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Abbreviations:

CARPA, complement activation-related pseudoallergy
HR, heart rate

HSRs, hypersensitivity reactions

PL, phospholipid

PAP, pulmonary arterial pressure

SAP, systemic arterial pressure

Abstract

Intravenous administration of liposomal drugs can entail infusion reactions, also
known as hypersensitivity reactions (HSRs), that can be severe and sometimes life-
threatening in a small portion of patients. One empirical approach to prevent these
reactions consists of lowering the infusion speed and extending the infusion time of the
drug. However, different liposomal drugs have different levels of reactogenicity, which
means that the optimal protocol for each liposomal drug may differ and should be
identified and evaluated to make the treatment as safe and convenient as possible.

The goal of the present study was to explore the use of pigs for that purpose, using
PEGylated liposomal prednisolone (PLP) as a model drug.  We compared the
reactogenicities of bolus wversus infusion protocols involving 2-, 3- and 4-step dose
escalations for a clinically relevant total dose, also varying the duration of infusions. The
strength of the reaction was measured via continuous recording of hemodynamic
parameters and blood thromboxane B2 levels. We showed that bolus administration or
rapid infusion of PLP caused transient changes in systemic and pulmonary blood pressure
and heart rate, most notably pulmonary hypertension with paralleling rises in plasma
thromboxane B2. These adverse responses could be significantly reduced or eliminated
by slow infusion of PLP, with the 3-h 3-step dose escalation protocol being the least
reactogenic. These data suggest that the pig model enables the development of safe
infusion protocols for reactogenic nanomedicines.

Key words: Infusion reaction; complement; anaphylatoxins; pseudoallergy; CARPA,;
PEGylation; nanoparticle, nanopharmaceuticals; nanomedicines

1. Introduction

Non-IgE-mediated (pseudoallergic) hypersensitivity, or infusion reactions (IRs)
following i.v. administration of nanomedicines and biologicals are infrequent but
salient adverse immune effects of many state-of-art pharmaceuticals, including
PEGylated liposomes, such as liposomal doxorubicin (Doxil). Earlier studies
provided evidence that the cardiovascular and cutaneous symptoms of human IRs to
liposomes, in general, and Doxil, in particular, can be reproduced in pigs by iv.
injection of these liposomal drugs in pigs. Moreover, it has been established that the
symptoms can be explained by complement activation, hence the name “complement
activation-related pseudoallergy” (CARPA) [1].

It was also shown earlier in pigs that the rate of infusion of multilamellar
liposomes had a significant impact on their reactogenicity, with slowing the infusion
speed leading to reduced cardiopulmonary distress [2]. As this is concordant with the
human experience that slowing the infusion rate reduces the risk of HSRs [3], these
observations suggest that pigs can be used to model the impact of infusion speed on



human HSRs and to develop safe infusion protocols. The goal of the present study
was to explore this possibility, using PEGylated liposomal prednisolone sodium
phosphate (PLP) as model for PEGylated liposomes and testing therapeutically
relevant 2- and 3-h infusion protocols versus bolus i.v. administrations. Indeed, PLP
was shown earlier to cause C activation in human serum [4], suggesting the potential
for causing HSR in man. Thus, the present experiments also served the purpose of
developing a safe administration protocol for PLP.

Materials and Methods

Materials

Dipalmitoylphosphatidyicholine (DPPC), 1,2-distearoyl-phosphatidylethanolamine-
methyl-poly-ethyleneglycol  conjugate-2000 (DSPE-PEG2000) and cholesterol were
obtained from Lipoid GmbH, Ludwigshaven, Germany). Prednisolone sodium phosphate
was from BUFA (Uitgeest, The Netherlands) and Zymosan from Sigma. The TXB2 kit
was from Amersham (UK).

Preparation of liposomes

PEGylated liposomal prednisolone sodium phosphate (PLP) was prepared using the
ethanol injection method [5] encapsulating prednisolone sodium phosphate (Bufa,
Uitgeest, the Netherlands) with DSPE-PEG2000, DPPC and cholesterol (Chol, Sigma, St
Louis, USA) in a 0.15:1.85:1.00 molar ratio. ~Multiple rounds of extrusions through
polycarbonate membranes (final pore sizes of 100nm, Nucleopore, Pleasanton, USA)
were performed and unencapsulated prednisolone was removed with a tangential flow
filtration unit (Pall Minimate, Pall Millipore). Mean particle size was determined using
dynamic light scattering (DLS) and the amount of encapsulated prednisolone and free
(unencapsulated)  prednisolone  was determined with high performance liquid
chromatography as described previously [5,6]. The encapsulated prednisolone sodium
phosphate content was 2.8 mg/mL and the unencapsulated prednisolone remained under
0.02 mg/mL. The mean size was 100 nm, polydispersity index ~0.1 and zetapotential: -5
mV in PBS.

