
• The immune system of pigs/minipigs
• Focus on pseudoallergy and complement

• the history of complement (C) activation-related pseudoallergy (CARPA)
• features of human infusion reactions clained to be CARPA

• symptoms, drugs, incidence, regulatory endorsements

• Studies in the porcine model
• symptoms corresponding to human infusion reactions
• the role of C activation

• Studies in minipigs, justifying their use
• Mechanism: double hit 
• The utilty of the porcine CARPA model for developing safe infusion

protocols
• Rare anaphylaxis caused by mRNA vaccines: can it be CARPA?



• More or less differences amply studied
• Immunoglobulins, antibody repertoire
• T and B Cell subclasses, development
• Host defense peptides (defensins)
• Toll-like receptors 
• Tonsils, lymph nodes, spleen structure

• Best animal model for xenotransplantation (organ 
transplantation

• Widely used for ICH S8-mandated immunotoxicity 
studies, mainly immune suppression studies (e.g., TDAR) 
assay

• Can be used for immuno-stimulation studies
• unique model of pseudo-allergic infusion reactions in 

man & pseudo-anaphylaxis 

The pigs’ immune system resembles man 
for more than 80% of analyzed parameters 
(mouse 10%).

The immune system of pigs/minipigs: human relevance
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Organ manifestations of pseudoallergic infusion reactions



Mild
(GRADE 1)

Moderate 
(GRADE 2-3 

Severe
GRADE (4-5)

Nausea Chest discomfort Hypo/hypertension (>40 
mm Hg)

Dizziness Shortness of breath Chest pain

Headache Hypo/hypertension 
(>20 mm Hg) Back pain

Flushing Increased temperature Increased temperature 
with rigors

Diaphoresis Urticaria Stridor 
Palpitations Shock, death
No intervention 
needed Intervention needed Infusion needs to be 

abandoned
CHEIFETZ et al., Monoclonal Antibodies, Immunogenicity, and Associated Infusion Reactions 

THE MOUNT SINAI JOURNAL OF MEDICINE Vol. 72 No. 4 July 2005, 250-56



Nanomedicine-induced infusion reactions (IRs): Features
• Acute allergy syndrome
• Individual variation of symptoms
• More or less severe, can be fatal
• Intravenous therapies
• Nano-drugs and biologicals 
• Therapeutic dose
• First injection 
• Rare (2-10%)
• Self-tolerance (tachyphylaxis)
• Cascadic immune reaction
• Multiple, redundant pathways
• All arms of immune responses involved: innate/specific, humoral/cellular
• Cannot be predicted by standard allergy tests
• Hurdle for the translation of nanotechnology-based drug products
• May lead to drug withdrawal
• Regulatory authorities increasingly demand preclinical testing

NATURE NANOTECHNOLOGY 
13;12:1100-1108, 2018



Front. Immunol., 26 October 2020 
| https://doi.org/10.3389/fimmu.2020.584966

Why pigs?

Figure 1. Hemodynamic changes in pigs 
infused with ααHb or control albumin (HSA), 
lactated Ringer or purified HbA solutions. 

Hemoglobin-based oxygen 
carriers (HBOCS) caused major 
hemodynamic changes ONLY in 
pigs, predicting the failure of 
Baxter’s Phase III clinical trial of 
HemeAssist (1996), showing 
increased death in trauma 
patients.

https://doi.org/10.3389/fimmu.2020.584966


• Anaphylaxis-anaphylactic reactions (ana=against, phylaxis= protection)
• the most severe manifestations of hypersensitivity, better known, allergy 

• 1902 Portier and Richet dog experiments
• Tom Hugli (1981) associated anaphylaxis with the liberation of complement 

(C) activation byproducts (C3a, C4a and C5a) called “anaphylatoxins”.  
• US Army study (1999) described a role of C activation in the hypersensitivity 

reactions, also known as infusion reactions, to intravenously administered 
liposomes in pigs

• a model for infusion reactions caused by liposomes and other nano-bio 
pharmaceuticals in humans 

• Complement mediation + No IgE =>  

C activation-related pseudo-allergy  (CARPA)



I.V. injection of tiny 
amounts of liposomes 
induced transient, 
significant hemodynamic 
changes

• first treatment (no prior exposure)
• milder or absent upon re-exposure
• spontaneous resolution
• pulmonary infiltration 
• manifested in 100% of pigs

The birth of the CARPA concept



The CARPA concept

• A large fraction of acute hypersensitivity (allergic) 
reactions to I.V.  drugs is caused by complement (C)
activation, or at least C activation is a key 
contributor to these reactions. 

