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Abstract
The increasing use of multiple immunomodulatory (IMD) agents for cancer therapies (e.g. antibodies targeting
immune checkpoints, bispecific antibodies, and chimeric antigen receptor [CAR]-T cells), is raising questions on their
potential immunogenicity and effects on treatment. In this review, we outline the mechanisms of action (MOA) of
approved, antibody-based IMD agents, potentially related to their immunogenicity, and discuss the reported
incidence of anti-drug antibodies (ADA) as well as their clinical relevance in patients with cancer. In addition, we
discuss the impact of the administration route and potential strategies to reduce the incidence of ADA and
manage treated patients. Analysis of published reports indicated that the risk of immunogenicity did not appear to
correlate with the MOA of anti-programmed death 1 (PD-1)/PD-ligand 1 monoclonal antibodies nor to substantially
affect treatment with most of these agents in the majority of patients evaluated to date. Treatment with B-cell
depleting agents appears associated with a low risk of immunogenicity. No significant difference in ADA incidence
was found between the intravenous and subcutaneous administration routes for a panel of non-oncology IMD
antibodies. Additionally, while the data suggest a higher likelihood of immunogenicity for antibodies with T-cell or
antigen-presenting cell (APC) targets versus B-cell targets, it is possible to have targets expressed on APCs or T cells
and still have a low incidence of immunogenicity.
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Introduction
In the past few years, immune checkpoint inhibitors,
such as the anti-cytotoxic T-lymphocyte antigen 4
(CTLA-4) monoclonal antibody (mAb) ipilimumab, the
anti-programmed death 1 (PD-1) mAbs nivolumab,
pembrolizumab, and cemiplimab, and the anti-PD-ligand
1 (PD-L1) mAbs atezolizumab, avelumab, and durvalumab, have revolutionized treatment regimens for several
malignancies (Table 1) [1–7]. Other immuno-oncology
mAbs are currently being evaluated in clinical trials, including novel anti-CTLA-4 and anti-PD-1 mAbs, and
antibodies that target costimulatory receptors in the
tumor necrosis factor receptor (TNFR) superfamily (i.e.
CD137/4-1BB, OX40, CD40, GITR, and CD27), TIM-3,
LAG-3, and other receptors [8–15]. Further, approved or
investigational agents with different structures/composition and immunomodulatory (IMD) activities (i.e.
* Correspondence: ira.jacobs@pfizer.com
5
Pfizer, 219 East 42nd Street, New York, NY 10017-5755, USA
Full list of author information is available at the end of the article

bispecific antibodies, chimeric antigen receptor (CAR)-T
cells, antibody fragments, antibody-drug conjugates
[ADC], and fusion proteins) are also being administered
to patients [16–19].
Thus, the expected increase in the use of multiple
IMD agents in the same patient, for sequential or simultaneous combination therapies, has raised questions
about their potential immunogenicity and related effects
on the safety and efficacy of treatment compared with
non-IMD agents [20–22]. Distinct from B-cell depleting
antibodies (i.e. anti-CD20 or anti-CD19 mAbs), other
IMD agents have the capacity to strengthen host immune responses, including both antitumor and autoimmune responses in some cases [23, 24]. Consequently,
they might directly, or indirectly through stimulation of
immune networks, affect humoral immune responses
resulting in the induction of anti-drug antibodies (ADA).
ADA can induce infusion-related reactions or alter the
pharmacokinetics (PK) of an agent by affecting its clearance [25]. In addition, in some cases ADA can decrease
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Table 1 Immune checkpoint inhibitor mAb therapies
mAb

Target

Structure

Isotype

Route of admin.

Approvalsa

Ipilimumab

CTLA-4

Fully human

IgG1, kappa

IV

MEL, RCCb, MSI-H/MRD CRCb

Nivolumab

PD-1

Fully human

IgG4, kappa

IV

MEL, NSCLC, cHL, RCC, HNSCC, UC, MSI-H/MRD CRC, HCC

Pembrolizumab

PD-1

Humanized

IgG4, kappa

IV

MEL, NSCLC, cHL, HNSCC, PMBCL, UC, MSI-H/MRD cancer,
HCC, gastric cancer, cervical cancer

Cemiplimab

PD-1

Fully human

IgG4, kappa

IV

CSCC

Atezolizumab

PD-L1

Humanized Fc-engineered

IgG1, kappa

IV

UC, NSCLC

Avelumab

PD-L1

Fully human

IgG1, lambda

IV

MCC, UC

Durvalumab

PD-L1

Engineered human

IgG1, kappa

IV

UC, stage III NSCLC

CRC colorectal cancer, cHL classical Hodgkin lymphoma, CSCC cutaneous squamous-cell carcinoma, CTLA-4 cytotoxic T-lymphocyte associated protein 4, HCC
hepatocellular carcinoma, HNSCC head and neck squamous cell carcinoma, IV intravenous, mAb monoclonal antibody, MCC Merkel cell carcinoma, MEL melanoma,
MRD mismatch repair-deficient, MSI-H microsatellite instability-high, NSCLC non-small-cell lung cancer, PD-1 programmed death 1, PD-L1 PD-ligand 1, PMBCL
primary mediastinal large B-cell lymphoma, RCC renal cell carcinoma, SC subcutaneous, UC urothelial carcinoma
a
Listed approvals reflect US Food and Drug Administration approvals
b
In combination with nivolumab

treatment efficacy by neutralizing the activity of the drug
(neutralizing antibody, NAb). Parameters usually reported for ADA include incidence (i.e. percentage of
positive patients), titers, and evolution over time (i.e.
present or absent at baseline, emergent during treatment
or boosted by treatment, transient or persistent) [21, 22].
Furthermore, the subcutaneous (SC) route of administration is being increasingly explored clinically for the
delivery of IMD agents to provide more convenience to
patients (e.g. anti-PD1 or PD-L1 antibodies SC in trials
NCT03656718, NCT03665597, NCT02573259, NCT028
27968, and NCT03735121 or blinatumomab SC in
NCT02961881). This raises questions on their potential
immunogenicity, compared with intravenous (IV) delivery of these agents [26–30]. Proteins administered SC
may be taken up and processed by dendritic cells (DCs),
which function as primary antigen-presenting cells
(APCs), more easily than IV agents, with initiation of
specific immune responses [26, 27].
To address some of these topics, we review the mechanisms of action (MOA) of approved, antibody-based,
IMD agents potentially related to their immunogenicity
and discuss the evidence reported to date on the incidence of ADA and NAb across multiple, approved IMD
and non-IMD agents and the clinical relevance for cancer patients. In addition, we discuss potential strategies
to reduce the incidence of immunogenicity and manage
treated patients.
The immune system and antibody-based IMD agents

