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Abstract

Background—Endothelial cell activation and injury by the terminal pathway of complement is
important in various pathobiological processes, including xenograft rejection. Protection against
injury by human complement can be induced in porcine endothelial cells (ECs) with IL-4 and
IL-13 through metabolic activation. However, despite this resistance, the complement-treated ECs
were found to lose membrane permeability control assessed with the small molecule calcein.
Therefore to define the apparent discrepancy of permeability changes vis-a-vis the protection from
killing we now investigated whether IL-4 and 1L-13 influence the release of the large cytoplasmic
protein lactate dehydrogenase (LDH) in ECs incubated with complement or the pore-forming
protein melittin.

Methods—~Primary cultures of ECs were pretreated with IL-4 or IL-13 and then incubated with
human serum as source of antibody and complement or melittin. Cell death was assessed using
neutral red. Membrane permeability was quantitated measuring LDH release.

Results—We found that IL-4/IL-13 induced protection of ECs from killing by complement or
melittin despite loss of LDH in amounts similar to control ECs. However, the cytokine-treated
ECs that were protected from killing rapidly regained effective control of membrane permeability.
Moreover, the viability of the protected ECs was maintained for at least 2 days.

Conclusion—We conclude that the protection induced by IL-4/IL-13 in ECs against lethal
attack by complement or melittin is effective and durable despite severe initial impairment of
membrane permeability. The metabolic changes responsible for protection allow the cells to repair
the membrane injury caused by complement or melittin.
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Introduction

Vascular ECs are known to perform multiple critical functions and their response to stimuli
that affect their functional integrity play a central role in inflammation, ischemia/reperfusion
injury, and allograft and xenograft injury. In these conditions products of complement
activation are known to often cause EC injury and hence it may be desirable to interfere with
complement activation or to enhance the protection of the cells against complement attack.

In models of xenotransplantation where complement is a mediator of injury we have
previously shown that IL-4 and IL-13 are efficient inducers of protection of porcine ECs
from injury caused by the membrane attack complex (MAC) of complement, and also from
the membrane pore-former protein melittin [1,2]. In an ex vivo model of xenotransplantation
we have also reported protection of the endothelium from complement-mediated destruction
in pig arteries that were transduced with adenolL4 and then perfused with human blood [1].
In our previous studies we have also found that the protection induced with IL-4 and 1L-13
was intrinsic and required activation of fatty acid and phospholipid synthesis, including
cardiolipin, and preservation of mitochondrial integrity [3,4]. In addition, we found that IL-4
induced up-regulation of the junction protein claudin-5, which contributed to EC protection
from complement injury [5].

In our previous studies, we defined ECs as “alive” (or “viable”) if they retained the ability to
take up the vital dye neutral red [6] after complement or melittin treatment. However,
despite the IL-4-induced resistance, the complement-treated ECs were found to lose control
of membrane permeability assessed with the small molecule calcein to the same extent as
cells not pre-treated with IL-4 [3]. Therefore it became important to ascertain whether large
cytoplasmic proteins were also lost through the initial membrane disruption caused by
complement and, if so, whether this injury was repaired promptly in the IL-4-pretreated ECs
that survived the complement attack. Moreover, we also sought to determine whether the
protection caused by IL-4 was durable. For these studies we investigated membrane
permeability using the large cytoplasmic protein lactate dehydrogenase (LDH) [7] in IL-4-
protected and control ECs incubated with complement and, for comparison, melittin. LDH
release has often been used to quantify cell death caused by various agents [8]. In the current
study we found that despite initial loss of cytoplasmic LDH, the IL-4-pretreated ECs are
protected from Killing long-term, with no initial impairment of the formation of large
complement and melittin trans-membrane channels.

Materials and Methods

Reagents and endothelial cells

Reagents were as previously described [1,3]. We explanted ECs from pig aortae, cultured
and identified them as previously described [2,9]. We performed experiments with cells in
passages 3 to 7, 2 to 3 days post-confluence, in gelatin-coated 48-well tissue culture plates
for EC killing and LDH assays. All incubations were carried out at 37°C in a 5% CO,
atmosphere.
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Treatment of ECs with cytokines and Killing assay

We incubated ECs with IL-4 or IL-13 for 48 h in 1% FBS-DMEM [2]. After washing with
RPMI-1640 containing 0.5% BSA, ECs were incubated for 2 h with 150 ul of a human
serum pool in RPMI-1640 at 7.5% as source of anti-pig antibodies and complement [2,3], or
0.1% Triton-X100 for 100% cell lysis. In other experiments, instead of human serum, we
used melittin diluted in PBS, or NP-40 or Triton X100 diluted in RPMI-1640. In some
experiments, we removed the complement solution after 2 h of incubation and washed the
cells twice with 1% FBS-DMEM. Then, we added 250 pl of 1% FBS-DMEM medium and
continued the incubation to complete 48 h. After washing, we tested the ECs for viability
and permeability. We measured EC viability using the vital dye neutral red and calculated %
specific killing as described previously [2,10]. Values are given as mean + SE of triplicate
samples. We previously established the validity of this assay to measure necrotic cell death
caused by human complement at the serum concentrations and incubation times used in our
current study [2].