• Many state-of-art nanomedicines and therapeutic
antibodies have heightened risk to cause CARPA



Yearly incidence of CARPA in the USA

≈ 2 million adverse drug reactions (ADRs)
≈ 25 % of all ADRs is immune mediated (0.5 M) 
≈ 77% of all immune reactions to drugs are not IgE-mediated (0.4 M)
≈ 25-50% of pseudoallergies are due to C activation (10-200 death)
≈ 0.01-0.1% of ADRs are lethal:  40-400 CARPA death

=> Lethal CARPA is an orphan disease



Drugs causing 
infusion reactions

• Liposomal drugs
• Micellar drugs
• Monoclonal antibodies
• PEGylated nanoparticles
• Contrast media

economic impact



CARPAgenic factors
C reactogenicity

• Enabling surface
• size
• charge
• assymetry
• inhomogeneity
• presence of  pathogen-

associated molecular 
patterns (PAMPs )

• presence high density 
molecular arrays

• Lack of local control of C 
activation

Individual hypersensitivity
– Natural proneness for amplified 

C response
• Natural antibodies
• C1q
• ficolin
• factor H
• CRP
• PIM cells?

– Increased response at the mast 
cell level

• costimulation



Regulatorory response to immune toxicity

2007 2013
EMA



• … immunotoxic effects relevant for NMPs such as 
complement activation-related pseudoallergy 
(CARPA) …may very well go undetected in the 
preclinical phase when following the ICH-S8 
guideline.” … 

• Therefore, we propose a predictive battery of 
tests for the endpoints relevant for NMPs which 
are currently not included in the ICH-S8 guideline, 
taking into account known pitfalls related to the 
testing of NMPs.” 

Stop => Predictive
of CARPA

Latest regulatory endorsement 

Szebeni, J.; Storm, G., Biochem Biophys Res Commun 2015, 468, 490

Testing scheme 



A glimpse into tabulated 
information on pseudoallergic 

drug reactions 



Brand name
(manufacturer)

Active 
ingredient 

Indication 
Type of  particle
(Size)

Symptoms

Doxil, Caelyx
(Johnson & 
Johnson) doxorubicin

ovarian 
cancer,
Kaposi 
sarcoma, 
myeloma 
multiplex

liposomes
(80-100 nm)

flushing, shortness of  breath, facial 
swelling, headache, chills, back pain, 
tightness in the chest or throat, 
hypotension

Myocet
(Elan)

flushing, dyspnea, fever, facial swelling, 
headache, back pain, chills, tightness in 
the chest and throat, hypotension

Abelcet
(Elan, Enzon)

amphotericin B
fungal
infections

solid 
microparticles
(1.6-11 mm)

shortness of  breath, change in blood 
pressure

Ambisome
(Gilead, 
Fujisawa)

liposomes
(45-80 nm)

chills, rigors, fever, nausea, vomiting, 
cardiorespiratory events 

Amphotec, 
Amphocyl
(Elan)

disk shape solid 
nanoparticles
(115 nm)

hypotension, tachycardia, 
bronchospasm, dyspnea, hypoxia,
hyperventilation 

DaunoXome
(Gilead)

daunorubicin
Kaposi 
sarcoma

liposomes
(45 nm)

back pain, flushing, chest tightness

Visudyne
(Novartis)

verteporfin
age-related 
macular
degeneration 

multilamellar 
liposomes
(multimicron )

chest pain, syncope, sweating, 
dizziness, rash, dyspnea, flushing,
changes in blood pressure and heart 
rate, back pain

Szebeni J.  Haemocompatibility testing for nanomedicines and biologicals: Predictive assays for 
complement mediated infusion reactions.  Eur. J. Nanomedicine, 4 (1), 33-53



Brand name
(manufacturer)

Active 
ingredient 

Indication 
Micelle-forming
excipient (size)

Symptoms

Fasturec, Elitec
(Sanofi Aventis) 

rasburicase hyperuricemia
Poloxamer-188 
(~15 nm)

anaphylaxis, bronchospasm, chest 
pain, diarrhea, dyspnea, fever, 
headache, hypotension, nausea, rash, 
rhinitis, urticaria, vomiting 

Taxol
(Bristol-Myers 
Squibb)

paclitaxel cancer

Cremophor EL®

(8-20 nm)

acute respiratory distress, 
anaphylaxis, angioedema, arrhythmias 
bronchospasm, chills, dyspnea, facial 
flushing, fever, flushing of the face and 
flushing of the upper thorax, 
hypertension, hypotension, rash, 
sudden death, tachycardia, urticaria, 
wheezing

Cyclosporine 
Injection, USP 
(Draxis Pharma, 
Inc.)

cyclosporine 
Immuno-
suppression

Vumon Injection
(Brystol-Myers 
Squibb)

teniposide leukemias

Etoposide
(Gensia Sicor
Pharmaceuticals, 
Inc.)

