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The anti-drug antibody (ADA) response is an undesired humoral response raised
against protein biopharmaceuticals (BPs) which can dramatically disturb their therapeutic
properties. One particularity of the ADA response resides in the nature of the
immunogens, which are usually human(ized) proteins and are therefore expected to
be tolerated. CD4 T cells initiate, maintain and regulate the ADA response and are
therefore key players of this immune response. Over the last decade, advances have
been made in characterizing the T cell responses developed by patients treated with
BPs. Epitope specificity and phenotypes of BP-specific T cells have been reported and
highlight the effector and regulatory roles of T cells in the ADA response. BP-specific
T cell responses are assessed in healthy subjects to anticipate the immunogenicity of
BP prior to their testing in clinical trials. Immunogenicity prediction, also called preclinical
immunogenicity assessment, aims at identifying immunogenic BPs and immunogenic
BP sequences before any BP injection in humans. All of the approaches that have
been developed to date rely on the detection of BP-specific T cells in donors who
have never been exposed to BPs. The number of BP-specific T cells circulating in
the blood of these donors is therefore limited. T cell assays using cells collected from
healthy donors might reveal the weak tolerance induced by BPs, whose endogenous
form is expressed at a low level. These BPs have a complete human sequence, but the
level of their endogenous form appears insufficient to promote the negative selection of
autoreactive T cell clones. Multiple T cell epitopes have also been identified in therapeutic
antibodies and some other BPs. The pattern of identified T cell epitopes differs across
the antibodies, notwithstanding their humanized, human or chimeric nature. However, in
all antibodies, the non-germline amino acid sequences mainly found in the CDRs appear
to be the main driver of immunogenicity, provided they can be presented by HLA class
Il molecules. Considering the fact that the BP field is expanding to include new formats
and gene and cell therapies, we face new challenges in understanding and mastering
the immunogenicity of new biological products.
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INTRODUCTION

Protein biopharmaceuticals (BPs) have revolutionized the
treatment of many diseases and their share of the worldwide
drug market continues to grow. There are three main categories
of protein BPs, if we exclude recombinant vaccines and
allergen-specific immunotherapy. Antibodies and molecules
composed of antibody fragments are the most important
category in terms of the number of BPs and market share.
Hormones, growth factors and cytokines define a category of
recombinant human proteins with an endogenous counterpart
generally circulating at low concentration. The third category
comprises replacement proteins such as clotting factors or
lysosomal enzymes, which are used to restore partial or complete
genetic deficiencies. All BPs exhibit marked specificity for their
target and low toxicity. However, BPs may be immunogenic
and promote immune responses against themselves. In
particular, anti-drug antibodies (ADAs) may be produced
by patients following infusion of BPs and may disturb the
pharmacokinetics of BPs, neutralize their therapeutic activities
or induce allergic or autoimmune symptoms, depending on the
category of BPs.

Several therapeutic antibodies have been found to induce
neutralizing antibodies, as illustrated by the anti-TNFa
antibodies infliximab and adalimumab (1, 2). Infusion and
allergic reactions have also been reported for infliximab
(3). ADAs raised against the second category of BPs, which
includes recombinant hormones (insulin, H2-relaxin) (4, 5),
growth factors [erythropoietin (Epo), GM-CSF] (6, 7) and
cytokines (IFN-f, IFN-a, IL-2) (8), might be neutralizing
as well. An additional risk exists for this category, owing
to the existence of endogenous forms. ADAs raised against
the recombinant protein can also neutralize the protein
produced by the patients and could affect critically important
functions of the endogenous protein. Pure red cell aplasia
(PRCA) is a rare autoimmune disease characterized by rapidly
progressive severe anemia resulting from the disappearance
of erythroid precursor cells in the bone marrow. PRCA
can be mediated by specific ADAs induced by injections of
recombinant human Epo, which has a fully human peptide
sequence (6). Neutralizing antibodies are also an important
issue for replacement proteins, as alternative therapies to
infusion with the protein remain limited and, in some cases,
may be reserved mostly for patients with severe deficiencies.
Neutralizing antibodies to factor VIII (FVIII) (often called
inhibitors in hemophilia papers) are found in 30% of patients
with severe hemophilia A and cause severe clinical complications
(9). Patients with mild or moderate severity hemophilia A
have a lower incidence of inhibitors, which is in part due to
residual FVIII, which actively tolerizes to the drug., but also
to their lack of or lower exposure to therapeutic FVIIL. Those

Abbreviations: ADA, anti-drug antibody; CDR, complementarity determining
region; BP, biopharmaceuticals; Epo, erythropoietin; DCs, dendritic cells; HLA,
human leukocyte antigen; HC, heavy chain. HSA, human serum albumin; IFN-y,
interferon-y; KLH, keyhole limpet hemocyanin; LC, light chain; MAPPs, MHC-
associated peptide proteomics; MS, mass spectrometry; PBMCs, peripheral blood
mononuclear cells.

who have received intensive FVIII therapy have an inhibitor
incidence approaching that of severe hemophilia A patients
(9, 10). The incidence of inhibitors of factor IX is lower in
hemophilia B (11).