IMD agents may potentiate immune responses through
direct immunomodulation (e.g. anti-CTLA-4 or
anti-PD-1/PD-L1 mAbs) or they may inhibit immune responses, as in the case of proapoptotic/depleting antibodies that target immune cells (e.g. anti-CD19 or
anti-CD20 antibodies). IMD agents developed to induce
antitumor immune responses in cancer patients exert

immunostimulatory activity through different MOAs.
For example, in lymphoid tissues, T-cell activation triggers surface expression of the immune checkpoint
CTLA-4, which binds to B7 molecules with stronger affinity than CD28, blocking the costimulation signal.
Consequently, CTLA-4 inhibition by ipilimumab can result in costimulation and T-cell activation and contribute to more effective antitumor responses [1, 31].
PD-1 expression by tumor-infiltrating lymphocytes is associated with impaired function and decreased survival,
proliferation, cytokine release, and cytotoxicity against
tumor cells. Inhibition of this tumor-associated immunosuppressive pathway by agents targeted to PD-1 or its ligand PD-L1, was shown to restore functional antitumor
immune responses in experimental tumor models and in
treated patients [2, 3, 31]. In addition, combined inhibition
of the PD-1 and CTLA-4 pathways may yield synergistic
effects, suggesting that they are both critically involved in
regulating T-cell activity [32, 33].
More complex antibody-based agents can induce targeted activation of immune cells. Bispecific antibodies are
recombinant molecules engineered to express two binding
specificities and allow concomitant engagement of a
tumor-associated antigen and immune cells [16]. Depending on their structure, they may be small, bivalent molecules with variable regions connected by a linker, such as
the anti-CD3/CD19 bispecific T-cell engager (BiTE) blinatumomab, or more complex antibody-based modalities
such as tetravalent antibodies, in which a single-chain
variable fragment (scFv) with one antigen specificity is
fused to the c-terminal of an IgG with a different antigen
specificity, resulting in tetravalent molecules with two
binding sites for each antigen. Significant clinical activity
has been observed with blinatumomab, approved for the
treatment of patients with B-cell precursor acute lymphoblastic leukemia (ALL), in the presence of autologous T
cells [16, 34].
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CAR-T cells are engineered T cells expressing receptors
that bind target antigens using an antibody-derived scFv,
which allows T cells to bypass the restrictions imposed by
the major histocompatibility complex (MHC). Autologous
CAR-T cells derived from the patient are expected to be
less immunogenic and potentially more persistent in vivo
than allogeneic CAR-T cells derived from healthy donors.
Addition of costimulatory regions (i.e. CD28, CD137/
4-1BB) to second- and third-generation CARs has also
contributed to increased in vivo T-cell persistence and expansion. Although treatment with CAR-T cells may be associated with cytokine-release syndrome in a substantial
number of patients, durable responses have been achieved
with CD19-targeted CAR-T cells in patients with B-cell
ALL and non-Hodgkin lymphoma (NHL) [17].
Immunogenicity testing of antibody-based, anti-cancer
agents

Multiple factors may affect the immunogenicity of a mAb,
either related to the mAb itself (i.e. product-related impurities, excipients, dosing regimen) or the patient (i.e. type
and stage of disease, potential comorbidities, prior and
concomitant treatments). In addition, assay-related variables (i.e. sensitivity and specificity, drug concentration in
test samples, and cut-off points in confirmatory assays),
may affect ADA and NAb measurements [21, 22]. Bioanalytical approaches for the detection of ADA and NAb have
been described in detail in other reviews [35–37].
Developing fully human or humanized antibodies
lowers the risk of inducing or boosting ADA compared
with murine/human chimeric mAbs, and this approach
has been used for all approved immune checkpoint inhibitor antibodies targeting PD-1, PD-L1, and CTLA-4
(Table 1) [38–50]. However, patients may still develop
ADA/Nab able to affect treatment with these antibodies
[21]. To date, immunogenicity has been evaluated in
large numbers of patients for approved mAbs (Table 2),
while more limited or no information is available for
mAbs or combinations still at the investigational stage.
All mAbs included in this analysis were administered
intravenously. When specified, ADA were assessed by
electrochemiluminescence (ECL) assays, with the exception of an ipilimumab study that relied on a bead-based
assay [48]. Information available on the extent of drug
interference in ADA evaluations is included in the footnotes of Table 2.
Anti-PD-1/PDL-1 and anti-CTLA-4 antibodies

