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ABSTRACT
A recombinant respiratory syncytial virus (RSV) fusion glycoprotein candidate vaccine (RSV-PreF) man-
ufactured in Chinese hamster ovary cells was developed for immunization of pregnant women, to
protect newborns against RSV disease through trans-placental antibody transfer. Traces of a host-cell
protein, hamster neogenin (haNEO1), were identified in purified RSV-PreF antigen material. Given the
high amino-acid sequence homology between haNEO1 and human neogenin (huNEO1), there was a risk
that potential vaccine-induced anti-neogenin immunity could affect huNEO1 function in mother or
fetus. Anti-huNEO1 IgGs were measured by enzyme-linked immunosorbent assay in sera from rabbits
and trial participants (Phase 1 and 2 trials enrolling 128 men and 500 non-pregnant women, respec-
tively; NCT01905215/NCT02360475) collected after immunization with RSV-PreF formulations containing
different antigen doses with/without aluminum-hydroxide adjuvant. In rabbits, four injections adminis-
tered at 14-day intervals induced huNEO1-specific IgG responses in an antigen-dose- and adjuvant-
dependent manner, which plateaued in the highest-dose groups after three injections. In humans, no
vaccination-induced anti-huNEO1 IgG responses were detected upon a single immunization, as the
values in vaccine and control groups fluctuated around pre-vaccination levels up to 90/360 days post-
vaccination. A minority of participants had anti-huNEO1 levels ≥ assay cutoff before vaccination, which
did not increase post-vaccination. Thus, despite detecting vaccine-induced huNEO1-specific responses in
rabbits, we found no evidence that the candidate vaccine had induced anti-huNEO1 immunity in human
adults. The antigen purification process was nevertheless optimized, and haNEO1-reduced vaccines were
used in a subsequent Phase 2 trial enrolling 400 non-pregnant women (NCT02956837), in which again
no vaccine-induced anti-huNEO1 responses were detected.
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Introduction

During their first year of life, 50-70% of infants are infected with
respiratory syncytial virus (RSV), and by their second birthday
essentially all children have had an RSV infection.1 Severe RSV
disease occurs most frequently in the age group <6 months of
age, in which it is the most common cause of bronchiolitis,
frequently leading to hospitalization.1–5 Immunization of preg-
nant women can protect their newborn infants against RSV
disease in the early months of life through the transfer of pro-
tective maternal antibodies during pregnancy,6–9 and maternal
vaccination strategies against other diseases (tetanus, pertussis,
and influenza) in neonates have demonstrated efficacy and
acceptable safety profiles in clinical trials.10

RSV fusion (F) surface glycoprotein is responsible for the
fusion of cellular and viral membranes, a process mediated by
a dramatic conformational change of RSV F from a pre-fusion
to a post-fusion state during virus entry. It has been

demonstrated that the pre-fusion (PreF) form is the main
target of RSV neutralizing antibodies, therefore this confor-
mation is considered the most promising for a protein-based
RSV vaccine.11 A number of subunit vaccines based on RSV
F are currently in development.12 As part of a development
program aimed at producing a vaccine to protect infants
against RSV-associated disease through maternal vaccination
in the third trimester, we have developed a candidate vaccine
containing recombinant RSV F protein engineered to prefer-
entially maintain prefusion conformation (RSV-PreF).13

The RSV-PreF antigen was produced as a secreted and
soluble protein in the Chinese hamster ovary (CHO) cell
expression system, routinely used for the manufacturing of
recombinant protein vaccines. The use of CHO cells offers
many advantages, including an efficient production process as
well as appropriate protein folding, assembly and post-
translational modifications.14 However, host-cell proteins
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(HCPs) are occasionally co-purified with the drug
substance.15–19 For the RSV-PreF vaccine, we detected trace
amounts of a residual HCP, identified as hamster neogenin
(haNEO1), which were co-purified with the antigen.
Neogenin is a cell surface trans-membrane protein that is
ubiquitously expressed in all tissues, where it serves as
a multifunctional receptor.20–22 The protein has been sug-
gested to play a role in the regulation of diverse developmen-
tal processes, including the development of the central
nervous system and the regulation of inflammation.23–25

HaNEO1 has a close amino-acid sequence homology with
the human neogenin (huNEO1) protein (94% amino acid
sequence identity; i.e. [no. of identical residues of the align-
ment/no. of aligned residues] × 100; for EGW02120.1 and
NP_002490.2). This suggests that traces of haNEO1 in the
final formulated vaccine could be of possible clinical concern
if they were to induce antibodies in the human recipient that
could cross-react with the endogenous protein. Albeit infre-
quently, anti-HCP immune responses mounted by human
participants have been described for other HCPs.17,26 The
theoretical risk of inducing anti-huNEO1 antibodies was how-
ever considered low, given the high level of homology, the
single-dose administration and the tested vaccine formula-
tions (non-adjuvanted or containing a low-potency adjuvant,
i.e. aluminum hydroxide [‘alum’]). Nonetheless, the assess-
ment of potential huNEO1-specific immunoglobulin G (IgG)
responses was included as a tertiary safety endpoint in a Phase
1 and a Phase 2 trial (studies RSV F-001 and RSV F-020,
respectively) evaluating the safety and immunogenicity of
a single dose of the RSV-PreF vaccine in healthy men and
healthy non-pregnant women, respectively.27,28 These trials
evaluated non-adjuvanted and alum-adjuvanted formulations
containing different RSV-PreF antigen doses.

The objectives of the presented work were to assess
whether the haNEO1 HCP had induced IgG antibodies that
could cross-react with huNEO1. To achieve this, we devel-
oped an enzyme-linked immunosorbent assay (ELISA) to
detect anti-huNEO1 IgG responses in serum. We used the
assay first to quantify the presence or induction of anti-
huNEO1 IgG antibodies in sera from rabbits vaccinated with
different RSV-PreF formulations, and then to quantify anti-
huNEO1 IgG in serum samples collected from the partici-
pants of the clinical trials described above. Finally, we assessed
anti-huNEO1 IgG antibody levels in sera collected from non-
pregnant women enrolled in a subsequent Phase 2 trial (RSV
F-02129) in which haNEO1-reduced vaccines were used.

Materials and methods

Determination of the haNEO1 concentration in antigen
bulk material

The haNEO1 present in the purified antigen bulk was analy-
tically quantified using a qualified LC-MS-based assay.
A technical limitation was the lack of a drug substance lot
free of haNEO1, which precluded the use of an external
calibration curve. The experimental approach comprised
therefore the addition of a standard (recombinant huNEO1,
lot WMA1140630; AMS-Bio-OriGene, Abingdon, UK) which

was added directly to the samples. Spiked solutions were
prepared by adding different concentrations of the standard
(0.0685%, 0.1370%, 0.2055% and 0.2740% w/w in total pro-
tein) to each sample. The spiked samples and one unspiked
sample were analyzed in the same analytical run and reported
on the corresponding calibration curve. Five neogenin pep-
tides common to both the Chinese hamster (Cricetulus gri-
seus) and the standard were quantified to generate (after
specific signal extraction using an extracted-ion chromato-
gram) five calibration curves. The haNEO1 concentration of
a sample was equal to the magnitude of the x-intercept in the
plot and was calculated by extrapolation of the linear fit. The
analytical range of the assay was determined at 0.0685–0.27%
(w/w) of haNEO1, with 97-122% accuracy.