All BPs have either entirely or partially humanized sequences,
but humanization does not guarantee a complete lack of
immune response as illustrated by the examples above. Immune
tolerance is firstly a consequence of B and T cell selection
during their ontogeny. B and T cell repertoires are counter-
selected by self-proteins in the bone marrow (12) and the
thymus (13), respectively. However, the level of endogenous
counterparts of BPs, which are expected to promote tolerance,
might completely differ across BP categories and patients
and therefore lead to variable levels of drug tolerance. IgGl
antibodies are present in the plasma at a concentration of
approximately 9 mg/mL. The sequences of the constant parts
of human IgGl1 antibodies are therefore present as high levels
of self-proteins. In contrast, VH or VL sequences are expressed
at variable and lower levels (14), while all the sequences
resulting from gene rearrangement and somatic mutations are
not present in the human proteome. The second category
corresponds to self-proteins present at low levels and the
replacement proteins forming the third category might have
different levels of endogenous counterpart. In patients with
complete deficiency, there is no endogenous counterpart and
the replacement protein is a foreign protein for the patients.
In contrast, a mutated form circulates at variable concentration
(also called cross-reacting material CRM) in patients with
mild or moderately severe disease (15). Completely different
physiological conditions therefore shape the repertoire of BP-
specific CD4T cells across BP categories and are expected
to influence the initial BP-specific T cell frequency, peptide
specificity and T cell expansion upon BP infusion. As CD4 T cells
participate in the initiation and control of immune responses
to either foreign or self-molecules, all these parameters should
impact initiation and regulation of the ADA response and
therefore help to understand and anticipate ADA onset. The
objective of this paper is to review recent developments in the
understanding the T cell response to BPs, with a main focus
on mechanisms controlling peptide specificity, T cell selection
and regulation.

BASIC MECHANISMS OF THE
ANTIGEN-SPECIFIC CD4T CELL
RESPONSE

CDA4T cells recognize antigens as peptides displayed by HLA
class II molecules at the surface of dendritic cells (DCs). These
peptides are produced by proteolysis of antigens by cathepsins
in the endosomal compartments and possess appropriate amino
acid sequences (also called binding motifs) (16, 17) that allow
their binding to the polymorphic HLA class II molecules (18).
As the polymorphic residues are mainly present in the peptide
binding site of the HLA class II molecules, the bound peptides
might be restricted to particular HLA class II allotypes or, in
contrast, might benefit from shared binding properties across
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allotypes to bind multiple HLA class II molecules (16, 17).
Some of the presented peptides are recognized by CD4 T cells
(Figure 1A). CD4T cells express at their surface a specific
receptor (TCR), which selectively recognizes peptides anchored
to the HLA molecules across the multitude of displayed peptides.
This selectivity comes from the wide diversity of TCRs generated
by the random and imprecise rearrangements of the V and J
segments of the TCR alpha and V, D, and ] segments of the
TCR beta genes (22). Pioneering estimates of the diversity of
the TCR repertoire suggest a lower limit estimate of 1 million
different TCR beta genes (23, 24), but more recent investigations
using high-throughput sequencing propose minimal estimates of
100 million unique TCRP sequences (25). This TCR repertoire
is further shaped by self-peptides in the thymus (13), where
many autoreactive T cells are deleted by apoptosis (Figure 1B).
T cells leaving the thymus have not been in contact with the
antigen in the periphery and are called naive T cells. Some
T cells specific for self-peptides might also be committed to
thymic regulatory cells (tTregs) in the thymus (Figure 1B).
The diversity of TCRs renders each antigen-specific naive T
clonotype very rare among the whole population of T cells, but
at varying frequencies depending on the nature of the antigens
(26) (Figure 1B). Frequencies of T cells specific for a single
epitope evaluated using MHC class II tetramers (27, 28) or
limiting dilution conditions vary in the range of 10~ to 10~ for
tumor (29, 30) or foreign antigens (27, 28, 31). These frequencies
are higher for full-length proteins, as exemplified by KLH or
protective anthrax antigen (32, 33), but are expected to be low for
recombinant forms of self-proteins owing to negative selection
of T cells in the thymus (13). Upon encountering antigens in
the body, specific T cell clones are activated in the lymphoid
organs and expanded over the other T cells. This expansion is
in the range of 10- to 1,000-fold for CD4 cells (27) (Figure 1B).
Interestingly, the final frequencies of antigen-specific memory
cells are correlated with the frequencies of precursors in the
naive repertoire, as shown in mice and humans using MHC class
II tetramers (26-28). Finally, during the expansion, activated
CDA4T cells transform into memory cells with helper functions.
Some of the expanded T cells might also transform into induced
regulatory T cells (iTreg), which are mainly characterized by
their capacity to release immunosuppressive cytokines such IL-10
(Figure 1B).

