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Immunogenicity can be a major obstacle to successful protein
drug therapy. Antidrug antibodies may neutralize therapeutic
function, influence pharmacokinetics and, in some cases, lead
to severe adverse effects. These effects depend on factors
including dose, regimen, delivery route and contaminants,
among others. Importantly, immunogenicity is a consideration
that is better addressed during preclinical development before
complications arise in clinical trials or following licensure. This
article will address the development and application of
computational tools for immunogenicity assessment of protein
therapeutics, and validation of those predictions using
peripheral blood from exposed subjects or alternative in vivo
methods.
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Introduction

As anticipated, molecular biology has revolutionized
medicine and the treatment of human diseases. The
revolution is ongoing: researchers continue to identify
new approaches for modulating cellular processes and
means of delivering these new therapies to their targets
with heretofore-unimaginable precision. On the basis of
these findings, armies of molecular biologists are devel-
oping novel therapeutic proteins, monoclonal antibodies
(mAbs) and antibody-like protein scaffolds, intent on
improving human health. In the rush to deliver the
promise of molecular medicine, biologists have, on
occasion, overlooked the well-known implications of
protein immunogenicity. In addition, the determinants
of immunogenicity of autologous or human-like proteins
have not been fully determined, meaning that assump-

tions about immune tolerance, too, require a second look
in protein therapy design.

Fortunately, immune response to foreign proteins is rela-
tively well understood, owing to years of thorough study
of parameters influencing vaccine efficacy. Factors in-
cluding delivery route delivery vehicle, dose regimen,
aggregation, innate immune system activation and the
ability of the protein to interface with the humoral (B cell)
and cellular (T cell) immune systems, all impact the
potential immunogenicity of vaccine immunogens when
delivered to humans (for a review of immunogenicity
determinants, see De Groot and Scott [1°]).

Similarly, protein therapeutics, when administered in an
immunostimulatory milieu, engender both cellular and
humoral immune responses. Development of antidrug
antibodies (ADA) is considered an adverse immune
response, as ADA may neutralize the therapeutic effects
of the drug and/or alter its pharmacokinetics. T cells are
certainly involved in this immune response when IgG
class ADA are observed because antibody isotype switch-
ing is a hallmark of T-dependent antigens [2°].

More serious adverse events can be provoked if ADA
crossreact with a crucial autologous protein. Examples of
adverse ADA responses include autoimmune thrombo-
cytopenia (I'TP) following exposure to recombinant
thrombopoietin [3°], and pure red cell aplasia, which
was associated with a particular formulation of erythro-
poietin (Eprex) [4°]. Since the impact of immunogenicity
can be quite severe, regulatory agencies are developing
risk-based guidelines for immunogenicity screening [5°].

In silico paradigms

Immunoinformatics algorithms for identifying T'-cell epi-
topes have improved dramatically since they were first
developed by Berzofsky, Margalit, and DeLisi in the
1980s [6]. It is now possible to measure the T-cell epitope
content of a protein relatively accurately using iz sifico
tools, and also to evaluate the regional and overall
immune potential of a protein therapeutic. Given the
resulting ‘immunogenicity score’ of a protein [7°], and
taking into consideration other determinants as described
above, it is possible to make an informed decision about
the likelihood that a protein will provoke an immune
response. For example, the EpiMatrix suite of compu-
tational tools, together with ex v7ivo immunogenicity test-
ing, has been applied to evaluate protein therapeutics in
the preclinical phase and correctly predicted clinical
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immunogenicity in at least two cases which were sub-
sequently published [8°,9°]. Recognizing the value of
preclinical immunogenicity screening, a number of thera-
peutic protein developers have incorporated i silico, ex
vivo, and /n vivo preclinical immunogenicity screening
protocols into their product development strategy.

T-cell epitope prediction

‘In silico’ predictions of T-helper epitopes have been
available for more than two decades, and consequently,
their application to vaccine design [10-12] and to selec-
tion of autoimmunity epitopes [13] is well documented.
During this time, the number of T-cell epitope prediction
tools has steadily increased (for reviews, see Petrovsky
and Brusic [14] and De Groot and Berzofsky [15]).

The EpiMatrix approach is described here to illustrate
the basic process of screening a protein therapeutic for
immunogenicity. A protein sequence is first parsed into
overlapping 9-mer peptide frames, each of which is then
evaluated for binding potential to each of eight common
class IT HLA alleles that ‘cover’ the genetic backgrounds
of most humans worldwide [16]. Normalization of allele-
specific scores makes it possible to compare scores of any
9-mer across multiple HLLA alleles and enables immuno-
genicity prediction on a global scale [17].