For immune checkpoint inhibitors, a low incidence of
ADA (0–12.7%) has been reported following single-agent
treatment with the anti-PD-1 mAbs nivolumab, pembrolizumab, and cemiplimab; the anti CTLA-4 mAb ipilimumab; and the anti-PD-L1 mAbs avelumab and durvalumab
in patients with advanced malignancies (Table 2) [38–47].
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NAb were detected in 0–0.8% of patients treated with
nivolumab, pembrolizumab, or ipilimumab monotherapy
[39, 41, 42]. No clinically relevant effects on safety, PK, or
efficacy were noted following development of ADA/NAb
to nivolumab, pembrolizumab, or ipilimumab, when analyzed in large patient populations enrolled in prospective
trials [38–43]. Differently from previous analyses, findings
with ipilimumab from a small, observational study in patients with metastatic melanoma suggested that ADA may
affect treatment outcomes [48]. Eight (26%) patients were
ADA-positive at any time point and the presence of ADA
significantly correlated with shorter median overall survival (mOS; 235 vs 658 days, p = 0.03). The differences in
ADA incidence reported for ipilimumab may reflect the
use of assays with different detection thresholds, requiring
further validation in larger, prospective studies [48].
Among patients evaluable for ADA against atezolizumab, a humanized, Fc-engineered, anti-PD-L1 IgG1 mAb,
39.1% of patients (pooled from multiple clinical trials)
were reported to have post-treatment ADA (Table 2).
Hypersensitivity reactions occurred in 1.2% of patients. In
advanced urothelial carcinoma, treatment-emergent ADA
were detected at ≥1 time point in 42–48% of patients and
found not to affect safety of treatment. However, observed
systemic exposures for atezolizumab were lower in
ADA-positive patients due to increased clearance [49, 50].
In advanced non-small-cell lung cancer (NSCLC), 30% of
evaluated patients tested positive for treatment-emergent
ADA at ≥1 time point. Median time to ADA formation
was 3 weeks. Similar to the observation in patients with
urothelial carcinoma, ADA-positive patients with NSCLC
had decreased atezolizumab exposure. Furthermore, in an
exploratory analysis, ADA-positive patients (21%) appeared to derive less benefit compared with ADA-negative
patients, with a mOS similar to that observed in the docetaxel control arm (9.6 months) [50]. No clinically relevant
effects were noted on incidence and severity of adverse
events (AEs) in patients positive for anti-atezolizumab
antibodies [49, 50].
Varying effects on ADA have been observed when
combining an anti-PD-1/PD-L1 and an anti-CTLA-4
mAb. Higher incidences of ADA (23.8–37.8%) and NAb
(0.5–4.6%) were observed against nivolumab but not
against ipilimumab, following administration of nivolumab and ipilimumab to patients with advanced solid tumors (Table 2) [39]. However, no effects on the PK
profile of nivolumab or an increase in infusion-related
reactions were reported in the patients that developed
anti-nivolumab antibodies. Preliminary results from a
small phase I, combination study of durvalumab and the
anti-CTLA-4 mAb tremelimumab indicated low levels
of ADA against durvalumab (6.6%) and tremelimumab
(1.8%) following treatment in patients with advanced
NSCLC. No apparent correlations were observed
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Table 2 Incidence of anti-drug antibodies (ADA) and neutralizing antibodies (NAb) reported in patients treated with immune
checkpoint inhibitor mAbsa
mAb

Patients N, regimen, tumor type

ADA assay

ADA %

NAb %

Reference

Year

N = 1086, pool of 6 clinical studies

ECL

12.7

0.8

Agrawal et al.

2017

Anti-PD-1
Nivolumab

Pembrolizumab

Cemiplimab

N = 2085

ECL

11.2

0.7

US PI

2018

Nivo 3 mg/kg followed by ipi 1 mg/kg Q3W

NR

23.8-26
ADA to nivo

0.5–1.9
nivo NAb

US PI

2018

Nivo 1 mg/kg followed by ipi 3 mg/kg Q3W

NR

37.8
ADA to nivo

4.6
nivo NAb

US PI

2018

Nivo followed by ipi

NR

4.1–8.4
ADA to ipi

0–0.3
ipi NAb

US PI

2018

N = 1087

ECL

1.7

NR

Van Vugt et al.

2016

NSCLC

ECL

2.5

NR

Van Vugt et al.

2016

melanoma

ECL

0.7

NR

Van Vugt et al.

2016

N = 1289b

ECL

2.1

0.5

US PI

2018

N = 398

ECL

1.3

NR

US PI

2018

ECL

1.1

0

US PI

2018

Anti-CTLA-4
Ipilimumab

N = 1024, melanoma
N = 144, melanoma

ECL

4.9

0

US PI

2018

Nivo and ipi, N = 499, RCC and mCRC

NR

5.4
ADA to ipi

0
ipi NAb

US PI

2018

N = 31, melanoma

Bead-based assay

26

NR

Knerveland et al.

2018

N = 2007

NR

39.1

NR

EMA

2017

c

Anti-PD-L1
Atezolizumab

Avelumab

Durvalumab

N = 111 (cohort 1), urothelial carcinoma

NR

48

NR

US PI

2018

N = 275 (cohort 2), urothelial carcinoma

NR

42

NR

US PI

2018

N = 565, NSCLC

NR.

30

NR

US PI

2018

N = 1558

NR

4.1

NR

US PI

2017

N = 1738d

NR

5.9

NR

EMA

2017

N = 1570

NR

2.9

NR

US PI

2018

Durvalumab + tremelimumab, N = 60

ECL

6.6
ADA to durva

NR

Antonia et al

2016

Durvalumab + tremelimumab, N = 53

ECL

1.8
ADA to trem

NR

Antonia et al

2016

ADA anti-drug antibody, durva durvalumab, CTLA-4 cytotoxic T-lymphocyte associated protein 4, ECL electrochemiluminescent bridging assay, EMA European
Medicines Agency, ipi ipilimumab, mAb monoclonal antibody, mCRC metastatic colorectal cancer, NHL non-Hodgkin lymphoma, NAb neutralizing antibody, nivo
nivolumab, NR not reported, NSCLC non-small-cell lung cancer, PD-1 programmed death 1, PD-L1 PD-ligand 1, Q2W every 2 weeks, Q3W every 3 weeks, RCC renal
cell carcinoma, trem tremelimumab, US PI United States product information
a
All mAbs were administered intravenously
b
Analysis performed in patient samples with concentrations below the drug tolerance level of the ADA assay
c
ADA assessed using an ECL assay with improved drug tolerance
d
Assay performed with a cut point known to provide adequate assay sensitivity and drug tolerance level

between the presence of ADA and treatment tolerability
or antitumor activity [51].
Antibody-based IMD agents for hematologic malignancies

Drugs used to target differentiation antigens expressed
on both malignant and normal hematologic cells, particularly B cells and their progenitors, might be expected
to decrease their own immunogenicity through immunomodulation as well. ADA have been reported in < 1%