T CELL DEPENDENCE OF THE ADA
RESPONSE

Whether ADA induction is T cell-dependent is not
an obvious question as pioneering work on the T cell
response to FVIII using synthetic peptides did not reveal
particular differences between hemophilia A patients who
did or did not develop neutralizing antibodies (34-36).
It thus appears important to clarify the necessary role
of the T cell response in the ADA response for the three
categories of BPs, as T cell dependence validates the interest
of focusing on the T cell response to provide insights
into immunogenicity.

From these pioneering studies, the T cell response to FVIII
did not appear to be linked to the ADA response, but multiple
lines of evidence later pointed to T cell dependence (34-
36). Anti-FVIII antibodies are of the IgG isotype and contain
somatic mutations in their variable domains indicating that
they have been produced by B cells that have undergone
isotype switching and affinity maturation (37), both of which
are T cell-dependent. Many studies have reported the T cell
response in patients with mild/moderate (38-40) or severe
hemophilia A (40, 41) who developed neutralizing ADAs.
Most patients with mild or moderate hemophilia A circulate
a point-mutated, partially disabled FVIII protein and require
only rare infusions of therapeutic FVIII, indicative of they are
less likely to develop an ADA response (38, 39). However,
intensive treatment to support surgery or treat major bleeds,
or accumulated occasional exposures over a lifetime, increase
their risk of immunogenicity substantially (10). Analysis of
the epitope-specificity of the T and B cell response in these
patients showed that both FVIII T cells and antibodies
might be raised against the mutated epitopes, suggesting a
tight regulation of the specificity of FVIII-specific T cells
(38, 39, 42). An interesting observation is that low CD4T
cells resulting from HIV infection of hemophilia A patients
was associated with less anti-FVIII antibodies, suggesting an
important role of T cell help (43). In line with this finding in
HIV infection, mouse models using FVIII-deficient mice also
indicated that ADA induction against FVIII requires CD4 T cell
activation (44-46).

For the second category of BPs, ie., hormones, growth
factors, and cytokines, a higher T cell response was found in
ADA+ patients treated with IFN-beta as compared to ADA-
patients and healthy donors (47). The T cell dependence
of IFN-beta immunogenicity was strengthened by HLA
association of the ADA response to IFN-beta (48, 49)
and was also shown in IFN-beta transgenic mice (50).
Patients treated with recombinant human erythropoietin
and who developed PRCA showed a clear T cell response
to recombinant human erythropoietin, in contrast to ADA-
patients (51).

Finally, for the category constituted by the therapeutic
antibodies, Vultaggio et al. compared the T cell response to
anti-TNFa infliximab in 32 ADA+ patients, 39 ADA- patients
and 10 healthy donors (52). Infliximab-specific cell proliferation
was detected mainly with T cells collected from ADA+ patients,
especially those who developed hypersensitivity reactions, as
compared to T cells collected from ADA- patients or healthy
donors. The T cell response in ADA+ patients treated with
infliximab or rituximab was also observed by others (53) and
the ADA response to infliximab was found to be associated with
HLA-DRB1*03 (54). Isolation of human monoclonal antibodies
(mAbs) raised against adalimumab (55) and natalizumab (56)
confirmed the T cell dependence of their in vivo generation,
their sequences containing multiple somatic mutations. Anti-
natalizumab mAbs were isolated from donors who developed
a T cell response (56). Altogether CD4 T cell response appears
as a requisite to mount a ADA response for the three
BP categories.
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FIGURE 1 | Antigen recognition by T cells leads to T cell selection and expansion. (A) Peptide requirements for T cell recognition (19). A T cell epitope is processed by
the dendritic cell, binds to HLA class Il molecules (16, 20) and is recognized by the TCR (21). (B) T cells are selected positively and negatively by recognition of

self-peptides in the thymus. In the periphery, the naive T cells recognize antigenic peptides to expand and differentiate into memory or effector T cells (Tm/Teff). Thymic
T cells (tTregs) are committed in the thymus to regulatory T cells, while induced regulatory T cells (iTreg), that secrete IL-10 are differentiated from the pool of naive cells