NEO1-specific ELISA

The huNEO1 (OriGene Technologies, Inc. Rockville, MD,
USA) produced in E. coli, was adsorbed at 1 µg/mL in
phosphate-buffered saline (PBS), overnight at 4°C onto 96-
well flat-bottom microtiter plates (50 µL/well). The plates
were rinsed three times in wash buffer (0.05% Tween-20/
0.9% NaCl), then saturated by incubating for 1 h at room
temperature with 100 µl/well diluent buffer (1% bovine
serum albumin, 0.1% Tween-20, 0.2% ProClin 300 [Merck
KGaA, Darmstadt, Germany] in PBS) and further rinsed
three times in wash buffer. Human serum samples were
tested in serial 2-fold dilutions (50 µL/well) starting at 1/20
in the diluent buffer containing 5% negative serum. The
standard curve was prepared using concentrations ranging
from 200–1.56 ng/mL of the standard (affinity purified
rabbit anti-huNEO1 polyclonal antibody; 20246-1-AP;
Proteintech Group, Inc. Rosemont, IL, USA). Samples,
standards and controls were incubated with agitation for
1 h at room temperature. The same procedure was used for
rabbit serum samples. After rinsing steps as above, plates
were incubated with agitation for 1 h at room temperature
with the following secondary antibodies in diluent buffer:
for rabbit samples, HRP-conjugated goat anti-rabbit IgG
(Merck KGaA, Darmstadt, Germany) and for human sam-
ples, HRP-conjugated mouse anti-human IgG cross-reactive
with rabbit IgG (05–4220, Invitrogen Waltham, MA, USA).
Then, after rinsing steps as above, the plates were incubated
for 30 min at room temperature in the dark with pre-
warmed tetramethylbenzidine substrate (Bio-Rad Hercules,
CA, USA). The peroxidase reaction was stopped with 0.5M
H2SO4. The IgG concentration was measured at 450 nm
wavelength and calculated by comparison with the standard
curve of each plate using Softmax Pro four-parameter
curve-fit software (Molecular Devices, LLC, Sunnyvale,
CA, USA). The lower limit of quantification (LLOQs)
were established at 100 ng/mL and 55 ng/mL for rabbit
and human serum samples, respectively.

Rabbit study

Ethical statement. All procedures were conducted at Institut
Armand Frappier (Laval, Québec, Canada) according to the
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guidelines of the Canadian Council on Animal Care and the GSK
Policy on the Care, Welfare and Treatment of Animals. Prior to
initiation of the study, the protocol was submitted for ethical
review and approved by the Institutional Animal Care
Committee of the Institut Armand Frappier (approval no. LVL/
1205-04/01/A).

Husbandry. Female New-ZealandWhite rabbits (N = 42) were
housed individually in cages with perforated floors in a dedicated
air-conditioned facility. They were provided ad libitum
a standard rabbit diet and domestic-quality drinking water.

Study design. The rabbits were randomly allocated to 7 treat-
ment arms (N = 6/arm) representing one control (PBS) and 6
different formulations of the RSV-PreF vaccine, either adju-
vanted with alum (500 µg/dose) or non-adjuvanted (Table 1).
The RSV-PreF antigen was derived from either Good
Manufacturing Practices clinical bulk lots or non-clinical
pharmacology toxicology bulk lots. All test items were
obtained from GSK, Rixensart, Belgium. Each rabbit received
4 intramuscular 0.5-mL injections administered two weeks
apart (Days 0, 14, 28 and 42). Serum samples were prepared
from blood collected on each treatment day before vaccine
administration and on Days 56 (14 days post-dose 4) and 70
(28 days post dose 4). At each blood-sampling time-point,
anti-huNEO1 antibody concentrations in serum were assessed
by ELISA, as described above.

Statistics. Descriptive statistical analyses were performed using
SAS version 9.1 (SAS Institute Inc., NC, USA). Values below
the LLOQ were assigned the value of the LLOQ (100 ng/mL).

Human serum samples

Study designs
Human serum samples were obtained from three previously
conducted randomized, placebo-controlled and observer-
blind clinical studies evaluating different formulations of
the RSV-PreF vaccine.27–29 The studies included a Phase 1
multicenter clinical trial evaluating 128 healthy 18–45 years
old male participants living in Canada (NCT01905215/RSV
F-001), and two multicenter, Phase 2 clinical trials evaluat-
ing in total 900 healthy non-pregnant 18–45 years old
women (i.e., one trial enrolling 500 women living in
Australia, Czech Republic, Germany or the USA
[NCT02360475/RSV F-020], and a second trial enrolling
400 women living in Belgium, Estonia, France or
Germany [NCT02956837/RSV F-021]). The three studies
were approved by the respective institutional Ethics
Committees and conducted in accordance with Good
Clinical Practice guidelines, the Declaration of Helsinki
and applicable regulatory requirements. Written-informed
consent was obtained from each participant prior to the
collection of all blood samples used in the studies. All
treatment arms in the three studies were well balanced in
terms of demography. Seven, 30, and 8 participants in the
RSV F-001, RSV F-020 and RSV F-021 trials, respectively,
withdrew before study completion, but none of the with-
drawals was due to an adverse event.

The Phase 1 trial was a first-time-in-human dose-escalation
study which evaluated six non-adjuvanted or alum-adjuvanted
vaccine formulations containing 10, 30 or 60 µg RSV-PreF (the
10-Plain, 10-Alum, 30-Plain, 30-Alum, 60-Plain, 60-Alum
groups), or placebo control (the Control 1 and 2 groups;
Table 1). Staggered dose-escalation was performed: participants

Table 1. Study designs.

Treatments

Study
(name) Subjects

Treatment day
(all groups) Group N

µg RSV-PreF per 0.5 mL
dose

Adju-
vant

RSV PreF DS
lot*

Serology
(Day; all groups)

Nonclin.
pharma-
cology

Rabbits
(N = 42)

0, 14, 28, 42 10-Plain-C 6 10 - CLIN1 0, 14, 28, 42, 56,
7010-Alum-C 6 10 Alum CLIN1

60-Plain-C 6 60 - CLIN1
60-Alum-C 6 60 Alum CLIN1
60-Plain-T 6 60 - TOX
60-Alum-T 6 60 Alum TOX
Placebo 6 0 - -

Phase 1
(RSV
F-001)

Healthy men
(N = 128)

0 10-Plain 16 10 - CLIN1 0, 7, 30, 60, 180,
36010-Alum 16 10 Alum CLIN1

30-Plain 15 30 - CLIN1
30-Alum 16 30 Alum CLIN1
60-Plain 16 60 - CLIN1
60-Alum 16 60 Alum CLIN1

