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Introduction

The advent of recombinant technology some 30 years ago led to 
revolutionary novel methods of drug development that allowed 
the production of any protein-based drug in cell culture. These 
protein-based biopharmaceuticals offer important advantages 
over classical small-molecule drugs, such as longer half-lives and 
very high specificity. In contrast to small molecules, which are 
metabolized, therapeutic proteins are degraded into their con-
stituent amino acids. As a result, most adverse effects are a result 
of exaggerated pharmacodynamics.1 An unsolved challenge in 
biopharmaceutical development is that these proteins ultimately 
become immunogenic in some patients, provoking an immune 
response. The immunogenicity of the agents is dependent on 
specific properties, such as protein folding, aggregation, post-
translational modifications and the presence of B and T cell 
epitopes. In addition, the presence of impurities in the formula-
tion, the route of administration, mode of action, patient popu-
lation and treatment regimen may all affect immunogenicity.2 
In clinical practice, a drug-evoked immune response can lead 
to a host of side effects, such as serum sickness, hypersensitiv-
ity and injection site reactions or, in some rare cases, hazardous 
cross-reactivity with endogenous proteins.3 More commonly, 
the immune response leads to a loss of drug efficacy because of 
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the development of neutralizing or clearing antidrug antibodies 
(ADAs).4

The engineering of proteins may yield potentially marked 
reductions in immunogenicity of protein-based drugs.5 It is, how-
ever, difficult to evaluate the immunogenicity of mAbs because 
there are few robust and predictive bioinformatics approaches or 
in vitro screens to measure and characterize the immune response. 
Bioinformatics approaches have been developed that can identify 
immunogenic T cell epitopes,6 and removal of these T cell epit-
opes is suggested to reduce immunogenicity.7 Harding et al. have 
shown that removal of CD4+ T-helper cell epitopes from V-region 
peptides of the chimeric antibody cetuximab by humanizing 
these peptides results in a reduction in immunogenic potential.8 
T cell activation assays could also be used to measure the poten-
tial of protein drugs to evoke an immune response,9,10 but, in 
non-clinical safety assessment, these studies are not required and 
laboratory animals are routinely used to evaluate immunogenic-
ity. The predictive value of immunogenicity measured in com-
mon animal models such as rodents and dogs, however, is low 
because these models generally overpredict immunogenicity in 
humans.11 Non-clinical immunotoxicity studies in animals are 
also considered inadequate to evaluate safety issues related to 
immunotoxicity such as hypersensitivity and auto-immunity.12 
The shortcomings of animal studies are reflected in international 

D
ow

nl
oa

de
d 

by
 [

94
.2

10
.1

20
.2

28
] 

at
 0

4:
30

 0
2 

A
pr

il 
20

15
 



www.landesbioscience.com	 mAbs	 811

 Report Report

Besides the low predictive value of immunogenicity in ani-
mals, a major handicap is that assays used to assess the immu-
nogenicity of therapeutic proteins are not standardized. A recent 
industry survey showed that several assays are being used that, 
although complying with general guidelines, often yield vari-
able results that cannot be compared because of different assay 
formats. Moreover, the lack of a reference standard, among oth-
ers, makes these assays semi-quantitative.19 This makes direct 
comparisons of immunogenicity between products and species 
particularly challenging, if not impossible. The relative immu-
nogenicity of mAbs in humans and animals has been assessed 
in the past.11,17 Here, we provide an overview and comparison of 
the immunogenicity in NHPs and humans of all mAbs approved 
for use in the European Union (EU) through 2010. We also 
studied the influence of immunogenicity on the ability to inter-
pret non-clinical study findings. For this study, we had access 
to the marketing authorization applications, which contain all 
animal studies done to support marketing authorization of mAbs 
approved in the EU.

Results

Immunogenicity in NHPs. Of 33 mAbs in our analysis (Table 
1), the safety of 27 mAbs was evaluated in NHPs. MAb29 and 
MAb31 were not immunogenic in NHP, whereas the remain-
ing 25 MAbs (93%) were. Moreover, the presence of ADAs led 
to changes in the pharmacokinetic or pharmacodynamic profiles 
of all but four mAbs: MAb8, MAb13, MAb14 and MAb17. For 
the remaining 21 products, immunogenicity influenced pharma-
cokinetics and pharmacodynamics with varying magnitude and 
severity (Table 2). Repeated dose studies for five MAbs (MAb7, 
MAb9, MAb14, MAb15 and MAb21) were limited in duration 
by immunogenicity.