T CELL RESPONSE TO BPs USING CELLS
COLLECTED FROM HEALTHY DONORS
WITH A VIEW TO PREDICTING
IMMUNOGENICITY

A prerequisite for the generation of a CD4 T cell response to BP
is the presence of T cells in the T cell repertoire that recognize
epitopes within the BP. In vitro stimulation assays using T cells
from healthy unexposed subjects are generally used to assess the
potential reactivity to BP. This is in contrast to investigations of
T cell responses against foreign proteins, whose T cell response is
mainly investigated using donors who have already mounted an
immune response to the antigens. This difference impacts both
the methodologies and the outcomes of the T cell assays applied
to BPs. Indeed, owing to the risk that immunogenicity issues stop
the clinical development of new products, an important request
from pharmaceutical companies is anticipation of these issues by
selecting the least immunogenic BPs across the BP candidates at
the early stages of drug development. Generally, drug selection

is driven by preclinical studies carried out in animal models.
However, animal models are not considered as good models for
predicting the immunogenicity of BPs in humans, the humanized
proteins being recognized as non-self in animals (57). As CD4 T
cells are involved in the initiation of the immune responses,
T cell assays using cells collected from healthy donors have
been developed to evaluate whether BPs could prime a new
T cell response in vitro (58-61). These T cell assays evaluate
whether T cells circulating in the blood of healthy donors can
recognize the BPs. They are clearly different from assays that
are done with cells collected from patients developing an ADA
response. T cell assays using cells collected from healthy donors
provide an estimate of the number of T cells prone to react
to BP recognition in healthy donors, who serve as estimators
of the number of T cells in the patients before BP injection.
Therefore, they do not therefore directly predict immunogenicity
but reveal a “potential of response;,” which is one of the main
factors contributing to immunogenicity (57). Multiple formats
of T cell assays are used to predict BP immunogenicity. Cells
introduced in the assay can be either PBMCs (PBMC assay) or
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a co-culture of autologous DCs and T cells (DC:T cell assay) (58,
60, 61). Assays also differ by the number of in vitro stimulations
with either BPs (59) or mitogenic molecules (33) and by the
readout used to characterize T cell specificity (mainly CFSE, 3H-
thymidine incorporation or ELISPOT). T cell assays are validated
by comparing BPs known to be either immunogenic or non-
immunogenic in humans (58-61), assuming that the response
in in vitro experiments correlates with an immune response in
patients. Because of the low frequency of naive BP-specific T cells
in healthy donors (26), we developed a T cell assay relying on
a long-term culture phase to enrich the cell culture in specific
T cells (T cell amplification assay) (59, 62). This was adapted
from assays developed to identify tumor antigens (63, 64). In
this assay, antibodies known to be immunogenic in multiple
treated patients, such as adalimumab (2), infliximab (1, 65), and
rituximab (66, 67), generate a higher T cell response (59, 68) than
poorly immunogenic antibodies such as trastuzumab (69) and
secukinumab (70) or fusion protein (etanercept) (71). Finally, T
cell assays using healthy donors have provided most of the data
on the T cell response to BPs (58-61, 68). Many T cell epitopes
have also been identified using these assays, as described in the
following sections.

mAbs-SPECIFIC CD4 T CELL EPITOPES
AND THEIR RELATIONSHIP WITH THYMIC
SELECTION

Because of HLA polymorphism, CD4 T cell epitopes of BPs are
expected to vary from one donor to another as a function of their
HLA allotypes, but also to be shared by multiple donors owing to
common binding specificities of the HLA class II molecules (17).
The location of BP-specific T cell epitopes is precious information
in understanding which parts of the molecules contribute to their
immunogenicity (Figure 2), but also which mechanisms take part
in this response. In fact, immunological mechanisms leading to
the T cell response to mAbs differ between regions mutated with
respect to the germline sequences, non-mutated regions of the
variable domains and constant regions (Figure 3A).

T cell epitopes have been identified in multiple therapeutic
antibodies, including infliximab (53), rituximab (53),
adalimumab (72), natalizumab (72), ixekizumab (73) by
deriving CD4T cell lines from cells collected from healthy
donors (Figure 2). The location of CD4 T cell epitopes was found
to be very specific for each therapeutic antibody (Figure 2).
Two-thirds of the identified T cell epitopes of infliximab and
rituximab participated to the T cell response mounted in
patients, who developed an ADA response (53). In another
study, the T cell response to infliximab in patients treated with
infliximab appeared broader (74). To provide insights on the
mechanisms leading to the T cell specificity, affinity of the
mAb peptides for HLA-DR molecules, which are common
worldwide was evaluated and the mAb peptides presented
by HLA-DR molecules of mAb-loaded dendritic cells were
identified. mAb-specific T cell epitopes are often found to bind
to HLA-DR molecules with good affinity (53, 72). For example,
HCDRS3 of adalimumab is a hot-spot of good binders to HLA-DR