Control 1/2 33 0 - -
Phase 2

(RSV
F-020)

Healthy non-pregnant women
(N = 500)

0 30-Plain 126 30 - CLIN1 0, 30, 60, 90
60-Plain 124 60 - CLIN1
60-Alum 125 60 Alum CLIN1
Tdap 125 0 - -

Phase 2
(RSV
F-021)

Healthy non-pregnant women
(N = 400)

0 30-Plain 100 30 - CLIN2 0, 30
60-Plain 99 60 - CLIN2
120-Plain 99 120 - CLIN2
Placebo 102 0 - -

Alum, aluminum hydroxide (500 μg). *Names of the formulated drug substance (DS) lots used in the clinical (‘CLIN’) and nonclinical pharmacotoxicology
(‘TOX’) studies are presented. CLIN1 and CLIN2 lots were formulated with different ha-NEO content (lower in CLIN2), and a different DS lot was used for
TOX. Placebo control was phosphate-buffered saline. Control 1/2 groups (N = 17/16) received saccharose-NaCl solution. Tdap, vaccine against tetanus,
diphtheria, and acellular pertussis (Boostrix, GSK), adjuvanted with 300 µg (US sites) or 500 µg (non-US sites) aluminum hydroxide. N, number of
participants per group.
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of the 10-Plain, 10-Alum, 30-Plain, 30-Alum and Control 1
groups were vaccinated first, and participants of the 60-Plain,
60-Alum, and Control 2 groups were vaccinated in a second
step. Formulations evaluated in the RSV F-020 trial included
the active control vaccine Tdap (reduced-antigen-content
diphtheria-tetanus-acellular pertussis; Boostrix; GSK) and
three RSV-PreF formulations (the 30-Plain, 60-Plain, and 60-
Alum groups), while the RSV F-021 trial evaluated three non-
adjuvanted RSV-Pre-F formulations (30-Plain, 60-Plain, 120-
Plain) and placebo control. In the three trials, all vaccines and
controls were administered as a single intramuscular 0.5-mL
dose on Day 0.

All vaccine formulations investigated in the three trials
were well tolerated. In RSV F-001, fatigue and mild transient
injection site pain were the most reported symptoms in all
study groups. Fever was uncommon and of low grade.
Reported safety and reactogenicity were similar between the
vaccine formulations, and no vaccine-related severe adverse
events (AEs) or withdrawals occurred. In study RSV F-020,
the nonadjuvanted RSV-PreF candidate vaccines were less
reactogenic (especially in terms of injection site pain) than
Tdap, which was used as a control for local and systemic AEs
(of note, Tdap vaccination is considered the standard of care
during pregnancy in many countries). Exploratory analyses
showed a trend for higher reactogenicity in the 60-Alum
group as compared with the nonadjuvanted groups. In study
RSV F-021, safety and reactogenicity profile were comparable
between RSV-PreF vaccine groups. Injection site pain was
more frequently reported by participants receiving RSV-PreF
formulations than by those receiving the control vaccine. No
vaccine-related SAEs were reported in any study group.
Altogether, no safety concerns that would preclude continued
or future development of the RSV-PreF vaccine candidate,
were identified.28

Statistics
Since the anti-huNEO1 humoral immune response was con-
sidered a safety parameter, evaluations for the current
research work were performed on the participants of the
Total Vaccinated Cohorts of the three studies for whom
immunological results were available. Descriptive statistics of
the huNEO1-specific antibody responses were computed
using SAS version 9.2 (SAS Institute Inc., NC, USA).
Seropositivity was defined as an IgG concentration ≥ 55 ng/
mL (LLOQ). Concentrations below the LLOQ were assigned
the value 27.5 ng/mL for calculation purposes.

Results

Quantification of haNEO1 in the antigen bulk materials

The presence of trace amounts of haNEO1 in the purified
RSV-PreF antigen drug substance was initially detected by
Western blot assay, and then quantified using a liquid chro-
matography–mass spectrometry (LC-MS)-based assay. The
analyses performed on an antigen drug substance lot that
was used to formulate two vaccines evaluated in the preclini-
cal toxicology studies (TOX1 and TOX2; Table 1) revealed

a haNEO1 content of 0.78% w/w (7833 ppm, or 470 ng per
60 µg RSV-PreF dose). This amount was 1.8-fold higher than
the haNEO1 amounts measured in the drug substance used in
the Phase 1 and 2 (RSV F-001 and RSV F-020) studies (i.e.,
0.43% w/w [4333 ppm], or approximately 260 ng haNEO1 per
60 µg RSV-PreF).

Anti-huNEO1 IgG ELISA development and performance

As a first step assay development was undertaken, since no
suitable assay quantifying anti-huNEO1 IgG levels in human
serum was available. Initial attempts to develop an ELISA
using the typical anti-drug antibody format30 proved unsuc-
cessful. A number of the human serum samples exhibited
high optical density signals, complicating the establishment
of a cutoff. Moreover, binding inhibition experiments per-
formed with recombinant huNEO1 suggested the presence
of nonspecific binding or cross-reactivity. We therefore
developed an indirect ELISA for this purpose. Since no
international reference preparation was available for the
quantification of anti-huNEO1 IgG in serum, commercially
available affinity-purified anti-huNEO1 antibodies derived
from the rabbit and goat were tested as potential standards
in the assay. The secondary antibody was selected on the
premise that it needed to detect both rabbit and human IgG,
or both goat and human IgG, in a similar manner.
Considering the additional intended use of the ELISA in
experiments with rabbit serum as well as the similar perfor-
mance of the goat and rabbit anti-huNEO1 antibodies, the
rabbit anti-huNEO1 antibody was selected as standard. The
secondary antibody, purified monoclonal mouse anti-
human IgG conjugated to horse-radish peroxidase (HRP),
was shown to cross-react with rabbit IgG and recognize
human IgG and rabbit IgG with comparable sensitivity
(Figure S1).

The (intra-assay) repeatability and (inter-assay) inter-
mediate precision were determined using a human serum
pool spiked with affinity-purified rabbit anti-huNEO1 anti-
bodies. Measurements taken over three days and by two
operators revealed comparable overall precision for
huNEO1 concentration determination in 8-fold or 4-fold
serial dilutions (coefficients of variation [CVs]: 22.44% or
22.65%, respectively), both meeting the intermediate preci-
sion criterion of CV ≤ 25%. At the lowest rabbit anti-
neogenin IgG concentration tested (110 ng/mL), the CV
only slightly exceeded this criterion (26.5%). For this reason,
and to ensure maximal assay sensitivity, the LLOQ was
established at half this concentration, i.e., 55 ng/mL. For
calculations, human samples with anti-huNEO1 levels <
LLOQ were assigned a value of 27.5 ng/mL. The upper
limit of quantification was established at 2500 ng/mL.
Specificity tests using huNEO1 and the negative control (an
unrelated recombinant protein produced in E. coli) revealed
91.9% and 9.5% inhibition of antibody binding, respectively,
meeting their respective acceptance targets of ≥ 80% and ≤
20% (data not shown). Consequentially, the assay was con-
sidered suitable for its intended purpose.
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Adjuvant and antigen-dose-dependent anti-huNEO1
antibody responses in rabbits

We first evaluated the immunogenicity of haNEO1 in differ-
ent formulations of the RSV-PreF vaccine in the rabbit model.
The formulations included antigen derived from either clin-
ical (‘C’) or non-clinical toxicology (‘T’) drug substance lots
(see Table 1 for group acronyms), with or without alum.
Rabbits received RSV-PreF vaccine or PBS control four
times every two weeks, and anti-huNEO1 antibody concen-
trations were determined at different time points before and
after vaccination, as detailed in Table 1.