Murine antibodies. Three murine mAbs were assessed in 
NHPs. MAb5 was highly immunogenic because all NHPs devel-
oped clearing antibodies by the end of a one-month repeated 
dose study. MAb7 was moderately immunogenic in NHPs, with 
repeated dose studies being restricted to two weeks because ADA 
development was expected to interfere with the safety assessment. 
MAb8 had immunogenic potential only because ADAs were 
detected after the last dose in an escalating repeated dose study 
and it was assessed in only one NHP.

Chimeric antibodies. The safety of five chimeric mAbs was 
assessed in NHPs. MAb13 had low immunogenic potential and 
a low-titer ADA response was measured in one control group 
chimpanzee that was accidentally dosed with MAb13. MAb10 
and MAb11 had moderate immunogenic potential. In a two-week 
repeated dose study with MAb11, the death of one animal with 
high titers of ADAs was attributed to thrombocytopenia. Two 
animals with high ADA titers that received a second MAb11 dose 
rapidly developed thrombocytopenia. MAb9, MAb12 were highly 
immunogenic. Repeated dose studies with MAb9 were limited to 
eight weeks because of the development of ADAs, which resulted 
in the rapid clearance and decreased pharmacodynamics. The 
considerable ADA response made it difficult to generate conclu-
sive data on the effects of long-term treatment in NHPs.

and European immunogenicity guidelines.13,14 Although the 
assessment of immunogenicity in non-clinical studies is not rec-
ommended as a way to estimate the response in humans, animals 
may be useful to study some aspects of immunogenicity, such as 
determining the relative immunogenicity of a biosimilar com-
pared with its reference product15 and to interpret the findings 
from animal studies.16-18

Table 1. Monoclonal antibodies approved in the European Union from 
1988 to 2010

INN Brand name
Approval 

date

Abciximab Reopro, CentoRx 1995**

Adalimumab Humira, Trudexa 2003

Alemtuzumab MabCampath 2001#

Anti-melanoma antibody fragments* Tecnemab-K1 1996#

Arcitumomab* CEA-scan 1996#

Basiliximab Simulect 1998

Besilesomab* Scintimun 2010

Bevacizumab Avastin 2005

Canakinumab Ilaris 2009

Catumaxomab Removab 2009

Certolizumab pegol Cimzia 2007

Cetuximab Erbitux 2004

Daclizumab Zenapax 1999#

Denosumab Prolia 2010

Eculizumab Soliris 2007

Efalizumab Raptiva 2004#

Golimumab Simponi 2009

Ibritumomab tiuxetan Zevalin 2004

Igovomab* Indimacis 125 1996#

Infliximab Remicade 1999

Muromonab Orthoclone-OKT3 1988**

Natalizumab Tysabri 2006

Ofatumumab Arzerra 2010

Omalizumab Xolair 2005

Palivizumab Synagis 1999

Panitumumab Vectibix 2007

Ranibizumab Lucentis 2007

Rituximab Mabthera 1998

Sulesomab* Leukoscan 1997

Tocilizumab RoActemra 2009

Trastuzumab Herceptin 2000

Ustekinumab Stelara 2009

Votumumab*
Humaspect/ 

Oncospect CR
1998

INN: International nonproprietary name. The infixes that immediately 
precede -mab indicate the sequence source: u, human; zu, humanized; 
xi, chimeric; o, mouse; axo, rat/mouse. *Diagnostic/imaging agent. 
**Country specific approval. #Withdrawn from use in the European 
Union.
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(MAb15 and MAb22) induced clearing and neutralizing anti-
bodies in NHPs, but neutralizing antibodies only in humans. In 
NHPs, ADAs were more often directed against the Fc-region, 
resulting in clearing antibodies (17 out of 27 cases) whereas in 
humans, ADAs were most often formed against the complemen-
tarity-determining region (CDR), resulting in neutralizing anti-
bodies (10 out of 33 cases).

