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Complement activation by polymeric gene and drug delivery systems has been overlooked in the past. As
more reports appear in the literature concerning immunogenicity of polymers and their impact on gene
expression patterns, it is important to address possible immune side effects of polymers, namely
complement activation. Therefore, in this study the activity of low and high molecular weight poly
(ethylene imine) and two PEGylated derivatives to induce complement activation were investigated in

{fg’words" human serum. These in vitro results revealed that PEI 25 kDa caused significant and concentration
PEGylation dependent complement activation, whereas none of the other polymers induced such effects at their ICsg
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Cardiopulmonary distress

concentrations determined by MTT-assays. To verify these in vitro results, additionally, studies were
carried out in a swine model after intravenous administration, showing complement activation-related
pseudoallergy (CARPA), reflected in symptoms of transient cardiopulmonary distress. Injections of PEI
25 kDa or PEI(25k)—PEG(2k)1o at a dose of 0.05 and 0.1 mg/kg caused strong reactivity, while PEI 5 kDa
and with PEI(25k)—PEG(20k); were also reactogenic at 0.1 mg/kg. It was found that PEI 25 kDa caused
both self- and cross-tolerance, whereas the PEG—PEIs were neither self- nor cross-reactively tachyphy-
lactic. As a result of this study, it was shown that PEGylation of polycations with PEG of 20 kDa or higher
molecular weight may be favorable. However, potential safety concerns in the development of PEI-based
polymeric carriers for drugs and nucleic acids and their translation from bench to bedside need to be

taken into consideration for human application.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Complement-activating properties of liposomes are well known
under in vitro [1] and in vivo [2] conditions. Concerning polymeric
vectors for delivery of nucleic acids, however, more than a decade
after the first report of in vitro complement activation by the
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polyamine poly(ethylene imine) (PEI) [3], still no in vivo data can be
found in the literature. PEI enjoys great popularity for both in vitro
and in vivo transfections [4], despite of an increasing amount of
mechanistic studies on toxicity of polymers [5—9] indicating that
non-viral vector systems can no longer be considered as inert
substances. Complement (C) activation, one of the so far under-
estimated adverse effects of PEI, represents an important barrier for
in vivo application, especially after systemic administration. To
date, complement activation has only been investigated in vitro [3].
It was shown that free PEI polymer, in contrast to poly(amido
amine) (PAMAM) dendrimers and poly(i-lysine) (PLL), exerted
comparable complement activation to PEI complexes formed with
plasmid DNA [3]. Extensive PEGylation, on the other hand, signifi-
cantly reduced consumption of complement factors in vitro [10]. In
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a different study, surfaces with hydroxyl- and methyl-groups were
shown to be more potent complement activators through the
alternative pathway than surfaces bearing nucleophilic amino
groups [11]. This was attributed to the ability of PEI to bind nega-
tively charged serum proteins, which shielded the surface and
made it unavailable for C3b access. PEGylation is generally believed
to sterically protect nano objects against recognition by the
immune system leading to long circulating devices [12]. The
shielding mechanism of PEG is explained by the hindrance of
protein adsorption onto the surface and subsequent interaction
with macrophages [13—15]. However, PEG was recently reported to
cause accelerated blood clearance (ABC) after repeated applications
in rats and rhesus monkeys [16] due to IgM induction [17] and
subsequent C3-mediated C activation [18]. These results indicated,
however, that PEGylated liposomes did only activate the comple-
ment system due to IgM recognition but not in the first injection,
whereas in other studies negatively charged, PEGylated liposomes,
including Doxil™ were found to be potent C activators [19,20].