CARPA studies in pigs

Details of the pig experiments were described earlier [1, 7, 8]. In brief, mixed breed
male Yorkshire/Hungarian White Landrace pigs (2-3 months old, 20-25 Kkg) were
obtained from the Animal Breeding and Nutrition Research Institute, Herceghalom,
Hungary.  Animals were sedated with Calypsol/Xilazine and then anesthetized with
isoflurane (2—3% in O3). Intubation was performed with endotracheal tubes to maintain
free airways, and to enable controlled ventilation if necessary. The animals were
breathing spontaneously during the experiments. Surgery was done after povidone iodine
(10%) disinfection of the skin. In order to measure the pulmonary arterial blood pressure
(PAP), a Swan-Ganz catheter (AI-07124, 5 Fr. 110 cm, Arrow Internat Inc.) was
introduced into the pulmonary artery via the right external jugular vein.  Additional
catheters were placed into the left femoral artery to record the systemic arterial pressure
(SAP), to the left external jugular vein for saline and drug administration, and to the left
femoral vein for blood sampling. Before and during infusion pigs were monitored for
PAP, SAP and heart rate (HR) changes, among many other parameters that are
customarily measured in our model [1, 7, 8], but were not presented in this paper as their
changes were consistent with those of PAP. The latter was expressed both in absolute



and relative terms (compared to baseline), or as area under the curve during the first 15
min of the first reaction (AUC), which measure was independent of individual variation
of PAP waveforms. Blood samples were collected pre-administration and at various
times post-administration for the measurement of plasma thromboxane B2 (TxB2).

PLP administration via different infusion protocols

From the 18 pigs used in this study, 3 obtained PLP as a bolus IV administration and
the rest of animals were treated with different PLP infusion protocols. The total drug
dose was equal in all pigs, 3 mg/kg, which corresponded to the human therapeutic dose.
In case of infusion appropriate volumes from the stock (provided in sterile vials)
containing 2.3 mg PLP/mL were diluted in 5.5 volume normal saline (NS). Upon
treatment, animals were randomly selected into 3 groups differing in the speed and length
of infusion (see Table 1). At the start of each experiment, animals received 5 mL NS
(baseline), injected as i.v. bolus, and then they were monitored for 5-10 minutes before
starting the infusion.

Statistical methods

Normality was tested by the Kolmogorov-Smirnov test. The PAP and TxB2 values at
all time points were compared to their baseline (O min) and the significance of differences
were determined by non-parametric Kruskal-Wallis and Friedman test, followed by
Dunn's multiple comparisons. A p-value of <0.05 was considered to be statistically
significant. ~ Statistical analysis was performed by GraphPad Prism software (GraphPad
Software, La Jolla, CA, USA).

Results

Effects of PLP administered as a repeated bolus

Among the common symptoms of CARPA in pigs (changes in hemodynamic,
respiratory, hematological, and blood chemistry parameters and skin alterations), we
previously found the hemodynamic and TxB2 alterations to be the most reproducible and
quantitative. Therefore, we focused on these changes in PLP-treated pigs.

Fig. 1 shows the changes in PAP, SAP and HR caused by repetitive bolus injections of
PLP; real-time tracings in 3 different pigs (panels A-C) to illustrate the individual
variation. The injected doses are specified above the arrows which show the time of
injection. The second injection repeated the first, and then the subsequent (3™ dose was
increased 5-fold in order to establish any change in sensitivity, and, hence, the validity of
using the peak heights for quantitation of HSRs in case of repeated injections. In all 3
pigs the first bolus led to massive (300-600%) rises of PAP, which was followed by no,
or smaller changes after an identical, and then larger repeat doses. Thus, the PAP
response to PLP was tachyphylactic (self-limiting); therefore, only the first peak was
taken as quantitative measure of the drug’s reactivity. The SAP and HR showed less or
no changes after each injection, while Zymosan (0.1 mg/kg), used as positive control,
caused massive pulmonary hypertension in each animal. These changes were consistent
with other liposome reactions described in this model [1, 7, 8], particularly those induced
by PEGylated liposomal doxorubicin (Doxil) and its drug-free equivalent vesicle
(Doxebo) [9, 10]. Our results therefore suggested that the reaction is due to the liposomal
bilayer, and not to the drug payload. Likewise, the individual variation of first peaks is
consistent with our previous results with Doxil [9, 10].
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Figure 1. Real-time recordings of the hemodynamic effects of PLP boluses in 3 different pigs (A-
C). Pulmonary arterial pressure (PAP), systemic arterial pressure (SAP) and heart rate (HR)
changes are expressed as % of baseline. The time of i.v. injections are indicated by arrows. NS,
normal saline. The numbers before PLP specify the phospholipid dose (mg/kg). 0.1 Z, 0.1 mg/kg
zymosan. Other details are described in the Methods.

