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Health impact of immune toxicity

Adverse Drug Events

2,2 millions /year, USA, 5-6th cause of death

Immune toxicity

20 ± 5% (~440,000/ year)

Allergy vs. Pseudoallergy
≈ 77% of adverse drug effects are non-IgE mediated, 

hypersensitivity reactions = pseudoallergy) (~340,000/ year) 

Extra health care expenses

≈ > hundreds of millions / year



Interactions between nanoparticles and the immune 

system

Immune effects on
nanoparticles

Nanoparticle effects on the 
immune system
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• The immune toxicity of nano-biopharmaceuticals is an 
inherent feature of these drugs, it is frequent and 
occasionally fatal. 

• Generic drugs cannot be more toxic than the originator.

• There is no established, validated, predictive test for adverse 
immune effects.

• In lack of appropriate preclinical test, there is a risk that 
generic nanomedicines and biologicals, as well as new drugs, 
severe immune toxicity will be discovered only in late-stage 
clinical trials. 

Significance and difficulty of toxico-equivalence 
testing in case of generic nano-

biopharmaceuticals



Rise of immune toxicity in case of nanomedicines: The 
dimension paradox

Adverse immune effects are caused not because nanodrugs are very small
(which explains their unique physicochemical characteristics), but because they

are too large compared to traditional small-molecule drugs.

Nanomedicines: nm range, mostly 10 - 300 nm



Significance of infusion

reactions
• Clinical (depends on risk vs. benefit)

• Cancer, systemic fungal infections – minor

• Cardiovascular application, large phospholipid doses, time 

limited administration absolute critical

• All aplications - May contribute to immunogenicity

• change pharmacokinetics, compromise efficacy critical

• Nano-pharma industry  - increasingly critical

• Rare, but serious –occasionally deadly- anaphylactic

reactions may surface only in phase III-IV postmarket 

surveillance;

• can be fatal (in cardiac patients)

• cannot be predicted by standard allergy tests

• may lead to drug withdrawal

• Regulatory authorities increasingly demand experimental 

verification of short- and longterm complement tolerance



Significance of infusion reactions



Symptoms of infusion reactions



Drugs causing infusion reactions









Rise of immune toxicity in case of biologicals

• Non-self proteins are immunogenic, despite sequence identity/homology
• The therapeutic effects of antibodies (via binding to an antigen) may entail

activation of both the humoral and cellular arms of immune response
• Complement activation -> allergic, inflammatory and cytotoxic effects
• Phagocyte activation -> inflammatory reaction, accelerated blood clearance

(ABC)



Significance of immunogenicity

• Clinical
• Change of PK (ABC phenomenon) (murine models)

• Cross reactions with native proteins (EPO)

• Hypersensitivity reactions (pig model)

• Nano-pharma industry
• Product failure - withdrawals



• Infusion reactions (34%), ascribed to either anaphylaxis or allergic reactions, 
were the most common SAEs associated with rituximab in 80% to 90% of 
randomized controlled trials.  Grade 3 to 4 reactions (23%) were dose-
dependent. 

• The reported clinical features included fevers, chills, rigors, nausea, dizziness, 
pruritus, urticaria/rash, angioedema, laryngeal edema, sneezing, throat 
irritation/tightness, cough, hoarseness, bronchospasm, pulmonary infi
ltrates, hypoxia, and acute respiratory insufficiency, with or without blood 
pressure changes or arrhythmias. 

• Many reactions developed within 24 hours of the first infusion, were dose-
dependent.

• 80% of all fatal reactions (<1%) occurred with the first infusion. 

• There are also isolated case reports of severe or fatal SIRS (systemic 
inflammatory response syndrome)-like reactions (or both) developing within 
24 hours of infusing rituximab (cytokine release syndrome) that has been 
described after rituximab infusions in patients with high tumor-cell burden. 

Infusion reactions to Rituximab



PEGylated nanopharmaceuticals with documented 
adverse immune effects

(immunogenicity ± HSRs) 

Generic name Trade name API or Vehicle Company

PEGylated liposomal 

doxorubicin
Doxil/Caelyx liposome ALZA/Janssen

Pegaspargase Oncaspar enzyme: asparaginase Enzon

Pegfilgrastim Neulasta protein (GCSF) Amgen

Pegaptanib Macugen aptamer (anti-VEGF) Eye Tech/Pfizer

Mono-mPEG-epoetin-b Mircera protein (EPO) Hoffmann-LaRoche

Certolizumab pegol Cimzia Fab of anti-TNF mAb UCB, Inc., Smyrna 

Pegvisomant Somavert
peptid (somatotropin 

antagonist)
Pfizer

Pegloticase Krystexxa enzyme: urate oxidase Horizon Pharma

Peginesatide Omontys//Hematide peptide (EPO-mimetic) Affymax/Takeda

Pegnivacogin + 

Anivamersen
Revolixys kit

F-IXa blocker RNA 

aptamer + reverse agent
Regado/Tobira

Withdrawn from market 



The CARPA concept of 
infusion reactions

• A large fraction of acute hypersensitivity

(infusion) 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 anticancer and other

nanomedicines and therapeutic

antibodies have heightened risk to

acivate C, and, hence, cause CARPA

()
• Liposomal drugs
• Micellar drugs
• Biologicals with or without PEG
• Radiocontrast media
• Enzymes with or without PEG
• Miscellaneous small molecules