At baseline, quantifiable anti-huNEO1 IgG levels (≥100 ng/
mL for this model) were detected in three of the 42 rabbits
(7%; one in the control group, at 380 ng/mL, and two in the
group receiving alum-adjuvanted 60 µg RSV-PreF from the
toxicology lot [60-Alum-T group], at 110 and 130 ng/mL;
Figure 1). In the control group, four rabbits had quantifiable
anti-NEO1 IgG concentrations over the course of the study.
Among the groups receiving antigen from the clinical lots,
only the 60-Alum-C group exhibited increased levels two
weeks after the first dose (Day 14), which further increased
two weeks after the second immunization (Day 28). At this
time-point, most animals of the 60 µg dose groups had anti-
huNEO1 IgG levels above the cutoff value. Geometric mean
concentrations (GMCs) in these groups generally peaked
at Day 42 (two weeks post-third immunization) and plateaued
at later time-points. In contrast, for the recipients of 10 µg
RSV-PreF (with or without alum) only a few animals exhib-
ited (slightly) increased levels at Days 14 and 28, and GMCs
remained overall low throughout the study (though slight
increases were observed in the 10-Alum-C group two and
four weeks post-last dose [Days 56 and 70]). A similar dose-
response was observed for groups receiving antigen from the
toxicology lots (60-Plain-T and 60-Alum-T groups), in which
the levels reached a plateau at Day 42.

Collectively, the results suggest that the trace amount of
haNEO1 in the toxicology and clinical RSV-PreF drug sub-
stance lots was capable of inducing IgGs that recognized
huNEO1 antigen in rabbits.

No evidence of vaccination-induced anti-huNEO1
immunity in healthy adults

The same ELISA was then used to evaluate whether the
haNEO1 traces contained in the vaccine candidate had
induced huNEO1-specific IgG responses in participants of
a Phase 1 trial enrolling 128 adult men (15–17 per study
group; study RSV F-00127) and of a Phase 2 trial enrolling
500 non-pregnant women (124–126 per study group; study
RSV F-02028). Both trials had a randomized, controlled,
observer-blind design and evaluated the safety and immuno-
genicity of different RSV-PreF formulations (see Table 1 for
study designs and group acronyms).

Phase 1 trial in healthy men (RSV F-001; NCT01905215)
Before vaccination, 15 participants (12%) had quantifiable
anti-huNEO1 IgG concentrations, ranging from 63 to
284 ng/mL. After vaccination, no clear differences between
pre- and post-vaccination GMCs were seen in any of the
investigational and control groups (Figure 2(a)). Based on
the overlapping 95% confidence intervals (CIs), there was
neither any evidence for differences in the distribution of
GMCs between the vaccinated and control groups, nor an
indication of an antigen-dose or adjuvant effect. In
a minority of participants across all groups, individual anti-
huNEO1 levels fluctuated around pre-vaccination levels over
time (Figure 2(b)). In some participants, the anti-huNEO1
concentration after vaccination was higher compared to the
pre-vaccination level on at least one post-vaccination time-
point, but this was observed irrespective of the treatment
group (i.e., in 7/31 [22.6%] and 13/91 [14.3%] of participants
in the control and RSV-PreF groups, respectively). One indi-
vidual in the 30-Alum group exhibited particularly increased
levels at Days 180 and 360, after showing undetectable levels
of antibodies on Day 60. Because a similar pattern was also
observed in both control groups, it is considered unlikely that
these late increases were induced by vaccination. There was
therefore no evidence to suggest that any of the RSV-PreF
formulations had induced a huNEO1-specific IgG response in
these participants.

Figure 1. Anti-neogenin antibody concentrations in rabbits.
Human neogenin (huNEO1)-specific IgG responses were measured in rabbits (N = 6 per group) which received vaccines containing RSV-PreF antigen from either the
clinical drug substance (‘Clinical’) or the non-clinical toxicology (‘Toxicology’) drug substance lots. Gray triangles on the x-axis represent treatment days, on which
(after blood sample collection) rabbits received either 10 or 60 µg RSV-PreF without (‘Plain’) or with aluminum hydroxide (‘Alum’) adjuvant, or phosphate-buffered
saline control (see Table 1 for explanation of group acronyms). Antibody concentrations in individual rabbits and geometric mean concentrations (GMCs) with 95%
confidence intervals (CI; determined without correction for repeated measures) are shown for the 6 time-points. The dotted line represents the assay cutoff value of
100 ng/mL, and concentrations below this cutoff were assigned this value.
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Figure 2. Anti-neogenin antibody concentrations in healthy men.
Analyses were performed for the Total Vaccinated Cohort (TVC) of a Phase 1 trial evaluating the RSV-PreF vaccine in 128 healthy men (NCT01905215).25 Participants
received a single dose of either an RSV-PreF vaccine formulation (10, 30 or 60 µg RSV-PreF without or with aluminum hydroxide [alum] adjuvant), or control
(saccharose/NaCl; administered following a staggered vaccination schedule to the Control 1 and 2 groups), on Day 0. (a) Geometric mean concentrations (GMCs) with
95% confidence intervals (CI) of human neogenin (huNEO1)-specific IgG responses were measured at pre-vaccination (Day 0) and Days 30, 60, 180 and 360 after
vaccination. Seronegative samples were assigned a value of 27.5 ng/mL (half the lower limit of quantitation). (b) Anti-huNEO1 antibody concentrations up to Day 360
are shown by subject. Each line represents an individual subject of the TVC. A total of 99 participants (77%) were seronegative at all time-points, as represented by
the horizontal bottom lines in the graphs.
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First phase 2 trial in healthy non-pregnant women (RSV
F-020; NCT02360475)
Anti-huNEO1 IgG concentrations were also measured in
samples from a multicenter Phase 2 trial enrolling 500 healthy
non-pregnant women who received one dose of either an
RSV-PreF vaccine (30-Plain, 60-Plain or 60-Alum), or control
(tetanus, diphtheria and acellular pertussis [Tdap]) vaccine
at Day 0.28 Results were overall similar to those observed in
the Phase 1 trial. Sixty-five participants (13%) had quantifiable
anti-huNEO1 antibody levels prior to vaccination, ranging
from 68 to 1555 ng/mL. Moreover, there were no significant
differences between the Day 0 and post-vaccination (Days 30,
60 or 90) values across all groups, nor was there any evidence
of an antigen-dose or adjuvant effect (Figure 3(a)). Several
participants were seropositive (anti-huNEO1 IgG levels ≥
55 ng/mL) on at least one time-point before or after vaccina-
tion (N = 19, 17, 21 and 22 in the 30-Plain, 60-Plain and 60-
Alum and Tdap groups, respectively; Figure 3(b)). As in the
Phase 1 trial, levels of anti-huNEO1 antibodies fluctuated in
some participants during the study. There were only three
cases (of which two in the control group) in which levels had
increased by more than two-fold at Day 30, all of which
reflected a transition from below to above the LLOQ (but all
remaining below 73 ng/mL). For most of the seropositive
participants and irrespective of the treatment group, the indi-
vidual levels after vaccination remained similar to those at
pre-vaccination (Figure 3(c)).

