x 107/mL).

Hemolysis Degree

Erythrocyte Type (% = SD)

A 64.6 = 5.6
B 51.0 + 10.1
0] 36.6 £ 6.4
AB 53.0 £ 8.0
RE 516+74
80.0 x 2.6

4). Similarly, hemolytic values obtained
under standard conditions were com-
pared between these various experi-
ments. A constant number of 1.0-3.0 X
107 cells/mL caused HCA that ranged
from 58.2 to 96.7% (Table 3).

Properties of Cytotoxic Factor(s)

To examine if active factor(s) is(are)
released in the reaction medium as a con-
sequence of experimental conditions,
five different experiments were per-
formed using 1.0-1.5 x 10”/mL hemo-
cytes preincubated in TBS-Ca?* for 1 h
at 37°C. The supernatants obtained by
centrifuging the suspensions at 1500 x g
for 15 min at 4°C were assayed for hemo-
lytic activity against SE. The hemolytic
response by hemocytes revealed control
levels (55.1-90.8%), whereas the values
obtained using supernatants ranged from
0.1 to 11.0% (Table 3).

Since Ca?* could have inactivated cy-
totoxic factors that could be released in
the medium, two additional experiments
were performed in which hemocytes
were preincubated in the absence of
CaCl, and then incubated with an SE
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Figure 4. Hemocyte cytotoxic activity plotted
against individual hemocyte numbers from 70
Ciona intestinalis specimens (regression equa-
tion: y = —185.17 + 39.7x; correlation coeffi-
cient r = 0.473).
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Table 3. Hemocyte Cytotoxic Actlvity (HCA) of the Culture Medium Removed From Clona
Intestinalls Hemocytes (1-1.5 x 107/mL) Separated After 1-h Prelncubation
in the Presence or Absence of Ca** at 37°C.

Hemolysis Degree (%

+

SD) at Various Ca?*

Concentrations in the Preincubation Medium

2+ 2+
HCA of the Ca?* 10 mM Ca** 0.0 mM
No. Untreated
Exp. Samples Hemocytes Supernatant Hemocytes Supernatant
1 59.5 x 4.7 55.1 + 7.1 4414 441 = 2.6 32=x1.2
2 96.7 + 3.5 90.8 x 0.5 20=1.2 98.1 = 6.1 87=x20
3 62.8 + 6.2 62.9 = 3.9 11.0 £ 5.0 - —
4 69.0 x 1.5 68.0 x 0.2 6.6 +3.3 - —
5 58.2 = 0.1 56.9 + 2.3 0.1=0.0 — —

To evaluate the HCA against sheep erythrocytes (4 x 107/mL), Ca?* concentration (10 mM) was restored in the

reaction mixture.

suspension in which 10 mM CaCl, con-
centration was restored. No significant
differences (Duncan’s test; a = 0.05) in
the hemolytic degrees of supernatants
were observed compared to those of the
standard medium (Table 3). The superna-
tants remained inactive (1.6 = 1.0) even
if hemocytes were preincubated for 1 h
in the presence of ghosts from 6 x 10’
SE/mL. Cell mortality before and after
preincubations of hemocytes ranged
from 3.0 to 4.5%.

To ascertain if the active factor(s) are
associated with cell membranes, hemo-
cyte debris was assayed for cytotoxic ac-
tivity. The washed debris, suspended in
TBS-Ca?*, effected lysis of SE, produc-
ing 52.0-89.5% (SD = =1.1) hemolysis.
On the contrary, hemocyte lysates ob-
tained either in the presence or absence
of CaCl, were inactive. In fact, only in
one out of four experiments did hemoly-
sis reach 15.6 = 1.0%, whereas in others
the values ranged from 0.1 to 2.2%.

Hemagglutinating Activity of
Supernatant From Hemocyte
Suspensions and Hemolymph

The supernatant obtained immedi-
ately after centrifuging hemocyte sus-

pensions (3 X 10’/mL) agglutinated SE
and RE (4 X 10"/mL). Hemagglutinating
titers of 2—8 and 2-4, respectively, were
found. The activity of supernatants did
not increase after 1-2-h incubation of
cells at 37°C. The agglutinin released into
the culture medium was examined using
TBS enriched with 1, 10, and 100 mM
CaCl,. Results revealed that the anti-RE
agglutinating activity did not change sig-
nificantly under any of these conditions
(titers 2-8). Moreover, 10 mM EDTA
added to the medium (TBS) did not af-
fect the agglutinating titer. On the con-
trary, anti-SE hemagglutinating activity
of the supernatant was not evident when
assayed in TBS without added Ca?* and
it was abolished in the presence of 10
mM EDTA.

The negligible hemocyte death (1.4%
mortality) is probably not responsible for
the release of agglutinins. In addition,
hemocytes separated from the incuba-
tion medium retained their cytotoxic ac-
tivity. Hemolytic values ranging from
73.3t0 75.8% (SD = from *3.5 to +4.7)
in the presence of Ca’*, and from 0.6 to
2.6% (SD = from *0.6 to =1.2) in the
absence of Ca?*, were obtained in three
distinct experiments. Hemolymph also
showed anti-SE calcium-dependent and
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calcium-independent anti-RE hemagglu-
tinating activity at titers of 2—4.