Since C activation can lead to transient cardiopulmonary
derangement in experimental animals and men, it is one of the
most severe adverse immune effects of such drug carriers.
Measurable effects involve pulmonary hypertension, systemic
hypotension and blood cell changes such as leukopenia with
subsequent leukocytosis. As the potential in vivo C activation by
liposomes is well known, the goal of the present study was to
explore and correlate C activation by PEI-based PEG-free and
PEGylated polymers both under in vitro and in vivo conditions. The
formation of the C terminal complex (SC5b-9) in human serum was
used as a marker of in vitro activation, and cardiopulmonary
changes in pigs after intravenous injection served as endpoints of C
activation-related in vivo toxicity. The effects of two PEI polymers,
a high molecular weight (25 kDa) and a low molecular weight
(5 kDa) construct, were tested. In addition, two derivatives of PEI
25 kDa with varying poly(ethylene glycol) (PEG) chain length
(2 kDa and 20 kDa) and different grafting degrees (10 and 1,
respectively) but constant PEI content were investigated. Structure-
activity relationships were examined concerning polymer archi-
tecture and reactive surface groups.

2. Materials and Methods
2.1. Polymers

Branched poly(ethylene imine) with a molecular weight of 25 kDa (PEI 25 kDa,
Polymin™) and a molecular weight of 5 kDa (PEI 5 kDa) were gifts from BASF
(Ludwigshafen, Germany). The block copolymers poly(ethylene glycol)-graft-poly
(ethylene imine) PEI(25k)—PEG(20k); and PEI(25k)—PEG(2k)1o were synthesized as
described earlier [21]. Polymer solutions were prepared in endotoxin-free water and
plastic ware (Pyroquant Diagnostik GmbH, Morfelden-Walldorf, Germany). Sche-
matic structures of the tested polymers and block copolymers are shown in Fig. 1A.

2.2. USP bacterial endotoxins test

The Limulus Amoebocyte Lysate (LAL) test kit Pyrotell™, Control Standard
Endotoxin (CSE) and USP Sterile Water for Injection or Irrigation (WFI) were a gift
from Pyroquant Diagnostik GmbH, Morfelden-Walldorf, Germany. The assay was
performed according to the manufacturer’s protocol. Briefly, polymer solutions were
diluted to 10 mg/ml with WFI of which 100 pl was mixed with 100 pl reconstituted
Pyrotell in the designated glass test tubes. A positive control of 2A Control Standard
Endotoxin (CSE) and a negative control of WFI were treated like the polymer
samples. The mixtures were incubated for 60 min at 37° C before the test tubes were
flipped upside down and checked for gel retention at the bottom of the test tube.

2.3. In vitro complement assay

The ELISA-based method for quantification of serum S-protein-bound C terminal
complex (SC5b-9) and levels of the catalytic subunit of Complement factor B (Bb)
was performed as described earlier [22,23]. In brief, the test polymers, at the
concentration determined to be the ICso value (see Supporting Information), and
control compounds were incubated with different human sera for 45 min at 37° C.

After terminating the reaction by adding chilled specimen diluent (provided in the
ELISA kits) at a 20-fold volume, samples were tested for SC5b-9 and Bb levels using
the respective ELISA kits (TCC and Bb kits, Quidel Co, San Diego, CA), following the
manufacturer’s instructions. All reactions were tested in duplicates.

2.4. In vivo tests of complement-mediated cardiopulmonary reaction

Experiments using Yorkshire swines of both genders (5 male and 8 female,
24-29 kg) were performed in accordance with the guidelines of the Ethical
Committee of Semmelweis University, Budapest, Hungary. After premedication with
Ketamine (500 mg i.m.), the animals were anesthetized with sodium pentobarbital
(25 mg/kg i.v.) and then maintained under anesthesia with 5—10 mg/kg/h. Intuba-
tion was carried out with a 6.5 Fr tracheal tube to maintain free airways, and to
enable controlled ventilation if needed. A catheter was introduced into the left
femoral artery for systemic arterial pressure (SAP) measurement. An intravenous
line was established at the left femoral vein for fluid supplementation with saline
and administration of subsequent doses of the anesthetics as necessary. To measure
pulmonary arterial blood pressure (PAP), a Swan-Ganz catheter was introduced into
the right external jugular vein and led into the pulmonary artery via the right atrium
and ventricle. Test materials at doses of 0.05—0.5 mg/kg were injected through the
Swan-Ganz catheter into the pulmonary circulation as a 5 ml bolus. Between
injections of test and/or reference material, a resting period of at least 20 min was
maintained. SAP, PAP and standard ECG leads |, II, and IIl were recorded continuously
with an ADInstrument PowerLab Recorder at a sampling rate of 2000 Hz and were
evaluated using LabChart™ Pro v.6 software (ADInstruments, Bella Vista, NSW,
Australia).

