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Abstract

Interleukin-7 (IL-7) signaling modulates T cell activity and is implicated in numerous autoim-

mune diseases. An anti-IL-7 receptor monoclonal antibody (GSK2618960) biotherapeutic

was evaluated in healthy subjects for safety, pharmacokinetics (PK), pharmacodynamics

(PD) and immunogenicity in a single-dose escalation phase I study. We found that antibod-

ies against GSK2618960 (i.e., anti-drug antibodies or ADA) developed in 83% and 100% of

GSK2618960-treated subjects in the 0.6 and 2.0 mg/kg dose cohorts, respectively. Of the

ADA positive subjects, 64% (7 of 11) had detectable neutralizing activity. Further investiga-

tion revealed the presence of GSK2618960-specific memory B cells, indicating the develop-

ment of immunological memory for the ADAs. Ex vivo stimulation of peripheral blood

mononuclear cell (PBMC) samples demonstrated a relatively strong CD4+ T cell prolifera-

tion response to GSK2618960 as compared to the control anti-RSV antibody (which is

known to have only low immunogenic potential), confirming the high immunogenic potential

of GSK2618960. Furthermore, GSK2618960 was found to bind in vitro monocyte-derived

dendritic cells (DCs). GSK2618960 treatment of PBMCs increased the proportion of DC

cells showing an increase in expression of CD83, CD86 and CD209, which indicated

enhanced DC differentiation and activation relative to the isotype control anti-β amyloid anti-

body. Collectively, the evidence supports that the high incidence of observed clinical immu-

nogenicity was likely related to the receptor-mediated activity by GSK2618960.
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1. Introduction

Clinical immunogenicity data for approved therapeutic mAbs indicate that most humanized

or human antibodies generally have a relatively lower risk of immunogenicity in both inci-

dence and consequence compared to non-human and chimeric antibodies [1]. Of course there

are exceptions, alemtuzumab, despite being humanized, induced anti-drug antibodies (ADAs)

with neutralization activity detected in 30% to 70% of patients [2]. Adalimumab, a fully human

monoclonal antibody (mAb) also demonstrated a relatively high incidence of immunogenicity,

with ADAs and neutralizing antibodies detected in 5% to 89% patients depending on the dis-

ease and concomitant medications [3]. For another humanized antibody, bococizumab, ADAs

developed in a large percentage of the patients, and higher titer responses correlated with faster

drug clearance and reduced efficacy [4]. The causes of immune responses to biotherapeutics

are multifactorial and still not fully understood. The risk factors that can contribute to immu-

nogenicity have been classified as either extrinsic or intrinsic [5–7]. The extrinsic risk factors

may be patient-related (e.g., immune status, genotype/HLA, etc.), product-related (e.g., aggre-

gates and host-cell protein content), and treatment-related (e.g., dose, frequency of dose, route

of administration). Intrinsic factors may include the primary sequence (e.g., non-human

sequences pose increased immunogenic risk) and structural/chemical modifications to the

biotherapeutic (e.g., pegylation). Another key factor that can contribute to the immunogenic-

ity risk is the mechanism of action (MoA) of the biotherapeutic. The MoA may potentially

lead to target-mediated biological effects that increase the immunogenic potential of the

biotherapeutic. For example, immunomodulatory biotherapeutics (i.e., mAbs) that target T

cells or antigen-presenting cells have increased risk for clinical immunogenicity compared to

biotherapeutics that target B cells [8]. In general, target-mediated immunogenicity, believed to

be related to the MoA of a biotherapeutic, has not been well characterized or understood, and,

consequently, it remains difficult to predict even for biotherapeutics that target immune cells.

One such example of humanized mAb with high ADA incidence was presented in a recent

report from a Phase 1 study (Study 200902, identifier: NCT02293161) [9]. Study 200902 con-

sisted of two cohorts of healthy volunteers who were administered either placebo or

GSK2618960 (0.6 or 2.0 mg/kg) as a single intravenous (IV) dose. From this study, 83% (5 of

6) of GSK261896-treated subjects in the 0.6 mg/kg cohort and 100% (all 6) of

GSK261896-treated subjects in the 2.0 mg/kg cohort were confirmed positive for anti-

GSK2618960 antibodies. Additionally, most subjects (64%) that confirmed positive for anti-

GSK2618960 antibodies also had neutralizing activity. Of note, no safety event appeared to be

associated with the immunogenicity.

GSK2618960 is a humanized, Fc-disabled immunoglobulin G1 (IgG1) mAb that binds to

the α-chain of the heterodimeric IL-7R to block IL-7 binding and intracellular signaling.

There is increasing evidence which implicates aberrant IL-7/IL-7R signaling in the pathogene-

sis of numerous autoimmune diseases, such as rheumatoid arthritis [10, 11], type I diabetes

[12, 13], MS [14, 15], systemic lupus erythematosus [16] and Primary Sjögren’s Syndrome

[17–19]. Therefore, targeting components in IL-7 signaling pathway may be of therapeutic

benefit for these autoimmune diseases. IL-7 is a lymphopoietic cytokine that is essential for

early lymphocyte development, and it is also a modulator of peripheral T cell homeostasis [20–

22]. The receptor of IL-7 (i.e., IL-7R) consists of two subunits: the IL-7 ligand-binding chain

(IL-7Rα; CD127) and the common γ-signaling chain (γc; CD132) [23]. Signaling through IL-

7R upon binding of IL-7 promotes survival, proliferation and differentiation of T cells [24, 25].

The IL-7Rα chain is expressed on naïve and memory CD4+ and CD8+ T cells [24–26], while

expression is notably low on FOXP3+ regulatory T (Treg) cells [27]. Additionally, the IL-7Rα
chain can also form a heterodimer with the thymic stromal lymphopoietin receptor (TSLPR)
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to bind thymic stromal lymphopoietin (TSLP). TSLP, a member of the IL-7 family of cyto-

kines, functions mainly on myeloid cells, and it plays a role in the regulation of dendritic cells

(DCs) [28]. Signaling via TSLPR and IL-7Rα enhances the maturation of CD11c+ DCs and

induces CD11c+ DC-primed CD4+ T cell proliferation [29–32]. TSLP has been shown to acti-

vate CD11c+ DC ex vivo and direct the differentiation of T helper 2 (Th2), indicating a poten-

tial role of DCs in allergic inflammation [33].

2. Materials and methods

2.1. Clinical study, serum and PBMC samples

The GSK clinical study (200902) was a phase I randomized, double-blind (sponsor-unblind),

placebo-controlled study performed in a single center in Cambridge, UK, between November

2014 and September 2015. The study was conducted in accordance with Good Clinical Prac-

tice and the Declaration of Helsinki 2013, and the local regulations. The protocol was approved

by the local ethics committee (14/LO/1670, National Research Ethics Service Committee,

Lodon, UK) and all study subjects provided written informed consent. The study was regis-

tered on Clinicaltrials.gov (identifier: NCT02293161). Subject inclusion and exclusion criteria

can be found in clinical protocol in S1 File. Two single ascending dose cohorts (0.6 mg/kg and

2 mg/kg), each with nine healthy subjects, were sequentially randomised (2:1) to receive either

GSK2618960 or placebo as a single IV infusion (S1 Fig). Demographic details for the 18 partic-

ipating subjects are reported previously [9]. Serum samples were collected at Day -1 (pre-

dose), Day 15, Day 22 (2 mg/kg cohort only), Day 29, Day 85, and Day 169 for immunogenic-

ity assessment. Heparinized whole blood was collected at Day -1 (pre-dose), Day 29, Day 43,

and Day 169, and PBMCs were isolated by Ficoll–Hypaque density gradient centrifugation

and frozen in liquid nitrogen until use. Whole blood from healthy non-study subjects were

obtained from Biological Specialty company (Colmar, PA), and PBMCs were isolated with

same method as used for study subject PBMC isolation.