of patients with relapsed/refractory CD19+ B-cell precursor ALL treated with the anti-CD3/CD19 BiTE blinatumomab (~ 54 kDa) [52]. Treatment with the anti-CD22
ADC inotuzumab ozogamicin in patients with relapsed/
refractory CD22+ B-cell precursor ALL was also associated with a low incidence of ADA (3%), with no effect
on the clearance of inotuzumab ozogamicin in
ADA-positive patients [53]. Infusion-related reactions
were reported in 2% of patients receiving inotuzumab
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ozogamicin, generally occurring at the end of infusion in
cycle 1 [53]. Similarly, treatment with anti-CD20 mAbs
(ofatumumab, obinutuzumab, and rituximab) for B cell
malignancies as well as the anti-CD52 mAb alemtuzumab
for B-cell chronic lymphocytic leukemia or the anti-CD38
mAb daratumumab for multiple myeloma resulted in no
to low incidences of ADA development, with no observed
ADA-related effects on treatment safety and efficacy [21,
54, 55]. Infusion reactions were reported in 40% of patients at first infusion of daratumumab and in 2–4% of patients at subsequent infusions [55].
Seven percent of patients treated with the anti-CD30
ADC brentuximab vedotin, used to treat Hodgkin and
other types of lymphoma, developed persistent ADA and
30% of patients had a transient ADA response to the
drug [56, 57]. The effects of anti-brentuximab vedotin
antibodies on treatment efficacy are not known. Overall,
10% of patients receiving brentuximab vedotin monotherapy experienced infusion-related reactions; 1% of patients with persistently positive ADA developed infusion
reactions resulting in treatment discontinuation [57].
For CAR-T cells, most of the patients (86–91.4%) receiving anti-CD19 genetically-modified, autologous T
cells tisagenlecleucel (indicated for relapsed/refractory
B-cell ALL and diffuse large B-cell lymphoma [DLBCL]),
were positive for anti-murine CAR19 antibodies prior to
infusion [58, 59]. Treatment-induced, anti-murine
CAR19 antibodies were detected in 5% of the patients.
Pre-existing and treatment-induced anti-mCAR19 antibodies were reported not to affect expansion/persistence
of tisagenlecleucel, safety, or clinical response to treatment [58]. More limited data are currently available for
the anti-CD19 genetically-modified, autologous T cells
axicabtagene ciloleucel (indicated for adult patients with
relapsed/refractory DLBCL). Three (2.8%) patients were
reported positive at baseline and on study for antibodies
against FMC63 (the originating molecule for this CAR),
with no observed effects on treatment [60].
Incidence of ADA with IMD versus non-IMD agents

In a larger analysis, we systematically reviewed package
inserts and/or journal articles summarizing clinical ADA
incidences reported for 40 IMD and 19 non-IMD agents
in oncological or non-oncological indications (references
provided in Additional file 1: Tables S1 and S2). In this
broader context, IMD agents include all drugs that may
directly or indirectly modulate (inhibit or potentiate) immune cells. The analysis suggested that 8% of the oncology IMD mAbs, 22% of the non-oncology IMD mAbs,
and 11% of the non-IMD mAbs were associated with
higher ADA incidence rates (≥15%). The incidence of
ADA for the combined (oncology and non-oncology)
IMD mAbs did not appear significantly different from
that of non-IMD mAbs (0–83% vs 0–27%; Wilcoxon
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rank-sum test, p = 0.4). However, the likelihood of high
immunogenicity appeared to be greater for IMD mAbs
(18% of the IMD vs 11% of the non-IMD agents evaluated had high ADA). In general, B cell-depleting mAbs
were associated with low incidences of ADA (< 15%) as
would be expected from their mechanism of action.
No significant difference in ADA incidence was observed between human (0–53%) and humanized (0–83%)
IMD mAbs (p = 0.9). High ADA incidence rates were reported for 24%, 4%, and 27% of agents with targets
expressed on myeloid APCs (DCs, macrophages, and
monocytes combined), B cells, and T cells, respectively.
These findings suggest a lower likelihood of ADA with
agents targeted to B cells than T cells or myeloid APCs.
However, it is possible to have targets expressed on APCs
or T cells and still have a low incidence of ADA (e.g. ipilimumab, nivolumab, pembrolizumab).
Evaluation of the impact of the administration route on
immunogenicity was limited by the lack of approved oncology IMD biologics administered SC as they are still at
the investigational stage. However, analysis of the ADA incidence for 16 non-oncology IMD agents administered SC
(Additional file 1: Table S1) showed that the majority
(with the exception of adalimumab, golimumab, daclizumab, and ixekizumab) were associated with an ADA incidence < 15%, consistent with previous findings [28]. No
significant difference in ADA incidence was observed between mAbs administered IV (0–83%) or SC (< 0.1–53%)
in this data set (Wilcoxon rank-sum test, p = 0.2).
Prediction of immunogenicity risk

While analysis of clinical ADA data for approved drugs
suggests a relatively low risk of immunogenicity for
many IMD agents, it is important to note that compounds that show high ADA incidences during clinical
development typically do not progress to become drugs
and this information may not be available in the public
domain. Therefore, it is possible that the overall incidence of immunogenicity for IMD agents may be higher
than reported in the literature. This highlights the need
for predictive assays that can be applied preclinically to
identify the IMD compounds with high potential for
triggering immunogenicity in patients.
During preclinical development, both in silico algorithms and in vitro assays can be used to help select
molecules with lower immunogenicity risk [61]. In silico
algorithms to predict potential T cell epitopes are commonly used [62]. Confirmation of predicted sequences
binding to MHC molecules can be obtained by in vitro
binding assays [63]. Peptide sequences can be screened
in peripheral blood mononuclear cell assays, enabling
the design or selection of low-risk sequences to be included in the final candidate molecule. Assessment of
immunogenicity signals for a protein product can be

Davda et al. Journal for ImmunoTherapy of Cancer

(2019) 7:105

made with a DC-activation assay [64]. Uptake and processing of therapeutic proteins by DCs can be assessed
with MHC-associated peptide proteomics (MAPPs) [65]
to identify presented peptides, or the uptake and trafficking can be evaluated with optical methods 64]. Additional quantitative data on the number of T cells that
might recognize a therapeutic protein can be obtained
through restimulation experiments [66]. At present, in
vitro B-cell assays for immunogenicity risk assessment
have not been described.
Integrating readouts from various in silico and in vitro
assays is not intuitive and provides only qualitative risk assessments [67]. A system for synthesis of data for quantitative assessment of risk and impact of immunogenicity is
being investigated with a prototype mathematical model
that uses in vitro assay data to simulate trial outcomes in
terms of ADA incidence and impact on PK [68].
Mitigating and managing antibody immunogenicity