3. Results and discussion

Based on literature data reporting that positively charged lipo-
somes were able to activate the alternative pathway of the
complement system [1], and PEI consumed complement factors
under in vitro conditions [3], it was hypothesized that colloidal,
xenotropic, positively charged polymers could be potent C activa-
tors as well depending on their structure and degree of PEGylation.
Positively charged PEI complexes are known to bind bovine serum
albumin [24] and complement factors [3,10] which in turn can
trigger the activation of complement cascades. Subsequent opso-
nization [3] and the lack of stability of PEI- and PEG—PEI-complexes
with nucleic acids upon intravenous application supposedly
explained their low and organ-specific transfection efficiency in
vivo [24,25]. Due to their electrostatic mechanism of assembly,
(PEG-)PEI complexes with nucleic acids are always present as
equilibrium of free polymer, free nucleic acids, and associated
polymer-nucleic acid-complex [26]. This equilibrium is rearranged
upon changes in ionic strength and causes disassembly of poly-
plexes in presence of serum [24]. The presence of free polymer in
serum-containing samples may also explain why no differences
between PEI polymer and PEI complexes were found in the in vitro
complement assay described by Plank et al. [3]. Therefore, in this
study, the behavior of free polymers was investigated as “worst-
case-scenario”.

3.1. Measurement of endotoxins

LPS contamination as cause of in vitro C activation was ruled out
on the basis that none of the polymer samples induced formation of
stable gels in the LAL assay. The validity of the test was corrobo-
rated by positive control samples. The concentration of endotoxins
in all polymer samples was below the minimum detection limit of
0.03 Endotoxin-Units (EU) per ml

3.2. In vitro complement assay

To determine in vitro C activation by the polymers, ELISA
measurement of SC5b-9 formation were performed in 6 different
healthy normal human sera (NHS). In 3 of these sera, 80 pg/ml
unmodified PEI 25 kDa caused significant elevation of SC5b-9 over
PBS baseline, while the other polymers did not exhibit activity
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Fig. 1. ASchematic composition of the polymers tested. 1B-E) In vitro complement activation through the alternative pathway by the ICsq concentrations of the above polymers
clearly differed depending on the serum. Unmodified PEI 25 kDa, however, elicited the highest activity in all sera while decrease in molecular weight and PEGylation caused

a decrease in immunogenicity.

(Fig. 1B—D). Based on these measurements, the individual variation
of SC5b-9 increase ranged approximately between 2 and 10-fold. As
shown in Fig. 1E, the effect of PEI 25 kDa was dose-dependent in the
range between 20 and 80 pg/ml. In one out of 6 sera, only PEI 5 kDa
caused significant C activation (3-fold increase compared to PBS) at
a 30-fold higher dose than PEI 25 kDa (2.5 mg/ml, data not shown),
indicating that PEI 5 kDa can be reactogenic as well, but at a much
higher dose. In 2 out of 6 sera, none of the polymers caused
significant C activation (data not shown), although the positive
zymosan control was active. These results indicate that first of all,
PEI 25 kDa and PEI 5 kDa can activate C in certain normal human
sera, while their PEGylated derivatives were inactive, at least in the
number of subjects tested. These findings confirm results from an in
vitro assay based on antibody-sensitized sheep erythrocytes, where
dense PEGylation of PEI resulted in decreased complement acti-
vation [10]. Secondly, PEI 25 kDa had a greater activity than PEI
5 kDa, and thirdly, there is significant individual variation of reac-
tivity toward these polymers. This substantial individual variation