Discussion

Hemocytes possess a natural, cal-
cium-dependent cell-killing system that
was examined using erythrocytes as tar-
gets. Cytotoxic cells show a broad spec-
ificity and lyse, to a variable extent, rab-
bit, human (A, B, O), guinea pig, and
sheep erythrocytes. Although the me-
dium (TBS) we employed might not be
ideal for long-term cultivation of inverte-
brate hemocytes, it is suitable for verte-
brate erythrocytes in our short-term cy-
totoxic assay system. We chose it to
minimize target damage by the medium
so that cytotoxic potential of Ciona ef-
fector cells could be more accurately
measured. In fact, using appropriate
controls we found that the mortality of
hemocytes held in that medium was at a
very low level (1.0-5.0%).

The activity of cytotoxic hemocytes
can be totally arrested by lowering the
temperature (0-4°C). This may reflect a
general metabolic effect of temperature
or changes in the viscosity of the mem-
brane matrix of target cells initiated by
effector cells and propagated by temper-
ature. It cannot be excluded that the tar-
get cell membrane could be irreversibly
damaged at a first temperature-inde-
pendent stage in the course of the effec-
tor—target once interaction is reached.

Hemocyte cytotoxic activity is appar-
ently a cell-mediated reaction that re-
quires that a contact is established be-
tween the effector-target cell mem-
branes. Experiments performed to test if
hemolysis depends upon release into the
medium of a cytotoxic factor showed
that soluble lytic factor(s) were not sig-
nificantly present in the supernatant
from hemocyte suspensions held under
the same conditions as the reaction mix-
tures. There was only, occasionally, a

degree of hemolysis higher than 10%.
Lytic factors were also not observed in
the supernatant after stimulating hemo-
cytes with erythrocyte ghosts. The lytic
factors act over a wide range of pH (5.4-
8.0), at brief time intervals (15-30 min),
at 25-37°C, and require Ca’"* cations for
their activity. Calcium cannot be re-
placed by magnesium cations; Mg?* ap-
pears to compete with Ca®*, thus reduc-
ing hemolytic reactions when both cat-
ions are present in the medium. It is
unclear if lytic factor(s) are secreted fol-
lowing contacts between hemocytes and
viable erythrocytes.

Other results support the existence of
a cytotoxic mechanism controlled by
contacts between cell membranes. In
fact, the lysate obtained by sonication of
hemocytes in the reaction medium ap-
peared to be inactive, whereas the cellu-
lar debris from sonicated hemocytes
caused cytotoxicity. The presence of
Ca’™ is probably not responsible for in-
activation of soluble lytic factors, since
low hemolytic values were observed
even when hemocyte lysates were ob-
tained in TBS deprived of Ca?*, and su-
pernatants from Ca’* -free reaction mix-
tures were assayed. With respect to he-
molytic activity provoked by hemocyte
debris, a role of the plasma membrane is
not clear. In fact, preparations of debris
are composed of particles from various
cell membranes and organelles after
sonication.

To avoid possible interactions be-
tween allogeneic hemocytes that could
activate cytotoxic cells, experiments
were performed using Ciona intestinalis
specimens stats collected from the same
locale. We found that the viability of
hemocytes, mixed in allogeneic combi- *
nations, did not decrease. In this respect
Fuke and Numakunai (24) demonstrated
that allogeneic contact reactions oc-
curred by mixing hemocytes from Halo-
cynthia roretzi of different locales,
whereas no allogeneic reaction was ob-
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served between specimens of the same
locale. Furthermore, a contact reaction
can be revealed when heterospecific
combinations involved two different
Ciona species (14).

Perhaps not all hemocytes possess the
cytotoxic capacity, since unidentified
cell type(s) may be responsible for lytic
activity. We observed that a relationship
exists between hemocyte numbers and
levels of cytotoxic activity; however,
various levels of cytotoxic activity dis-
tinguish between different suspensions
of pooled hemocytes prepared at 1.0-1.5
x 107/mL (hemolytic degree from 64 to
92%), or between different specimens
showing the same hemocyte numbers.
This individual variability could depend
on cytotoxic hemocytes that can vary
between several specimens.

Agglutinins were found in the reaction
medium. In accordance with the release
of lectins from hemocytes of Phallusia
mamillata (25), they were quickly re-
leased from hemocytes and probably
stimulated by the experimental condi-
tions. Two agglutinins, anti-SE and anti-
RE, were distinguishable by their differ-
ent Ca’* dependence in agglutinating
erythrocytes. These soluble factors,
causing the formation of agglutinates in

which hemocytes and erythrocytes come
in contact, could be involved in a first
step of the hemolytic reaction effected
by hemocytes. As previously reported
(26), naturally occurring lectins are pre-
sent in the serum; the anti-SE and anti-
RE lectins appear to be similar to the
agglutinins released from hemocytes. We
do not have a clear understanding of the
specificity of these molecules. Accord-
ing to Wright (27), they may be compo-
nents of a defense system present in
Ciona hemolymph.

The cytotoxic activity of Ciona hemo-
cytes against erythrocytes cannot be
considered as a component of the natural
cellular immunity of this ascidian. How-
ever, the possibility exists that a similar
cytotoxic system, linked to hemocyte
membranes, is responsible for in vitro
contact reactions (14,15), nonfusion re-
actions (16), and allograft rejection (20),
in which cellular contact could be the ba-
sis for various cytotoxic responses.
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