molecules (72) and contains the vast majority of identified
T cell epitopes. T cell epitopes are often among the peptides
identified by MHC-associated peptide proteomics (MAPPs)
assay. This assay consists in loading immature monocyte-derived
DCs from healthy human donors with mAb, isolating HLA-DR
associated peptides from mAb-loaded DCs and identifying them
by liquid chromatography-mass spectrometry (53, 72, 73, 75).
Importantly, regions mutated with respect to the germline
sequences and hence mainly the CDR regions appear as the main
regions hosting T cell epitopes, which are therefore recognized
as neoepitopes (Figure 3a). Studies in mice have demonstrated
that somatic hypermutations create CD4 T cell epitopes in the V
regions (Figure 3a), although germline sequences do not elicit
a CD4T cell response (76). Germline sequences lead to central
deletion of the specific CD4T cell precursors in the thymus
(77, 78), possibly through their presentation by thymic B cells
(79) (Figure 3c). The CDR3 sequences result from the junction of
V(D)]J segments and TdT-catalyzed addition of nucleotides, and
they therefore differ largely from germline sequences. Multiple
T cell epitopes from adalimumab and ixekizumab overlap
HCDR3 (Figure 3a). In CDR1 and CDR2 of the VH and VL
chains of an antibody, somatic mutations are introduced during
affinity maturation and seem to generate multiple epitopes of
natalizumab and ixekizumab (Figure 3a). T cell clones derived
from two multiple sclerosis patients who developed an ADA
response specific for natalizumab were found to react with one
CDA4T cell epitope overlapping the LCDR2 region, only (56).
This epitope was also identified in a study performed with
cells collected from healthy donors (72). Interestingly, a T cell
response targeting a single epitope can suffice to mount an ADA
response (56).

However, some T cells recognizing non-mutated parts of the
mAb could escape thymic selection, as shown in a mouse model
(78) (Figure 3b). Three T cell epitopes of adalimumab, one of
natalizumab and one of ixekizumab do not contain somatic
mutations with respect to the germline sequences (Figure 2) (72,
73), as evaluated by two alignment methods (80, 81). The best-
fitting germline sequence of adalimumab VH is the gene segment
VH3.9 (81). Itis a poorly expressed germline gene segment in the
human B cell repertoire (14) and hence could give rise to a partial
escape of adalimumab-specific CD4 T cells from the thymus (78)
(Figure 3b). However, these T cell epitopes contribute only little
to the mAb-specific T cell response (Figure 2).

In addition to the T cell epitopes identified in the variable
domains of therapeutic mAbs, T cell epitopes deriving from
constant regions of IgG (82) and from human serum albumin
(83) were found to activate tTreg cells and have been called
Tregitopes. Indeed, some precursor T cells egressing from the
thymus are committed to T cells with immunosuppressive
function and characterized by the CD4+4CD25+FoxP3+
phenotype (84). Autoreactive thymic regulatory T cells (tTregs)
are positively selected on endogenous self-antigens expressed in
the thymus. This selection occurs in a highly specific manner
through TCR interaction of high affinity for their cognate
antigen. Constant parts of immunoglobulin IgG1l and serum
albumin are both highly abundant proteins and should therefore
be presented as antigenic peptides by MHC II molecules
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FIGURE 3 | recognized by T cells as foreign in gene-deficient patients or as mutated sequences with respect to the human germline sequences (neoepitopes) (a).
Non-mutated sequences might (b) stimulate T cells that have escaped thymic selection or might (c) lead to T cell tolerance by deletion of T cells in the thymus or (d)
induction of thymic Tregs (tTregs). (e) Peripheral tolerance could be provided by induced Tregs (iTregs). Structure of a full-length antibody (Pdb: 21GF), human Epo

(Pdb: 1BUY), and human FVIIl (Pdb: 3CDZ).

expressed by medullary thymic epithelial cells (mTECs) in the
thymus. Presentation of these peptides might lead to deletion of
effector CD4 T cells (Figure 3c), which explains why CD4 T cell
epitopes are not found in the constant parts of IgG, and also to
selection of specific tTregs (Figure 3d). These Tregitopes have
been shown to suppress multiple kinds of immune responses,
including humoral (82, 85) and cellular (86), but were also shown
to be poorly active in this regard in an alternative study (87).
No BP-specific tTregs have been cloned and characterized yet
and the mechanism of suppression remains to be determined.
Together, the T cell repertoire specific for therapeutic mAbs
appears to be shaped by creation of neoepitopes for mutated
regions with respect to the germline sequences, T cell escape
(also called ignorance see below) and deletion in the thymus for
non-mutated regions of the variable domains and T cell deletion
or tTreg generation for constant regions (Figure 3A).

CD4T CELL REPERTOIRE OF HORMONES,
GROWTH FACTORS, AND CYTOKINES

Mutations cannot be the only driving force of BP
immunogenicity, as immunogenic hormones, growth factors
and cytokines that form the second BP category are not
mutated. Cytokines such as IFN-b (88), IFN-a (89), and IL-2
(90) and growth factors such as GM-CSF (7) are all known to
elicit an antibody response in some patients, albeit to various
degrees. In vivo expression of the endogenous counterpart
of immunogenic BPs of the second category might not be
sufficient to completely deplete the specific T cells in the thymus,
leading to immunological ignorance, as named by Ohashi et al.
(91) (Figure 3b). This immunological mechanism has been
demonstrated in transgenic mice expressing a model antigen in
the periphery (91). In these mice, antigen-specific T cells escape
from thymic selection as the model antigen is not expressed
in the thymus. T cells, however, do not react to the antigen
expressed in the periphery, owing to the lack of appropriate
signals of T cell activation.