2.2. Antibodies and reagents

GSK2618960 and the Fc-control mAb [GSK933776, an anti-β-amyloid (BAM) mAb] were

manufactured by GSK. Both of these therapeutic mAbs were clinical grade material produced

in Chinese Hamster Ovary (CHO) cell lines under Good Manufacturing Practices (for

sequences and manufacture process, refer to US patent aplication US13/574,847 in which

referred to as 1A11 H3L4 for GSK2618960 and US14/881,428 referred to as H2L1 for

GSK933776, respectively) and both had acceptable product quality attributes (% aggregates,

host cell protein content, glycosylation, etc. . .) based on manufacturing specifications. The

negative control mAb, a humanized anti-Respiratory Syncytial Virus (anti-RSV mAb), with

reported low clinical immunogenicity incidence was purchased from AbbVie (Worcester,

MA). Biotin (Pierce, Waltham, MA) and ruthenium (Gold Sulfo Tag NHS-Ester, Meso Scale

Discovery, Rockville, MD) labelled GSK2618960 conjugates were produced according to the

manufacturer’s instructions (with challenge ratio of 12:1 for both conjugates). Recombinant

human IL-7R extracellular domain Fc-fusion protein (MW: 104 kDa) was produced by GSK,

and ruthenium labelled with a challenge ratios of 12:1, according to the manufacturer’s

instructions. The mouse anti-human IL-7Rα mAb (Clone 6A3) (i.e., target-blocking antibody)

used in the ADA assay, NAb assay, and B-cell ELISPOT assay to reduce interference from the

soluble form of IL-7Rα that may be present in the samples was produced by GSK. Streptavi-

din-coated 96-well plates and Read Buffer T were obtained from Meso Scale Discovery (MSD)

(Rockville, MD). The rabbit anti-GSK2618960 polyclonal antibody used as the positive control

for the ADA assay was affinity purified from sera from rabbits hyperimmunized with
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GSK2618960 (Covance, Chantilly, VA). The mouse anti-idiotype Fab against GSK2618960

used as positive control for NAb assay was generated by Bio-Rad (Puchheim, Germany). The

negative control (NC) was pooled normal human sera sourced from BioIVT (Westbury, NY).

Test-B™ cell culture medium and B cell polyclonal stimulating reagent (B-poly-S), and B cell

ELISPOT kit including Ig capture antibody, total IgG detection antibody, buffer and PVDF

96-well plates were purchased from CTL Immunospot (Shaker Heights, OH). X-VIVOTM 20

medium was obtained from Lonza (Walkersville, MD). Human AB serum and recombinant

hIL-2 were purchased from Sigma-Aldrich (St. Louis, MO). CD3 (APC-cy7, PerCP), CD4

(PerCpCy5.5, FITC), CD8 (PE), CD11c (APC), HLA-DR (BV605), CD40 (FITC), CD83

(BV510), CD86 (PE), CD209 (BV421) antibodies were all bought from BD Biosciences (San

Jose, CA). Cell Trace Violet 450 and Viability dye L10119 were obtained from Invitrogen

(Carlsbad, CA).

2.3. Anti-GSK2618960 antibody assay

Anti-GSK2618960 antibodies (ADAs) were detected using a homogenous electrochemilumi-

nescent (ECL) bridging assay format, consisting of screening, confirmation, titration assays.

These assays were validated for clinical sample testing according to regulatory guidelines and

scientific recommendations [10]. Clinical samples were analyzed for anti-GSK2618960 anti-

bodies following a tiered-testing scheme (i.e., screening, confirmation, and titration) [10].

First, all serum samples were tested in the screening assay. Briefly, serum samples were diluted

1:10 with buffer, then incubated with biotinylated and ruthenylated GSK2618960 (final con-

centrations: 0.5 μg/mL for biotinylated and 1.0 μg/mL for ruthenylated GSK2618960) for 16 to

20 hours (i.e., overnight) at room temperature under gentle shaking. After incubation, the

mixture of sample and conjugates (50 μL/well) were transferred to a pre-blocked streptavidin-

coated plate (MSD, Rockville, MD). Next, the plate was incubated for 1 hour at room tempera-

ture with gentle shaking. The plates were then washed with PBS containing 0.1% Tween-20

(PBST) followed by addition of 2x Read Buffer T. Finally, the plates were read on a MSD Sec-

tor1 Imager 6000 Reader. The intensity of the ECL signal is directly proportional to the

amount of anti-GSK2618960 antibodies in the sample. For the data analysis, the ECL signal of

test sample was normalized to the signal of the negative control on the plate. The normalized

result is referred to as relative ECL (RECL). From the validation, the statistically-derived

screening assay cut point was 1.16 RECL (5% false-positive rate following standard practice)

using a panel of normal (i.e., healthy) donor sera (N = 50) [11].

Samples that tested above the screening cut point were considered potentially positive, and

then tested in the confirmation assay to determine the specificity of the assay signal by inhibi-

tion with free GSK2618960. Briefly, samples were 1:10 diluted with buffer containing the tar-

get-blocking antibody (anti-human IL-7Rα mAb; GSK clone 6A3 at 45 μg/mL). Soluble IL-

7Rα has been reported previously [9, 12, 13]. To eliminate potential false positives from target

interference, a target-blocking antibody that competes with GSK2618960 for binding to the

soluble version of IL-7Rα was added in the confirmation assay. The diluted samples were first

incubated with and without excess free drug GSK2618960 (101 μg/mL) for 1 hour and then

proceeded for ADA detection as described in the screening assay. After reading the plate, the

signal of the sample spiked with free GSK2618960 was compared to the signal of the unspiked

sample by calculating the percent (%) inhibition. A signal decrease of 43.5% (validated confir-

mation assay cut point with 1% false positive rate) in the confirmation assay was deemed a

GSK2618960-specific ADA response [14]. Finally, all confirmed positive samples were titrated

in a validated titration assay to obtain ADA titer values. The samples were titrated by serial

2-fold dilutions (1:2) in negative control serum and tested in the ADA assay. Titer was
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reported as the reciprocal of the dilution at which the sample’s response (RECL) was just

above the screening cut point.

2.4. Competitive-ligand-binding neutralizing anti-GSK2618960 antibody

assay

To characterize the potential neutralizing activity of the anti-GSK2618960 antibodies, a vali-

dated competitive ligand binding assay was used to evaluate neutralization activity in con-

firmed positive ADA samples. Briefly, samples were diluted with dilution buffer containing the

target-blocking antibody (anti-IL-7Rα mAb, GSK clone 6A3 at 50 μg/mL), and then mixed

with biotinylated GSK2618960 (at final concentration of 0.125 μg/mL). The mixture was incu-

bated overnight at room temperature with gentle shaking. After incubation, the sample and

biotinylated GSK2618960 solution was transferred to a blocked MSD streptavidin-coated plate

plate and allowed to bind for 1 hour with shaking. The MSD plate was washed and then 50 μL/

well of ruthenium labelled IL-7Rα (IL-7Rα Fc fusion protein) was added. Next, the plate was

incubated for 1 hour at room temperature. The MSD plate was washed and 2x Read Buffer T

was added. The plate was read using MSD Sector1 Imager 6000. A percentage (%) inhibition

for each sample was calculated by the formula: 100 x (mean ECL of negative control–mean

ECL of sample)/mean ECL of negative control. A sample with % inhibition greater than 11.4%

(cut point established from healthy donors) was reported as positive for neutralizing antibody

activity.