The above data suggest that the features of cardiopulmonary reaction caused by PLP
are very similar to those described for liposomal doxorubicin (Doxil) [9, 10].

Effects of PLP administered in infusion: impacts of infusion rate, duration and drug
dose
Next we examined the reactogenicity of PLP administered in infusion using different
protocols referred to as A, B and C (Table 1 and 2). These protocols represented
stepwise increases of dose rate over different time windows and different overall duration
of infusion. In protocols A, B and C the dose rates were increased in 4, 2 and 3 steps,
respectively, with major differences in total infusion time and dose rates at the first step.

Table 1. Parameters of PLP infusion in pigs in 3 administration protocols



Steps

Step 1

Step 2

Step 3

Step 4

time

Prot_ocol
(n pigs)

min

rate
ml/kg/h

total
mL/kg

min

rate
ml/kg/
h

total
mL/kg

min

rate
ml/kg/h

total
mL/kg

min

rate
mi/kg/h

total
mL/kg

min

A (n=1)

15

0.24

0.07

15

0.60

0.15

15

1.20

0.30

90

6.00

9.00

135

B (n=10)

20

0,40

0.13

115

4.00

7.67

0

0

135

C (n=5)

40

0.04

0.03

20

0.40

0.13

120

4.00

8.0

180

Abbreviations: mL refers to undiluted PLP stock containing 2.3 mg/mL prednisolone sodium
phosphate and 37.5 mg/mL (50 mM) phospholipid (see Methods). Infusion was done after 5.5-
fold dilution of PLP stock in NS. For simplicity, the 135 min infusion times are referred to as 2-h
protocol thenceforth. Bold italicized entries triggered more or less pulmonary hypertension, as
specified below.

Table 2. Phospholipid dose rates in the different steps of different protocols

Infusion steps
protocol 1 5 3 7
mg phospholipid/kg/min
A 0.17 0.38 0.75 3.75
B 0.24 2.50
C 0.03 0.24 2.50

The entries were obtained from Table 1 by dividing the amount of phospholipid injected during
the different steps by the duration of steps. Bold italicized entries triggered more or less
pulmonary hypertension, as specified below.

As shown in Fig 2A, the rises of infusion rates to 0.38 and then to 3,75 mg PL/kg/min)
at the 2"% and 4th step in protocol A triggered major, permanent (up to 300%) rise of
PAP, indicating significant cardiopulmonary distress. Since our aim was to prevent these
changes, this protocol was not tested in further animals. In protocols B and C, applied in
10 and 5 pigs, respectively (Figs 2B and C), the increases of infusion rates to 2.5 mL/kg/h
at the 2" or 3" steps, respectively, also caused permanent pulmonary hypertension, but
these were less prominent (20% and 50% rises, respectively, Figs 2B and C). The 0.24
mg phospholipid/kg/min initial infusion in protocol B (0.24 mL/kg/h) still caused a
moderate but significant rise of PAP (Fig 2B, Table 3), while an 8-fold reduction of the
initial dose rate in protocol C was reaction free at the first and second steps of dose
escalation, with minor, biologically negligible rise of PAP after the 3™ infusion step (Fig.
2C, Table 3).



A) 3h-4 steps ——PAP%  —=-SAP%
400 7 PLP ——HR%

w1 A

1 owroasorsars

200 o

100 «

0 r r r r 1
0 30 60 90 120 150 180

400

B) 2h-2 steps
300

0.24

PLP

200 2.5 0.1z

0 60 120 180

*% 7c)3h-3 steps
300 PLP
\ 0.1Z
2.5
= 0.24 i
0.03 v

% Change relative to baseline)

{; 6.0 1;0 1;0 2;!0
Figure 2. Real-time recordings of the hemodynamic effects of PLP infusion according to 3
administration protocols, specified in Table 1 and 2. All other details are the same as in Fig. 1,
except that dotted lines are used to show the length of infusion and the rates of infusion are
specified, instead of infusion dose (Fig. 1 was bolus treatment). Protocol A was applied only in 1
pig. Panels B and C show typical data from 9 and 4 animals infused with the 2- and 3-step
protocols, respectively, with 1-1 outlier (identified by the Kolmogorov-Smirnov test)

excluded from both groups.