By calculating the density of high-scoring frames within a
protein, it is possible to estimate a protein’s overall

Figure 1

‘immunogenicity score’. In Figure 1 several types of
FVIII and the B domain of FVIII provide an illustration
of the concept. In addition, subregions of densely packed
high-scoring frames can be identified, and regional or
‘cluster’ scores can be calculated (Figure 2) [6,7°,8°,18°].
We and others have observed that potential immunogeni-
city is not randomly distributed throughout protein
sequences but instead tends to reside in regions (which
are often also immunodominant) [19-21]. A T-cell epitope
‘cluster’ usually ranges from 9 to about 25 amino acids and
can contain anywhere from 4 to 40 binding motifs. Regions
of proteins where HLLA binding potentials cluster, reaching
a cumulative EpiMatrix sum of scores that is greater than
10, are associated with significant T-cell immunogenic
potential [22,23].

Epitopes: tolerance and ignorance

Not all clusters of immunogenic potential can be con-
sidered to be potentially immunostimulatory. Would-be
epitopes in autologous proteins might have triggered T
cells that are absent from the peripheral circulation, since
T cells that are auto-reactive are said to be deleted in
thymic development. However, some T cells specific for
autologous proteins escape thymic deletion and become
natural regulatory T cells (Tregs); they appear to serve as
regulators or suppressors of autoimmune, auto-reactive
immune responses [24°]. Just as the inadvertent addition
of stimulatory T-cell (T-effector) epitopes to proteins may
lead to increased immunogenicity, removal or alteration of
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EpiMatrix immunogenicity scale analysis of human FVIII sequence (from Genbank). This graph shows the potential immunogenicity based on T-cell
epitope content per 10 000 amino acids, of wild-type FVIII, B domain depleted FVIIl, and B domain itself. The analysis suggests that B domain depleted
FVIII might be as immunogenic, if not more immunogenic than wild-type FVIII. Of course, the effect of FVIIl is also determined by an individual’s HLA
type, his/her exposure to autologous FVIII (whether entirely absent or mutated but still expressed), route of administration, dose, frequency of dosing,
FVIIl source (recombinant or natural), and whether the FVIII is contaminated with innate immune system triggers such as CpG DNA or leachates from

the components included in the final formulated drug.
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FVIII C2 ClustiMer analysis. A cluster map for domain C2 charts the location and potential immunogenicity of each cluster. The location of the cluster is
indicated by amino acid number on the x-axis and the width of the bar correlates with the length of the cluster. EpiMatrix Cluster Score is shown on the
y-axis; a score above 10 indicates high likelihood of immunogenicity. The red bar at right indicates the span of two published T-cell epitopes [57].

regulatory T-cell epitopes in the drug development pro-
cess may alter the natural T-regulatory immune response
to recombinant autologous proteins. The link between T-
cell (and HLA-restricted) immune response and the de-
velopment of autoantibodies is still being defined; early
evidence points to the reduction of Treg immune
responses and to the induction of T-effector responses
as significant contributors in the context of immune
responses [25,26].

The conceptual basis of tolerance induction for protein
therapeutics is the observation that immunoglobulin
therapies induce expansion of Tregs iz vitro and in vivo
[27]. We have shown that coincubation of donor PBMC
with T-cell epitopes derived from autologous proteins can
lead to suppression of immune response to bystander
antigens in human PBMCs, and that the corresponding
murine epitopes Suppress 7 vivo immune response in
HLA DR4 transgenic mice [58]. Building on these obser-
vations, we are now evaluating whether modification of
autologous proteins to include such Treg epitopes will
lead to the development of less immunogenic antibodies
and improved replacement proteins for protein deficiency
diseases.

The dynamic balance between regulatory T'-cell and T-
effector (T-helper or cytotoxic T cell) immune responses
to autologous proteins is best understood in the context of
a mutated or partially deleted protein and recombinant

protein replacement therapy. For example, FVIII may be
expressed in a truncated or mutated nonfunctional form
in some individuals. Although Figure 1 provides an
illustration of the potential immunogenicity of FVIII
(based on total T-cell epitope count), it is important to
note that the presence of regulatory T-cell epitopes in
FVIII (because of recognition of some of these epitopes
by Treg cells) may affect the expression of replacement
FVIII immunogenicity in the individual patient. Thus,
the immunogenicity of replacement FVIII might be
better represented by summing the net effect of T-
effector epitopes (positive signals for immunogenicity),
regulatory T-cell epitopes (suppressors) and epitopes to
which T cells have been deleted in the course of thymic
development (neutral).