Overall, the data from both clinical trials indicated that in
most participants, anti-huNEO1 IgG levels were below the
quantification limit at all time points including at pre-
vaccination, while in a minority of participants, these levels
fluctuated over time, irrespective of the treatment group.

Second phase 2 trial in healthy non-pregnant women (RSV
F-021; NCT02956837)
Despite the lack of evidence of vaccine-induced anti-huNEO1
IgG responses in the two preceding clinical trials, the antigen
purification process was modified to further reduce the
haNEO1 levels. Following these modifications, the levels of
residual haNEO1 in clinical lots were below the LLOQ of the
LC-MS-based assay (i.e., < 0.0685% w/w [< 685 ppm]; or <
0.08 µg haNEO1 per 120 µg RSV-PreF). The haNEO1-reduced
drug substance material was used to produce the vaccine
formulations evaluated in a second multicenter Phase 2
trial.29 This trial (RSV F-021) enrolled 400 healthy non-
pregnant women who received non-adjuvanted formulations
containing one of three different antigen doses (30, 60 or
120 µg RSV-PreF), or PBS (Table 1).

Consistent with the previous observations, anti-huNEO1
IgG responses (range: 56 to 848 ng/mL) were detected at pre-
vaccination in a minority of participants (N = 37; 9%), and no
evidence for a vaccine-induced response was observed
(Figure S2).

Discussion

Trace amounts of process-derived haNEO1 protein were iden-
tified in the purified drug substance of an RSV-PreF maternal
vaccine candidate. Given the 94% amino sequence identity

between haNEO1 and huNEO1, and the suggested role of
neogenin in central nervous system development amongst
other functions,23–25 a putative vaccine-induced anti-
huNEO1 IgG response could have posed a safety risk upon
RSV-PreF vaccine administration during pregnancy. In pre-
paration for clinical trials in pregnant women, we investigated
whether the RSV-PreF formulations derived from this drug
substance material induced anti-huNEO1 antibody responses,
first in an animal model and then in humans (using serum
samples from two clinical RSV-PreF vaccine trials enrolling
healthy men and healthy non-pregnant women27,28). We
found that, although haNEO1 appeared capable of inducing
IgG antibodies recognizing huNEO1 in rabbits, there was no
evidence of a link between vaccination and increased
huNEO1-specific antibody responses in the clinical trial par-
ticipants. The progression from experimental studies in rab-
bits, to clinical studies conducted first in men, and then in
non-pregnant women of child-bearing age, was a cautious
approach to detect potential safety issues linked to the induc-
tion of an immune response to huNEO1, before moving to the
target population for this vaccine, i.e., pregnant women. Our
data clearly indicate that the observations made in rabbits
were not predictive of the human response, since no anti-
huNEO1 response could be detected in the three clinical trials
conducted. The risk of inducing a potentially detrimental
anti-huNEO1 response in pregnant women was therefore
considered minimal. As an additional safety precaution, two
developmental toxicity studies of the RSV PreF vaccine for-
mulations (with or without alum) were conducted early dur-
ing the vaccine development, one in rats and one in rabbits,
under Good Laboratory Practices conditions. Under the
defined experimental conditions and in both animal species,
the RSV-PreF candidate vaccine formulations did not
adversely affect female fertility, embryo-fetal (including tera-
togenicity) development, pre- and post-natal survival and
early postnatal development (unpublished data).

In rabbits, the magnitude of vaccine-induced anti-huNEO1
responses was a function of (i) the number of injections
administered, with a plateau being reached after three doses;
(ii) the RSV-PreF antigen dosage, with a higher induction of
antibodies in animals receiving the highest (60 µg) RSV-PreF
dose; and (iii), the presence of alum adjuvant in the vaccine
formulation, with higher and earlier responses observed in the
adjuvanted groups. In humans however, neither a higher anti-
gen dose nor the presence of adjuvant triggered the genera-
tion of anti-huNEO1 antibodies upon a single vaccine
administration. The fact that we were able to detect anti-
huNEO1 IgG in rabbits, in a dose- and adjuvant-dependent
manner, with the exact same assay as the one that was used to
detect such responses in human sera, suggested that the
absence of detectable levels in humans was not linked to
a technical issue. In addition, it is noted that this apparent
discrepancy between animal and human immunogenicity data
is not unusual,31,32 since animals do not always recapitulate
human immune responses. Besides the general differences
observed in immune responses observed between humans
and animals (in this case rabbits), we hypothesize that more
specific mechanisms linked to the vaccine under considera-
tion may, at least partially, explain this result. Although both
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Figure 3. Anti-neogenin antibody concentrations in healthy non-pregnant women.
Analyses were performed on the Total Vaccinated Cohort (TVC) of a Phase 2 trial evaluating the RSV-PreF vaccine in 500 healthy non-pregnant women
(NCT02360475).26 Participants received a single vaccine dose of either an RSV-PreF vaccine formulation (30 or 60 µg RSV-PreF without or with aluminum hydroxide
[alum] adjuvant), or control (tetanus, diphtheria and acellular pertussis [Tdap] vaccine) on Day 0. (a) Geometric mean concentrations (GMCs) with 95% confidence
intervals (CI) of human neogenin (huNEO1)-specific IgG responses were measured at pre-vaccination (Day 0) and Days 30, 60 and 90 after vaccination. Seronegative
samples were assigned a value of 27.5 ng/mL (half the lower limit of quantitation) for calculations. (b) Subject-matched huNEO1-specific antibody concentrations
at Day 30 versus at Day 0 are shown for participants who were seropositive for huNEO1-specific IgGs at any of the time-points before or after vaccination. The
diagonal gray line indicates the line of equality. (c) Anti-huNEO1 antibody concentrations up to Day 90 are shown by subject. Each line represents an individual
subject of the TVC. A total of 421 subjects (84%) were seronegative at all time-points, as represented by the horizontal bottom lines in the graphs.
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humans and rabbits are in principle naïve to haNEO1, the two
species differ in their serological status for RSV, since all adult
humans, but not rabbits, have been exposed to RSV multiple
times.1,33 Upon vaccination of RSV-primed humans, the
abundant preexisting RSV F-specific memory B cells might
have outcompeted the naïve huNEO1-specific B cells. In the
rabbits however, this would not be the case because they
would be naïve for both proteins, thus eliminating the com-
petitive advantage of RSV-specific memory B cells. This could
have resulted in different NEO1-specific antibody response
levels between the two species. Such initial difference could
then have been further amplified by the vaccine dosages, given
that the rabbits received four full human doses, each repre-
senting (after correction for body weight) a 14-fold higher
dose than that used in humans. Furthermore, tolerance-
induction mechanisms may be different between both species,
although it remains unclear whether the induction of NEO1-
specific antibodies in the rabbit would have been dependent
on breaking immune tolerance to rabbit neogenin. Of note,
the rabbit neogenin isoform (which shares 89% amino acid
sequence identity with both huNEO1 and haNEO1) was not
used in the ELISA. Additional research, including competition
experiments with neogenin from the different species, in
depth analyses of B cell responses or use of human-immune-
system mice,34 including mice with or without preexisting
RSV immune responses, may help clarifying the underlying
mechanisms.