A number of strategies have been proposed to limit the
immunogenicity of antibody-based therapeutics and manage patients prior and during treatment with these agents.
Beyond the use of fully human/humanized mAbs,
which is already widely implemented owing to technological advances in antibody development, selection of
appropriate dosing regimens and administration schedules for each agent may further reduce the risk of inducing or boosting ADA.
Removal of T-cell and B-cell epitopes from biologic
agents through protein engineering may contribute to
mitigate their immunogenicity by limiting B-cell activation.
Such a ‘deimmunization’ process has been investigated for
CD22- and CD25-targeted, cytotoxic immunotoxins, with
evidence of reduced antigenicity and immunogenicity in
experimental models and in patients with hairy-cell
leukemia [69, 70]. A further reduction in the immunogenic
potential of fully human/humanized antibodies may be
achieved in the future by designing novel molecules that
contain determinants able to induce specific tolerance in a
patient’s immune system. Tolerization processes may include the use of antibodies engineered to express regions
able to stimulate T-regulatory cells with inhibitory activity
on humoral immune responses or combinations with
tolerance-inducing nanoparticles [71, 72].
Nanobody-based biologics represent an additional approach being explored to reduce the potential for immunogenicity. Nanobodies are cloned antibody fragments
that contain only the variable regions of heavy-chain-only
antibodies from camelideae. Thus, they are substantially
smaller (i.e. 15 kDa) and potentially less immunogenic
than conventional antibody molecules [73, 74].
In the clinic, premedication with antihistamines, acetaminophen, and/or corticosteroids, as currently applied,
may help to prevent infusion-related reactions [75, 76].
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Timely diagnoses and prompt therapeutic interventions may further limit the seriousness of hypersensitivity and infusion-related reactions observed in
patients receiving biologic agents [75]. During administration, mild to moderate reactions can be managed
in most patients by the temporary suspension of the
infusion, a reduction in the infusion rate, and symptom management. In case of more severe reactions,
treatment should be discontinued [75].
Corticosteroids and other immunosuppressive agents
(i.e. methotrexate) have proven effective in reducing immunogenicity in patients with autoimmunity treated
with mAbs, thus allowing long-term antibody administration [77–81]. Availability of more data in the future
may provide further insight into the effectiveness of immunosuppressive approaches for the management of
ADA-related reactions that may occur following administration of IMD agents in cancer patients. Selective
B-cell depletion induced by anti-CD20 antibodies may
contribute to further reduce humoral immune responses
and thus ADA responses, either as a single agent or in
combination regimens. Consistent with this hypothesis,
patients with follicular lymphoma and other NHLs receiving combination treatment with rituximab and the
anti-4-1BB/CD137 mAb utomilumab had a substantially
lower incidence of treatment-emergent ADA against
utomilumab compared with monotherapy [13, 15].

Conclusions
The availability of multiple IMD agents, with comparable MOAs and different structures or routes of administration, may provide useful, alternative modalities for
tailored treatment of cancer patients.
Overall, there is a general consensus that comparisons
of the incidence and characteristics of ADA directed
against an antibody-based agent should be interpreted
with caution if the ADA were measured in different laboratories. Even more so, comparisons of immunogenicity findings among different agents, assessed in
different studies and in heterogeneous patient populations, are limited by the variability of the measurements
involved in each of these analyses [29]. Ultimately, potential effects of ADA and NAb on safety, PK, pharmacodynamics, and consequently overall efficacy are
expected to provide the most relevant information for
clinicians selecting specific treatment options for their
cancer patients.
Nonetheless, the current experience with anti-PD-1/
PD-L1 mAbs indicates that, while immunogenicity may
require further investigations and appropriate management in some cases, the risk of ADA responses does not
appear to correlate with the MOA nor to substantially
affect the PK profile, safety, or efficacy of treatment with
most of these agents in the majority of patients evaluated
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to date. Treatment with B-cell depleting agents appears
associated with a low risk of immunogenicity.
Results from our analyses showed no significant difference in ADA incidence between IV and SC administration
routes for non-oncology, IMD antibodies. Furthermore,
while the data suggest a higher likelihood of ADA for antibodies with T-cell or APC targets versus B-cell targets, it
is possible to have a target expressed on APCs or T cells
and still have a low incidence of ADA. As more SC IMD
oncology antibodies are evaluated clinically, further insights should be gained on whether SC administration influences the risk of immunogenicity in this class of agents.
The benefit demonstrated in terms of long-term responses and disease control by approved IMD therapies
underscores the importance of effectively implementing
these treatment strategies. Since, in daily practice, cancer
patients may present a broader heterogeneity in characteristics, prior treatments, and comorbidities compared
with the selected populations included in clinical trials,
consideration of potential ADA responses may provide,
in some cases, additional insight while selecting appropriate treatment modalities for each patient.

Additional file
Additional file 1: Table S1. Immunomodulatory agents. Table S2. Nonimmunomodulatory agents. (PDF 317 kb)
Abbreviations
ADA: Anti-drug antibody; ADC: Antibody-drug conjugate; AE: Adverse event;
ALL: Acute lymphoblastic leukemia; APC: Antigen-presenting cells;
BiTE: Bispecific T-cell engager; CAR: Chimeric antigen receptor; CTLA4: Cytotoxic T-lymphocyte antigen 4; DC: Dendritic cell; DLBCL: Diffuse large Bcell lymphoma; ECL: Electrochemiluminescence; EGFR: Epidermal growth factor
receptor; EpCAM: Epithelial cell adhesion molecule; IMD: Immunomodulatory;
IV: Intravenous; mAb: monoclonal antibody; MAPP: MHC-associated peptide
proteomics; MHC: Major histocompatibility complex; MOA: Mechanism of
action; mOS: median overall survival; Nab: Neutralizing antibody; NHL: NonHodgkin lymphoma; NSCLC: Non-small-cell lung cancer; PD-1: Programmed
death-1; PD-L1: PD-ligand 1; PK: Pharmacokinetics; SC: Subcutaneous;
scFv: single-chain variable fragment; TNFR: Tumor necrosis factor receptor;
VEGF: Vascular endothelial growth factor
Acknowledgements
Medical writing and editorial support was provided by S. Mariani, MD PhD,
of Engage Scientific Solutions and was funded by Pfizer.
Funding
Pfizer.
Availability of data and materials
Not applicable.
Authors’ contributions
All authors contributed to this manuscript and approved the final version.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.