B-cell epitope prediction

It would be advantageous to predict B-cell antigenicity
to identify neutralizing antibody targets. Computational
tools that accurately predict B-cell epitopes remain
elusive because of the conformational dependence of
antibody:antigen interactions. B-cell epitope prediction
tools such as 3DEX and CEP [28-30] do not, as far as
can currently be determined, accurately predict B-cell
epitopes on a high-throughput basis. Notably, in some
cases, defining a T-cell epitope may lead to identifi-
cation of a B-cell epitope since B-cell epitopes have
been shown to colocalize with T-helper epitopes
[31,32].
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De-immunization

De-immunization by epitope modification is an approach
based on the disruption of HLA binding, an underlying
requirement for T-cell stimulation. The idea of rational
epitope modification is rooted in the natural process that
occurs when tumor cells and pathogens evolve to escape
immune pressure by accumulating mutations that reduce
the binding of their constituent epitopes to host HLLA,
rendering the host cell unable to ‘signal’ to T cells the
presence of the tumor or pathogen [33].

Ex vivo and in vivo correlates

Human T-cell assays

Immunogenicity screening using immunoinformatics
tools requires validation 7z vitro and in vive. If blood from
antigen-exposed individuals is available, predicted pep-
tide epitopes can be tested for their reactivity with T
cells. The type of immune response (effector or regulat-
ory T cell) can be determined by evaluating cell surface or
intracellular markers corresponding to the different
classes of T cells such as CD4/CD25, FoxP3, and
CD127. Class 1I (T-helper) epitopes can be ‘promiscu-
ous’; that is to say that a single sequence can fit MHC of
various haplotypes because of the open-ended configur-
ation of the peptide-binding groove.

ELISA and ELISpot are related methods for detecting
antigen-specific T-cell responses by measurement of
cytokines secretion (e.g. interferon-gamma, IL-2, and
IL.-4). T-cell proliferation can be measured by the dilution
of a fluorescent dye or by radioactive thymidine incorp-
oration. T cells that respond to a particular epitope can be
directly labeled using tetramers (comprised of HLA class
II:peptide complexes), or the number and phenotype of T
cells that respond to the antigen can be determined using
cell surface markers and intracellular cytokine staining
[34]. The pros and cons of the different types of T-cell
assays have been evaluated in side-by-side studies [35°].

HLA transgenic mouse models

Most proteins intended for therapeutic use in humans are
relatively foreign in mice and therefore immunogenic
[36]. Although protein therapeutics are evaluated in many
different animal models, these studies typically do not
consider the effect of T-cell recognition of peptides in the
context of HLA. Therefore, immunogenicity analyses in
non-HLA transgenic models should be interpreted with
caution as murine, rat and nonhuman primate MHC differ
from human HLA at the amino acid level, and their
responses do not necessarily reflect those of humans.
Indeed, different strains of mice also possess different
MHC types, which is one explanation for differential
immune responses to pathogens, vaccines and thera-
peutic mAbs, in C57BI1/6 and Balb/C mice [37].

Accurate preclinical evaluation of protein therapeutics on
de novo T'-cell responses can be done in mice that are

transgenic for human MHC (HLA Tg mice) [38]. Those
HLA transgenic mice express that have human HLA
genes and have a MHC class II deficient background
[39] are preferred, for this purpose, since CD4 T-cell-
mediated immune response is completely restricted by
human HLLA molecules, and not by mouse MHC.

T-cell responses in infected humans correlate directly
with T-cell responses in immunized HLA transgenic
mice [40,41]; thus, HLA transgenic mice are now routi-
nely used to assay and optimize (human) epitope-driven
vaccines in preclinical studies [42-44]. Fortunately,
several transgenic mouse strains expressing the most
common HILA DR molecules are available (HLA
DRB1*0101, *0201, *0301, *0401, *1501) [39,45]
enabling immunogenicity measurements in models that
represent a large proportion of the human population.

Sequence differences between human and murine
proteins add an additional layer of complexity to the
evaluation of human protein immunogenicity in mice.
These differences may result in dramatic immune
responses in mice where none would have been encoun-
tered in humans or vice versa; this phenomenon has been
exploited for the development of cancer vaccines [46].
The degree of foreignness may depend on the number of
amino acids that are different among peptides that are
processed and presented by the animal MHC molecule.
One means of addressing this issue is to develop mice that
are transgenic for the human protein of interest, however,
the issue of T-cell epitope presentation in the context of
class II murine MHC remains problematic in these
models [47].