2.5. B cell ELISPOT assay for detection of GSK2618960-specific memory B

cells

The B cell ELISPOT method for detection of biotherapeutic-specific memory B cells was previ-

ously described [15]. Briefly, PBMCs from study subjects were plated in 6-well plate at 2x106/

mL in Test-B™ Cell Culture Medium (CTL Immunospot) supplemented with polyclonal stimu-

lator (B-poly-S from CTL Immunospot) for 7 days incubation at 37˚C incubator with 5% CO2.

Stimulated PBMCs were harvested and seeded in 96 well PVDF membrane plate at either

1x106/well with 4 to 6 replicate wells (depending on cell recovery post-stimulation) for drug

specific memory B cell enumeration, or duplicate wells at 2.5x104 /well for total IgG detection.

The 96 well PVDF plate was incubated at 37˚C for overnight. Secreted antibodies from acti-

vated memory B cells were captured by anti-human IgG. Total IgG and GSK2618960 specific

IgG were detected by biotin labelled anti-human IgG Fc and biotin labelled GSK2618960,

respectively. Plate was scanned on ImmunoSpot Analyzers (Cellular Technology Limited, OH,

US). Total IgG spots were counted with instrument software and GSK2618960 specific spots

were counted manually due to the low frequency of specific spots. The average antibody secret-

ing cell (ASC) spots from replicate wells was reported as memory B cell frequency (ASC events

per million cells) for both total and GSK2618960-specific memory B cell activity. Total IgG

ASC served as control to monitor memory B cell activation, a minimum 5000 total IgG spots

per million cells were required for data inclusion.

2.6. Ex vivo T cell proliferation assay with PBMC from study subjects

To assess the immunogenic potential of GSK2618960, PBMC samples collected from study

subjects were incubated ex vivo with either GSK2618960 or a control anti-RSV mAb to test

and compare the ability of these mAbs to stimulate CD4+ T cells. The anti-RSV mAb was used

as a control because of the reported low incidence of immunogenicity in the clinic [16]. Briefly,

frozen cells were thawed and labelled with Cell Trace Violet (CTV). The labelled cells were
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resuspended with X-VIVO™ 20 medium supplemented with 2% heat inactivated human AB

serum and 1 ng/mL recombinant human IL-2 to a density of 2x106/mL, seeded at 150 μL per

well in 96 well plate and incubated in a 37˚C 5% CO2 incubator for overnight. Then

GSK2618960 and control anti-RSV mAb were added to cell plates to final concentrations of

10 μg/mL (for GSK2618960 only) and 100 μg/mL (for both GSK2618960 and anti-RSV mAb).

Cells were further incubated for 7 days at 37˚C with 5% CO2. On day 7, the cell plates were

centrifuged, and 100 μL of supernatant was removed, and replaced with fresh X-VIVO™ 20

medium containing 2% human AB serum and 1 ng/mL IL-2, and continued incubation until

day 10. On day 10, cells were harvested and stained with cell surface markers for CD3 (PerCP),

CD4 (FITC), CD8 (PE), and cell viability dye (F-NIR-A). Samples were acquired on BD FACS-

Canto 2 (BD Bioscience, San Jose CA). Events were cleaned by gating out dead cells and dou-

blets. CTV dim CD3+ and CD4+ positive cells were defined as proliferating CD4+ T cells and

expressed as percentage (%) of total CD4+ T cells.

2.7. Generation of monocyte-derived dendritic cells, GSK2618960 binding

to DCs, and activation of DCs by GSK2618960

CD14+ monocytes were isolated by CD14 beads (Miltenyi, San Diego, CA) from freshly

thawed PBMC. Purified monocytes were cultured in serum free medium (CellGenix, Freiburg,

Germany) containing IL-4 (250 IU/mL) and GM-CSF (800 IU/mL) at density of 1x106/mL for

5 days. On day 5, cells were collected, washed, and stained with anti-CD3, CD14, CD20,

CD56, CD11c, anti-HLA-DR and biotin-labelled GSK2618960 or biotin-labelled Fc-control

antibody (anti-BAM mAb). After 30 min RT incubation, samples were washed and stained

with PE-conjugated streptavidin for 15 min incubation at RT. Samples were washed and read

on a BD FACSCanto 10 (BD Bioscience, San Jose CA). The binding of GSK2618960 with

freshly thawed PBMCs were conducted with the same method.

DC activation was evaluated after treatment with medium, GSK2618960, or Fc-control

anti-β amyloid mAb using PBMCs from normal donors obtained from Biological Specialty

Company (Colmar, PA). Briefly, 5 μg of GSK2618960 or Fc-control antibody were dry coated

on a 12-well plate (equal volume of PBS was added for the media control wells). Next day,

PBMCs were thawed and seeded on the antibody-coated wells at density of 4x106 cells/mL in

αMEM containing 5% AB serum, then treatment solutions of GSK2618960, or Fc control anti-

body or medium were added to cells to final concentration of 50 μg/mL in accordance with the

mapping of antibody dry coating. Incubated cells in 37˚C incubator with 5% CO2 for 4 days.

At day 4 1mL medium was removed from each well and replenished with fresh medium con-

taining 50 μg/mL of GSK2618960 or Fc-control antibody (equal volume of medium added to

medium control wells), continued cell incubation for 3 days. On day 8 cells were collected and

stained with antibody cocktail containing CD3 (APC-cy7), CD4 (PerCpCy5.5), CD11c (APC),

HLA-DR (BV605), CD40 (FITC), CD83 (BV510), CD86 (PE), CD209 (BV421). Samples were

acquired on the BD FACSCanto 10 (BD Bioscience, San Jose CA). Events were cleaned by gat-

ing out dead cells and doublets, and DC subset was defined as CD3-/CD11c+ and HLA-DR+.

Expressions of CD40, CD83, CD86, and CD209 on DC subset were compared between treat-

ments within same donor.

2.8. Statistical analysis

Association of two incidence measures (e.g., treatment with GSK2618960 and positive

response for memory B cells) was tested using Fisher’s exact test due to small sample sizes [17].

Spearman’s rank correlation coefficient was used for correlation analysis when discrete,

ordered measures with ties, such as ADA titer, were involved [18]. Memory B cell frequency
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data, which exhibited ties and a substantial number of zero values, was fit with a generalized

linear mixed-effect model (exposure group as a fixed effect, donor as a random effect, and a

Poisson distribution), with pairwise comparisons by exposure group. Mixed-effect models

were fit to the log-transformed ex vivo CD4 proliferation data. In the first model, fixed effects

were dose group, study day, treatment, and all 2- and 3-way interactions; and random effects

were donor and cohort. In the second model, in vivo drug exposure group was included

instead of dose group. In both models, 3- or 2- way interaction terms involving treatment

which were highly insignificant (p-value > 0.50, indicating a consistent relative impact of

treatments) were dropped, and pairwise comparisons of treatments on (geometric) mean stim-

ulation index (SI) averaging across dose group and study day (first model) or by exposure

group averaging across study day (second model) were conducted. For the analysis of % DC

subset, the log-transformed data was fit to a two-way ANOVA model with terms for donor,

treatment, and their interaction. Then, treatment group (geometric) means were compared

within each donor. All statistical tests were conducted without adjusting for multiplicity due to

the exploratory nature of this study. Conclusions of any difference or effect were based not

only on “statistical significance” with p-value < 0.05, but also using error bars (standard error

and confidence intervals) to display the effect size as part of the data interpretation.