Membrane permeability assay

We assessed EC membrane permeability using LDH released into the supernatants as OD
units with a LDH assay Kit, according to manufacturer’s instructions (Roche). We calculated
LDH release as follows: % LDH release = (OD sample — OD reagent blank)/(OD Triton
X100 maximum release — OD Triton X100 blank). Values are given as means + SE of
triplicate samples. We validated the measurements of LDH released in supernatants from
cells that were incubated up to 48 h by showing that LDH, either released from ECs with
Triton X100 or added extrinsically as a purified enzyme to EC monolayers or incubated
alone in medium for various time periods up to 48 h, retained its full enzymatic activity.

Statistical analysis

Results are shown as means + S.E.M. of 3-4 independent experiments that were performed
in triplicate. P-values were obtained using a two-sample T-test assuming equal variance.

Results

IL-4 and IL-13 induce protection of ECs from complement-mediated killing despite loss of
membrane permeability control

In our previous studies on EC protection from complement we assessed cell death using a
viability assay based on the ability of live cells but not dead cells to take-up the dye neutral
red. The protected ECs however demonstrated loss of membrane permeability when
analyzed with the small molecule calcein (M = 622 D) to a degree similar to control ECs [3].
Therefore, given that complement causes cell death through channel formation with
impairment of membrane permeability resulting in loss of cytoplasmic molecules and
ultimately cell necrosis [11,12], we now assessed membrane permeability by measuring the
release of the large tetrameric cytoplasmic protein LDH (M = 142,000 D [7]). We found that
ECs pretreated with IL-4 or IL-13, while strongly protected from killing by complement
assessed with neutral red, had similar loss of LDH as control cells over a wide range of
cytokine concentrations (Fig. 1).
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The IL-4-treated ECs that are resistant to killing by complement rapidly regain efficient
control of membrane permeability

We then investigated the kinetics of LDH loss during EC incubation with complement and
found that the LDH loss progressed in a similar manner in I1L-4-treated ECs and in untreated
controls (Fig. 2A). The LDH loss was markedly reduced after 2 h of incubation in both
experimental and control cells. This kinetic study shows that the additional release at 2 h
compared to 90 min is very small for both experimental and control cells. For direct
comparison with cell killing, experiments run simultaneously in which the degree of killing
was measured with neutral red showed that the I1L-4-treated ECs were strongly protected
from complement in comparison to control ECs (Fig. 2B). These results suggest that in cells
pretreated with IL-4 membrane permeability to LDH is fully regained after 2 h of incubation
with complement, indicating that the membrane lesions have resealed.

The viability of the ECs that are protected from complement by IL-4 is durable

We then asked whether complement attack on IL-4-protected cells had any effect on long-
term membrane permeability. We treated ECs with human complement for 2 h and, after
washing, either tested them immediately or after 48 h of incubation in medium without
complement. In both instances we measured LDH in the supernatants and EC neutral red
uptake. We found that LDH loss stopped after 2 h of incubation with complement in I1L-4-
treated ECs, as well as in the control ECs that had survived complement attack, with no
additional LDH loss during 48 h of incubation in medium (Fig. 3). As indicated in Materials
and Methods, after 48 h of incubation LDH activity is fully measurable by our assay
method. Similar to LDH release, EC killing also stopped after 2 h of incubation with
complement. As in experiments described above, after 2 h of incubation with complement
there was markedly reduced cell killing with 1L-4 pretreatment and only a slight reduction of
LDH release. Thus, this experiment indicates that the IL-4-protected ECs are able to remain
alive long-term after recovery from complement attack.

IL-4 and IL-13 also induce protection of ECs from killing by melittin despite loss of
membrane permeability control

Like the complement TP, the protein melittin is a channel-former that causes necrotic cell
death [13] and therefore we have previously used melittin in studies of IL-4/IL-13 EC
protection. We now asked whether this protection would also allow the release of LDH in
the face of protection from killing. We found that ECs pretreated with 1L-4 or IL-13, while
protected from killing by melittin assessed with neutral red, had similar LDH loss as control
cells (Fig. 4). These results suggest that cytokine-induced protection from killing by the
pore-former melittin, like the protection from complement, also develops despite initial
disruption of membrane permeability.