is consistent with previous data on liposomal complement activa-
tion in multiple normal human sera [19,27]. In analogy to PEGy-
lated “stealth™ liposomes”, PEG—PEIs were developed to decrease
the self-aggregation and interaction of PEI with proteins in bio-
logical fluids and to increase salt and serum stability by steric
stabilization [28]. Additionally, PEGylated and transferrin-modified
polyplexes were both claimed to circulate longer than unmodified
polyplexes [29,30] based on shielding effects of transferrin and
PEG. These shielding effects were thought to prevent the opsoni-
zation of nanoparticles by complement components, resulting in
lower recognition and phagocytotic capture by cells of the reticulo
endothelial system (RES), and hence reduced clearance from the
circulation [31]. By contrast, polyplexes of DNA [25,29] or siRNA
[24] with PEG—PEI of low graft density (up to 10 PEG chains per PEI)
did not display elevated blood levels compared to unmodified PEI
which was explained by instability of the complexes. However,
complement activation in vivo has so far not been investigated
experimentally.
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Fig. 2. Blood pressure changes following the administration of 0.05 mg/kg PEI 25 kDa.
The systolic pressure increased more strongly than the diastolic, resulting in a signifi-
cant rise of both the mean PAP and the pulmonary pulse pressure. The systemic blood
pressure showed only a minor change in this case.

3.3. Polymer-induced hemodynamic changes in pigs

To explore the occurrence and in vivo consequences of C activa-
tion by the polymers tested in this study, hemodynamic alterations
in pigs were evaluated that were previously observed following i.v.
administration of C activator substances, such as liposomes
[23,32—34]. Experiments in 13 pigs revealed that all polymers were
active in terms of causing significant hemodynamic changes
compared to baseline, including a rise of PAP, rise or decline of SAP,
rise of heart rate and major ECG alterations. Fig. 2 illustrates the first
minutes of pulmonary blood pressure changes following systemic
administration of 0.05 mg/kg PEI 25 kDa, wherein the PAP rose
within a minute to the 2-fold of its original value. The systolic
pressure increased more strongly than the diastolic, resulting in
a significant rise of both the mean PAP and the pulmonary pulse
pressure. The systemic blood pressure showed only a minor change
in this case. Fig. 3 shows details of a stronger reaction to 0.1 mg/kg
PEI 25 kDa, wherein the PAP rose up to 300% of the initial mean PAP,
the SAP decreased by 70%, and the heart rate increased by 50%,
reaching a peak value 5—10 min after the injection and returned to
the baseline 30 min after treatment. The initial biphasic changes of
PAP, a typical phenomenon in the case of strong hemodynamic
response, can be explained by the shortly delayed temporary
decrease of the SAP. The figure also shows that repetition of the

—~—PAP

10 15 20 25 30 35 40 45
Minutes
Fig. 3. Normalized changes in pulmonary arterial pressure (PAP), systemic arterial

pressure (SAP), and heart rate (HR) in % following sequential injections of 0.1 mg/kg PEI
25 kDa.
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same bolus injection after regaining the baseline of PAP and SAP
values led to significantly less effects compared to the first bolus,
indicating tachyphylactic response.

Table 1 summarizes the PAP and SAP changes after the first
bolus injection of different polymers. Similar to in vitro conditions,
there were substantial individual differences in cardiovascular
responses. Therefore, the differences among the maximal rise of
PAP and rise or fall of SAP caused by the four different polymers at
0.1 mg/kg dose were not significant (one-way analysis of variance,
p = 0.59). Table 1 also shows that in 2 animals in which 0.05 mg/kg
Injections of PEI 25 kDa or PEI(25k)—PEG(2k);o was tested mild, yet
clear reactions were observed, suggesting that the minimal effec-
tive dose is even below 0.1 mg/kg. The variability of PAP responses
to different polymers is consistent with the substantial variation in
the clinical picture of human hypersensitivity responses to aller-
gens. Its underlying factors are not known at present. It limits our
capability to draw fine qualitative comparisons of the reactions of
different polymers and correlation with in vitro complement acti-
vation, however, clear distinction among non-reactivity and minor
and severe reactivity are possible, which represents the informa-
tion of value in this study.