3. Results

3.1. High incidence of ADA was observed post single dose of GSK2618960

For ADA evaluation, serum samples were collected at Day -1 (pre-dose) and post-dose at Day

15, Day 22 (cohort B only), Day 29, Day 85, and Day 169 (follow-up). The time course of ADA

responses for study subjects are displayed in Fig 1. Five (5) of the six (6) treated subjects (83%)

in the 0.6 mg/kg dose group (Fig 1A), and all six (6) treated subjects (100%) in the 2 mg/kg

group (Fig 1B) developed ADAs. All subjects that received the placebo tested ADA negative.

ADAs were detected at the earliest sampling time (Day 15) in 6 of the 11 positive subjects, and

the remaining subjects developed ADAs at either Day 22 or Day 29. Ten (10) out of the 11 pos-

itive responders remained ADA positive at the last time point (Day 169), suggesting a persis-

tent ADA response [19, 20]. Subjects from cohort B showed generally higher titers compared

to cohort A (Table 1), indicating a stronger ADA response with increased dose. The treat-

ment-induced ADAs were also characterized for neutralizing activity in a validated NAb assay.

As shown in Table 1. NAb activity was detected in 2 of 5 ADA-positive subjects (40%) in the

0.6 mg/kg cohort and 5 of 6 (83%) ADA-positive subjects in the 2.0 mg/kg cohort.

In summary, GSK2618960 was observed to induce a strong humoral response in 92% (11 of

12) of healthy subjects treated with a single dose of GSK2618960. The ADAs appeared to be

dose-dependent, as higher incidence, higher titer, and increased percentage of subjects with

Fig 1. ADA responses observed in the phase I study 200902. Assay signal (ECL) was normalized to negative control

and plotted as logRECL. The blue dotted line represents assay cut point (1.16 RECL). (A). Cohort A (0.6 mg/kg dosing

group). (B). Cohort B (2 mg/kg dosing group). Each cohort had 9 subjects with 6 subjects on treatment and 3 on

placebo.

https://doi.org/10.1371/journal.pone.0249049.g001
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neutralizing ADA were associated with the 2 mg/kgGSK2618960 dose cohort. Of note, the

development of ADAs was not observed to be associated with any safety events [9].

3.2. Memory B cells against GSK2618960 were detected following single

dose in study subjects

The data presented above showed that GSK2618960 was highly immunogenic in healthy

human subjects after a single dose. To further characterize this robust humoral response,

PBMC samples from the study subjects were evaluated to determine whether the ADA-positive

subjects had developed memory B cell immunity. Using a B-cell ELISPOT assay, samples from

17 subjects across both treatment cohorts, with either three (Day -1, 29, and Day 169 for 0.6

mg/kg cohort) or four time points (Day -1, 29, 43, and Day 169 for 2 mg/kg cohort) per subject

were evaluated. Representative B cell ELISPOT data from either GSK2618960-treated or

untreated (placebo) subjects were shown in Fig 2. As shown in Fig 2A & 2B, robust total IgG

Table 1. Summary of ADA titer and NAb result for ADA positive response subjects.

Assay type Time (day) Cohort A (0.6 mg/kg) Cohort B (2.0 mg/kg)

subj 108 subj 109 subj 110 subj 112 subj 114 subj 201 subj 202 Subj 204 subj 208 subj 210 subj 211

ADA -1 (pre-dose) nd nd nd nd nd nd nd nd nd nd nd

15 nd 256 8 8 nd 320 nd nd 32 160 nd

22� n/a � n/a n/a n/a n/a 640 320 4 80 640 8

29 4 2560 4 8 80 320 320 2 160 320 16

85 40 1600 32 4 160 5120 1280 16 1280 1280 2560

169 40 1024 16 neg 64 2560 320 16 640 640 1280

NAb 85 neg pos neg neg pos pos pos neg pos pos pos

169 neg pos neg neg neg pos pos neg pos pos pos

nd: titer not determined (ADA negative samples)

n/a �: Day 22 samples were not collected for cohort A.

https://doi.org/10.1371/journal.pone.0249049.t001

Fig 2. ADA specific memory B cell detection—Representative B cell ELISPOT images and distribution of memory

B cell frequencies. (A). Subject #202 –post-GSK2618960 treatment 2mg/kg, ADA positive. (B). Subject # 207, placebo,

ADA negative. (C). Distribution of memory B cell frequency from untreated (all sample time points for placebo

subjects and Day-1 from treated subjects), 0.6 mg/kg dose cohort, and 2.0 mg/kg dose cohort samples. Statistical

comparison test results: ‘ns’ = not statistically significant (p-value� 0.050); ‘�’ = p-value< 0.050; ‘��’ = p-

value< 0.010; ‘���’ = p-value< 0.001.

https://doi.org/10.1371/journal.pone.0249049.g002
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ASCs were observed across all four time points for both subjects, indicating a robust memory

B cell activation. The dosed subject which was ADA positive post-dose showed clear

GSK2618960-specific ASC spots at all three post-dose time points (Day 29, Day 43, and Day

169), and the specific spots were not seen in the pre-dose sample (Day -1) (Fig 2A). In contrast,

a subject which was administered placebo and was ADA negative, did not show

GSK2618960-specific ASCs at any time points (Fig 2B). The GSK2618960-specific memory B

cell responses by memory B cell frequencies (ASC per million cells) were compared by the

drug treatment (i.e. drug treated or untreated) (Fig 2C). GSK2618960-specific memory B cell

frequencies were undetectable in most of pre-dose or placebo samples (22 of 32 samples). The

few untreated samples with detectable events had low frequencies which may be attributable to

assay background (S1 Table). Post-GSK2618960 treatment, both cohorts demonstrated signifi-

cantly higher GSK2618960 memory B cell frequencies compared to untreated samples

(p<0.01 for 0.6 mg/kg cohort; p<0.001 for 2.0 mg/kg cohort). While the 2mg/kg treatment

group seemed to have higher specific memory frequencies than 0.6 mg/kg group, the differ-

ence between the two dose cohorts was not significant (Fig 2C). A sample with 2-fold increase

of ASCs compared to pre-dose (Day -1) sample from the same subject was considered positive

for memory B cell activity. Furthermore, a subject with one or more time points that were pos-

itive for memory B cell activity was considered to have a positive memory B cell response.

Applying these criteria, 91% (10 of 11) treated subjects demonstrated GSK2618960-specific

memory B cell activity with average frequency of 12.2 ASC per million cells across all positive

donors. In contrast, one out of six subjects (17%) on placebo showed a positive response with

average ASC of 1.7 (S1 Table).

Statistical analyses were conducted to examine the correlation of GSK2618960-specific

memory B cells with GSK2618960 treatment or ADA status. This revealed that

GSK2618960-specific B memory responses were associated with both GSK2618960 treatment

(p-value = 0.005) and the ADA status (p-value = 0.035) (Table 2). These results provide evi-

dence of a positive relationship between memory B cell activity with GSK2618960 treatment

and ADA status. Consequently, we evaluated whether the ADA titers correlated with memory

B cell intensity (in ASC frequency per million cells). The memory B cell activity (mean ASCs

frequencies from replicate wells) and corresponding ADA titer at post-treatment time points

for the 17 subjects were analyzed statistically for potential correlation. Correlation analysis

between ADA titer and memory B activity (mean ASC spots per million cells) were performed

with samples grouped by time points for samples collected on Day 29 and Day 169. The Day -1

and Day 43 data were not included in this analysis because there were either no ADA positive

samples (Day -1) or insufficient number of samples were available (Day 43). The analysis

found no evidence of correlation on Day 29 (Spearman coefficient = 0.19; p-value = 0.459).