podophyllotoxin

different cancers
Polysorbate 80
(8-16 nm)

apnea, back pain, bronchospasm, 
chills, coughing, cyanosis, diaphoresis, 
dyspnea, fever, flushing, facial 
swelling, hyper and/or hypotension, 
laryngospasm,  loss of consciousness, 
rash, tachycardia, tightness in throat, 
tongue swelling, urticaria

Taxotere
(Sanofi-Aventis)

docetaxel

back pain, bronchospasm, chest 
tightness, chills, dyspnea, erythema, 
fatal anaphylaxis, fever, flushing,
generalized rash, hypotension



Brand name
(manufacturer)

mAb, type
(target antigen) Indication Incidence Symptoms

Anti-cancer use

Avastin 
(Genentech/Roche)

bevacizumab, 
recombinant humanized 
IgG1 
(VEGF-A)

Combination
chemotherapy of 
metastatic colon, lung, 
kidney cancer and 
glioblastoma

< 3%, 
severe: 

0.2%

chest pain, diaphoresis, headache, hypertension, neurologic signs 
and symptoms,  oxygen desaturation, rigors, wheezing  

Campath
(Genzyme)

alemtuzumab)–IH, 
recombinant, humanized 
IgG1κ (CD52 on T and B 
cells)

B cell chronic lymphocytic 
leukemia (B-CLL) 4-7%

bronchospasm, chills, dyspnea, emesis, fever, hypotension, nausea, 
pyrexia, rash,  rigors, tachycardia, urticaria

Erbitux
(Bristol-Myers Squibb, 
Eli Lilly)

cetuximab, chimeric 
IgG1κ (human EGFR)

metastatic colorectal 
cancer,
head and neck cancer, 
squamous cell carcinomas

< 3%, 
fatal <0.1%

anaphylaxis, angioedema, bronchospasm, cardiac arrest, chills, 
dizziness, dyspnea, fever, hoarseness, hypotension, pruritus,  rash, 
rigor, stridor, urticaria, wheezing

Herceptin
(Genentech)

trastuzumab , humanized 
IgG1κ
(human EGFR  receptor 2, 
HER2/neu  / erbB2)

metastatic breast and 
gastric cancer

<1%
asthenia, bronchospasm, chills, death within hours, dizziness, 
dyspnea, further pulmonary complications, headache, hypotension, 
hypoxia, nausea, pain, rash, severe hypotension, vomiting

Mylotarg 
(Pfizer Inc./Wyeth 
Pharmaceuticals)

gemtuzumab ozogamicin. 
recombinant humanized 
IgG4κ (CD33 on 
hematopoetic cells )

CD33 positive acute 
myeloid leukemia in first 
relapse

<8%
acute respiratory distress syndrome, anaphylaxis, dyspnea, fatal 
anaphylaxis, hypotension, pulmonary edema 

Vectibix
(Amgen)

panitumumab, 
recombinant humanized 
IgG2κ (human EGFR)

KRAS+ metastatic 
colorectal carcinoma 1-4% anaphylactic reaction, bronchospasm, chills, fever, hypotension

Rituxan
(Genentech)

Rituximab, chimeric IgG1k
(CD20 on B cells)

B cell leukemias, 
rheumatoid arthritis and 
non-Hodgkin's  B-cell 
lymphoma

>80%
severe: 
<10%

ARDS, bronchospasm, cardiogenic shock, flushing, hypotension, 
hypoxia, itching, myocardial infarction, pain (at the site of the tumor), 
pulmonary infiltrates, runny nose, swelling of the tongue or throat, 
ventricular fibrillation, vomiting

Anti-inflammatory use

Remicade
(Janssen Biotech. Inc.)

Infliximab, chimeric IgG1κ
(TNFα)

Crohn's disease, 
rheumatoid arthritis, 
spondylitis ankylopoetica, 
arthritis psoriatica, 
ulcerative colitis

18% Bronchospasm, laryngeal edema, pharyngeal edema, dyspnea, 
hypotension, urticaria, serum sickness-like reactions

Xolair 
(Genentech)

Omalizumab, 
recombinant, humanized 
IgG4 (IgE)

atopia, asthma

39%
Severe: 

0.2% 

Anaphylaxis, bronchospasm, hypotension, syncope, urticaria, and/or 
angioedema of the throat or tongue, delayed anaphylaxis (with onset 
two to 24 hours or even longer) beyond 1 year after beginning 
regularly administered treatment 





Animal models of CARPA

Szebeni et al,  Nat Nanotechnol 2018, 13, 1100



The porcine CARPA model 



Setup: Instrumentation for hemodynamic, hematological and 
biochemical monitoring

Szebeni J et al., A porcine model of complement-mediated infusion reaction to drug 
carrier nanosystems and other medicines Adv Drug Deliv Rev. 2012;64:1406-1416 