In addition to the PAP and SAP changes shown in Figs. 2 and 3
and Table 1, tachycardia (up to 50%) and ECG changes were
observed, mainly ST-T elevations and extrasystoles, as further
manifestations of hypersensitivity reaction (data not shown).
Furthermore, as shown in Fig. 4, at the end of each in vivo experi-
ment, in a final injection, the effects of zymosan (0.5 mg/kg) as
positive control were tested. Without exception, this treatment
caused major reactions (up to 300% rise in PAP, 60—80% change of
SAP), proving the functional integrity of the effector arm of immu-
nologically triggered cardiovascular reactions. Bolus “vehicle”
injections of the solvent for polymers (PBS) were also tested at the
beginning of the experiments and did not cause significant changes
in blood pressure in any of the animals (data not shown).

3.4. Tachyphylaxis and cross-tolerance of hemodynamic changes
caused by different polymers

As illustrated in Fig. 3, despite all treatment remaining the same,
the second bolus of PEI 25 kDa caused less hemodynamic changes

Table 1
Blood pressure changes in pigs following i.v. administration of PEI polymers.
Polymer No Dose PAP SAP
(mefk g) Max. Mean SD Max. Mean SD
Change (%) Change (%)
PEI 25 kDa 1 0.05 123 106
2 01 328 15
3 0.1 292 111
248 109 77 54
PEI 5 kDa 4 0.1 110 103
5 0.1 598 53
6 0.1 263 114
324 249 90 32
PEI(25k)- 7 0.1 157 108
PEG(20k); 8 0.1 233 130
9 0.1 140 109
10 0.1 125 107
164 48 115 13
PEI(25k)- 11 0.05 132 125
PEG(2k)10 12 0.1 95 91
13 0.1 392 120
206 162 112 18

Maximum changes expressed as % relative to baseline. PAP, pulmonary arterial
pressure; SAP, systemic arterial pressure, both measured as mm Hg, relative to
baseline. ANOVA showed no significant differences among the four treatments.
Injection of the vehicle alone caused <5% changes in blood pressures.
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Fig. 4. Changes of pulmonary arterial pressure (PAP), the systemic arterial pressure (SAP), and heart rate (HR) after serial injection of PEI 25 kDa, PEI(25k)—(PEG2Kk)0, and Zymosan.
The percent changes of mean values are plotted following the copolymer injections (time in minutes).

than the first, implying tachyphylaxis. Fig. 4 shows further features
of tolerance induction by PEI polymers, i.e. cross-tolerance
between unmodified and PEGylated polymers (Fig. 4A) and
breaking the tolerance by increasing the dose (Fig. 4B). Interest-
ingly, as shown in Fig. 4A, the highly reactogenic first dose of
0.1 mg/kg PEI 25 kDa caused a tolerating effect of the animal, but
not only toward a second similar dose of PEI 25 kDa but also toward
PEI(25k)—PEG(2k)19. This observation is in contrast to the non-
tachyphylactic effect of PEI(25k)—PEG(2Kk)qo itself, as shown in
Fig. 4B, and suggests that PEGylation has no extra reactivity on top
of PEI 25 kDa, but tolerance of any of the PEl-based polymers
involves dysfunction of PEI-recognition at some, yet unknown step
in the reaction chain. The breaking of the tolerance by a five-fold-
increased dose of PEI(25k)—PEG(2k)qo in Fig. 4B indicates that the
induction of tolerance is most importantly a strongly dose-depen-
dent phenomenon.