A number of groups are pioneering studies of ‘immune-
system-humanized’ mice as a translational model for
studying immunogenicity [48-52]. New mouse strains
such as NOD-SCID ILZ2rgamma(null) mice that lack
the IL-2 receptor common gamma chain make the de-
velopment of such mice possible. These novel chimeric
mice lack adaptive immune function, display multiple
defects in innate immunity, and support heightened
levels of human immune cell engraftment. The models
are created by engraftment of hematopoietic stem cells or
peripheral blood mononuclear cells into immunodeficient
mice; one drawback of these mice is that each mouse
represents only one single patient’s immune phenotype;
thus multiple immune-system-humanized mice would be
required for adequate representation of human MHC
diversity [53°].

When in vivo studies are not possible

In the absence of animal models and access to exposed
human blood, 77 vitro assays can be used to determine the
potential for predicted epitopes to engender immune
responses. In particular, HLLA binding assays can be used
to assess the affinities of therapeutic-derived epitope
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sequences for multiple HLA alleles. Iz vitro evaluation
of MHC binding can be performed by quantifying
the ability of exogenously added peptides to compete
with a fluorescently labeled known MHC ligand [54].
Competition-based HLA binding assays can be adapted
for high-throughput iz wvitro [55°]. A correlation
between HLLA binding and immunogenicity is often

observed [56].

Conclusion

In the context of studies of therapeutic proteins, # vivo
confirmation validates the accuracy of immunogenicity
screening using 7z st/ico methods. Because T-cell epitopes
are necessary for a robust humoral response, accurate T-
cell epitope predictions will correlate to the actual
response 77 vivo. The effect of regulatory T-cell epitopes
and their counterparts, the effector T-cell epitope, need
to be taken into consideration when measuring the
immune potential of a therapeutic protein. The imple-
mentation of regular protocols for screening therapeutic
proteins in preclinical stages, using epitope mapping in
combination with 7z vitro and in vivo studies, may allow
researchers to avoid the development of ADA and may
also reduce the costs of recombinant protein drug de-
velopment by eliminating candidates that are determined
to be too immunogenic.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest

1. De Groot AS, Scott DW: Immunogenicity of protein

. therapeutics. Trends Immunol 2007, 28:482-490.

A detailed review of the field of immunoinformatics in an issue of Methods
that also features expanded sections on current methodologies.

2. Zubler RH: Naive and memory B cells in T-cell-dependent and

e T-independent responses. Springer Semin Immunopathol 2001,
23:405-419.

This article provides a comprehensive description of the activation of B

cells and clarifies T-independent and T-dependent B-cell responses.

3. Koren E, Zuckerman LA, Mire-Sluis AR: Immune responses to

. therapeutic proteins in humans — clinical significance,
assessment and prediction. Curr Pharm Biotechnol 2002,
3:349-360.

This article provides an authoritative review of the first instances of

antitherapeutic protein antibodies, including a description of the immu-

nogenicity of TPO.

4. Casadevall N, Nataf J, Viron B, Kolta A, Kiladjian JJ, Martin-

° Dupont P, Michaud P, Papo T, Ugo V, Teyssandier | et al.: Pure
red-cell aplasia and antierythropoietin antibodies in patients
treated with recombinant erythropoietin. N Engl/ J Med 2002,
14:469-475.

Some readers may not recall that erythropoietin-associated pure red cell

aplasia developed following the reformulation of Eprex. Cases were

limited to individuals who had used Eprex in injectable syringes that

did not have coated stoppers. A number of potential causes for the

induction of immune responses to this otherwise very nonimmunogenic

protein were tentatively identified; they included leachates (from the
uncoated stopper) and aggregates (this was speculative) as the actual
syringes used to inject the patients who developed PRCA could not be
evaluated retrospectively. Preclinical evaluations of the reformulated
therapeutic in animal models were not predictive of immunogenicity,
however in silico predictions using EpiMatrix and the immunogenicity
scale accurately predicted the potential immunogenicity of erythropoie-
tin. This case is an excellent example of immunogenic potential of an

Prediction of immunogenicity De Groot, McMurry and Moise 5

otherwise nonimmunogenic protein is realized when inflammatory con-
ditions are present.