Discussion

Minimizing immunogenicity remains a considerable challenge in 
the development of mAbs. While the humanization of mAbs has 
been successful in reducing the immunogenicity of some prod-
ucts, clinically relevant immunogenicity can still occur despite 
such modifications.20-22 Most mAbs in the clinic can be catego-
rized as negligibly or tolerably immunogenic. The onset of ADA 
formation in the clinic usually occurs after multiple injections 
that can cover months of treatment. For physicians, treatment 
management should include frequent monitoring for neutraliz-
ing ADA and, when these occur, treatment should be stopped or 
the patient should switch to a new treatment.23 Immunogenicity 
of single-use products such as diagnostics is generally not an 
issue, but it should be considered that when ADAs to the diag-
nostic agent develop, they can negatively influence the imaging. 
Immunogenicity can also result in profound adverse effects after 
only a few administrations. For example, thrombocytopenia 
caused by antibodies specific to the murine-derived CDR regions 
of abciximab is seen in 1% of patients treated with the product. 

Humanized antibodies. Eleven of the 12 humanized mAbs 
included in this study were evaluated in NHP. MAb14, MAb16, 
MAb17, MAb21 and MAb25 had low immunogenicity in NHPs, 
whereas MAb20, MAb22, MAb23 and MAb24 had moderate 
immunogenicity. In the case of MAb21, the duration of mean-
ingful repeated dose studies was limited to one month. Anti-
MAb24 antibodies were only measured in repeated dose studies. 
Interestingly, serum concentrations of MAb24 were increased 
in NHPs positive for anti-Mab24 antibodies. In addition, peri-
vascular sheathing in some NHPs was associated with high 
anti-Mab24 antibody titers. MAb15 and MAb18 were highly 
immunogenic. Antibodies to MAb15 developed in most NHPs 
within two weeks of single or multiple doses and increased clear-
ance. Immunogenicity was reduced when the dose was increased. 
In repeated dose studies with MAb18, antibodies to MAb18 were 
always associated with rapid clearance of the drug. Reliable esti-
mates of pharmacokinetic parameters could only be obtained 
after the first dose because the development of ADAs interfered 
with the distribution and pharmacokinetics.

Human antibodies. NHPs did not develop an immune 
response to MAb29 or MAb31. MAb30 was poorly immuno-
genic and MAb26, MAb37, MAb32 and MAb33 were moder-
ately immunogenic in NHPs. In the case of MAb30, clearing 
antibodies developed only in single dose, but not repeated dose, 
toxicity studies. Antibodies to MAb26 were detected after 
repeated dosing. In some cases, the presence of ADAs was asso-
ciated with increased plasma clearance. Two NHPs developed 
clinical hemolytic anemia that may have been secondary to high 
antibody titers. It is likely that ADAs developed more often in 
MAb26-treated animals because a direct Coombs’ test, which is 
used to determine autoimmune hemolytic anemia, suggested that 
most positive animals were slowly developing anemia. The phar-
macokinetic profile of MAb33 was affected by the development 
of ADAs after repeat dosing, leading to an inverse dose–response 
relationship. Similarly, clearing antibodies to MAb32 were 
detected more frequently in NHPs receiving low doses. There, 
the presence of ADAs was associated with an increased clearance 
and reduced half-life and anti-MAb32 antibodies developed in 
up to 97% of the animals after a single low dose. One human 
mAb, MAb28, was highly immunogenic in NHPs and led to the 
formation of binding and neutralizing antibodies, and higher 
doses were needed to maintain exposure. Antibodies to MAb28 
were formed in more than 50% of animals tested.

Comparison of immunogenicity in humans and NHPs. 
Data on the clinical immunogenicity of all mAbs was included 
in the SPC (29 products) or EPAR (4 products). The induction 
of ADAs to 20 mAbs affected clinical efficacy, altered phar-
macokinetic profiles or caused adverse effects. The presence of 
ADA to nine mAbs did not have consequences, and 4 mAbs did 
not give rise to ADA development (Table 3). For seven mAbs 
the incidence of ADAs in NHPs overpredicted the induction 
of ADAs in humans, and for four mAbs the reverse, under-
prediction was the case. Sixteen mAbs had comparable ADA 
incidences in both NHPs and humans. The ADA response 
was similar for nine mAbs, including four mAbs that did not 
cause an ADA response in either NHPs or humans. Two mAbs 

Table 2. Incidence and response level, either clearing or neutralizing, of 
anti-drug antibodies in non-human primates