Similarly, expression of the endogenous counterpart of the
second BP category might be not sufficient to completely
deplete the specific T cells in the thymus. T cells escape from
thymic selection (Figure 3b), although they are specific for
self-sequences and not neoepitopes (Figure 3a). A specific and
functional T cell repertoire is therefore available to react to the
corresponding BPs, but is not activated at the steady state. As an
example, a high frequency of Epo-specific T cells was found in the
blood of many healthy donors (62, 92). In most patients, infusion
of correctly formulated recombinant Epo is well-tolerated and
probably did not activate Epo-specific T cells, in the absence of
co-stimulatory signals. However, altered HSA-free Epo batches
might contain Epo aggregates, micelles and leachates from the

syringe stopper (93), which might favor DC maturation and
antigen capture by the DCs (94) and thereby provide T cell
activation signals (51). Another example of immunogenic BP of
the second category is relaxin. Relaxin is a two-chain peptide
hormone structurally related to insulin with anti-inflammatory
activity, but its injection in humans led to the production of anti-
relaxin antibodies in multiple patients (4). In agreement with its
clinical immunogenicity, relaxin elicits a strong in vitro T cell
response from cells collected from healthy donors (95).

In agreement with the concept of antigen ignorance (91)
(Figure 3b), T cell epitopes have been identified in Epo (92),
IFN-b (47), and relaxin (95), using synthetic peptides bearing
unmodified human sequences. Given that the sequences of the
BP are identical to those of the endogenous forms, these findings
confirm that BP can be immunogenic without alteration of their
sequence (Figure 3b), e.g., by chemical (96) or post-translational
modifications to create neo-epitopes (Figure 3a). In fact, to our
knowledge, T cell neoepitopes of the second category of BPs have
not yet been identified.

One important consideration in anticipating the tolerance or
ignorance of self-sequences might be direct evaluation of their
expression in the thymus. Epo and IFN-b do not seem to be
expressed in the thymus, in agreement with their capacity to
mount a T cell response (47, 51, 62, 92). In contrast, the thymic
expression of relaxin has been reported (95), but it is unknown
whether relaxin is expressed by mTECs to promote T cell
selection. To our knowledge, insulin is the only hormone known
to induce central tolerance, as depletion of insulin expression
in mTECs has been shown to induce spontaneous anti-insulin
autoimmunity in mice (97) (Figure 3d). In the case of insulin,
a particularity is, that in some cases, insulin is given to diabetic
patients with autoantibodies against self-proteins and peptides
including insulin itself (98, 99). Hence autoantibodies to insulin
may be preexisting, i.e., present before the first injection of
insulin. Multiple studies have identified proinsulin and not only
insulin as the main target of autoreactive CD4T cells, many
clones being specific for the C-peptide human proinsulin (100-
102). Mechanisms of insulin immunogenicity are therefore not
representative of the other immunogenic hormones, but suggest
that expression of self-antigens in mTec might be investigated
to define the immunogenicity risk of therapeutic proteins. In
summary T cells specific for cetagory including hormones,
growth factors and cytokines are therefore either produced by
ignorance or deleted by central tolerance (Figure 3B).

CD4T CELL EPITOPES OF REPLACEMENT
PROTEINS, ILLUSTRATED BY FVIII

The third category of BPs comprises replacement proteins such as
clotting factors or lysosomal enzymes. To our knowledge, there
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are no T cell epitopes identified in lysosomal enzymes such as -
glycosidase (Pompe disease), a-galactosidase (Fabry disease), or
in factor IX (hemophilia B) in humans, but only in mice (103).
In contrast, multiple studies have sought to identify CD4 T cell
epitopes of FVIII from severe hemophilia A patients (41, 104),
mild/moderate hemophilia A patients (38, 39, 105, 106) and
FVIII-deficient humanized mice (46).

T cell reactivity against FVIII appears very complex and
depends on the residual amount of endogenous FVIIL. The grade
of hemophilia A from severe to mild is related to the remaining
level of FVIII function. Deficiencies range from complete lack of
circulating FVIII, which results in the most severe hemophilia
A cases, to an altered function due to missense mutations, small
insertions or deletions. ADA incidence varies from 30% in severe
hemophilia A patients to 5-20% in mild/moderate hemophilia
A patients and may be linked to the remaining amount of
FVIII (CRM+) and may not be related to its functionality
(107). Hemophilia B patients have a reduced risk of neutralizing
antibodies, probably because patients produce a circulating and
dysfunctional factor IX (CRM+) (11).