Symptoms of porcine CARPA



The hemodynamic response of pigs is quantitative and specific for NPs
Enables „Immuno-imaging”



0

20

40

60

80

100

120

140

160

180

200

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67

Bl
oo

d 
pr

es
su

re
, %

 c
ha

ng
e

PAP
SAP

0.01 mg/kg Doxil

0.01 mg/kg Doxil

0.5 mg/kg Zymosan 

0 27 67
Minutes after start of injections

Doxil causes self-tolerance via tachyphylaxis



Anaphylactoid reactions to LNPs in pigs
A) Bolus

B) Infusion

Lipid content of 
LNP = ~0.75 mg 

65X LNP

220X LNP

Hypertension 
+ tachycardia

7 min after bolus
lasting ~ 25 min 
(1 of 3)

Immediately after 1 h 
infusion
lasting for 2 h

Fig. 2
Pulmonary hypertension 
+ systemic hypotension + shock (2 of 3)

1) Iv-administered LNPs can 
caused major hemodynamic 
changes in pigs typical in 
anaphylaxis

2) Doses are >> higher than 
vaccine, reaction needs 
dose-titration

Fig. 3
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Use of pigs for immunogenicity 
assessment

Induction of anti-PEG IgG/IgM 
by i.v. Doxebo

After seroconversion
• demonstration of 

drastically enhanced HSR 
to repeated injection of 
Doxebo/doxil

• Its correlation with 
complement activation

Kozma, et al., ACS Nano 2019, 13, 9315



Use of pigs for developing 
safe infusion protocols

J Control Release 2019, 309, 333-338.

PLP Bolus

PLP Infusion

PLP = Pegylated liposomal prednisolone phosphate 



PCT/US2014/036915
Alnylam Pharm Inc.
on safe administration of LNPs

Uses the porcine “CARPA” model

Claim 1: 
Method of reducing an infusion-
related response (IRR), or a 
hypersensitivity reaction, or both, 
in a subject, to a composition 
comprising a lipid formulation 
and a nucleic acid molecule, …..



Chronological list of pig studies which included the analysis of hemodynamic changes and 
other endpoints of hypersensitivity reactions to i.v. drugs.  (I)

J. Szebeni and R. Bawa: Human Clinical Relevance of the Porcine Model of 
Pseudoallergic Infusion Reactions  Biomedicines 2020, 8, 82



Chronological list of pig studies which included the analysis of 
hemodynamic changes and other endpoints of hypersensitivity 

reactions to i.v. drugs.  (II)

J. Szebeni and R. Bawa: Human Clinical Relevance of the Porcine Model of 
Pseudoallergic Infusion Reactions  Biomedicines 2020, 8, 82



Chronological list of pig studies which included the analysis of 
hemodynamic changes and other endpoints of hypersensitivity 

reactions to i.v. drugs.  (III)

J. Szebeni and R. Bawa: Human Clinical Relevance of the Porcine Model of 
Pseudoallergic Infusion Reactions  Biomedicines 2020, 8, 82



Dose dependence
• Pulmonary hypertension
• Systemic hypotension
• Leukopenia
• Thrombocytopenia 

Pulmonary hypertension
Thromboxane release

PEGylated liposome

Micelles

Pan-immune 
activator 

In vitro C consumption

Dose dependence
• Pulmonary hypertension
• Systemic hypotension
• In domestic and miniature pigs

negative 
liposome

CARPA in minipigs



Advantages of adaptation of the CARPA model to 
minipigs

• Standardizable gene and environmental variables
• Long-term studies avoiding weight gain
• Studies on old animals
• Regulatory-standard studies



Mechanism

Double/multiple hit

Anaphylatoxin buildup reaching 
release reaction threshold

Simultaneous engagements 
of AT and PR receptors 



Is the increased rate of rare anaphylaxis to mRNA vaccines explainable with CARPA?

Spectrum and kinetics of symptoms resemble CARPA



Is CARPA a stress reaction in blood?
Similarity between conventional stress and CARPA

Szebeni, J., Complement activation-related pseudoallergy: a stress reaction in blood triggered by nanomedicines
and biologicals. Mol Immunol 2014, 61 (2), 163-73.



Conclusions
• Infusion reactions remain an unsolved problem for many therapeutic or

diagnostic nanomedicines.
• Current erxperimental evidence supports the causal role of C 

activation.
• The porcine immune toxicity model is uniquely applicable for

preclinical evaluation of the risk of acute hypersensitivty and long-term
immunogenicity of NP-based drugs and agents.

• The model, complemented with in vitro C assays,  enables the
prediction of CARPA and elaboration of safe administration protocols

• Adaptation of the model to minipigs would expnad the utility of the
model, in particular for regulatory purposoes.
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