Table 3. Initial (within 10 min) rise of PAP induced by the 2-step (B) and 3-step (C) dose
escalation infusion protocols for PLP administration.

Protocol pign  mean % of baseline  SD SEM

B (2-step) 9 140.0* 398 126
C (3-step) 4 105.7 2.8 1.4

*Significant difference relative to baseline and protocol C, Mann Whitney P: 0.007.

These data taken together suggest that stepwise infusion protocols can be free of major
cardiopulmonary distress, provided the infusion does not exceed certain threshold rates,
which are different for the first and subsequent infusion steps. Under the conditions of
our study these thresholds values were 0.24 and 2.5 mg phospholipid/kg/min for the
initial and subsequent infusion periods, respectively.



Features of hemodynamic and thromboxane A2 responses in the 2- and 3-step dose
escalation protocols

Fig 3A and B shows the time courses of PAP changes in pigs infused with PLP
according to protocols B and C, respectively, along with the plasma TxB2 readings at
different times. In keeping with Fig. 2, the mean values of both parameters were higher
in “B pigs” compared to “C pigs”, however, the SD values were also higher, suggesting
greater variation of response in protocol B. The figure also shows clear concordance
between the rises and falls of PAP and TxB2, which is consistent with the causal role of
TxA2 in liposome-induced pulmonary hypertension in pigs [7].
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Figure 3. Time course of TxB2 (red bars) and PAP (blue line) changes (Mean + SD SD) in pigs
treated with PLP with the 2-step (B) (n=29) and 3-step (C, n=4) infusion protocols. Red arrows
point to the time when the infusion was started at the rate specified by the number (in mL/kg/h).
Green shows the duration of infusion. Zymosan was administered at 0.1 mg/kg.

Fig. 4 shows the correlation between PAP and TxB2 values in protocol B and C pigs.
Consistent with the significant rise and substantial individual variation of PAP in B
animals (Table 3), the paired PAP-TxB2 values segregated into two groups; 1/3 (n = 3) of
pigs displayed relatively high PAP and TxB2 values that showed significant correlation
(Fig 4, upper regression line), while 2/3 (n=6) of the animals showed minor or no
changes relative to baseline. This suggests that protocol B represents a borderline in
terms of risk for initial pulmonary hypertension, leading to the conclusion that the
protocol cannot be considered as reaction-free. In contrast, all 4 of “C pigs” showed
minor or no change of initial PAP and TxB2 with no statistical difference relative to
baseline. These observations, although in a small number of animals, suggest that the
serendipitously tested 8-10-fold reduction of initial (and first step-up) infusion rates that
we applied in infusion protocol C versus B minimized the risk of TxB2 release and
consequent initial pulmonary hypertension.  Thus, under the experimental conditions of
this study the infusion parameters in protocol C provided the best administration protocol
in terms of risk for hyperacute (within minutes) HSRs. It should be emphasized,
however, that this relative “safety” applies only to the first, initial reaction, as the cause
and biological relevance of gradually developing 2-3-fold constant rise of TxB2 and
pulmonary hypertension after 1 h infusion remains to be established.
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Figure 4. Correlation between the first 15 min PAP AUC values and maximal increases in the
TxB2 blood concentration (percentage of 0’ value) in 4/9 animals treated with protocol B. The
values in the shaded rectangle represent small, biologically “irrelevant changes.

Discussion

Infusion reactions have been observed ever since infusion therapy has been
implemented in modern medicine, yet even today it represents a safety issue for many
drugs and drug candidates [11-13]. Their mechanism is poorly understood, but it is clear
that multiple immunological pathways are involved, the relative contributions of which
may vary from case to case. One pathway gaining recent attention involves complement
activation, a possible trigger mechanism of HSRs to nanomedicines and biologicals [14].
Complement activation can trigger HSRs by at least two pathways, via release of
anaphylatoxins [15], and also via opsonization of the trigger agent enhancing its binding
to (with or without uptake by) macrophages or other complement-receptor containing
allergy mediating cells, which respond with secretion of bioactive mediators. Both
phenomena have been observed in pigs [16, 17]. However, a portion of acute
physiological changes corresponding to HSR may be triggered independent of
complement activation, such as the liposome-induced acute hypertension in mice [18].
Thus, while a variety of symptoms can be generated by one single “hit” on allergy
mediating cells, the broadest vision HSRs raises the possibility of two or more “hits”,
suggesting that the variety of symptoms is due to the individual variation of these “hits”
[19].