Fig. 5 summarizes the information gained on the tachyphylactic
effect of different polymers. In the case of non-PEGylated PEI (Fig. 5
A, B), the pulmonary hypertensive effects were tachyphylactic in 4
of 5 animals when a dose of 0.1 mg/kg was repeatedly adminis-
tered. The molecular weight of PEI was not critical, as tachyphylaxis
was seen both with PEI 25 kDa (Fig. 5A) and PEI 5 kDa (Fig. 5B). In
the case of PEGylated derivatives, tachyphylaxis was not seen in any
of 3 animals treated with a dose of 0.1 mg/kg PEI(25k)—PEG(20k);

(Fig. 5C), while tachyphylaxis of PEI(25k)—PEG(2k)1p was present in
1 of 3 animals tested (Fig. 4B and Fig. 5D).These observations
suggest that PEGylation with long polymer chains (20 kDa PEG)
might possibly modify the tolerance of PEI polymers, while short
polymer chains (2 kDa PEG) at a higher graft density show less
influence in this regard. Overall, the available data pertaining to the
tachyphylactic nature of PEl-induced hemodynamic changes
suggest that:

(1) tachyphylaxis is induced by unmodified PEIl independent of the
molecular weight,

(2) PEGylation seems to influence tachyphylaxis to some degree
depending on graft density and molecular weight of PEG,

(3) tachyphylaxis is dose-dependent and may be overcome by
doses exceeding the inducing dose.

The fact that PEGylation did not prevent reactivity of PEI poly-
mers in pigs was surprising in the light of earlier reports which
described reduced complement activation upon increased PEGy-
lation under in vitro conditions [10]. However, these strong porcine
CARPA reactions in pigs injected with PEGylated PEI are in line with
their strong immunogenicity and capability to activate macro-
phages and induce inflammation [7]. As observed here and earlier
[7,35], both PEG—PEIs were able to elicit immune responses on
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Fig. 5. Reactions of identical repetitive i.v. boluses of different polymers in pigs. Bars
represent the maximal change of PAP relative to baseline in individual animals injected
with 0.1 mg/kg of the polymers defined above the bars, with black and gray shades
showing the 1st and 2nd boluses, respectively. Values above 100% show reactivity, and
a decrease of the second (gray) bar relative to the first (black) indicates tachyphylaxis,
i.e., tolerance caused by the first bolus. Further details are described in the Methods.

various levels. While PEI(25k)—PEG(20k); caused comparably low
reactivity with the least variability (Fig. S2), PEI(25k)—PEG(2k)1o
was highly reactogenic at very low concentrations with lack of
tachyphylaxis (Fig. 4B).

While anti-PEG IgM induction did not play an important role in
the experiments described above due to the short time period in
between injections and the need of at least 3 days for B cells to
produce antibodies [17], it should however be kept in mind as
another serious concern in repeated application of PEG—PEL

These results confirm C activation by PEI polymers in vitro, and
show immediate, major cardiopulmonary changes in pigs that are
typical of complement activation. This activity in the porcine CARPA
model implies that PEI polymers, even if PEGylated, may potentially
induce anaphylactic reaction in an occasional hypersensitive indi-
vidual. This conclusion is based on the remarkable similarity
between the symptoms of liposome-induced hypersensitivity
reactions in humans and cardiopulmonary changes in pigs [33].
They are manifested in a small fraction of humans (up to 10%) and
practically in all pigs. Although the physiological effects of PEGy-
lated polymers and liposomes are obviously not directly compa-
rable, the identity of symptoms suggests that the effector arm of the
reactions is the same for liposomes and PEI polymers. In both cases,
they involve the release of thromboxanes, leukotrienes and a range
of further potent vasoactive substances from mast cells and baso-
phil leukocytes upon binding of C3a and C5a to their respective
receptors on these cells [33]. Interestingly, elevated levels of pros-
taglandin E, another product in the eicosanoid synthesis, were
found in vitro in macrophages treated with PEI(25k)—PEG(20k); [7].