The results from the three clinical studies showed that
some individuals had preexisting anti-huNEO1 antibody
responses before vaccination. In some of the participants,
anti-huNEO1 antibodies levels fluctuated after vaccination,
but the same pattern was also observed at various time-
points in participants from the control groups. Two possible,
not mutually exclusive explanations are proposed. First, the
ELISA may have permitted the detection of IgGs generated by
one or more unknown antigen(s) with a weak cross-reactivity
with huNEO1. Although the specific inhibition experiments

performed in the context of the assay validation suggested
that the ELISA could detect anti-huNEO1 IgGs with 92%
specificity, this also implies that a low proportion of antibo-
dies could not be outcompeted by the huNEO1 protein.
A second explanation may be that the responses reflected
naturally present huNEO1-specific antibodies. Though not
frequently reported and not described for huNEO1 specifi-
cally, naturally present serum IgG responses to human host
proteins were detected previously in the context of a peptide
microarray vaccine study.35 In that study, such responses in
healthy individuals were mapped at various time-points
including at pre-vaccination. The fact that we have not been
able to investigate the underlying cause of the preexisting
responses observed in the RSV-PreF vaccine trials is
a limitation of the current research work.

Both clinical trials that evaluated the formulations derived
from the initial antigen material (studies RSV F-001 and RSV
F-020) clearly demonstrated that anti-huNEO1 antibodies
were not induced by the RSV-PreF vaccine, even in the pre-
sence of adjuvant and at the highest antigen doses. The
similarity of results in both trial populations, combined with
the large sample size including 128 men and 500 non-
pregnant women of child-bearing age, suggest that this find-
ing might be generalizable to a larger population. Despite the
lack of haNEO1 immunogenicity observed in the first two
trials, we implemented purification steps to further reduce the
haNEO1 levels in the drug substance. A third clinical trial
(RSV F-021), using haNEO1-reduced lots but also a higher
vaccine dosage, further confirmed these results.

The ICH guideline Q3A indicates that impurities in drug
substances should be identified at levels exceeding 0.10% or
1000 ppm,36 and the amount of haNEO1 in the drug sub-
stance used for the first clinical vaccine lots (4333 ppm)
exceeded this level. While 100 ppm (0.01%) is the level of
HCP typically considered acceptable for a biotherapeutic pro-
duct, this threshold is generally used for monoclonal
antibodies.15,19 No safety limits for HCP levels have been

Figure 4. Plain language summary.
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defined by regulatory authorities, and the European
Medicines Agency specifies the appropriate HCP levels on
a case-by-case basis.37 We therefore assessed the safety profile
of the vaccines formulated from this drug substance in pre-
clinical and clinical studies, while further developing the pur-
ification process to reduce haNEO1 levels, accomplishing
levels below 0.068% in the subsequently produced lots.

The work presented herein is one of the few occasions where
the immunogenicity of an HCP has been directly measured in
a large sample size of clinical trial participants. Our data show
that for all the RSV-PreF vaccine formulations tested, the
haNEO1 HCP did not induce huNEO1-specific IgG responses
in healthy non-pregnant adults. Nonetheless, our study was
limited by the fact that the use of huNEO1 antigen in our
ELISA precluded the detection of any IgGs that were directed
to haNEO1 and did not cross-react with the human isoform.
However, it seems reasonable to assume that antibodies speci-
fically recognizing haNEO1 would unlikely affect the biological
function of huNEO1. Another study limitation is that antibody
isotypes other than IgG (such as IgM or IgE) were not mea-
sured. We focused on IgGs because, among the five isotypes of
human antibodies, only IgG is transferred in significant quan-
tities across the placenta,38 where it could potentially affect fetal
neogenin function. Altogether, given the presented immuno-
genicity data and the implemented modified vaccine purifica-
tion processes, the potential risks associated with the presence of
the neogenin HCP were considered negligible. The data there-
fore support the potential development of a non-adjuvanted
RSV-PreF vaccine for use in pregnant women. A plain language
summary of the work presented here is provided in Figure 4.

Acknowledgments

We thank all the clinical trial participants, the investigators, the nurses,
clinicians, laboratory personnel and other staff members for conducting
this study. We also thank those who contributed to this study, and in
particular (all affiliated to GSK at the time the work was performed),
Marie-Pierre David (Statistics), Myriam Acosta, Thi Lien-Anh Nguyen
and Sylviane Poncelet (Clinical Laboratory Sciences), Cécile Lehky
(Downstream), Michel Plisnier (Mass spectrometry) and Annick
Vandercammen (Microbiology). Ellen Oe (GSK) provided scientific writ-
ing services and Quentin Deraedt (Modis on behalf of GSK, Belgium)
provided editorial assistance and manuscript coordination.

Author Contributions

AMS, WD, ID, DI, ML, KM, MP and LF were involved in study
conception and design and data collection and/or interpretation. AB,
CCD, XC, GL, MKP and AMS contributed to method development or
optimization. All authors were involved in drafting the manuscript or
revising it for important intellectual content, have approved it and have
agreed to be accountable for all aspects of the work presented in it.

Disclosure of potential conflicts of interest

AMS, GL, BA, DI, ML, WD, MP, KM, LF and ID declare they are
employed by the GSK group of companies. CCD, MKP and XC were
employed by the GSK group of companies during the study conduct.
AMS, GL, MKP, WD, MP, KM and ID hold shares or stock options from
the GSK group of companies as part of their current or former employee
remuneration. CCD is currently employed by Caprion Biosciences. XC is
currently employed by Merck.

Boostrix is a trademark owned by or licensed to the GSK group of
companies.

ORCID

Ann-Muriel Steff http://orcid.org/0000-0002-9817-6164
Gaël de Lannoy http://orcid.org/0000-0002-7856-8021
Walthère Dewé http://orcid.org/0000-0003-3940-5817
Marta Picciolato http://orcid.org/0000-0002-7145-6772
Koen Maleux http://orcid.org/0000-0002-6015-5309
Laurence Fissette http://orcid.org/0000-0002-6483-6558
Ilse Dieussaert http://orcid.org/0000-0001-8158-8819

References

1. Hall CB. Respiratory syncytial virus and parainfluenza virus.
N Engl J Med. 2001;344:1917–28. doi:10.1056/
NEJM200106213442507.