5. Koren E, Smith HW, Shores E, Shankar G, Finco-Kent D, Rup B,
. Barrett YC, Devanarayan V, Gorovits B, Gupta S et al.:
Recommendations on risk-based strategies for
detection and characterization of antibodies against
biotechnology products. J Immunol Methods 2008,
333:1-9.
A recent publication describing a rational approach to immunogenicity
screening that has been advocated by Tony Mire-Sluis, Gene Koren, and
others. This publication provides an excellent guide to the risk-based
approach.

6. Delisi C, Cornette J, Margalit H, Cease K, Spouge J, Berzofsky JA:
The role of amphipathicity as an indicator of T cell antigenic
sites on proteins. In  Immunogenicity of Protein Antigens:
Repertoire and Regulation. Edited by Sercarz E, Berzofsky JA.
Boca Raton: CRC Press; 1987:35-42.

7. De Groot AS, Moise L: Prediction of immunogenicity for
therapeutic proteins: state of the art. Curr Opin Drug Discov Dev
2007, 10:332-340.

A thorough review of the factors that contribute to immunogenicity.

8. Tatarewicz SM, Wei X, Gupta S, Masterman D, Swanson SJ,

° Moxness MS: Development of a maturing T-cell-mediated
immune response in patients with idiopathic Parkinson’s
disease receiving r-metHuGDNF via continuous
intraputaminal infusion. J Clin Immunol 2007,

27:620-627.

One of the first two papers to show that immunogenicity of protein

therapeutics could be predicted, using in silico tools. This article is

one of the five articles provided in this reference list that provide experi-
mental evidence validating the EpiMatrix system.

9. Koren E, De Groot AS, Jawa V, Beck KD, Boone T, Rivera D, Li L,

. Mytych D, Koscec M, Weeraratne D et al.: Clinical validation of
the “in silico” prediction of immunogenicity of a human
recombinant therapeutic protein. Clin Immunol 2007,

124:26-32.

One of the first two papers to show that immunogenicity of protein
therapeutics could be predicted, using in silico tools. This article has
become the classic case study of T-cell-dependent immunogenicity
screening. It was the first publication to illustrate the combined use of
in silico prediction, in vitro validation, and antibody assays in the evalua-
tion of preclinical immunogenicity.

10. Ahlers JD, Belyakov IM, Thomas EK, Berzofsky JA: High-affinity T
helper epitope induces complementary helper and APC
polarization, increased CTL, and protection against viral
infection. J Clin Invest 2001, 108:1677-1685.

11. Khan AM, Miotto O, Heiny AT, Salmon J, Srinivasan KN,
Nascimento EJ, Marques ET Jr, Brusic V, Tan TW, August JT: A
systematic bioinformatics approach for selection of epitope-
based vaccine targets. Cell Immunol 2006, 244:141-147 Epub
2007 April 16.

12. Depla E, Van der Aa A, Livingston BD, Crimi C, Allosery K, De
Brabandere V, Krakover J, Murthy S, Huang M, Power S et al.:
Rational design of a multiepitope vaccine encoding T-
lymphocyte epitopes for treatment of chronic hepatitis B virus
infections. J Virol 2008, 82:435-450 Epub 2007 October 17.

13. Inaba H, Martin W, De Groot AS, Qin S, De Groot LJ: Thyrotropin
receptor epitopes and their relation to histocompatibility
leukocyte antigen-DR molecules in Graves’ disease. J Clin
Endocrinol Metab 2006, 91:2286-2294.

14. Petrovsky N, Brusic NV: Bioinformatics for study of
autoimmunity. Autoimmunity 2006, 39:635-643.

15. De Groot AS, Berzofsky JA: From genome to vaccine — new
immunoinformatics tools for vaccine design. Methods 2004,
34:425-428.

16. Southwood S, Sidney J, Kondo A, del Guercio MF, Appella E,
Hoffman S, Kubo RT, Chesnut RW, Grey HM, Sette A: Several
common HLA-DR types share largely overlapping peptide
binding repertoires. J Immunol 1998, 160:3363-3373.

17. De Groot AS, Rayner J, Martin W: Modelling the immunogenicity
of therapeutic proteins using T cell epitope mapping. Dev Biol
(Basel) 2003, 112:71-80.

www.sciencedirect.com

Current Opinion in Pharmacology 2008, 8:1-7

Please cite this article in press as: De Groot AS, et al. Prediction of immunogenicity: iz silico paradigms, ex vivo and in vive correlates, Curr Opin Pharmacol (2008), doi:10.1016/j.coph.2008.08.002



http://dx.doi.org/10.1016/j.coph.2008.08.002

COPHAR-618; NO OF PAGES 7

6 New technologies

18. De Groot AS: Immunomics: discovering new targets for
e vaccine and therapeutics. Drug Discov Today 2006, 11:203-209.
Refs. [17,18°,19] are three papers on T-cell epitope clustering.