The current, standard approach of preventing HSRs is premedication of the patient with
steroids, antihistamines and other anti-inflammatory drugs, and administration of the drug
in slow infusion. There is no doubt that these measures are effective, without them a
large number of drugs could not be used in infusion therapy. However, these methods are
not full-proof, either, as occasionally, despite all attention and effort, severe HSRs occur
and cause death. Just focusing on PEGylated pharmaceuticals, over the past few years
three were withdrawn from clinical use partly because of severe HSRs: PEGylated EPO-
mimetic peptide (Peginesatide, Omontys®) [20], PEGylated urate oxidase (Pegloticase,
Krystexxa™) [21, 22] and a PEGylated 1Xa blocker RNA aptamer (Pegnivacogin,
Revolixys®) [23]. These facts lend importance to studies that try to understand these
reactions and develop new ways of their prevention.



The above goals can most efficiently be achieved by using appropriate animal models.
The pros and cons of the pig model was recently reviewed [1], and one of the conclusions
was that the high sensitivity of the model makes it an efficient preclinical screening test
for anaphylactoid reactogenicity of nanoparticle-based drugs and other agents [1]. It was
also emphasized that it is a disease model, that of hypersensitive man, and that it can be
used both for hazard identification and mitigation [1]. Nevertheless, the pig model was
recently questioned on the basis that the prevalence of HSRs does not reproduce the
average human reaction rate, the mechanisms are different and that the cardiovascular
changes represent a “global response”, ie., the model has no capability to differentiate
among nanoparticles in terms of reactogenicity [24-26]. Hence, it was judged as
“misleading” that “should not be advertently promoted” for safety evaluation [24-26].
However, these arguments were contradicted by a study spearheaded by the lead author
of the abowve critical reviews [27], showing that the PAP response in the same pig model
used here can quantify and differentiate the reactogenicity of polystyrene nanoparticles
on the basis of their shape. Thus -it was concluded-, changing the shape of nanoparticles
represents a new strategy for combatting HSRs [27]. In fact, a large number of research
studies provide evidence for the utility of the model to predict acute immune reactivity
[28-33], and there is also example for the use of the model in the pharmaceutical industry,
in developing safe administration protocols for nucleotide-containing lipid nanoparticles,
such as the first FDA-approved gene therapeutic agent, Patisiran (Onpattro®) [34].

The present study represents an addition to the list of studies utilizing the pig model for
risk identification and mitigation, measuring the CARPAgenicity of PLP and developing
the safest infusion protocol for its administration. We used two sensitive endpoints, PAP
and TxB2 as measures of HSRs, which were previously shown to correlate with each
other [7]. The paralleling rises of these variables and confirmation of their correlation
(Fig 4) in the present study confirmed the consistency of the model and the concept of
cause-effect relationship between TxB2 secretion and pulmonary hypertension in the
efferent arm of HSRs [7, 8].

Our finding that bolus injection of PLP in pigs caused very similar, tachyphylactic
(self-limiting) HSR as bolus injection of pegylated liposomal doxorubicin (Doxil)
suggests that the differences between the two liposome formulations in terms of
encapsulated drug and bilayer composition are not critical for triggering reactogenicity.
The common denominator that may control the reaction is the pegylated liposome
surface, i.e. the phospholipid bilayer coated with ~5% 2K-PEG.

Furthermore, the finding that the slowest, 3-step dose escalation protocol was the safest
in terms of cardiovascular reactivity is in line with the well-known reaction-lessening
effect of slow infusion of reactogenic nano-biopharmaceuticals. For the case of PLP, an
initial infusion rate of 0.03 ml/kg/h over 40 min turned out to be reaction-free as opposed
to 0.24 mlkg/h over 40 min, suggesting that the no observed adverse effect level
(NOAEL) is in the 0.03-0.24 ml/kg/h range, at least under the conditions of this study.
Whether or not these numbers hold up for other nanomedicines in pigs, or in man,
remains to be established in further studies.

The observation that intra-liposomal prednisolone did not inhibit the rise of PAP or
TxB2 at times when macrophages or other allergy mediating cells might have taken up
PLP during the course of infusion (e.g. the reactions to zymosan) suggests that the
immune suppressive effect of prednisolone is not effective against PLP-induced HSR, at
least within 2-3 h under the conditions of this study.

As for the mechanism by which slow infusion might mitigate the reactogenicity of
liposomal and other nanoparticulate drugs, the “anaphylatoxin balance concept” [35]
represents one possible explanation.  According to this theory, the blood level of



anaphylatoxins, C3a and Cba, is determined by their generation via C activation and
clearance by cellular uptake and metabolism by carboxypeptidases [36]. If massive
anaphylatoxin formation exceeds its clearance, which is much slower, its blood level may
rapidly spike to reach a threshold where the allergy mediating cells release their
mediators. In contrast, slow formation of anaphylatoxins during slow infusion may be
coped with by clearance, keeping the concentration of anaphylatoxins below the HSR
threshold.