2. Hall CB, Weinberg GA, Iwane MK, Blumkin AK, Edwards KM,
Staat MA, Auinger P, Griffin MR, Poehling KA, Erdman D, et al.
The burden of respiratory syncytial virus infection in young
children. N Engl J Med. 2009;360:588–98. doi:10.1056/
NEJMoa0804877.

3. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA,
Singleton RJ, O’Brien KL, Roca A, Wright PF, Bruce N, et al.
Global burden of acute lower respiratory infections due to respira-
tory syncytial virus in young children: a systematic review and
meta-analysis. Lancet. 2010;375:1545–55. doi:10.1016/S0140-
6736(10)60206-1.

4. Deshpande SA, Northern V. The clinical and health economic
burden of respiratory syncytial virus disease among children
under 2 years of age in a defined geographical area. Arch Dis
Child. 2003;88:1065–69. doi:10.1136/adc.88.12.1065.

5. Shi T, McAllister DA, O’Brien KL, Simoes EAF, Madhi SA,
Gessner BD, Polack FP, Balsells E, Acacio S, Aguayo C, et al.
Global, regional, and national disease burden estimates of acute
lower respiratory infections due to respiratory syncytial virus in
young children in 2015: a systematic review and modelling study.
Lancet. 2017;390:946–58. doi:10.1016/S0140-6736(17)30938-8.

6. Capella C, Chaiwatpongsakorn S, Gorrell E, Risch ZA, Ye F,
Mertz SE, Johnson SM, Moore-Clingenpeel M, Ramilo O,
Mejias A, et al. Prefusion F, postfusion F, G antibodies and disease
severity in infants and young children with acute respiratory
syncytial virus infection. J Infect Dis. 2017;216:1398–406.
doi:10.1093/infdis/jix489.

7. Englund J, Glezen WP, Piedra PA. Maternal immunization
against viral disease. Vaccine. 1998;16:1456–63. doi:10.1016/
S0264-410X(98)00108-X.

8. Munoz FM. Respiratory syncytial virus in infants: is maternal
vaccination a realistic strategy? Curr Opin Infect Dis.
2015;28:221–24. doi:10.1097/QCO.0000000000000161.

9. Ochola R, Sande C, Fegan G, Scott PD, Medley GF, Cane PA,
Nokes DJ. The level and duration of RSV-specific maternal IgG in
infants in Kilifi Kenya. PLoS One. 2009;4:e8088. doi:10.1371/jour-
nal.pone.0008088.

10. Vojtek I, Dieussaert I, Doherty TM, Franck V, Hanssens L,
Miller J, Bekkat-Berkani R, Kandeil W, Prado-Cohrs D, Vyse A.
Maternal immunization: where are we now and how to move
forward? Ann Med. 2018;50:193–208. doi:10.1080/
07853890.2017.1421320.

11. Graham BS, Modjarrad K, McLellan JS. Novel antigens for RSV
vaccines. Curr Opin Immunol. 2015;35:30–38. doi:10.1016/j.
coi.2015.04.005.

12. Mazur NI, Higgins D, Nunes MC, Melero JA, Langedijk AC,
Horsley N, Buchholz UJ, Openshaw PJ, McLellan JS,
Englund JA, et al. The respiratory syncytial virus vaccine land-
scape: lessons from the graveyard and promising candidates.
Lancet Infect Dis. 2018;18:e295–e311. doi:10.1016/S1473-
3099(18)30292-5.

1336 A.-M. STEFF ET AL.

http://dx.doi.org/10.1056/NEJM200106213442507
http://dx.doi.org/10.1056/NEJM200106213442507
http://dx.doi.org/10.1056/NEJMoa0804877
http://dx.doi.org/10.1056/NEJMoa0804877
http://dx.doi.org/10.1016/S0140-6736(10)60206-1
http://dx.doi.org/10.1016/S0140-6736(10)60206-1
http://dx.doi.org/10.1136/adc.88.12.1065
http://dx.doi.org/10.1016/S0140-6736(17)30938-8
http://dx.doi.org/10.1093/infdis/jix489
http://dx.doi.org/10.1016/S0264-410X(98)00108-X
http://dx.doi.org/10.1016/S0264-410X(98)00108-X
http://dx.doi.org/10.1097/QCO.0000000000000161
http://dx.doi.org/10.1371/journal.pone.0008088
http://dx.doi.org/10.1371/journal.pone.0008088
http://dx.doi.org/10.1080/07853890.2017.1421320
http://dx.doi.org/10.1080/07853890.2017.1421320
http://dx.doi.org/10.1016/j.coi.2015.04.005
http://dx.doi.org/10.1016/j.coi.2015.04.005
http://dx.doi.org/10.1016/S1473-3099(18)30292-5
http://dx.doi.org/10.1016/S1473-3099(18)30292-5


13. Blais N, Gagné M, Hamuro Y, Rheault P, Boyer M, Steff AM,
Baudoux G, Dewar V, Demers J, Ruelle JL, et al. Characterization
of Pre-F-GCN4t, a modified human respiratory syncytial virus
fusion protein stabilized in a noncleaved prefusion
conformation. J Virol. 2017;91(13). doi:10.1128/JVI.02437-16.

14. Wurm FM. Production of recombinant protein therapeutics in
cultivated mammalian cells. Nat Biotechnol. 2004;22:1393–98.
doi:10.1038/nbt1026.

15. Bracewell DG, Francis R, Smales CM. The future of host cell
protein (HCP) identification during process development and
manufacturing linked to a risk-based management for their
control. Biotechnol Bioeng. 2015;112:1727–37. doi:10.1002/
bit.25628.

16. Guiochon G, Beaver LA. Separation science is the key to success-
ful biopharmaceuticals. J Chromatogr A. 2011;1218:8836–58.
doi:10.1016/j.chroma.2011.09.008.

17. Wang X, Hunter AK, Mozier NM. Host cell proteins in biologics
development: identification, quantitation and risk assessment.
Biotechnol Bioeng. 2009;103:446–58. doi:10.1002/bit.v103:3.

18. Zhu J. Mammalian cell protein expression for biopharmaceutical
production. Biotechnol Adv. 2012;30:1158–70. doi:10.1016/j.
biotechadv.2011.08.022.

19. de Zafra CL, Quarmby V, Francissen K, Vanderlaan M, Zhu-
Shimoni J. Host cell proteins in biotechnology-derived products:
A risk assessment framework. Biotechnol Bioeng.
2015;112:2284–91. doi:10.1002/bit.25647.

20. Lai Wing Sun K, JP C, Kennedy TE. Netrins: versatile extracellular
cues with diverse functions. Development. 2011;138:2153–69.
doi:10.1242/dev.044529.

21. Rajagopalan S, Deitinghoff L, Davis D, Conrad S, Skutella T,
Chedotal A, Mueller BK, Strittmatter SM. Neogenin mediates
the action of repulsive guidance molecule. Nat Cell Biol.
2004;6:756–62. doi:10.1038/ncb1156.