Discussion

In this study, we investigated control of EC permeability in cells that are protected from
killing by complement or melittin as a consequence of pre-treatment with IL-4 or IL-13. We
report here that the protected ECs, defined by their ability to take-up the vital dye neutral
red, exhibit a severe but transient loss of permeability control, defined by the release of the
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large cytoplasmic protein LDH. After 2 h of incubation with complement there was no
additional LDH leakage, both in cytokine-treated cells and in a small percentage of control
cells that were not killed by the amount of complement used in these experiments. After 48
h of incubation in medium without complement the unlysed cells exhibited normal uptake of
neutral red indicating that the protected cells exhibited full and durable viability. These
observations demonstrate that the cytokine-treated cells repaired their complement-induced
lesions, a process known as resealing [14]. In contrast, most ECs that were not pre-treated
with IL-4 and had lost LDH during the 2 h of incubation with complement failed to repair
their functional lesions and died.

Central to the interpretation of our findings of cytokine-induced protection from killing by
complement is the ability of the terminal pathway of complement (TP) to form membrane
permeability channels [11,12]. These channels are caused by the TP proteins C8 and C9
through domains that penetrate cell membranes [15,16]. In our current study we asked
whether IL-4 and IL-13 induced protection from complement by impairing the ability of the
TP to form large channels that cause major disruptions of membrane permeability. However,
we found similar amounts of LDH released from ECs incubated with complement, whether
or not the cells were pretreated with the cytokines, suggesting that these cytokines do not
induce protection from killing by impairing the channel-forming ability of the TP. Our
results using LDH shows that the extent of membrane disruption caused by the TP in
cytokine-treated ECs is similar to that in untreated controls. Moreover, we have previously
reported that pretreatment of ECs with IL-4 does not increase the membrane expression of
complement regulators CD46, CD55 or CD59 and that incubation of those cells with
complement results in similar binding of C3 and C5b-9 as controls not treated with 1L-4
[1,2]. After 2 h of incubation with complement there was slightly less bound MAC on IL-4-
treated cells than in controls [3], supporting our interpretation of membrane resealing
discussed below.

LDH release has often been used in studies of necrotic cell death [8]. Our study, however,
demonstrates that LDH release should not be used in isolation to assess cell death. Given
that the ECs pre-treated with IL-4/IL-13 and then incubated with complement or melittin
have shown similar levels of LDH losses as cells not pre-treated with the cytokines, it would
not have been possible for us to discover the protective effect had we only used LDH release
to assess cell death. We interpret the apparently discordant results obtained with LDH and
neutral red as caused by membrane resealing, a process that must be addressed in studies of
cell cytotoxicity mediated by pore-forming mechanisms.

In many studies to induce cytoprotection using in vitro models of xenotransplantation in
which protection was assessed using only membrane permeability assays such as the release
of LDH the results conclusively show that protection had been achieved [17-20]. On the
other hand results from other studies employing only those assays appear to demonstrate
failure of induction of protection [21]. Our current study, however, suggests that to ensure
that those negative results were not due to resealing of the MAC lesions, measurement of
true cell survival would be required. Therefore for these situations we suggest using the
neutral red assay in conjunction with the LDH assay. Neutral red is a supravital dye that is
well qualified to measure live cells since its uptake requires intact membranes and then it
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concentrates in the lysosomes, where it is retained [6]. The LDH assay is based solely on the
loss of membrane permeability control. Together, these assays are well suited for studies of
cytotoxicity on ECs arranged in monolayers. Monolayers, in contrast to ECs in suspension,
mimic the anatomic organization of the ECs in the vascular system and have an intercellular
junction that plays a role in IL-4-induced protection [5].

We have previously reported that protection induced by IL-4/IL-13 against complement and
melittin is due to activation of intracellular mechanisms, as summarized in Table 1. We have
shown that the IL-4-induced changes in mitochondrial membrane lipid composition preserve
mitochondrial integrity during complement attack, allowing the cell to maintain its
metabolism while the channels produced by the MAC in the plasma membrane are being
repaired [3]. The resealing mechanism consists mainly of loss of membrane-bound MAC.
IL-4 induced up-regulation of the junction protein claudin-5 may also contribute to
protection.