Incidence of clearing or neutralizing anti-
bodies in NHP

ADA incidence in NHP Low Intermediate Majority

Low (0–6%) MAb12 MAb21 MAb30

MAb14

MAb16

MAb17

MAb25

MAb29

MAb31

Intermediate (6–45%) MAb9 MAb7 MAb20

MAb26 MAb10 MAb22

MAb23 MAb24 MAb32

MAb27 MAb33

High (> 45%) MAb5

MAb8

MAb11

MAb13

MAb15

MAb18

MAb28

ADA: Anti-drug antibodies. NHP: Non-human primate.
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that the basic idea of humanization to create self-like-proteins is 
flawed because every B cell clone with a unique specificity also 
has a unique V-region sequence, and it not likely that tolerance 
to each clone exists for every new sequence. A complete converse 
immunological concept is that B cell clones provoke anti-idiotype 
responses forming an antibody network that regulates immune 
responses. An equilibrium of these opposites more reflects the 

The incidence of this effect could be increased 4-fold after a sec-
ond administration of abciximab to patients.24

Interestingly, the level of humanization did not appear to 
influence the ADA incidence in humans (Table 4). This is sur-
prising because the aim of humanization is to reduce immu-
nogenicity. The merits of humanization have been questioned 
before.25 An interesting hypothesis put forward by Clark suggests 

Table 3. Incidence and effect of anti-drug antibodies in clinical trials in comparison with non-clinical data

Product Clinical immunogenicity ADA response clinical Non-clinical immunogenicity ADA response non-clinical

Murine antibodies

MAb1 Marked Reduced efficacy due to interference Not available Not available

MAb2 Negligible Diminished efficacy and allergic or  
hypersensitivity reactions

Not available Not available

MAb3 Negligible None Not available Not available

MAb4 Negligible Diminished efficacy Not available Not available

MAb5 Tolerable Diminished efficacy possible High Clearing

MAb6 Marked Neutralizing and hypersensitivity Not available Not available

MAb7 Tolerable Unknown Intermediate Clearing

MAb8 Marked Neutralizing High None

Chimeric antibodies

MAb9 Tolerable Allergic or infusion site reactions in few patients High Clearing

MAb10 Tolerable Clearing (in few patients) Intermediate Clearing

MAb11 Tolerable Thrombocytopenia Intermediate Thrombocytopenia

MAb12 Tolerable Unknown High Clearing

MAb13 Marked Neutralizing and hypersensitivity Low None

Humanized antibodies

MAb14 Negligible None Low None

MAb15 Negligible Positive Coombs’ test, Neutralizing antibodies High Clearing and neutralizing

MAb16 Negligible Allergic reaction in 1 patient Low Clearing

MAb17 Negligible None Low None

MAb18 Tolerable Neutralizing High Clearing

MAb19 Tolerable None Not available Not available

MAb20 Tolerable Clearing Intermediate Clearing

MAb21 Tolerable None Low Neutralizing and  
anaphylaxis

MAb22 Negligible Neutralizing and hypersensitivity Intermediate Clearing and neutralizing

MAb23 Tolerable Clearing Intermediate Clearing

MAb24 Tolerable Possible role in inflammation Intermediate Perivascular sheathing, 
increased exposure

MAb25 Negligible None Low Clearing

Human antibodies

MAb26 Negligible Unknown Intermediate Anemia

MAb27 Tolerable Neutralizing and binding Intermediate Clearing

MAb28 Negligible None High Neutralizing

MAb29 Negligible None Low None

MAb30 Tolerable Neutralizing Low Clearing

MAb31 Negligible None Low None

MAb32 Tolerable Neutralizing and infusion reactions Intermediate Clearing

MAb33 Tolerable Neutralizing Intermediate Clearing
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humanized or human antibodies. The homology of these pro-
teins is high, although immunogenicity could be variable. And 
even NHP studies had limited ability to predict immunogenicity 
with a trend to over-predict, despite the perceived extensive iden-
tity of V-regions (93% at amino acid level for the VH-framework 
regions and 88–99% for Vκ of cynomolgus monkeys to human 
antibody sequences). Similarly, comparison of macaque V-regions 
with that of humans revealed identity between 84% and 97%; 
however, here differences were considered to possibly result in 
increased immunogenic response.29

The presence of ADAs often interfered with the assay used to 
detect mAb concentrations in serum. Therefore, pharmacokinetic 
or safety data should be interpreted with caution. Improvements 
in assay design could partially overcome some of these difficul-
ties;30,31 however, proper validation of assays is impeded by the 
lack of relevant reference standards, and other animal species 
are often used as controls, which makes the assay less specific. 
Animals are also the source of antisera needed to develop and vali-
date assays for antibodies to be used during clinical development.