Since the strongest in vitro C activation was caused by PEI 25 kDa
both in terms of liberated SC5b-9 and ratio of reactive sera (50%),
amino groups may play a key role in C activation. The fact that in
vitro C activation was not observed with the PEGylated forms

corroborates previous studies showing reduced complement acti-
vation as a consequence of PEGylation [10]. In light of the finding
that only PEI 25 kDa showed major C activation in vitro, yet all tested
polymers showed cardiopulmonary reactions, it is obvious that the
porcine CARPA model is more sensitive than the in vitro ELISA assay.
Additionally, immune responses are multiplied by various cascades
in the living individual but only to a certain extent in isolated serum.
The underlying cause of this high sensitivity of the pig model has not
been clarified to date. It may be related to the presence of intra-
vascular macrophages (PIM cells) in the microcirculation of porcine
lungs. As it has been outlined previously, the major hemodynamic
changes entailing complement activation are most likely due to the
release of thromboxanes, other eicosanoids and leukotrienes,
histamine and a range of further potent vasoactive substances from
mast cells and basophil leukocytes upon binding of C3a and C5a to
their respective receptors on these cells [33].

Regarding the human relevance of this oversensitivity, it was
pointed out earlier that the dose of Doxil that causes reactions in
pigs corresponds to the human dose that reaches the circulation
within a few seconds in reactive patients [34]. Therefore, the
porcine CARPA test represents a model of hypersensitive humans.

4. Conclusion

We show here that in vitro C activation was prominently caused
by PEI 25 kDa, whereas low molecular weight PEI was less reacto-
genic and the PEGylated versions of PEI 25 kDa showed no signifi-
cant activity. However, in vivo cardiopulmonary reactions of all PEI-
based polymers were found in pigs, depending on the concentration.
This confirms that “CARPA”, as earlier described for pseudoallergic
reactions toward liposomes, may be a major cause for the cardio-
pulmonary distress caused by i.v. injected polymers. The fact that
PEGylated polymers, with no apparent in vitro C activation still
caused reactions in pigs, suggest that the porcine CARPA test
endpoints provide a more sensitive biomarker for anaphylactic
reactions than the in vitro C tests. Since the porcine CARPA test
represents a model of hypersensitive humans, the present study
highlights a high risk for all PEI polymers to trigger anaphylactic
reactions in a few percentages of hypersensitive individuals,
regardless of PEGylation. Based on the tendency observed, PEGyla-
tion with long PEG chains of >20 kDa may be favorable. These
observations of immune reactivity of polyethylenimine-graft-poly
(ethylene glycol) block copolymers applied for drug or nucleic acid
delivery therefore highlight the need for relevant in vivo biocom-
patibility tests in the development of safer drug delivery systems.
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MTT assays:

Cell viability after treatment with polymers was investigated in L929 cells according to the US
pharmacopoeia. L292 cells were seeded with 8000 cells per well in 96-well plates 24 h before they
were treated with increasing concentrations of polymer solutions. Another 24 h later, medium was
changed; MTT solution was added into fresh serum-free medium and incubated with the cells for 4 h.
Remaining mitochondrial enzyme activity compared to untreated cells was determined photometrically
after cell lysis in 200 yl DMSO by measuring absorbance of enzymatically formed formazane at 580
nm with 690 nm background corrections. ICsy values were calculated by non-linear fitting of
normalized data in a sigmoidal dose-response model with variable slope using GraphPad Prism 4.03
(Graph Pad Software, La Jolla, USA). Results are given as mean values of a replicate of four + SD.
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Figure S1: Cell viability as determined by MTT assays clearly not only depends on the
percentage of PEI content but also and the grafting degree and PEG chain length. Toxicity of
unmodified siRNA is decreased by PEGylation by a factor 5.8 to 29.5 — depending on the PEG
chain length. PEI(25k)-PEG(20k),-treated cells still showed > 80% cell viability at 0.14 mg/ml,
whereas PEI(25k)-PEG(2k) o-treated cells only exhibited 71 % cell viability at 0.04 mg/ml. The
ICso values derived from this assay were used for in vitro determination of complement
activation.
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Figure S2: Individual normalized changes in pulmonary arterial pressure (PAP) and systemic
arterial pressure (SAP) of pigs treated with i.v. boluses of 0.01 mg/kg different polymers in
pigs. Of all polymers, PEI(25k)-PEG(20k),; caused the lowest reactions with the least variability.
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