In severe hemophilia A patients, partial or complete lack of
FVII (CRM-) renders the infused FVIII a foreign molecule
(Figure 3a). In line with the large size of FVIII, multiple potential
epitopes have been found to be displayed by HLA class II
molecules (108, 109) and are across all FVIII domains (108~
110). The number of presented peptides is diminished by the
association of FVIII with von Willebrand factor (110), which
limits the uptake of FVIII by DCs (111). In FVIII-deficient
HLA-DRI15-transgenic mice, which are designed to mimic severe
hemophilia A, the T cell response is supported by 8 dominant
epitopes, which exhibit a good affinity for different HLA-DR
molecules. T cell epitopes identified in FVIII (36, 38, 39, 106)
are some of the presented peptides (108) but all the presented
FVIII peptides did not elicit a T cell response as already observed
for therapeutic mAbs (53, 72). The T cell response in severe
hemophilia A patients may appear to focus on only one high-
avidity epitope, when assessed with HLA-Class II tetramers (41),
which is at variance with studies using T cell proliferation assays
suggesting a much broader T cell response to FVIII (34).

In mild/moderate hemophilia A patients, the remaining
material of FVIII circulating in the blood might exert selective
pressure on the CD4T cells in the thymus (Figure 3c).
This is supported by observation patients with mild-moderate
hemophilia that carry a mutation. CD4T cell clones isolated
from these patients target the mutated epitope (i.e., a neoepitope)
(Figure 3a), suggesting that T cells reactive to the non-mutated
variant were negatively selected. Both the epitope with the
R2150H mutation and the non-mutated counterpart bind with
high affinity to multiple HLA-DR molecules, the mutation
supposedly being in tight contact with the TCR (38). The epitope
with the A2201P mutation (39, 105) was the same as that found
in severe hemophilia A patients (41). In contrast to the mutated
regions, the remaining parts of FVIII did not give rise to specific
T cells in the mild/moderate hemophilia A patients and appeared
to be tolerated (Figure 3c).

Strikingly, induction of central tolerance (Figure 3c) by
endogenous FVIII does not seem to be important in healthy

donors. Indeed, a large repertoire of FVIII-specific CD4 T cells
is found in the blood of healthy donors (112), suggesting that
these cells escape negative thymic selection (Figure 3b). Half of
the FVIII-specific T cells were naive or memory T cells and the
frequency of memory cells remained low as compared to memory
cells specific for foreign antigens (112).

This repertoire of FVIII-reactive T cells might also trigger
the naturally-occurring anti-FVIII Abs found in many healthy
subjects and maybe even for the onset of acquired hemophilia
(113). Owing to the higher incidence of ADAs in severe
hemophilia A patients as compared to mild/moderate hemophilia
A patients, the different level of FVIII deficiency might enlarge
the FVIII-specific CD4T cell repertoire from the already
large repertoire found in healthy donors, by expanding T
cells of higher avidity for their cognate antigen, a concept
demonstrated for a tumor antigen in mice (114). Alternatively,
the loss of FVIII expression in hemophilia A patients could
be accompanied by a deficiency of thymic regulatory T
cells (tTregs). Indeed, absence of cognate antigen has been
shown to lead to a severe loss of tTreg positive selection
(115). Deficiency in expression of FVIII in hemophilia A
patients may therefore impact FVIII-specific tTreg selection
(Figure 3d). But to date, the role of tTreg cells in the FVIII
T cell response has only been assessed by removing CD4+
CD25+ T cells from T cell proliferation assays (105) or by
adoptive transfer of tTregs into mice challenged with FVIII
plasmid (116). No FVIII peptides have yet been characterized
for tTreg recognition. Further studies using samples from
mild/moderate or severe hemophilia A patients or healthy
donors are required to provide a more complete picture of
the FVIII T cell epitopes and how they entail or prevent
ADA onset. Nevertheless, how the T cell repertoire is shaped
in CRM- and CRM+ patients appears to involve multiple
immunological mechanisms.