Safety and dose-finding studies make use of laboratory ani-
mals, but the potential for immunogenicity complicates the 
interpretation of kinetic and toxicity data, especially because the 
development of ADAs can alter or abolish exposure and in some 
cases result in loss of efficacy. Immunogenicity is not a problem 
if study groups are of sufficient size and a sufficient number of 
animals do not develop ADAs, but ethical constraints typically 
limit NHP studies to small sample sizes. This means that safety 
studies are particularly difficult to interpret if most or all of the 
NHPs develop a significant ADA response. For example, in the 
case of MAb18 the majority of NHPs developed clearing ADAs 
after the first dose, which affected the interpretability of study 
results. Therefore, the value of using NHPs during non-clinical 
drug development will be limited if there is a significant immune 

real situation. Therefore, immunogenicity and humanization of 
the variable region are not necessarily correlated and decreasing 
immunogenicity is not a simple matter of increasing the sequence 
homology.25,26 There also appeared to be little difference between 
the relative immunogenicity of chimeric, humanized and human 
mAbs in NHPs. This is not unexpected because mAbs are prob-
ably readily recognized as non-self in NHPs because of species 
differences in major histocompatibility complex classes and T 
cell subsets. Most ADA responses in NHPs were directed against 
the Fc-region (anti-isotype) of the mAbs, resulting in enhanced 
clearance. In some cases, loss of efficacy and adverse effects were 
reported after the induction of ADAs. Conversely, in humans, 
antibodies were more often directed against the CDR (anti-idio-
type), resulting in neutralization of the function of the antibody 
and loss of efficacy. This may occur because the CDR, which is a 
unique sequence, is the most foreign region of a mAb in humans, 
whereas both the CDR and Fc-regions are foreign in NHPs.

Because it is difficult to compare directly the immunoge-
nicity of different products in different species, their relative 
immunogenicity is used to make between-species and -product 
comparisons. Even with this type of normalization, immuno-
genicity in laboratory animals is not considered predictive of 
immunogenicity in humans.18,27,28 This was confirmed by our 
analysis, with only 59% of the tested antibodies having compa-
rable incidence of immunogenicity in NHPs and humans. While 
the incidence of ADAs was comparable in some cases, immu-
nogenicity in NHPs over-predicted the immunogenicity of 30% 
of the mAbs and underpredicted the immunogenicity of 11% of 
the mAbs in humans. Bugelski and Treacy established immuno-
genic classes of recombinant therapeutic proteins based on their 
source.11 Prokaryotic and mammalian protein would have very 
low homology to human protein and these are generally highly 
immunogenic. Other classes were novel constructs and chimeric, 

Table 4. Immunogenicity in non-human primates vs. human

Immunogenicity in NHP

Not evaluated in NHP Low Intermediate High

Im
m

un
og

en
ic

it
y 

in
 c

lin
ic

al
 tr

ia
ls

Low Murine

Murine

Murine

Humanized

Humanized

Humanized

Humanized

Human

Human

Humanized

Human

Humanized

Human

Intermediate Humanized Humanized

Human

Murine

Chimeric

Chimeric

Humanized

Humanized

Humanized

Human

Human

Human

Murine

Chimeric

Chimeric

Humanized

High Murine

Murine

Chimeric Murine
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of the response. The incidence was scored as “Low” when no or 
fewer than 6% of animals were positive for ADAs, “Moderate” 
when between 6% and 45% of animals were positive for ADAs 
and “High” when more than 45% of the animals were positive for 
ADAs. These categories were based on those established by Hwang 
and Foote and were three times higher than similar categories in 
humans based on higher baseline immunogenicity of NHPs.33 
Three authors individually categorized immunogenicity of the 
mAbs. When opinions deviated, the mAbs were discussed to come 
to a final distribution. If changes in pharmacokinetic or pharmaco-
dynamic profiles occurred, the type and incidence of these changes 
were recorded. Lastly, ADA incidence and the rate of pharmaco-
kinetic or pharmacodynamic changes were aggregated in a 3x3 
matrix, with ADA incidence in the rows and rate of pharmaco-
kinetic or pharmacodynamic changes in the columns (Table 2).