There was evidence of a semi-quantitative correlation between ADA titer and memory B activ-

ity on Day 169 (Spearman coefficient = 0.69; p-value = 0.002) (Fig 3), suggesting the strength

Table 2. Correlation of GSK2618960-specific memory B cells with GSK2618960 treatment.

p-value = 0.005 Memory B Cell Status

Negative Positive

GSK2618960 Treatment No 5 1

Yes 1 10

p-value = 0.035 Memory B Cell Status

Negative Positive

GSK2618960 ADA Status Negative 5 2

Positive 1 9

https://doi.org/10.1371/journal.pone.0249049.t002
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of memory B cell activity (measured by ASC frequency per million cells) correlated with ADA

titer at the Day 169 time point.

3.3. Ex vivo CD4+ T cell proliferation by GSK2618960

To further understand the high incidence of ADA observed in this clinical study, PBMC sam-

ples collected from the study subjects were stimulated ex vivo with GSK2618960 to determine

the T cell activation potential of this compound. All 9 subjects from 0.6 mg/kg dosing cohort

and 8 of 9 subjects from 2.0 mg/kg cohort were included in this evaluation, with three time

points (Day -1, Day 29, and Day 169) evaluated for each subject. Each PBMC sample was incu-

bated with either cell culture medium, control anti-RSV mAb (100 μg/mL), or two concentra-

tions of GSK2618960 (10 μg/mL and 100 μg/mL) for 10 days. CD4+ T cell proliferation was

measured by CTV dilution. Representative CD4+ T proliferation in responses to cell culture

medium, control anti-RSV mAb, and 10 μg/mL or 100 μg/mL GSK2618960 at are shown in

Fig 4A. The degree of CD4+ T cell stimulation in response to control anti-RSV mAb or

GSK2618960 was measured by stimulation index (SI). The SI was the ratio of the mean per-

centage of proliferating CD4+ T cells from replicate wells of treatment to the mean percentage

of proliferating CD4+ T cells from medium controls for the same sample.

Responses to control anti-RSV mAb, and 10 μg/mL or 100 μg/mL GSK2618960 treatment

(in SI) are shown in Fig 4B. Comparing to the control anti-RSV mAb, GSK2618960 demon-

strated more robust CD4+ T cell proliferation as indicated by a greater number of samples

with SI above the empirical threshold (SI = 2) (Fig 4B). Statistical analysis indicated that CD4+

T cell proliferation responses at 10 μg/mL and 100 μg/mL GSK2618960 treatment were signifi-

cantly higher compared to the control antibody, regardless of study day or dose group (Fig

4C). The 10 μg/mL of GSK2618960 treatment showed overall weaker stimulation compared to

100 μg/mL treatment, suggesting that CD4+ T cell stimulation by GSK2618960 may be dose

dependent.

Since we observed memory B cell activity for ADA-positive subjects, we wanted to specifi-

cally explore whether in vivo drug exposure had any impact on the ex vivo potentiation of

Fig 3. Correlation between ADA titer and memory B activity (mean ASC spots per million cells). (A). Day 29

(Spearman coefficient = 0.19; p-value = 0.459. (B). Day 169 with Spearman coefficient = 0.69; p-value = 0.002. In

summary, the observed GSK2618960-specific ASC events in PBMC samples from study subjects were related to

GSK2618960 treatment, indicating the development of immune memory activity for anti-GSK2618960 antibody

response.

https://doi.org/10.1371/journal.pone.0249049.g003
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GSK2618960 on CD4+ T cell proliferation. To explore the potential impact, the data was exam-

ined by whether the PBMC samples were exposed to GSK2618960 in vivo. The untreated

group (or naive) included samples from placebo group and pre-dose samples from treated sub-

jects. The treated samples were PBMC samples collected post GSK261896-dosing at Day 29

and Day 169. The overall responses to GSK2618960 and control mAb were similar in

GSK2618960-naive and dosed groups; and GSK2618960 treatment, particularly, at 100 μg/mL,

demonstrated stronger CD4 T cell proliferation compared to control antibody in both groups

(Fig 4D). The observations that in vivo exposure to GSK2618960 had no apparent impact on

ex vivo potentiation of CD4 T cells and that the CD4 T cells proliferated in drug naïve samples

indicated that the observed CD4 T cell proliferation was likely due to naïve CD4 T cell activa-

tion by GSK2618960 under these ex vivo treatment conditions.

3.4. Binding and activation of dendritic cells by GSK2618960

Since GSK2618960 binds to a receptor (i.e., IL-7Rα) expressed on immune cells (e.g., DCs and

T cells), a robust immunogenicity response as described above can be driven either by the

sequence-related antigenicity properties of the drug or potentially augmented through recep-

tor-mediated activity. To explore the latter possibility, the binding of GSK2618960 to different

subsets of immune cells was evaluated. Freshly prepared PBMCs were stained with a cocktail

of antibodies (anti-CD3, CD56, CD14, CD20, CD11c, and HLA-DR). After washing, samples

were further stained with either biotin-labeled GSK2618960 or biotin-labeled Fc control anti-

body (anti-BAM mAb). The binding of biotin labeled antibody to cells was detected by strepta-

vidin (PE). As shown in Fig 5A, GSK2618960 binds to CD3+ T cells as expected due to

expression of IL-7Rα on T cells [21–23]. The binding of GSK2618960 to CD3+ T cells was pre-

viously demonstrated by a full receptor occupancy following administration of GSK2618960

from this phase I study [9]. GSK2618960 was also observed to bind on CD14+ monocytes as

Fig 4. CD4+ T cell proliferation in response to GSK2618960 and control anti-RSV antibody. PBMCs collected from

study subjects were treated with GSK2816960 (10 μg/mL and 100 μg/mL) and anti-RSV mAb (100 μg/mL); medium

control was included for each sample. After 10 days of incubation, proliferating CD4+ T cells were determined by

dilution of Violet Proliferation Dye (VPD450). Stimulation index (SI) was calculated for each treatment by formula

SI = mean % of proliferating CD4 T cells in presence of GSK2618960 or anti-RSV / mean % of proliferating CD4 T in

medium controls of same sample. (A). Representative flow cytometry plots of CD4+ T proliferation in responses to

medium, control anti-RSV mAb, GSK2618960 at 10 μg/mL or 100 μg/mL concentration. (B). CD4+ T cell proliferation

responses by SI to GSK2618960 or control anti-RSV mAb. Open circles are samples with SI<2. (C). Mixed-model

mean SI and 95% confidence intervals in responses to control anti-RSV mAb, and GSK2618960 treatment. (D).