Page 7 of 9

Competing interests
J. Davda, T.P. Hickling, I.A. Jacobs, J. Chou, S. Salek-Ardakani, and E. Kraynov
are employees of Pfizer. P. Declerk and S. Hu-Lieskovan have disclosed no
relevant competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Pfizer, San Diego, CA, USA. 2University of Leuven, Leuven, Belgium. 3David
Geffen School of Medicine at UCLA, Los Angeles, CA, USA. 4Pfizer, Andover,
MA, USA. 5Pfizer, 219 East 42nd Street, New York, NY 10017-5755, USA.
6
Pfizer, San Francisco, CA, USA.
Received: 18 December 2018 Accepted: 1 April 2019

References
1. Camacho LH. CTLA-4 blockade with ipilimumab: biology, safety, efficacy,
and future considerations. Cancer Med. 2015;4:661–72.
2. Chen L, Han X. Anti-PD-1/PD-L1 therapy of human cancer: past, present,
and future. J Clin Invest. 2015;125:3384–91.
3. Sanmamed MF, Chen L. A paradigm shift in cancer immunotherapy: from
enhancement to normalization. Cell. 2018;175:313–26.
4. Migden MR, Rischin D, Schmults CD, Guminski A, Hauschild A, Lewis KD, et
al. PD-1 blockade with cemiplimab in advanced cutaneous squamous-cell
carcinoma. N Engl J Med. 2018;379:341–51.
5. Inman BA, Longo TA, Ramalingam S, Harrison MR. Atezolizumab: a PD-L1blocking antibody for bladder cancer. Clin Cancer Res. 2017;23(8):1886–90.
6. Shirley M. Avelumab: a review in metastatic Merkel cell carcinoma. Target
Oncol. 2018;13:409–16.
7. Powles T, O'Donnell PH, Massard C, Arkenau HT, Friedlander TW, Hoimes CJ,
et al. Efficacy and safety of durvalumab in locally advanced or metastatic
urothelial carcinoma: updated results from a phase 1/2 open-label study.
JAMA Oncol. 2017;3:e172411.
8. Comin-Anduix B, Escuin-Ordinas H, Ibarrondo FJ. Tremelimumab: research
and clinical development. Onco Targets Ther. 2016;9:1767–76.
9. Mayes PA, Hance KW, Hoos A. The promise and challenges of immune
agonist antibody development in cancer. Nat Rev Drug Discov. 2018;17:
509–27.
10. Cabo M, Offringa R, Zitvogel L, Kroemer G, Muntasell A, Galluzzi L. Trial
watch: Immunostimulatory monoclonal antibodies for oncological
indications. Oncoimmunology. 2017;6:e1371896.
11. Youssef S, Abdiche Y, Nguyen HK, Chou J, Chin SM, Kamperschroer C, et al.
In vitro properties and pre-clinical activity of PF-06801591, a high-affinity
engineered anti-human PD-1. Cancer Res. 2017;77(13 Suppl):Abstract 2667.
12. Segal NH, Logan TF, Hodi FS, McDermott D, Melero I, Hamid O, et al. Results
from an integrated safety analysis of urelumab, an agonist anti-CD137
monoclonal antibody. Clin Cancer Res. 2017;23:1929–36.
13. Segal NH, He AR, Doi T, Levy R, Bhatia S, Pishvaian MJ, et al. Phase I study of
single-agent utomilumab (PF-05082566), a 4-1BB/CD137 agonist, in patients
with advanced cancer. Clin Cancer Res. 2018;24:1816–23.
14. Tolcher AW, Sznol M, Hu-Lieskovan S, Papadopoulos KP, Patnaik A, Rasco
DW, et al. Phase Ib study of utomilumab (PF-05082566), a 4-1BB/CD137
agonist, in combination with pembrolizumab (MK-3475) in patients with
advanced solid tumors. Clin Cancer Res. 2017;23:5349–57.
15. Gopal AK, Levy R, Houot R, Patel SP, Hatake K, Popplewell LL, et al. A phase I
study of utomilumab (PF-05082566), a 4-1BB/CD137 agonist, in combination
with rituximab in patients with CD20+ non-Hodgkin’s lymphoma.
International Conference on Malignant Lymphoma - 14th. 2017;abstract 267.
16. Weidle UH, Kontermann RE, Brinkmann U. Tumor-antigen-binding bispecific
antibodies for cancer treatment. Semin Oncol. 2014;41:653–60.
17. Jackson HJ, Rafiq S, Brentjens RJ. Driving CAR T-cells forward. Nat Rev Clin
Oncol. 2016;13:370–83.
18. Gedeon PC, Riccione KA, Fecci PE, Sampson JH. Antibody-based
immunotherapy for malignant glioma. Semin Oncol. 2014;41:496–510.
19. Strauss J, Heery CR, Schlom J, Madan RA, Cao L, Kang Z, et al. Phase I trial of
M7824 (MSB0011359C), a bifunctional fusion protein targeting PD-L1 and
TGFβ, in advanced solid tumors. Clin Cancer Res. 2018;24:1287–95.