The Summary of Product Characteristics (SPC) or the 
European Public Assessment Report (EPAR) was used to deter-
mine the immunogenicity of therapeutic mAbs in humans, defined 
as the proportion of patients in Phase 3 clinical trials that were 
positive for ADAs. When these could not be retrieved, other online 
sources such as company websites or web databases were used. The 
categories established by Hwang and Foote were used: negligible if 
immunogenicity was seen in 2% of patients or less, tolerable when 
the incidence was between 2% and 15% and marked if immunoge-
nicity occurred in more than 15% of the patients. Changes in effi-
cacy mentioned in the SPC or EPAR as a result of the development 
of ADAs were noted. Immunogenicity in NHPs was considered 
predictive if human and NHP immunogenicity fell into the same 
operative category. MAbs evaluated in NHP were anonymized.
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response to the test substance. Continuing the study beyond this 
point will not yield relevant data and subsequent long-term stud-
ies should be reconsidered.32

Our study had some limitations. Grouping the NHP data into 
three operative categories is a necessary over-simplification of 
immunogenicity. In addition, the various studies differed in their 
reporting of the rate and effect of ADA development. We used 
the scale established by Hwang and Foote to classify the immune 
response, and as the immunogenicity of mAbs is probably higher 
in animals (the mAbs are foreign) than in humans, we chose to 
increase the ranges 3-fold.33 This choice could be considered arbi-
trary; however, higher or lower ranges would lead to either an 
under- or over-estimation of immunogenicity in NHPs, respec-
tively. Even though our data set included all mAbs approved in 
the EU through 2010, there were not enough samples to per-
form statistical analyses. Therefore, we could only observe and 
describe trends. Lastly, we only investigated mAbs that received 
marketing authorization. Inclusion of mAbs that failed during 
drug development or regulatory review would have provided a 
larger study cohort, but sufficient immunogenicity data for these 
mAbs are not publically available.

In conclusion, the results of this study suggest that the immu-
nogenic response in NHPs is poorly predictive of the response in 
humans, even when using broad categories of immunogenicity. 
The development of clearing or neutralizing antibodies against 
the test mAb in NHPs might limit exposure or the duration of 
repeated dose studies, which in turn can influence the reliabil-
ity and interpretability of pharmacokinetic, pharmacodynamic 
and safety data. Lastly, it is difficult to compare the immunoge-
nicity across products and species because of species differences 
and limits in assay technology. Therefore, NHPs may not be a 
suitable species for testing mAbs that are immunogenic in NHP, 
even if these are the only species available.

Materials and Methods

The drug registration files of mAbs and immunoglobulin frag-
ments approved in the EU through 2010 (Table 1) were accessed at 
the Dutch Medicines Evaluation Board. The non-clinical summary 
and overview, including the tabulated study reports, were used to 
evaluate the immunogenicity of the mAbs in NHPs. This evalu-
ation was done by assessing the presence of antidrug antibodies 
in serum from mAb-treated NHPs. Reporting of immunogenicity 
in animal studies is not standardized in marketing authorization 
applications, which could be quantitative or qualitative. To nor-
malize the data and to enable comparison between products and 
species, the incidence of ADAs was classified into three catego-
ries, namely, low, intermediate or high. The incidence of ADAs 
was scored regardless of titer, time of occurrence and persistence 

D
ow

nl
oa

de
d 

by
 [

94
.2

10
.1

20
.2

28
] 

at
 0

4:
30

 0
2 

A
pr

il 
20

15
 



816	 mAbs	 Volume 5 Issue 5

24.	 Curtis BR, Swyers J, Divgi A, McFarland JG, Aster RH. 
Thrombocytopenia after second exposure to abciximab 
is caused by antibodies that recognize abciximab-coated 
platelets. Blood 2002; 99:2054-9; PMID:11877279; 
http://dx.doi.org/10.1182/blood.V99.6.2054

25.	 Getts DR, Getts MT, McCarthy DP, Chastain 
EM, Miller SD. Have we overestimated the ben-
efit of human(ized) antibodies? MAbs 2010; 2:682-
94; PMID:20935511; http://dx.doi.org/10.4161/
mabs.2.6.13601