Comparison of responses of GSK2618960 in naïve and treated samples. Statistical comparison test results: ‘ns’ = not

statistically significant (p-value� 0.050); ‘�’ = p-value< 0.050; ‘��’ = p-value< 0.010; ‘���’ = p-value< 0.001.

https://doi.org/10.1371/journal.pone.0249049.g004
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shown in Fig 5A. CD14+ monocytes and CD20+ B cells were included together because of

same fluorochrome being used for the anti-CD14 and anti-CD20 antibodies. Since IL-7Rα is

not known to be expressed on mature B cells [24–26], the GSK2618960 positive subset seen

(Fig 5A) was likely only the CD14+ cell population. Additionally, GSK2816960 did not bind to

NK cells (subset of CD3- and CD56+), nor was it found to bind to DCs (CD3-, CD56-, CD14-/

CD20- but CD11c/HLA-DR double positive) (Fig 5A). Because there are reports that IL-7Rα
expression can be induced in ex vivo cultured DCs [26–28], we evaluated whether

GSK2618960 binds to ex vivo generated monocyte-derived DCs. Isolated CD14+ cells were cul-

tured in serum free medium supplemented with GM-CSF and IL-4 for 5 days, and the mono-

cyte derived DC (moDC) cells were harvested for staining with the same surface marker

cocktail (see above) and biotin-labeled GSK2618960 or biotin labeled Fc-control antibody

(anti-BAM mAb). A clear shift of biotin-labeled GSK2618960 compared to Fc-control anti-

body indicated the binding of GSK2618960 on MoDC (CD3-, CD11c and HLA-DR double

positive) (Fig 5B). This shift was observed in MoDC generated from multiple donors (S2 Fig).

It was shown above that ex vivo treatment of GSK2618960 could stimulate CD4+ T cell pro-

liferation in PBMC samples collected from clinical study subjects. The limited cell numbers

collected from study subjects did not allow for a detailed phenotypic evaluation beyond exam-

ining CD4+ T cell proliferation by CTV dilution. To further investigate the cellular pheno-

types, we collected blood and isolated PBMCs from healthy, GSK2618960-naïve donors. The

PBMCs from these healthy donors were treated with GSK2618960 or the Fc-control antibody

(anti-β amyloid, an isotype control antibody with the same Fc disabling mutation as

GSK2618960) for 7 days in a combination of solution and immobilized format (i.e., dry coat-

ing) and then DC surface and activation markers were evaluated simultaneously. Compared to

cell culture medium control or Fc-control antibody treatment, an increase of a population

Fig 5. GSK2618960 binds T cells, Monocytes, but not DC in fresh PBMC; It binds ex vivo generated DC. (A).

GSK2618960 binding evaluation with fresh PBMC. Compared to Fc mutation control antibody–anti beta amyloid

(red), GSK2618960 (blue) binds CD3+ T cell, Monocyte (CD14+) or B cell (CD20+), but not NK (CD56+), and DC (lin-

, HLA DR+, CD11c+). (B). Representative graphs of GSK2618960 binding on ex vivo generated DC.

https://doi.org/10.1371/journal.pone.0249049.g005
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with DC phenotype (CD3-, CD11c and HLA DR double positive subset) was observed with

GSK2618960 treatment. Representative flow cytometry plots are shown in Fig 6A. The

increases of DC subset were observed in all three evaluated donors, the average % DC subset

from replicate wells for the three treatment conditions are shown in Fig 6B. The increases of

DC subset in the treatment of GSK2618960 were significant in all three donors compared to

medium control, and increases were significant compared to Fc control antibody in two out of

the three donors (Fig 6B). Moreover, the DC subset from GSK2618960 treatment showed dra-

matic increases of CD83, CD86, CD40 and CD209 expression compared to medium and Fc

antibody controls, suggesting an enhanced DC differentiation and activation in GSK2618960

treatment (Fig 6C). Treatment of the Fc-control mAb showed some increase on the percentage

of DC subset relative to medium control; however, the expression of DC surface markers

(CD83, CD86, CD40, and CD209) remained at similar levels compared to the medium control.

Therefore, the observed impact on DC subsets by GSK2618960 was likely attributable to the

antibody functionality related to its complementarity determining regions (CDRs) rather than

the Fc domain binding.

4. Discussion

Here we report that GSK2618960, a humanized anti-IL7Rα therapeutic monoclonal antibody

was found to have a high incidence of immunogenicity in clinical study 200902. Single doses

of GSK2618960 in healthy subjects elicited up to 100% ADA incidence with relatively high

titers, and neutralizing activity, and the durations of the ADA responses were persistent. Prod-

uct-related factors, such as aggregates appeared to not be a concern for GSK2618960 as aggre-

gates from the clinical material were within the established product quality attributes

specifications (<0.5% aggregates) (data not shown). Patient-related risk factors such as

immune status or co-medications appeared to be irrelevant since the subjects enrolled were

healthy volunteers. Often, the immunogenicity of humanized antibodies is associated with the

unique (nonhuman) sequences in the complementarity determining regions (CDRs) [3]. For

GSK2618960, a humanized antibody with CDRs of murine origin, the immunogenicity risk

Fig 6. Phenotypic evaluation of ex vivo GSK2618960-treated PBMC. PBMC from healthy donors were treated with

either Fc control anti-beta amyloid antibody or GSK2618960 for 7 days. (A). Increased DC subsets (CD3-, HLA-DR+,

CD11c+) in GSK2618960 treatment. (B). Average % DC subset in medium, Fc control or GSK2618960 treatment from

three healthy donors (error bars represent the standard deviation of replicate treatment). Statistical comparison test

results: ‘ns’ = not statistically significant (p-value� 0.050); ‘�’ = p-value< 0.050; ‘��’ = p-value< 0.010; ‘���’ = p-

value< 0.001. (C). Increased expression of CD86, CD209, CD40, and CD83 on DCs in GSK2618960 treatment.

https://doi.org/10.1371/journal.pone.0249049.g006
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associated with the primary sequence of the CDRs has been evaluated using in silico tools to

predict potential MHC class II T cell binding epitopes. The in silico sequence analysis indicated

a low immunogenicity risk for GSK2618960 with risk scores compatible to two benchmark

monoclonal antibodies with known low clinical immunogenicity response (e.g., Avastin1 and

Xolair1). Thus, the in silico sequence analysis suggested that the primary sequence of murine

CDR sequence was not likely the main cause for the robust clinical immunogenicity response.

Therapeutic mAbs against cell surface receptors, particularly those expressed on immune

cells, are generally considered to have an elevated risk for immunogenicity compared to mAbs

against soluble targets [3]. Similar to the clinical immunogenicity incidence of GSK2618960

described above, another humanized anti-IL-7Rα (CD127) mAb, PF-06342674, in clinical

development also elicited high incidence of ADA in two separate clinical trials [4, 29]. Collec-

tively, the evidence we have presented in this report supports the notion that receptor-medi-

ated biological activity is related to the strong clinical immunogenicity observed for

GSK2618960. The reasons for higher risk of immunogenicity for antibodies targeting cell sur-

face receptors are not completely understood. One hypothesis is that binding of the biothera-

peutic to the cell surface receptor may enhance internalization and subsequent processing and

presentation by antigen presenting cells [30, 31]. GSK2618960 selectively binds to IL-7Rα
(CD127), a subunit of receptors for IL-7 and TSLP. Consistent with the reported IL-7Rα
expression in T cells and myeloid cells, GSK2618960 was found to bind to CD3+ T cells and

monocytes, but not NK cells (Fig 5A). Furthermore, we have shown that GSK2618960 did not

bind to native DCs (using uncultured PBMCs), but it did bind to ex vivo monocyte-derived

DCs (Fig 5B). This observation is in agreement with reports from other research groups, that

IL-7Rα protein is not readily detectable in ex vivo isolated mDC while it can be detected in in
vitro activated DCs [27, 32].