Of additional interest, we have previously reported that human vascular ECs, like porcine
ECs, can also be made resistant to killing by complement when pretreated with IL-4 or
IL-13 [3], implying that this induced protection is not limited to porcine ECs. Moreover, we
have previously established that the protection of porcine ECs is not restricted to
maintaining cell viability in the face of complement attack but can be extended to preserve
several aspects of monolayer endothelial structure and function. Thus IL-4-treated ECs were
protected from cell retraction and gap formation following incubation with sublytic doses of
human complement [1], a protection that is due to IL-4-induced up-regulation of the
intercellular adhesion molecule claudin-5, which also contributed to protection from
complement-mediated cytotoxicity [5]. IL-4-treated ECs were also protected from apoptosis
induced by TNF-a [22]. Our unpublished studies have also demonstrated that these
cytokines induced protection of ECs against responses to activation and pro-inflammatory
stimuli, including E-selectin expression induced by LPS or TNF-a, production of IL-1a by
activation with sublytic complement, and expression of tissue factor induced with TNF-a or
LPS. Since these multiple protective effects are of clinical interest, further delineation of the
mechanisms mediating IL-4-induced protection may provide new strategies for preventing
complement-mediated vascular injury as it occurs in vascular disease, such as
atherosclerosis, ischemia reperfusion injury, and vasculopathy as observed in vascularized
allograft and xenograft rejection.
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MAC membrane attack complex of complement
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Fig. 1.

IL?4— and IL-13-protected ECs and control ECs exhibit similar loss of permeability control
upon incubation with complement. ECs were incubated with various doses of IL-4 (A) or
IL-13 (B) for 48 h, washed and incubated with 7.5% human serum for 2 h. Then the % LDH
released in the supernatants and the % killing (cells that failed to take up neutral red) were
measured. Results are means + S.E.M. of 4 experiments (A) and 3 experiments (B) that were
performed in triplicate. LDH release vs. killing, p < 0.01 for all doses of IL-4 and 1L-13
tested.
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Fig. 2.
ECs treated with IL-4 followed by complement that are resistant to killing rapidly regain

efficient control of membrane permeability. ECs were incubated with 10 ng/ml 1L-4 or
medium alone for 48 h, washed, and incubated with 7.5% human serum for the indicated
times. Then % LDH release (A) and % killing using neutral red (B) were measured. Results
are means + S.E.M. of 3 independent experiments that were performed in triplicate. In (A)
LDH release, I1L-4 vs. medium p > 0.05 for all time points except at 60 min p < 0.05. In (B)
% killing, IL4 vs. medium p < 0.01 for all time points except at 15 min and 30 min p < 0.05.
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Fig. 3.

Tr?e viability of ECs protected from complement by pretreatment with 1L-4 is durable and
after 2 h of incubation with complement the ECs stop releasing LDH. ECs were incubated
with 10 ng/ml IL-4 or medium for 48 h, washed, and then incubated with 7.5% human
serum for 2 h. At this point the cells were either tested for LDH release and neutral red
uptake (Killing) or washed and placed in 1% FBS-DMEM for an additional 48 h and then
tested for LDH release and neutral red uptake. Results are means + S.E.M. of 2 independent
experiments that were performed in triplicate. After 2 h in human serum, IL-4-treated ECs
vs. medium control ECs, for % LDH release p < 0.05 and for % killing p < 0.001; medium
control ECs % LDH release vs. % killing p < 0.05. After 2 h in human serum plus 48 h in
medium alone, I1L-4-treated ECs vs. medium control, p > 0.05 for both % LDH release and
% killing.
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[l “% Killing

IL-4 and IL-13 induced protection against Killing of ECs by melittin but did not prevent
melittin-induced loss of permeability control. ECs were incubated with medium alone or
with IL-4 or IL-13 at 10 ng/mL for 48 h, and then tested for sensitivity to killing by 2.5 pM
melittin for 2 h. EC killing was determined by neutral red uptake and permeability was
measured by LDH release. Results are means + S.E.M. of 3 experiments that were
performed in triplicate. LDH release vs. killing for IL-4- and IL-13-treated, p < 0.001.
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Table 1

Summary of changes induced by IL-4 in ECs that allow resealing of complement-induced membrane lesions
and resistance against killing (based on refs. 2, 4 and 5)

Stimulation of phospholipid synthesis resulting in:
Preserved mitochondrial ultrastructure
Preserved mitochondrial electrical conductance
Reduced loss of cellular ATP
Up-regulation of intercellular junction protein claudin-5 resulting in:
Decreased paracellular permeability

Reduced decrease in electrical membrane resistance caused by complement
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