Davda et al. Journal for ImmunoTherapy of Cancer

(2019) 7:105

20. Wang YM, Wang J, Hon YY, Zhou L, Fang L, Ahn HY. Evaluating and
reporting the immunogenicity impacts for biological products--a clinical
pharmacology perspective. AAPS J. 2016;18:395–403.
21. van Brummelen EM, Ros W, Wolbink G, Beijnen JH, Schellens JH. Antidrug
antibody formation in oncology: clinical relevance and challenges.
Oncologist. 2016;21:1260–8.
22. Bloem K, Hernández-Breijo B, Martínez-Feito A, Rispens T. Immunogenicity
of therapeutic antibodies: monitoring antidrug antibodies in a clinical
context. Ther Drug Monit. 2017;39:327–32.
23. Khoja L, Day D, Wei-Wu Chen T, Siu LL, Hansen AR. Tumour- and classspecific patterns of immune-related adverse events of immune checkpoint
inhibitors: a systematic review. Ann Oncol. 2017;28:2377–85.
24. Baxi S, Yang A, Gennarelli RL, Khan N, Wang Z, Boyce L, et al. Immunerelated adverse events for anti-PD-1 and anti-PD-L1 drugs: systematic
review and meta-analysis. BMJ. 2018;360:k793.
25. Sailstad JM, Amaravadi L, Clements-Egan A, Gorovits B, Myler HA, Pillutla RC, et
al. Global Bioanalysis Consortium A white paper--consensus and
recommendations of a global harmonization team on assessing the impact of
immunogenicity on pharmacokinetic measurements. AAPS J. 2014;16:488–98.
26. Fathallah AM, Bankert RB, Balu-Iyer SV. Immunogenicity of subcutaneously
administered therapeutic proteins--a mechanistic perspective. AAPS J. 2013;
15:897–900.
27. Turner MR, Balu-Iyer SV. Challenges and opportunities for the subcutaneous
delivery of therapeutic proteins. J Pharm Sci. 2018;107:1247–60.
28. Hamuro L, Kijanka G, Kinderman F, Kropshofer H, Bu DX, Zepeda M, et al.
Perspectives on subcutaneous route of administration as an immunogenicity
risk factor for therapeutic proteins. J Pharm Sci. 2017;106:2946–54.
29. Food and Drug Administration. Immunogenicity testing of therapeutic
protein products—Developing and validating assays for anti-drug antibody
detection; Guidance for industry. 2019. https://www.fda.gov/ucm/groups/
fdagov-public/@fdagov-drugs-gen/documents/document/ucm629728.pdf.
Accessed 11 Feb 2019.
30. Jackisch C, Kim SB, Semiglazov V, Melichar B, Pivot X, Hillenbach C, et al.
Subcutaneous versus intravenous formulation of trastuzumab for HER2positive early breast cancer: updated results from the phase III HannaH
study. Ann Oncol. 2015;26:320–5.
31. Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of immune
checkpoint blockade therapy. Cancer Discov. 2018;8:1069–86.
32. Baksh K, Weber J. Immune checkpoint protein inhibition for cancer:
preclinical justification for CTLA-4 and PD-1 blockade and new
combinations. Semin Oncol. 2015;42:363–77.
33. Amaria RN, Reddy SM, Tawbi HA, Davies MA, Ross MI, Glitza IC, et al.
Neoadjuvant immune checkpoint blockade in high-risk resectable
melanoma. Nat Med. 2018. https://doi.org/10.1038/s41591-018-0197-1.
34. Ribera JM. Efficacy and safety of bispecific T-cell engager blinatumomab
and the potential to improve leukemia-free survival in B-cell acute
lymphoblastic leukemia. Expert Rev Hematol. 2017;10:1057–67.
35. Wadhwa M, Knezevic I, Kang HN, Thorpe R. Immunogenicity assessment of
biotherapeutic products: an overview of assays and their utility. Biologicals.
2015;43:298–306.
36. Knezevic I, Kang HN, Thorpe R. Immunogenicity assessment of monoclonal
antibody products: a simulated case study correlating antibody induction
with clinical outcomes. Biologicals. 2015;43:307–17.
37. Shankar G, Arkin S, Cocea L, Devanarayan V, Kirshner S, Kromminga A, et al.
American Association of Pharmaceutical Scientists Assessment and
reporting of the clinical immunogenicity of therapeutic proteins and
peptides-harmonized terminology and tactical recommendations. AAPS J.
2014;16:658–73.
38. Agrawal S, Statkevich P, Bajaj G, Feng Y, Saeger S, Desai DD, et al. Evaluation
of immunogenicity of nivolumab monotherapy and its clinical relevance in
patients with metastatic solid tumors. J Clin Pharmacol. 2017;57:394–400.
39. Opdivo (nivolumab) Prescribing Information; 2018. https://packageinserts.
bms.com/pi/pi_opdivo.pdf. Accessed 16 Oct 2018.
40. van Vugt M, de Greef R, Freshwater T, Mangin E, van Aarle F, Kondic A.
Immunogenicity of pembrolizumab (pembro) in patients (pts) with
advanced melanoma (MEL) and non-small cell lung cancer (NSCLC): Pooled
results from KEYNOTE-001, 002, 006, and 010. J Clin Oncol. 2016;34(15_
suppl):3063.
41. Keytruda (pembrolizumab) Prescribing Information; 2018. https://www.
merck.com/product/usa/pi_circulars/k/keytruda/keytruda_pi.pdf. Accessed
28 Nov 2018.