Multi-step comprehensive 

mechanism of infusion reactions 



The double hit hypothesis

PIM cells
PIM cells



Immunization of pigs with PEGylated
liposomes
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Immunogenicity of PEGylated liposomes
(anti-PEG-DSPE ADA)

• PEGylated liposomes are ihighly
immunogenic, leading to
massive production of anti-PEG 
IgM and IgG antibodies

• IgM and IgG peak at day 8 ± 1 

• Abs decline over 6 weeks

• IgM and IgG responses have the
same kinetics

• IgM response >> IgG

• Initital titer is not zero => natural
antibodies

• There is initial decrease at days 1 
and 2 => Doxebo binds nAbs

Kinetics of Ab formation suggests T-cell independent B cell 
activation (so called type 2 immunogenicity).
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Reactogenicity of PEGylated liposomes in 
immunized pigs



Immunization with neulasta produces IgM antibodies that cross-
react with liposomes, causing amplified CARPA.  However, Neulasta
itself does not cause reaction.  
-> CARPA depends on NP size????

Reactogenicity of Liposopmes and Neulasta in pigs immunized
with Neulasta



Prediction of immunogenicity

• In silico methods (antigen analysis)

• Antibody testing in human trials

– tiered approach to verify individual biological 
effects of ADAs

• Animal models – none accepted

– Preliminary evidence for the use of pigs in 
assessing type-2, T-independent immunogenicity 
of nanomedicines



Animal model of type-2 
immunogenicity: Accelerated blood clearance

(ABC) in rats

Accelerated blood clearance of a 
second dose of PEGylated 
liposomes. Rats were pretreated 
with PEGylated liposomes (0.001 
μmol phospholipids/kg). Blood 
clearance of a second dose of 
radio-labeled PEGylated 
liposomes (5 μmol
phospholipids/kg). 

• Dams, ..  Laverman, .. Storm, et al., J Pharmacol 

Exp Ther, 292 (2000) 1071-1079; J Pharmacol Exp 

Ther, 298 (2001) 607-612.

• Ishida, Shimizu,.. Koide, et al., J Control Release, 

88 (2003) 35-42, J Control Release, 122 (2007) 

349-355; Biol Pharm Bull, 36 (2013) 889-891; 

Immunobiology, 218 (2013) 725-732



CARPA tests

•In Vitro

–Complement activation in 
human and animal serum

•C5a

•C3a

•SC5b-9

•C4d

•Bb

•CH50

•In Vivo 
–Pig, dog, rat and mouse
CARPA

–Hemodynamic analysis (SAP, 
PAP, CO, Hr)

–Cell counting (WBC, PLT)

–allergy mediators in blood
•C3a, sC5b-9, C5a
•histamine
•thromboxane
•PAF
•LT4



Pigs provide a sensitive and highly reproducible in vivo model

for the acute immune (anaphylactic) reactivity and 

immunogenicity of nanoparticles

Szebeni, J., Bedőcs P, Dézsi L, Urbanics R. A porcine model of complement activation-related

pseudoallergy to nanopharmaceuticals: pros and cons of translation to a preclinical safety test.

Prec Nanomed. 2018;2:63–72.



A decision tree for CARPA prediction



Conclusions

• Infusion reactions remain an unsolved problem for many
therapeutic or diagnostic nanomedicines.

• Current erxperimentally derived evidence is more in 
favor of a role of C activation in infusion reactions than
its irrelevance.

• The porcine immune toxicity model is uniquely
applicable for preclinical evaluation of the risk of acute
hyper-reactivity 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
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The educative story of PEGylated 
aptamer:  Revolixys (against 
thrombosis)

Pegnivacogin (RB006): 
An anticoagulant aptamer
31 nucleotides+40K-PEG t ½ >24 h
Specific for Factor IXa

P 1060



Progress in understanding

1960s Coombs and Gell: Type I allergy
1980s Hugli: Anaphylatoxin release in blood => C activation
1990s Bradykinin release (contrast and dialyzis reactions)
2000s  Complement activation-related pseudoallergy (CARPA) 
2017-18 CARPA + CIPA (C activation-related/independent pseudoallergy)

CIPA: Direct stimulation of 

allergy mediating cells

Circulation, 99 (1999) 2302-2309.

CARPA 

Nature Nanotech, 12 (2017) 589-594.



CIPA:  Is there a role of 
complement activation?  

• Animal studies 
– Correlation between C activation by freactogenic

drugs in vitro and hemodynamic and 
cardiopulmonary disturbance in pigs including 
systemic hypotension and pulmonary hypertension

– Administration of human C5a causes 
cardiopulmonary and hemodynamic changes in 
pigs mimicking some of the hemodynamic 
abnormalities of human HSRs

– Complement inhibitors sCR1 and IVIG inhibited the 
cardiopulmonary reaction of pigs to liposomes

• Human studies 
– Anaphylatoxins explain the symptoms 

– Correlation between C activation and HSRs to 

• HJSRTs to liposomal doxorubicin (Doxil)

• HSRS to Rituximab 

• HSRs to Althesin

• cardiac anaphylaxis

• dialysis reactions

• HSRs to intravenous iron.   

• radiocontrast agents

Drug Discovery Today  2018;23:1034-1042

Drug Discovery Today 
2018;23:487-492

Experimental and clinical 

evidence for complement 

activation having a causal role 

in hypersensitivity reactions 

(HSRs)



Mapping CARPA on the landscape of 
nanotoxicity