26.	 Clark M. Antibody humanization: a case of the 
‘Emperor’s new clothes’? Immunol Today 2000; 
21:397-402; PMID:10916143; http://dx.doi.
org/10.1016/S0167-5699(00)01680-7

27.	 Büttel IC, Chamberlain P, Chowers Y, Ehmann F, 
Greinacher A, Jefferis R, et al. Taking immunogenicity 
assessment of therapeutic proteins to the next level. 
Biologicals 2011; 39:100-9; PMID:21353596; http://
dx.doi.org/10.1016/j.biologicals.2011.01.006

28.	 Koren E, Zuckerman LA, Mire-Sluis AR. Immune 
responses to therapeutic proteins in humans--clinical 
significance, assessment and prediction. Curr Pharm 
Biotechnol 2002; 3:349-60; PMID:12463417; http://
dx.doi.org/10.2174/1389201023378175

29.	 Thullier P, Chahboun S, Pelat T. A comparison of 
human and macaque (Macaca mulatta) immunoglobu-
lin germline V regions and its implications for antibody 
engineering. MAbs 2010; 2:528-38; PMID:20562531; 
http://dx.doi.org/10.4161/mabs.2.5.12545

30.	 Shankar G, Pendley C, Stein KE. A risk-based bioana-
lytical strategy for the assessment of antibody immune 
responses against biological drugs. Nat Biotechnol 
2007; 25:555-61; PMID:17483842; http://dx.doi.
org/10.1038/nbt1303

31.	 Wadhwa M, Thorpe R. Strategies and assays for 
the assessment of unwanted immunogenicity. J 
Immunotoxicol 2006; 3:115-21; PMID:18958691; 
http://dx.doi.org/10.1080/15476910600845534

32.	 Chapman K, Pullen N, Coney L, Dempster M, 
Andrews L, Bajramovic J, et al. Preclinical develop-
ment of monoclonal antibodies: considerations for 
the use of non-human primates. MAbs 2009; 1:505-
16; PMID:20065651; http://dx.doi.org/10.4161/
mabs.1.5.9676

33.	 Hwang WY, Foote J. Immunogenicity of engineered 
antibodies. Methods 2005; 36:3-10; PMID:15848070; 
http://dx.doi.org/10.1016/j.ymeth.2005.01.001

13.	 International conference on harmonisation of technical 
requirements for registration of pharmaceuticals for 
human use. Preclinical safety evaluation of biotechnol-
ogy derived pharmaceuticals S6(R1). (online) 2011.

14.	 Committee for medicinal products for human use. 
Guideline on immunogenicity assessment of biotech-
nology-derived therapeutic proteins. 2008.

15.	 Brinks V, Jiskoot W, Schellekens H. Immunogenicity of 
therapeutic proteins: the use of animal models. Pharm 
Res 2011; 28:2379-85; PMID:21744171; http://
dx.doi.org/10.1007/s11095-011-0523-5

16.	 Wierda D, Smith HW, Zwickl CM. Immunogenicity of 
biopharmaceuticals in laboratory animals. Toxicology 
2001; 158:71-4; PMID:11164995; http://dx.doi.
org/10.1016/S0300-483X(00)00410-8

17.	 Ponce R, Abad L, Amaravadi L, Gelzleichter T, Gore 
E, Green J, et al. Immunogenicity of biologically-
derived therapeutics: assessment and interpretation of 
nonclinical safety studies. Regul Toxicol Pharmacol 
2009; 54:164-82; PMID:19345250; http://dx.doi.
org/10.1016/j.yrtph.2009.03.012

18.	 Swanson SJ, Bussiere J. Immunogenicity assess-
ment in non-clinical studies. Curr Opin Microbiol 
2012; 15:337-47; PMID:22770538; http://dx.doi.
org/10.1016/j.mib.2012.05.015

19.	 Gorovits B. Antidrug antibody assay validation: 
industry survey results. AAPS J 2009; 11:133-8; 
PMID:19255857; http://dx.doi.org/10.1208/s12248-
009-9091-6

20.	 Bartelds GM, Krieckaert CL, Nurmohamed MT, 
van Schouwenburg PA, Lems WF, Twisk JW, et al. 
Development of antidrug antibodies against adali-
mumab and association with disease activity and 
treatment failure during long-term follow-up. JAMA 
2011; 305:1460-8; PMID:21486979; http://dx.doi.
org/10.1001/jama.2011.406