Given our observation that GSK2618960 binds to monocyte-derived DC (MoDC), we

wanted to see whether GSK2618960 had any impact on DC phenotype or activation. Indeed,

ex vivo treatment of PBMCs with GSK2618960 induced a noticeable increase in a subset with

DC phenotypic markers (e.g., CD3-, HLA-DR+, and CD11c+) compared to Fc-control anti-

body (anti-BAM mAb) or cell culture medium (Fig 6). Moreover, the DC subset treated with

GSK2618960 showed enhanced activation, which was evident by the increased expression in

CD83, CD86, CD40, and CD209 compared to the controls (i.e., Fc control antibody or

medium). The increases of DC subpopulations and enhanced DC activation in the treatment

of GSK2618960 suggest overall enhancement of DC functionality with GSK2618960 treatment.

This elevated DC functionality may be related to the strong in vivo clinical immunogenicity

response observed with GSK2618960. Whether the observed increase of DC subsets and

expanded DC activation are consequences of enhanced antigen internalization, processing,

and presentation facilitated by binding of GSK2618960 to IL-7R expressed on DCs or a direct

signaling mechanism from receptor engagement via binding of GSK2618960 on DCs remains

to be elucidated.

Evidence exists from clinical studies that GSK2618960 exhibited a degree of paradoxical

agonistic potential in ex vivo assays using PBMCs from study subjects [9]. It was noted that

addition of GSK2618960 to pre-dose PBMC samples from study subjects (samples were not

treated with IL-7) induced the phosphorylation of STAT5 in CD3+/CD4+ T cells, indicating

receptor agonism by GSK2618960. Although the degree of pSTAT5 induction was small (i.e.,

an average increase of ~7% compared to the control response, which was IL-7 treatment

alone), it was observed in 17 of 18 PBMC samples [9]. Low levels of STAT5 phosphorylation

following GSK2618960 treatment of whole blood from healthy donors were observed in an ex
vivo assay, suggesting potential stimulating activity of IL-7R (GSK unpublished data). The

binding of GSK2618960 to ex vivo monocyte-derived DC presented in this report and the
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agonist activity potential that was previously reported for GSK2618960, provide insight into a

potential mechanism for the observed of DC activation and CD4+ T cell stimulation potential

of GSK2618960 under the ex vivo treatment conditions. Consequently, these observations may

provide evidence and, in part, explain the robust humoral immune response against

GSK2618960 observed in the clinical study.

The detection of GSK2618960-specific memory B cells in treated subjects indicated the devel-

opment of an ADA response that included immune memory activity against GSK2618960 follow-

ing single dose in study subjects. The frequency of the specific memory B cells from positive

response subjects seemed higher in 2 mg/kg cohort compared to 0.6 mg/kg cohort (16.9 v.s. 5.2

ASC per million PBMC) (S1 Table). Evidence of a semi-quantitative correlation between ADA

titer and memory B cell activity was found on Day 169. Based on this data, it is hypothesized that

memory B cell activity may be responsible for the persistent nature of the ADA response. The

implication of this ADA-specific memory B activity in ADA development and clinical conse-

quences for repeat dosing is unclear. Memory B cells are programmed to respond rapidly to anti-

gen exposure, proliferating and differentiating into antibody-secreting cells quickly after

detecting antigen [33–35]. In principle, the development of GSK2618960-specific memory B

activity indicates the possibility of a rapid increase of ADAs in case of subsequent dosing, leading

to an increased risk for altered PK, PD, or emergent safety signals. The observed ADA-specific

memory B activity also suggests involvement of helper T cells in the GSK2618960-specific

immune response. To this end, we demonstrated that treatment of the subject’s PBMCs with

GSK2618960 resulted in strong CD4+ T cell stimulation compared to the control anti-RSV mAb,

using an ex vivo CD4+ T cell proliferation method. Furthermore, the results from this assay also

revealed a dose-dependent increase in CD4+ T cell stimulation by GSK2618960. These data sup-

port the role of helper T cells in the immune response to GSK2618960. While it would be impor-

tant to determine whether GSK2618960-treated subjects developed memory T cells, the ex vivo
CD4 T+ cell proliferation assay was not equipped to differentiate between memory and naïve

CD4+ T cell responses. Of note, the CD4+ T cell proliferation observed in treatment naïve (i.e.,

placebo) subjects suggested a de novo response to GSK2618960 treatment. Finally, the strong ex
vivo CD4+ T cell stimulation potential correlated well with the robust clinical ADA incidence.

Our data provide further support for the utility of ex vivo CD4+ T cell proliferation assays for clin-

ical immunogenicity prediction.

In summary, we report a robust immunogenicity response following the administration of

a single dose of GSK2618960 in healthy human subjects. Our data supports the notion that an

unintended receptor-mediated agonistic activity (an unfortunate property of a receptor block-

ing antibody) was the main risk factor contributing to the robust clinical immunogenicity

response observed for GSK2618960. IL-7Rα, and its signaling pathway, remains a potentially

important target for both cancer and autoimmune diseases [36–40]. The findings described in

this report might be helpful for further therapeutic development of anti-IL7-Rα biotherapeu-

tics. The in vitro methods applied in this investigation are relevant for characterizing immuno-

genicity responses and identifying potential immunogenicity risks for biotherapeutics that

target cellular receptors. Furthermore, in vitro methods to assess immunogenicity potential for

biotherapeutics can serve as valuable tools to aid in de-risking immunogenicity during the

lead development stage.

Supporting information

S1 Fig. CONSORT flow diagram. � Safety population was used fog assessment of safety, PD/

biomarkers and immunogenicity.
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PLOS ONE Robust immunogenicity response for anti IL-7 receptor monoclonal antibody drug in phase I study

PLOS ONE | https://doi.org/10.1371/journal.pone.0249049 March 23, 2021 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249049.s001
https://doi.org/10.1371/journal.pone.0249049


S2 Fig.

(TIF)

S3 Fig.

(TIF)

S1 Table.

(TIF)

Acknowledgments

We thank our GSK colleague Inbal Ringel (former GSK employee), Joanne Ellis, Andre van

Maurik, Gerben Bouma and Daniel Sikkema (former GSK employee) for their valuable advice

on CD4 T cell stimulation and memory B cell activity assays; and their time in reviewing and

providing feedback for this manuscript.

Author Contributions

Conceptualization: Karen Liao, Stephen L. DeWall.

Data curation: Sara Brett.

Formal analysis: Karen Liao, Andrew Gehman.

Investigation: Karen Liao, Keguan Chen.

Methodology: Ann M. Schwartz.

Resources: George R. Gunn.

Writing – original draft: Karen Liao.

Writing – review & editing: Karen Liao, George R. Gunn, Stephen L. DeWall.

References
1. Hwang WYK, Foote J. Immunogenicity of engineered antibodies. Methods. 2005; 36(1):3–10. https://

doi.org/10.1016/j.ymeth.2005.01.001 PMID: 15848070

2. Kuriakose A, Chirmule N, Nair P. Immunogenicity of biotherapeutics: causes and association with post-

translational modifications. Journal of immunology research. 2016; 2016. https://doi.org/10.1155/2016/

1298473 PMID: 27437405

3. Harding FA, Stickler MM, Razo J, DuBridge R, editors. The immunogenicity of humanized and fully

human antibodies: residual immunogenicity resides in the CDR regions. MAbs; 2010: Taylor & Francis.

https://doi.org/10.4161/mabs.2.3.11641 PMID: 20400861

4. Ridker PM, Tardif J-C, Amarenco P, Duggan W, Glynn RJ, Jukema JW, et al. Lipid-reduction variability

and antidrug-antibody formation with bococizumab. 2017; 376(16):1517–26. https://doi.org/10.1056/

NEJMoa1614062 PMID: 28304227

5. De Groot AS, McMurry J, Moise L. Prediction of immunogenicity: in silico paradigms, ex vivo and in vivo

correlates. Current opinion in pharmacology. 2008; 8(5):620–6. https://doi.org/10.1016/j.coph.2008.08.