19. Meister GE, Roberts CGP, Berzofsky JA, De Groot AS: Two novel
T-cell epitope prediction algorithms based on MHC-binding
motifs; comparison of predicted and published epitopes from
Mycobacterium tuberculosis and HIV protein sequences.
Vaccine 1995, 13:581-591.

20. Zhang C, Cornette JL, Berzofsky JA, DeLisi C: The organization
of human leucocyte antigen class | epitopes in HIV genome
products: implications for HIV evolution and vaccine design.
Vaccine 1997, 15:1291-1302.

21. Zhang GL, Khan AM, Srinivasan KN, Heiny A, Lee K, Kwoh CK,
August JT, Brusic V: Hotspot Hunter: a computational system
for large-scale screening and selection of candidate
immunological hotspots in pathogen proteomes. BMC
Bioinformatics 2008, 9:S19.

22. De Groot AS: Immunomics: discovering new targets for
vaccines and therapeutics. Drug Discov Today 2006,
11:203-209.

23. Koren E, De Groot AS, Jawa V, Beck KD, Boone T, Rivera D, Li L,
Mytych D, Koscec M, Weeraratne D et al.: Clinical validation of
the “in silico” prediction of immunogenicity of a human
recombinant therapeutic protein. Clin Immunol 2007 May 7
[Epub ahead of print].

24. Bluestone JA, Abbas AK: Natural versus adaptive regulatory T
. cells. Nat Rev Immunol 2003, 3:253-257.

An excellent review of the characteristics and functions of two important
T-regulatory cell subsets.

25. Reveille JD: The genetic basis of autoantibody production.
Autoimmun Rev 2006, 5:389-398.

26. Hai S, McMurry JA, Knopf P, Martin W, De Groot AS:
Immunogenicity screening using in silico methods: correlation
between T-cell epitope content and clinical immunogenicity of
monoclonal antibodies. In Therapeutic Antibodies: From Theory
to Practice. Edited by Zhigiang. John Wiley and Sons; December
2007, in press [scheduled for publication Fall 2008].

27. Lopez M, Clarkson MR, Albin M, Sayegh MH, Najafian N: A novel
mechanism of action for anti-thymocyte globulin: induction of
CD4+CD25+Foxp3+ regulatory T cells. J Am Soc Nephrol 2006,
17:2844-2853. Epub 2006 August 16.

28. Enshell-Seijffers D, Denisov D, Groisman B, Smelyanski L,
Meyuhas R, Gross G, Denisova G, Gershoni JM: The mapping
and reconstitution of a conformational discontinuous B-cell
epitope of HIV-1. J Mol Biol 2003, 334:87-101.

29. Schreiber A, Humbert M, Benz A, Dietrich U: 3D-Epitope-
Explorer (3DEX): localization of conformational epitopes
within three-dimensional structures of proteins. J Comput
Chem 2005, 26:879-887.

30. Kulkarni-Kale U, Bhosle S, Kolaskar AS: CEP: a conformational
epitope prediction server. Nucleic Acids Res 2005,
33:W168-W171.

31. Rajnavolgyi E, Nagy N, Thuresson B, Dosztanyi Z, Simon A,
Simon |, Karr RW, Ernberg |, Klein E, Falk Kl: A repetitive
sequence of Epstein-Barr virus nuclear antigen 6 comprises
overlapping T-cell epitopes which induce HLA-DR restricted
CD4+ T lymphocytes. Int Immunol 1999, 12:281-293.

32. Graham CM, Barnett BC, Hartimayr |, Burt DS, Faulkes R,
Skehel JJ, Thomas DB: The structural requirements for class Il
(I-Ad)-restricted T cell recognition of influenza hemagglutinin:
B cell epitopes define T-cell epitopes. Eur J Immunol 1989,
19:523.

33. Vossen MT, Westerhout EM, Soderberg-Nauclér C, Wiertz EJ:
Viral immune evasion: a masterpiece of evolution.
Immunogenetics 2002, 54:527-542. Epub 2002 October 24.
Review.