ROLE OF SUBSETS OF BP-SPECIFIC
CD4T CELLS IN THE INDUCTION AND
REGULATION OF THE ADA RESPONSE

Different subsets of T cells participate in the initiation
and regulation of many adaptive immune responses, their
frequencies, phenotypes, onset and persistence might be a
source of understanding, as already observed for vaccines
(117) and allergen immunotherapies (118, 119). To date, the
phenotypes of T cells specific for BPs in treated patients have
been investigated in few studies, mainly in the context of
mAbs (52, 53, 120). Overall, the data suggest that the ADA
response might be controlled by the balance between antibody-
inducing and antibody-suppressing cytokines. Although ADA
follow-up is requested by the authorities during clinical trials,
characterization of the T cell response is not mandatory, but
recommended. Ethical issues might also limit the collection
of blood samples, especially as in most genetic deficiencies,
including hemophilia and lysosomal diseases, the patients might
be very young. As mentioned above, effector T cells specific
for infliximab (52, 53, 120), rituximab (53), and natalizumab
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(56) collected from patients who developed an ADA response
were revealed by proliferation assays or secretion assays of
inflammatory cytokines. Individual patterns of the cytokines
including IFN-y, IL-13 (120), IL-5, and IL-17 (53) were found
across the patients. IL-13 appeared to be associated with detection
of specific IgE (52). T cell clones specific for infliximab were
found to be of TH1, TH2, or THO cells (120) and should provide
help to the B cells to produce ADA. By contrast, many of
the T cell clones (120) or bulk T cells (53, 120) also secreted
IL-10, an immunosuppressive cytokine, which is known to
suppress T cell proliferation and IgG secretion (121) (Figure 3e).
IL-10-secreting T cell clones specific for infliximab inhibited
the proliferation of co-cultured effector T clones also specific
for infliximab in an IL-10-specific manner (120). Interestingly,
longitudinal analysis of the infliximab-specific T cell response
highlighted the upregulation of IL-10 throughout the treatment,
while IFN-y was mainly expressed at the first infusion. Patients
who developed ADAs produced little IL-10 at the beginning of
the treatment and exhibited low IL-10/TFN-y ratios (74). IL-10
was therefore found to be a cornerstone of ADA regulation. IL-
10-producing cells are induced by infusion with the therapeutic
antibody (Figure 3e) and differ from tTreg cells (Figure 3d),
which are directly committed to regulatory T cells in the thymus
(84). Besides IL-10 production (121), induced Treg cells (iTregs)
(Figure 3e) might acquire a Foxp3+ CD25+ CD4+ phenotype
(120) similar to that of tTregs (Figure 3d), but they share the
same CD4T cell epitopes with effector CD4T cells, as they
are produced from the same precursor cells, as shown for
allergen immunotherapy (122). In studies of the T cell response
to infliximab (52, 120), almost all patients generated an IL-
10 response, including patients who did not generate ADA
(ADA-). It is generally thought that ADA- patients did not
develop any immune response against the BP. As shown in
this study, they might develop a suppressive T cell response,
which hampers the ADA response. Isolated immunomonitoring
of the ADA response, while neglecting the T cell response, may
therefore underestimate the number of patients who generate an
immune response to infliximab (1, 65). Further investigations
are required to generalize these observations to other anti-TNF
therapeutic antibodies or other BPs. In conclusion, detailed
analyses of the T cell response to BPs are insufficient in
number, but the existing studies are important in deciphering a
part of the mechanisms of immunogenicity in patients treated
with BPs.

PERSPECTIVES

In the last decade, our understanding of the T cell response
to BPs has benefited from findings from various immunology-
related fields including vaccinology and cancer immunology. T
cell assays relying on the generation of T cell lines have been
adapted from experiments done to identify tumor T cell epitopes
(63). Prediction of T cell epitopes is done using algorithms
trained with foreign sequences, especially from bacterial and
viral antigens (123). The next decade may benefit from methods

developed to investigate the T cell response in healthy donors and
in patients, from the identification of their own T cell epitopes,
and from pioneering work on T cells in patients treated with
BPs. It is important to extend studies to many more BPs, as the
paucity of clinical data is hampering progress. Little attention
has also been paid to understanding how the T cell response
is triggered. A soluble molecule generally leads to immune
tolerance rather than immune response (124) and needs adjuvant
activity to switch on the response (125). It is unclear how
BPs acquire this ability to prime the T cell response. Identified
hints are the capacity to aggregate (126), which may occur in
vivo (127), to contain trace levels of impurities (128), to form
immune complexes (129), and to interact with immune cells
(130). Moreover, patient- treatment- or disease-specific factors
may also have to be considered. An important opportunity
provided by T cell epitope identification is to de-immunize
BPs by removing T cell epitopes from their sequences (131-
133). The challenge of de-immunization is to take into account
the wide diversity of HLA in humans and to maintain BP
functionality. Multiple molecules have already been engineered
including enzymes (132), FVIII (134), and mAbs (56, 133), but
to our knowledge none has yet been challenged in a clinical
setting. Finally, multiple other BPs different from proteins, such
as advanced therapeutic medicinal products, are being actively
developed and studied in terms of immunogenicity issues. Pre-
existing immunity to recombinant adeno-associated virus vectors
or lentiviral vectors compromises the efficacy of gene therapy,
while de novo antibody and cytotoxic CD8T cell responses
could eliminate cells transfected with the therapeutic products
(135). Pre-existing immunity has also been demonstrated for
the bacterial CAS9 protein and could dramatically limit genome
editing tools such as CRISPR/Cas9 technology (136). All these
new therapeutic approaches might benefit from already off-the-
shelf technologies to investigate the T cell response and from
recent advances in single-cell analysis (137) and next-generation
sequencing (138).
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