In summary, the present data, together with numerous other studies provide support for
using the porcine CARPA model for assessing the reactogenicity of PEGylated
nanomedicines, such as PLP, and for dewveloping safe infusion protocols for their
administration.  These protocols may vary for different PEGylated and non-PEGylated
nanoparticles with different reactogenicities, and the pig model might help in fine-tuning
the optimal parameters.  Nevertheless, further studies are needed to establish the
concordance of pig and human symptoms of HSRs to different nanoparticles, and thus
validate extended use of the model in preclinical safety testing.

Acknowledgments

The authors acknowledge the supports by the European Union Seventh Framework
Program grants NMP-2012-309820 (NanoAthero), NMP-2013-602923 (TheraGlio), the
Hungarian Scientific Research Fund (OTKA/NFKI) project K-113164 and the Applied
Materials and Nanotechnology Center of Excellence’ at Miskolc University, Hungary.

References

[1] J. Szebeni, P. Beddcs, L. Dézsi, R. Urbanics, A porcine model of complement
activation-related  pseudoallergy to  nano-pharmaceuticals: Pros and cons of
translation to a preclinical safety test, Prec. Nanomed. , 1 (2018) 63-73.

[2] J. Szebeni, B. Baranyi, S. Savay, M. Bodo, D.S. Morse, M. Basta, G.L. Stahl, R.
Bunger, C.R. Aling, Liposome-induced pulmonary hypertension: Properties and
mechanism of a complement-mediated pseudoallergic reaction, Am. J. Physiol., 279
(2000) H1319-H1328.

[3] G. Calogiuri, M.T. Ventura, L. Mason, A. Valacca, R. Buquicchio, N. Cassano, G.A.
Vena, Hypersensitivity reactions to last generation chimeric, humanized [correction
of umanized] and human recombinant monoclonal antibodies for therapeutic use,
Curr Pharm Des, 14 (2008) 2883-2891.

[4] J.M. van den Hoven, R. Nemes, J.M. Metselaar, B. Nuijen, J.H. Beijnen, G. Storm, J.
Szebeni, Complement activation by PEGylated liposomes containing prednisolone,
Eur J Pharm Sci, 49 (2013) 265-271.

[5] F.M. van der Vak, D.F. van Wik, M.E. Lobatto, H.J. Verberne, G. Storm, M.C.
Willems, D.A. Legemate, A.J. Nederveen, C. Calcagno, V. Mani, S. Ramachandran,
M.P. Paridaans, M.J. Otten, G.M. Dallinga-Thie, Z.A. Fayad, M. Nieuwdorp, D.M.
Schulte, J.M. Metselaar, W.J. Mulder, E.S. Stroes, Prednisolone-containing
liposomes accumulate in human atherosclerotic macrophages upon intravenous
administration, Nanomedicine, 11 (2015) 1039-1046.

[6] F.M. van der Valk, D.M. Schulte, S. Meiler, J. Tang, K.H. Zheng, J. Van den
Bossche, T. Seijkens, M. Laudes, M. de Winther, E. Lutgens, A. Alaarg, J.M.
Metselaar, G.M. Dallinga-Thie, W.J. Mulder, E.S. Stroes, A.A. Hamers, Liposomal
prednisolone promotes macrophage lipotoxicity in experimental atherosclerosis,
Nanomedicine, 12 (2016) 1463-1470.



[7] J. Szebeni, J.L. Fontana, N.M. Wassef, P.D. Mongan, D.S. Morse, D.E. Dobbins, G.L.
Stahl, R. Bunger, C.R. Alving, Hemodynamic changes induced by liposomes and
liposome-encapsulated  hemoglobin  in  pigs: a model for pseudoallergic
cardiopulmonary reactions to liposomes. Role of complement and inhibition by
soluble CR1 and anti-C5a antibody, Circulation, 99 (1999) 2302-23009.

[8] R. Urbanics, J. Szebeni, Lessons learned from the porcine CARPA model: constant
and variable responses to different nanomedicines and administration protocols, Eur
J Nanomedicine, 7 (2015) 219-231.