34. Tobery TW, Dubey SA, Anderson K, Freed DC, Cox KS, Lin J,
Prokop MT, Sykes KJ, Mogg R, Mehrotra DV, Fu TM, Casimiro DR,
Shiver JW: A comparison of standard immunogenicity assays
for monitoring HIV type 1 gag-specific T cell responses in Ad5

35.

HIV Type 1 gag vaccinated human subjects. AIDS Res Hum
Retroviruses 2006, 22:1081-1090.

Hobeika AC, Morse MA, Osada T, Ghanayem M, Niedzwiecki D,
Barrier R, Lyerly HK, Clay TM: Enumerating antigen-specific T-
cell responses in peripheral blood: a comparison of peptide
MHC Tetramer, ELISpot, and intracellular cytokine analysis. J
Immunother 2005, 28:63-72.

An important paper describing the pros and cons of a range of methods
for measuring T-cell-dependent immunogenicity.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kong YC, Flynn JC, Banga JP, David CS: Application of HLA
class Il transgenic mice to study autoimmune regulation.
Thyroid 2007, 17:995-1003.

Klitgaard JL, Coljee VW, Andersen PS, Rasmussen LK, Nielsen LS,
Haurum JS, Bregenholt S: Reduced susceptibility of

recombinant polyclonal antibodies to inhibitory anti-variable
domain antibody responses. J Immunol 2006, 177:3782-3790.

Depil S, Angyalosi G, Morales O, Delacre M, Delhem N, Francois V,
Georges B, Hammer J, Maillere B, Auriault C, Pancre V:
Peptide-binding assays and HLA Il transgenic Abeta
degrees mice are consistent and complementary tools

for identifying HLA ll-restricted peptides. Vaccine 2006,
24:2225-2259.

Kong YC, Lomo LC, Motte RW, Giraldo AA, Baisch J, Strauss G,
Hammerling GJ, David CS: HLA-DRB1 polymorphism
determines susceptibility to autoimmune thyroiditis in
transgenic mice: definitive association with HLA-DRB1*0301
(DR3) gene. J Exp Med 1996, 184:1167-1172.

Shirai M, Arichi T, Nishioka M, Nomura T, Ikeda K, Kawanishi K,
Engelhard VH, Feinstone SM, Berzofsky JA: CTL responses of
HLA-A2.1-transgenic mice specific for hepatitis C viral
peptides predict epitopes for CTL of humans carrying HLA-
A2.1. J Immunol 1995, 154:2733-2742.

Man S, Newberg MH, Crotzer VL, Luckey CJ, Williams NS, Chen Y,
Huczko EL, Ridge JP, Engelhard VH: Definition of a human T-cell
epitope from influenza A non-structural protein 1 using HLA-
A2.1 transgenic mice. Int Immunol 1995, 7:597-605.

Charo J, Sundback M, Geluk A, Ottenhoff T, Kiessling R: DNA
immunization of HLA transgenic mice with a plasmid
expressing mycobacterial heat shock protein 65 results in HLA
class I- and ll-restricted T cell responses that can be
augmented by cytokines. Hum Gene Ther 2001, 12:1797-1804.

Ishioka GY, Fikes J, Hermanson G, Livingston B, Crimi C, Qin M,
del Guercio MF, Oseroff C, Dahlberg C, Alexander J et al.:
Utilization of MHC class | transgenic mice for development of
minigene DNA vaccines encoding multiple HLA-restricted CTL
epitopes. J Immunol 1999, 162:3915-3925.

Livingston BD, Newman M, Crimi C, McKinney D, Chesnut RW,
Sette A: Optimization of epitope processing enhances
immunogenicity of multiepitope DNA vaccines. Vaccine 2001,
19:4652-4660.

Pan S, Trejo T, Hansen J, Smart M, David CS: HLA-DR4
(DRB1*0401) transgenic mice expressing an altered CD4-
binding site: specificity and magnitude of DR4-restricted T-
cell response. J Immunol 1998, 161:2925-2929.

Wolchok JD, Yuan J, Houghton AN, Gallardo HF, Rasalan TS,
Wang J, Zhang Y, Ranganathan R, Chapman PB, Krown SE et al.:
Safety and immunogenicity of tyrosinase DNA vaccines in
patients with melanoma. Mol Ther 2007, 15:2044-2050.

Epub 2007 August 28.

Hermeling S, Schellekens H, Maas C, Gebbink MF, Crommelin DJ,
Jiskoot W: Antibody response to aggregated human interferon
alpha2b in wild-type and transgenic immune tolerant mice
depends on type and level of aggregation. J Pharm Sci 2006,
95:1084-1096.

Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB,
Tennent B, McKenna S, Mobraaten L, Rajan TV, Greiner DL et al.:
Multiple defects in innate and adaptive immunologic function
in NOD/LtSz-scid mice. J Immunol 1995, 154:180-191.

Shultz LD, Lang PA, Christianson SW, Gott B, Lyons B, Umeda S,
Leiter E, Hesselton R, Wagar EJ, Leif JH et al.: NOD/LtSz-
Rag1null mice: an immunodeficient and radioresistant model

Current Opinion in Pharmacology 2008, 8:1-7

www.sciencedirect.com

Please cite this article in press as: De Groot AS, et al. Prediction of immunogenicity: iz silico paradigms, ex vivo and 7z vive correlates, Curr Opin Pharmacol (2008), doi:10.1016/j.coph.2008.08.002



http://dx.doi.org/10.1016/j.coph.2008.08.002

COPHAR-618; NO OF PAGES 7

for engraftment of human hematolymphoid cells, HIV
infection, and adoptive transfer of NOD mouse diabetogenic T
cells. J Immunol 2000, 164:2496-2507.

50. Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K,

Ueyama Y, Koyanagi Y, Sugamura K, Tsuji K et al.. NOD/SCID/
gamma(c)(null) mouse: an excellent recipient mouse

model for engraftment of human cells. Blood 2002,
100:3175-3182.

51. Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC,

Lanzavecchia A, Manz MG: Development of a human adaptive
immune system in cord blood cell-transplanted mice. Science
2004, 304:104-107.

52. Ishikawa F, Yasukawa M, Lyons B, Yoshida S, Miyamoto T,

Yoshimoto G, Watanabe T, Akashi K, Shultz LD, Harada M:
Development of functional human blood and immune systems
in NOD/SCID/IL2 receptor {gamma} chain(null) mice. Blood
2005, 106:1565-1573.

53. PearsonT, Greiner DL, Shultz LD: Creation of “humanized’” mice

The current protocol for developing human immune system chimeric

to study human immunity. Curr Protoc Immunol 2008
May;Chapter 15:Unit 15.21.

mice.

Prediction of immunogenicity De Groot, McMurry and Moise 7

54.

55.

Steere AC, Klitz W, Drouin EE, Falk BA, Kwok WW, Nepom GT,
Baxter-Lowe LA: Antibiotic-refractory Lyme arthritis is
associated with HLA-DR molecules that bind a Borrelia
burgdorferi peptide. J Exp Med 2006, 203:961-971.

Reijonen H, Novak EJ, Kochik S, Heninger A, Liu AW, Kwok WW,
Nepom GT: Detection of GAD65-specific T cells by major
histocompatibility complex class Il tetramers in type 1 diabetic
patients and at-risk subjects. Diabetes 2002, 51:1375-1382.

Describes in detail an excellent method for measuring T-cell epitope
binding to HLA molecules, in vitro.

56.

57.

58.

McMurry J, Sbai H, Gennaro ML, Carter EJ, Martin W, De
Groot AS: Analyzing Mycobacterium tuberculosis proteomes
for candidate vaccine epitopes. Tuberculosis (Edinb) 2005,
85:95-105.

Reding MT, Okita DK, Diethelm-Okita BM, Anderson TA, Conti-
Fine BM: Human CD4+ T-cell epitope repertoire on the C2
domain of coagulation factor VIII. J Thromb Haemost 2003,
1:1777-1784.

De Groot AS, Moise L, McMurry JA, Wambre E, Van Overtvelt L,
Moingeon P, Scott DW, Martin W. Activation of natural regulatory T
cells by IgG Fc-derived Peptide “Tregitopes” Blood. 2008 Jul 25
[Epub ahead of print].

www.sciencedirect.com

Current Opinion in Pharmacology 2008, 8:1-7

Please cite this article in press as: De Groot AS, et al. Prediction of immunogenicity: iz silico paradigms, ex vivo and in vive correlates, Curr Opin Pharmacol (2008), doi:10.1016/j.coph.2008.08.002



http://dx.doi.org/10.1016/j.coph.2008.08.002

	Prediction of immunogenicity: in silico paradigms, ex vivo and in vivo correlates
	Introduction
	In silico paradigms
	T-cell epitope prediction
	Epitopes: tolerance and ignorance
	B-cell epitope prediction
	De-immunization

	Ex vivo and in vivo correlates
	Human T-cell assays
	HLA transgenic mouse models
	When in vivo studies are not possible

	Conclusion
	References and recommended reading