002 PMID: 18775515

6. Schellekens H. How to predict and prevent the immunogenicity of therapeutic proteins. Biotechnology

annual review. 2008; 14:191–202. https://doi.org/10.1016/S1387-2656(08)00007-0 PMID: 18606364

7. Holgate RG, Baker MP. Circumventing immunogenicity in the development of therapeutic. IDrugs.

2009; 12(4). PMID: 19350467

8. Davda J, Declerck P, Hu-Lieskovan S, Hickling TP, Jacobs IA, Chou J, et al. Immunogenicity of immu-

nomodulatory, antibody-based, oncology therapeutics. 2019; 7(1):105. https://doi.org/10.1186/s40425-

019-0586-0 PMID: 30992085

PLOS ONE Robust immunogenicity response for anti IL-7 receptor monoclonal antibody drug in phase I study

PLOS ONE | https://doi.org/10.1371/journal.pone.0249049 March 23, 2021 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249049.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249049.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249049.s004
https://doi.org/10.1016/j.ymeth.2005.01.001
https://doi.org/10.1016/j.ymeth.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15848070
https://doi.org/10.1155/2016/1298473
https://doi.org/10.1155/2016/1298473
http://www.ncbi.nlm.nih.gov/pubmed/27437405
https://doi.org/10.4161/mabs.2.3.11641
http://www.ncbi.nlm.nih.gov/pubmed/20400861
https://doi.org/10.1056/NEJMoa1614062
https://doi.org/10.1056/NEJMoa1614062
http://www.ncbi.nlm.nih.gov/pubmed/28304227
https://doi.org/10.1016/j.coph.2008.08.002
https://doi.org/10.1016/j.coph.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18775515
https://doi.org/10.1016/S1387-2656%2808%2900007-0
http://www.ncbi.nlm.nih.gov/pubmed/18606364
http://www.ncbi.nlm.nih.gov/pubmed/19350467
https://doi.org/10.1186/s40425-019-0586-0
https://doi.org/10.1186/s40425-019-0586-0
http://www.ncbi.nlm.nih.gov/pubmed/30992085
https://doi.org/10.1371/journal.pone.0249049


9. Ellis J, van Maurik A, Fortunato L, Gisbert S, Chen K, Schwartz A, et al. Anti-IL-7 receptor αmonoclonal

antibody (GSK2618960) in healthy subjects–a randomized, double-blind, placebo-controlled study. Brit-

ish journal of clinical pharmacology. 2018. https://doi.org/10.1111/bcp.13748 PMID: 30161291

10. Koren E, Smith HW, Shores E, Shankar G, Finco-Kent D, Rup B, et al. Recommendations on risk-

based strategies for detection and characterization of antibodies against biotechnology products. 2008;

333(1–2):1–9. https://doi.org/10.1016/j.jim.2008.01.001 PMID: 18275969

11. Shankar G, Devanarayan V, Amaravadi L, Barrett YC, Bowsher R, Finco-Kent D, et al. Recommenda-

tions for the validation of immunoassays used for detection of host antibodies against biotechnology

products. Journal of pharmaceutical and biomedical analysis. 2008; 48(5):1267–81. https://doi.org/10.

1016/j.jpba.2008.09.020 PMID: 18993008

12. Lundström W, Highfill S, Walsh ST, Beq S, Morse E, Kockum I, et al. Soluble IL7Rα potentiates IL-7 bio-

activity and promotes autoimmunity. 2013; 110(19):E1761–E70. https://doi.org/10.1073/pnas.

1222303110 PMID: 23610432

13. Lauwerys B, Husson SN, Maudoux A-L, Badot V, Houssiau FJLs, medicine. sIL7R concentrations in

the serum reflect disease activity in the lupus kidney. 2014; 1(1):e000036.

14. FDA UJA. Guidance for industry: immunogenicity assessment for therapeutic protein products. 2014.

15. Liao K, Derbyshire S, Wang K-f, Caucci C, Tang S, Holland C, et al. Detection of Memory B Activity

Against a Therapeutic Protein in Treatment-Naïve Subjects. The AAPS journal. 2018; 20(3):51. https://

doi.org/10.1208/s12248-018-0198-5 PMID: 29549534

16. Null D Jr, Pollara B, Dennehy PH, Steichen J, Sánchez PJ, Givner LB, et al. Safety and immunogenicity

of palivizumab (Synagis) administered for two seasons. The Pediatric infectious disease journal. 2005;

24(11):1021–3. https://doi.org/10.1097/01.inf.0000183938.33484.bd PMID: 16282947

17. Fisher RA. Statistical methods for research workers: Genesis Publishing Pvt Ltd; 2006.

18. Dispas A, Avohou HT, Lebrun P, Hubert P, Hubert C. ‘Quality by Design’approach for the analysis of

impurities in pharmaceutical drug products and drug substances. TrAC Trends in Analytical Chemistry.

2018; 101:24–33.

19. Shankar G, Pendley C, Stein KE. A risk-based bioanalytical strategy for the assessment of antibody

immune responses against biological drugs. Nature biotechnology. 2007; 25(5):555. https://doi.org/10.

1038/nbt1303 PMID: 17483842

20. Shankar G, Arkin S, Cocea L, Devanarayan V, Kirshner S, Kromminga A, et al. Assessment and report-

ing of the clinical immunogenicity of therapeutic proteins and peptides—harmonized terminology and

tactical recommendations. The AAPS journal. 2014; 16(4):658–73. https://doi.org/10.1208/s12248-

014-9599-2 PMID: 24764037

21. Bradley LM, Haynes L, Swain SL. IL-7: maintaining T-cell memory and achieving homeostasis. Trends

in immunology. 2005; 26(3):172–6. https://doi.org/10.1016/j.it.2005.01.004 PMID: 15745860

22. Fry TJ, Mackall CL. The many faces of IL-7: from lymphopoiesis to peripheral T cell maintenance. The

Journal of Immunology. 2005; 174(11):6571–6. https://doi.org/10.4049/jimmunol.174.11.6571 PMID:

15905493

23. Purohit SJ, Stephan RP, Kim HG, Herrin BR, Gartland L, Klug CA. Determination of lymphoid cell fate is

dependent on the expression status of the IL-7 receptor. The EMBO journal. 2003; 22(20):5511–21.

https://doi.org/10.1093/emboj/cdg522 PMID: 14532123

24. Al-Shami A, Spolski R, Kelly J, Fry T, Schwartzberg PL, Pandey A, et al. A role for thymic stromal lym-

phopoietin in CD4+ T cell development. Journal of Experimental Medicine. 2004; 200(2):159–68.

https://doi.org/10.1084/jem.20031975 PMID: 15263024

25. Jiang Q, Li WQ, Aiello FB, Mazzucchelli R, Asefa B, Khaled AR, et al. Cell biology of IL-7, a key lympho-

trophin. Cytokine & growth factor reviews. 2005; 16(4–5):513–33. https://doi.org/10.1016/j.cytogfr.

2005.05.004 PMID: 15996891

26. Mazzucchelli R, Durum SK. Interleukin-7 receptor expression: intelligent design. Nature Reviews Immu-

nology. 2007; 7(2):144. https://doi.org/10.1038/nri2023 PMID: 17259970

27. Kummola L, Ortutay Z, Chen X, Caucheteux S, Hämäläinen S, Aittomäki S, et al. IL-7Rα Expression
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