[9] J. Szebeni, P. Bedocs, Z. Rozsnyay, Z. Weiszhar, R. Urbanics, L. Rosivall, R. Cohen,
O. Garbuzenko, G. Bathori, M. Toth, R. Bunger, Y. Barenholz, Liposome-induced
complement activation and related cardiopulmonary distress in pigs: factors
promoting reactogenicity of Doxil and AmBisome, Nanomedicine, 8 (2012) 176-
184.

[10] J. Szebeni, P. Bedocs, R. Urbanics, R. Bunger, L. Rosivall, M. Toth, Y. Barenholz,
Prevention of infusion reactions to PEGylated liposomal doxorubicin via
tachyphylaxis induction by placebo vesicles: a porcine model, J Control Release, 160
(2012) 382-387.

[11] A. Cheifetz, L. Mayer, Monoclonal antibodies, immunogenicity, and associated
infusion reactions, Mt Sinai J Med., 72 (2005) 250-256.

[12] L. Mayer, Y. Young, Infusion reactions and their management, Gastroenterol. Clin.
North Am., 35 (2006) 857-866.

[13] J. Szebeni, D. Simberg, A. Gonzalez-Fernandez, Y. Barenholz, M.A. Dobrovolskaia,
Roadmap and strategy for overcoming infusion reactions to nanomedicines, Nat
Nanotechnol, (2018).

[14] J. Szebeni, Complement activation-related pseudoallergy: A stress reaction in blood
triggered by nanomedicines and biologicals, Mol. Immunol., 61 (2014) 163-173.
[15] T.E. Hugl, N.P. Stimler, C. Gerard, K.E. Moon, Possible role of serum
anaphylatoxins in hypersensitivity reactions, Int Arch Allergy Appl Immunol, 66

Suppl 1 (1981) 113-120.

[16] J. Szebeni, L. Baranyi, S. Savay, M. Bodo, J. Milosevits, C.R. Alving, R. Bunger,
Complement  activation-related  cardiac anaphylaxis in pigs: role of Cb5a
anaphylatoxin and adenosine in liposome-induced abnormalities in ECG and heart
function, Am J Physiol Heart Circ Physiol, 290 (2006) H1050-1058.

[17] T. Meszaros, G.T. Kozma, T. Shimizu, K. Miyahara, K. Turjeman, T. Ishida, Y.
Barenholz, R. Urbanics, J. Szebeni, Involvement of complement activation in the
pulmonary vasoactivity of polystyrene nanoparticles in pigs: unique surface
properties underlying alternative pathway activation and instant opsonization, Int J
Nanomedicine, 13 (2018) 6345-6357.

[18] E. Orfi, T. Meszaros, M. Hennies, T. Fulop, L. Dezsi, A. Nardocci, L. Rosivall, P.
Hamar, B.W. Neun, M.A. Dobrovolskaia, J. Szebeni, G. Szenasi, Acute
physiological changes caused by complement activators and amphotericin B-
containing liposomes in mice, Int J Nanomedicine, 14 (2019) 1563-1573.

[19] J. Szebeni, Mechanism of nanoparticle-induced hypersensitivity in pigs: complement
or not complement?, Drug Discov Today, 23 (2018) 487-492.

[20] T. Hermanson, C.L. Bennett, 1.C. Macdougall, Peginesatide for the treatment of
anemia due to chronic kidney disease - an unfulfilled promise, Expert Opin Drug
Saf, 15 (2016) 1421-1426.

[21] Krystexxa® (pegloticase injection), for intravenous infusion: Prescribing
Information Revised 2018,



https//hznp.azureedge.net/public/KRYSTEXXA Prescribing_Information.pdf,

(2018).
[22] Krystexxa: Withdrawal of the marketing authorisation in the European Union,
EMA/498114/2016, https//www.ema.europa.euw/en/documents/public-

statement/public- statement-krystexxa-withdrawal-marketing-authorisation-european-
union_en.pdf (2016) 21 July 2016.

[23] T.J. Powsic, J.P. Vavalle, L.H. Aberle, J.D. Kasprzak, M.G. Cohen, R. Mehran, C.
Bode, C.E. Buller, G. Montalescot, J.H. Cornel, A. Rynkiewicz, M.E. Ring, U.
Zeymer, M. Natarajan, N. Delarche, S.L. Zelenkofske, R.C. Becker, J.H. Alexander,
R. Investigators, A Phase 2, randomized, partially blinded, active-controlled study
assessing the efficacy and safety of variable anticoagulation reversal using the REG1
system in patients with acute coronary syndromes: results of the RADAR trial, Eur
Heart J, 34 (2013) 2481-2489.

[24] S.M. Moghimi, Nanomedicine safety in preclinical and clinical development: focus
on idiosyncratic injection/infusion reactions, Drug Discov Today, 23 (2018) 1034-
1042.