21.	 de Vries MK, Wolbink GJ, Stapel SO, de Vrieze H, van 
Denderen JC, Dijkmans BA, et al. Decreased clinical 
response to infliximab in ankylosing spondylitis is cor-
related with anti-infliximab formation. Ann Rheum 
Dis 2007; 66:1252-4; PMID:17472991; http://dx.doi.
org/10.1136/ard.2007.072397

22.	 Isaacs JD, Manna VK, Rapson N, Bulpitt KJ, Hazleman 
BL, Matteson EL, et al. CAMPATH-1H in rheuma-
toid arthritis--an intravenous dose-ranging study. Br J 
Rheumatol 1996; 35:231-40; PMID:8620297; http://
dx.doi.org/10.1093/rheumatology/35.3.231

23.	 Schellekens H. The immunogenicity of therapeutic 
proteins. Discov Med 2010; 9:560-4; PMID:20587346

References
1.	 Baldrick P. Safety evaluation of biological drugs: what 

are toxicology studies in primates telling us? Regul 
Toxicol Pharmacol 2011; 59:227-36; PMID:20937341; 
http://dx.doi.org/10.1016/j.yrtph.2010.10.005

2.	 Schellekens H. Factors influencing the immunogenicity 
of therapeutic proteins. Nephrol Dial Transplant 2005; 
20(Suppl 6):vi3-9; PMID:15958824; http://dx.doi.
org/10.1093/ndt/gfh1092

3.	 Schellekens H. Immunogenicity of therapeutic pro-
teins: clinical implications and future prospects. Clin 
Ther 2002; 24:1720-40 discussion 19.

4.	 Kessler M, Goldsmith D, Schellekens H. 
Immunogenicity of biopharmaceuticals. Nephrol Dial 
Transplant 2006; 21(Suppl 5):v9-12; PMID:16959792; 
http://dx.doi.org/10.1093/ndt/gfl476

5.	 Wolbink GJ, Aarden LA, Dijkmans BA. Dealing with 
immunogenicity of biologicals: assessment and clini-
cal relevance. Curr Opin Rheumatol 2009; 21:211-
5; PMID:19399992; http://dx.doi.org/10.1097/
BOR.0b013e328329ed8b

6.	 Koren E, De Groot AS, Jawa V, Beck KD, Boone T, 
Rivera D, et al. Clinical validation of the “in silico” 
prediction of immunogenicity of a human recombinant 
therapeutic protein. Clin Immunol 2007; 124:26-
32; PMID:17490912; http://dx.doi.org/10.1016/j.
clim.2007.03.544

7.	 De Groot AS, Knopp PM, Martin W. De-immunization 
of therapeutic proteins by T-cell epitope modification. 
Dev Biol (Basel) 2005; 122:171-94; PMID:16375261

8.	 Harding FA, Stickler MM, Razo J, DuBridge RB. The 
immunogenicity of humanized and fully human anti-
bodies: residual immunogenicity resides in the CDR 
regions. MAbs 2010; 2:256-65; PMID:20400861; 
http://dx.doi.org/10.4161/mabs.2.3.11641

9.	 Gaitonde P, Balu-Iyer SV. In vitro immunogenic-
ity risk assessment of therapeutic proteins in pre-
clinical setting. Methods Mol Biol 2011; 716:267-80; 
PMID:21318912; http://dx.doi.org/10.1007/978-1-
61779-012-6_16

10.	 Brennan FR, Morton LD, Spindeldreher S, Kiessling 
A, Allenspach R, Hey A, et al. Safety and immunotox-
icity assessment of immunomodulatory monoclonal 
antibodies. MAbs 2010; 2:233-55; PMID:20421713; 
http://dx.doi.org/10.4161/mabs.2.3.11782

11.	 Bugelski PJ, Treacy G. Predictive power of preclinical 
studies in animals for the immunogenicity of recombi-
nant therapeutic proteins in humans. Curr Opin Mol 
Ther 2004; 6:10-6; PMID:15011776

12.	 Descotes J. Immunotoxicity of monoclonal antibod-
ies. MAbs 2009; 1:104-11; PMID:20061816; http://
dx.doi.org/10.4161/mabs.1.2.7909

D
ow

nl
oa

de
d 

by
 [

94
.2

10
.1

20
.2

28
] 

at
 0

4:
30

 0
2 

A
pr

il 
20

15
 