Page 8 of 9

42. Yervoy (ipilimumab) Prescribing Information; 2018. https://packageinserts.bms.
com/pi/pi_yervoy.pdf. Accessed 16 Oct 2018.
43. European Medicines Agency, Committee for Medicinal Products for Human Use
(CHMP). Assessment report for Yervoy (ipilimumab). EMEA/H/C/002213; 2011.
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_
assessment_report/human/002213/WC500109302.pdf. Accessed 16 Oct 2018.
44. Bavencio (avelumab) Prescribing Information; 2017. https://www.accessdata.
fda.gov/drugsatfda_docs/label/2017/761078s000lbl.pdf. Accessed 16 Oct 2018.
45. Health Canada Prescribing Information Bavencio, avelumab for injection.
2018. https://www.pfizer.ca/sites/g/files/g10050796/f/201805/BAVENCIO_
PM_208742_4May2018_E.PDF. Accessed 16 Oct 2018.
46. European Medicines Agency, Committee for Medicinal Products for Human
Use (CHMP). Assessment Report Bavencio (avelumab). 2017. EMA/496529/2017.
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Public_
assessment_report/human/004338/WC500236649.pdf. Accessed 16 Oct 2018.
47. Imfinzi (durvalumab) Prescribing Information; 2018. https://www.azpicentral.
com/imfinzi/imfinzi.pdf. Accessed 16 Oct 2018.
48. Kverneland AH, Enevold C, Donia M, Bastholt L, Svane IM, Nielsen CH.
Development of anti-drug antibodies is associated with shortened survival
in patients with metastatic melanoma treated with ipilimumab.
Oncoimmunology. 2018;7:e1424674.
49. European Medicines Agency, Committee for Medicinal Products for Human
Use (CHMP). Assessment Report Tecentriq (atezolizumab). 2017. EMA/
153102/2018. http://www.ema.europa.eu/docs/en_GB/document_library/
EPAR_-_Public_assessment_report/human/004143/WC500235780.pdf.
Accessed 16 Oct 2018.
50. Tecentriq (atezolizumab) Prescribing Information; 2018. https://www.gene.
com/download/pdf/tecentriq_prescribing.pdf. Accessed 16 Oct 2018.
51. Antonia S, Goldberg SB, Balmanoukian A, Chaft JE, Sanborn RE, Gupta A, et
al. Safety and antitumour activity of durvalumab plus tremelimumab in
non-small cell lung cancer: a multicentre, phase 1b study. Lancet Oncol.
2016;17:299–308.
52. Blincyto (blinatumomab) Prescribing Information; 2014. https://www.accessdata.
fda.gov/drugsatfda_docs/label/2014/125557lbl.pdf. Accessed 16 Oct 2018.
53. Besponsa (inotuzumab ozogamicin) Prescribing Information; 2018. http://
labeling.pfizer.com/ShowLabeling.aspx?id=9503. Accessed 16 Oct 2018.
54. Campath (alemtuzumab) Prescribing Information; 2007. https://www.
accessdata.fda.gov/drugsatfda_docs/label/2007/103948s5070lbl.pdf.
Accessed 16 Oct 2018.
55. Darzalex (daratumumab) Prescribing Information. 2018. http://www.
janssenlabels.com/package-insert/product-monograph/prescribinginformation/DARZALEX-pi.pdf. Accessed 11 Feb 2019.
56. Hock MB, Thudium KE, Carrasco-Triguero M, Schwabe NF. Immunogenicity
of antibody drug conjugates: bioanalytical methods and monitoring
strategy for a novel therapeutic modality. AAPS J. 2014;17:35–43.
57. Adcetris (brentuximab vedotin) Prescribing Information. 2018. https://www.
adcetrispro.com/presinfo/pi.pdf. Accessed 16 Oct 2018.
58. Kymriah (tisagenlecleucel) Prescribing Information. 2018. https://www.
pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/kymriah.pdf.
Accessed 16 Oct 2018.
59. Leahy AB, Elgarten CW, Grupp SA, Maude SL, Teachey DT. Tisagenlecleucel
for the treatment of B-cell acute lymphoblastic leukemia. Expert Rev
Anticancer Ther. 2018;18:959–71.
60. Yescarta (axicabtagene ciloleucel) Prescribing Information. 2017. https://
www.yescarta.com/files/yescarta-pi.pdf. Accessed 16 Oct 2018.
61. Gokemeijer J, Jawa V, Mitra-Kaushik S. How close are we to profiling
immunogenicity risk using in silico algorithms and in vitro methods? An
industry perspective. AAPS J. 2017;19:1587–92.
62. Jawa V, Cousens LP, Awwad M, Wakshull E, Kropshofer H, De Groot AS. Tcell dependent immunogenicity of protein therapeutics: preclinical
assessment and mitigation. Clin Immunol. 2013;149:534–55.
63. Fleri W, Paul S, Dhanda SK, Mahajan S, Xu X, Peters B, et al. The immune
epitope database and analysis resource in epitope discovery and synthetic
vaccine design. Front Immunol. 2017;8:278.
64. Xue L, Hickling T, Song R, Nowak J, Rup B. Contribution of enhanced
engagement of antigen presentation machinery to the clinical
immunogenicity of a human interleukin (IL)-21 receptor-blocking
therapeutic antibody. Clin Exp Immunol. 2016;183:102–13.
65. Vaughan K, Xu X, Caron E, Peters B, Sette A. Deciphering the MHCassociated peptidome: a review of naturally processed ligand data. Expert
Rev Proteomics. 2017;14:729–36.

Davda et al. Journal for ImmunoTherapy of Cancer

(2019) 7:105

66. Delluc S, Ravot G, Maillere B. Quantitative analysis of the CD4 T-cell
repertoire specific to therapeutic antibodies in healthy donors. FASEB J.
2011;25:2040–8.
67. Rosenberg AS, Sauna ZE. Immunogenicity assessment during the
development of protein therapeutics. J Pharm Pharmacol. 2018;70:584–94.
68. Chen X, Hickling TP, Vicini P. A mechanistic, multiscale mathematical model
of immunogenicity for therapeutic proteins: part 2-model applications. CPT
Pharmacometrics Syst Pharmacol. 2014;3:e134.
69. Nagata S, Pastan I. Removal of B cell epitopes as a practical approach for
reducing the immunogenicity of foreign protein-based therapeutics. Adv
Drug Deliv Rev. 2009;61:977–85.
70. Onda M, Beers R, Xiang L, Lee B, Weldon JE, Kreitman RJ, et al. Recombinant
immunotoxin against B-cell malignancies with no immunogenicity in mice
by removal of B-cell epitopes. Proc Natl Acad Sci U S A. 2011;108:5742–7.
71. Su Y, Rossi R, De Groot AS, Scott DW. Regulatory T cell epitopes (Tregitopes)
in IgG induce tolerance in vivo and lack immunogenicity per se. J Leukoc
Biol. 2013;94:377–83.
72. Pearson RM, Podojil JR, Shea LD, King NJ, Miller SD, Getts DR. Overcoming
challenges in treating autoimmunity: development of tolerogenic immunemodifying nanoparticles. Nanomedicine. 2018.
73. Ingram JR, Schmidt FI, Ploegh HL. Exploiting nanobodies’ singular traits.
Annu Rev Immunol. 2018;36:695–715.
74. Bannas P, Hambach J, Koch-Nolte F. Nanobodies and nanobody-based
human heavy chain antibodies as antitumor therapeutics. Front Immunol.
2017;8:1603.
75. Lenz HJ. Management and preparedness for infusion and hypersensitivity
reactions. Oncologist. 2007;12:601–9.
76. Chung CH. Managing premedications and the risk for reactions to infusional
monoclonal antibody therapy. Oncologist. 2008;13:725–32.
77. Farell R, Alsahli M, Jeen Y, Falchuk K, Peppercorn M, Michetti P. Intravenous
hydrocortisone premedication reduces antibodies to infliximab in Crohn’s
disease: a randomised controlled trial. Gastroenterology. 2003;124:917–24.
78. Vermeire S, Norman M, Van Assche G, Baert F, D’Haens G, Rutgeerts P.
Effectiveness of concomitant immunosuppressive therapy in suppressing
the formation of antibodies to infliximab in Crohn’s disease. Gut. 2007;56:
1226–31.
79. Krieckaert CL, Bartelds GM, Lems WF, Wolbink GJ. The effect of
immunomodulators on the immunogenicity of TNF-blocking therapeutic
monoclonal antibodies: a review. Arthritis Res Ther. 2010;12:217.
80. Deehan M, Garces S, Kramer D, Baker MP, Rat D, Roettger Y, et al. Managing
unwanted immunogenicity of biologicals. Autoimmun Rev. 2015;14:569–74.
81. Hindryckx P, Novak G, Vande Casteele N, Khanna R, Laukens D, Jairath V, et
al. Incidence, prevention and management of anti-drug antibodies against
therapeutic antibodies in inflammatory bowel disease: a practical overview.
Drugs. 2017;77:363–77.

Page 9 of 9