[25] S.M. Moghimi, D. Simberg, Translational gaps in animal models of human infusion
reactions to nanomedicines, Nanomedicine (Lond), 13 (2018) 973-975.

[26] S.M. Moghimi, D. Simberg, T. Skotland, A. Yaghmur, C. Hunter, The Interplay
between Blood Proteins, Complement, and Macrophages on Nanomedicine
Performance and Responses, J Pharmacol Exp Ther, (2019)
doi:10.1124/jpet.119.258012. [Epub ahead of print].

[27] P.P. Wibroe, A.C. Anselmo, P.H. Nilsson, A. Sarode, V. Gupta, R. Urbanics, J.
Szebeni, A.C. Hunter, S. Mitragotri, T.E. Mollnes, S.M. Moghimi, Bypassing
adverse injection reactions to nanoparticles through shape modification and
attachment to erythrocytes, Nat Nanotechnol, 12 (2017) 589-594.

[28] H. Epstein-Barash, D. Gutman, E. Markovsky, G. Mishan-Eisenberg, N. Koroukhov,
J. Szebeni, G. Golomb, Physicochemical parameters affecting liposomal
bisphosphonates  bioactivity for restenosis therapy: internalization, cell inhibition,
activation of cytokines and complement, and mechanism of cell death, Journal of
Controlled Release, 146 (2010) 182-195.

[29] M. Buscema, S. Matviykiv, T. Meszaros, G. Gerganova, A. Weinberger, U. Mettal,
D. Mueller, F. Neuhaus, E. Stalder, T. Ishikawa, R. Urbanics, T. Saxer, T. Pfohl, J.
Szebeni, A. Zumbuehl, B. Muller, Immunological response to nitroglycerin-loaded
shear-responsive liposomes in vitro and in vivo, J Control Release, 264 (2017) 14-
23.

[30] H. Unterweger, C. Janko, M. Schwarz, L. Dezsi, R. Urbanics, J. Matuszak, E. Orfi,
T. Fulop, T. Bauerle, J. Szebeni, C. Journe, A.R. Boccaccini, C. Alexiou, S. Lyer, I.
Cicha, ~ Non-immunogenic  dextran-coated  superparamagnetic ~ iron  oxide
nanoparticles: a biocompatible, size-tunable contrast agent for magnetic resonance
imaging, Int J Nanomedicine, 12 (2017) 5223-5238.

[31] H. Unterweger, L. Dezsi, J. Matuszak, C. Janko, M. Poettler, J. Jordan, T. Bauerle, J.
Szebeni, T. Fey, A.R. Boccaccini C. Alexiou, I. Cicha, Dextran-coated
superparamagnetic iron oxide nanoparticles for magnetic resonance imaging:
evaluation of size-dependent imaging properties, storage stability and safety, Int J
Nanomedicine, 13 (2018) 1899-1915.

[32] J. Matuszak, J. Baumgartner, J. Zaloga, M. Juenet, A.E. da Silva, D. Franke, G.
Almer, . Texier, D. Faivre, J.M. Metselaar, F.P. Navarro, C. Chauvierre, R. Prassl,
L. Dezsi, R. Urbanics, C. Alexiou, H. Mangge, J. Szebeni, D. Letourneur, I. Cicha,



Nanoparticles for intravascular applications: physicochemical characterization and
cytotoxicity testing, Nanomedicine (Lond), 11 (2016) 597-616.

[33] I. Cicha, C. Chauvierre, 1. Texier, C. Cabella, J.M. Metselaar, J. Szebeni, L. Dezsi,
C. Alexiou, F. Rouzet, G. Storm, E. Stroes, D. Bruce, N. MacRitchie, P. Maffia, D.
Letourneur, From design to the clinic: practical guidelines for translating
cardiovascular nanomedicine, Cardiovasc Res, 114 (2018) 1714-1727.

[34] P. Kasperovic, Dosages and methods for delivering lipid formulated nucleic acid
molecules, US patent applicationsd #20160122759, (2016).

[35] J. Szebeni, S. Fishbane, M. Hedenus, S. Howaldt, F. Locatelli, S. Patni, D. Rampton,
G. Weiss, J. Folkersen, Hypersensitivity to intravenous iron: classification,
terminology, mechanisms and management, Br J Pharmacol, 172 (2015) 5025-5036.

[36] W.D. Campbell, E. Lazoura, N. Okada, H. Okada, Inactivation of C3a and Cba
octapeptides by carboxypeptidase R and carboxypeptidase N, Microbiol Immunol,
46 (2002) 131-134.



Graphical abstract