22. Siebold C, Yamashita T, Monnier PP, Mueller BK, Pasterkamp RJ.
RGMs: structural insights, molecular regulation, and downstream
signaling. Trends Cell Biol. 2017;27:365–78. doi:10.1016/j.
tcb.2016.11.009.

23. De Vries M, Cooper HM. Emerging roles for neogenin and its
ligands in CNS development. J Neurochem. 2008;106:1483–92.
doi:10.1111/jnc.2008.106.issue-4.

24. Wilson NH, Key B. Neogenin: one receptor, many functions.
Int J Biochem Cell Biol. 2007;39:874–78. doi:10.1016/j.
biocel.2006.10.023.

25. Schlegel M, Körner A, Kaussen T, Knausberg U, Gerber C,
Hansmann G, Jónasdóttir HS, Giera M, Mirakaj V. Inhibition of
neogenin fosters resolution of inflammation and tissue
regeneration. J Clin Invest. 2018;128:4711–26. doi:10.1172/
JCI96259.

26. Gutiérrez AH, Moise L, De Groot AS. Of [hamsters] and men:
a new perspective on host cell proteins. Hum Vaccin
Immunother. 2012;8:1172–74. doi:10.4161/hv.22378.

27. Langley JM, Aggarwal N, Toma A, Halperin SA, McNeil SA,
Fissette L, Dewé W, Leyssen M, Toussaint JF, Dieussaert I.
A randomized, controlled, observer-blinded phase 1 study of the
safety and immunogenicity of a respiratory syncytial virus vaccine
with or without alum adjuvant. J Infect Dis. 2017;215:24–33.
doi:10.1093/infdis/jiw453.

28. Beran J, Lickliter JD, Schwarz TF, Johnson C, Chu L,
Domachowske JB, Van Damme P, Withanage K, Fissette LA,
David MP, et al. Safety and immunogenicity of 3 formulations
of an investigational respiratory syncytial virus vaccine in non-
pregnant women: results from 2 phase 2 trials. J Infect Dis.
2018;217:1616–25. doi:10.1093/infdis/jiy065.

29. Schwarz TF, McPhee RA, Launay O, Leroux-Roels G, Talli J,
Picciolato M, Gao F, Cai R, Nguyen TL-A, Dieussaert I, et al.
Immunogenicity and safety of 3 formulations of a respiratory
syncytial virus candidate vaccine in non-pregnant women:
a phase II, randomized trial. J Infect Dis. 2019;220:1816–25.
doi:10.1093/infdis/jiz395.

30. Shankar G, Devanarayan V, Amaravadi L, Barrett YC, Bowsher R,
Finco-Kent D, Fiscella M, Gorovits B, Kirschner S, Moxness M, et al.
Recommendations for the validation of immunoassays used for detec-
tion of host antibodies against biotechnology products. J Pharm
Biomed Anal. 2008;48:1267–81. doi:10.1016/j.jpba.2008.09.020.

31. Brinks V, Jiskoot W, Schellekens H. Immunogenicity of therapeu-
tic proteins: the use of animal models. Pharm Res.
2011;28:2379–85. doi:10.1007/s11095-011-0523-5.

32. Mestas J, Hughes CC. Of mice and not men: differences between
mouse and human immunology. J Immunol. 2004;172:2731–38.
doi:10.4049/jimmunol.172.5.2731.

33. Haynes LM. Progress and challenges in RSV prophylaxis and
vaccine development. J Infect Dis. 2013;208(Suppl 3):S177–183.
doi:10.1093/infdis/jit512.

34. Allen TM, Brehm MA, Bridges S, Ferguson S, Kumar P,
Mirochnitchenko O, Palucka K, Pelanda R, Sanders-Beer B,
Shultz LD, et al. Humanized immune system mouse models:
progress, challenges and opportunities. Nat Immunol.
2019;20:770–74. doi:10.1038/s41590-019-0416-z.

35. Valentini D, Rao M, Rane L, Rahman S, Axelsson-Robertson R,
Heuchel R, Löhr M, Hoft D, Brighenti S, Zumla A, et al. Peptide
microarray-based characterization of antibody responses to host
proteins after bacille Calmette-Guérin vaccination. Int J Infect
Dis. 2017;56:140–54. doi:10.1016/j.ijid.2017.01.027.

36. ICH. Harmonised tripartite guideline; impurities in new drug
substances Q3A(R2). October 2006.

37. EMA. CPMP position statement on DNA and host cell proteins
(HCP) impurities, routine testing versus validation studies
(CPMP/BWP/382/97). June 1997.

38. Wilcox CR, Holder B, Jones CE. Factors affecting the
FcRn-mediated transplacental transfer of antibodies and implica-
tions for vaccination in pregnancy. Front Immunol. 2017;8:1294.
doi:10.3389/fimmu.2017.01294.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1337

http://dx.doi.org/10.1128/JVI.02437-16
http://dx.doi.org/10.1038/nbt1026
http://dx.doi.org/10.1002/bit.25628
http://dx.doi.org/10.1002/bit.25628
http://dx.doi.org/10.1016/j.chroma.2011.09.008
http://dx.doi.org/10.1002/bit.v103:3
http://dx.doi.org/10.1016/j.biotechadv.2011.08.022
http://dx.doi.org/10.1016/j.biotechadv.2011.08.022
http://dx.doi.org/10.1002/bit.25647
http://dx.doi.org/10.1242/dev.044529
http://dx.doi.org/10.1038/ncb1156
http://dx.doi.org/10.1016/j.tcb.2016.11.009
http://dx.doi.org/10.1016/j.tcb.2016.11.009
http://dx.doi.org/10.1111/jnc.2008.106.issue-4
http://dx.doi.org/10.1016/j.biocel.2006.10.023
http://dx.doi.org/10.1016/j.biocel.2006.10.023
http://dx.doi.org/10.1172/JCI96259
http://dx.doi.org/10.1172/JCI96259
http://dx.doi.org/10.4161/hv.22378
http://dx.doi.org/10.1093/infdis/jiw453
http://dx.doi.org/10.1093/infdis/jiy065
http://dx.doi.org/10.1093/infdis/jiz395
http://dx.doi.org/10.1016/j.jpba.2008.09.020
http://dx.doi.org/10.1007/s11095-011-0523-5
http://dx.doi.org/10.4049/jimmunol.172.5.2731
http://dx.doi.org/10.1093/infdis/jit512
http://dx.doi.org/10.1038/s41590-019-0416-z
http://dx.doi.org/10.1016/j.ijid.2017.01.027
http://dx.doi.org/10.3389/fimmu.2017.01294

	Abstract
	Introduction
	Materials and methods
	Determination of the haNEO1 concentration in antigen bulk material
	NEO1-specific ELISA
	Rabbit study
	Human serum samples
	Study designs
	Statistics


	Results
	Quantification of haNEO1 in the antigen bulk materials
	Anti-huNEO1 IgG ELISA development and performance
	Adjuvant and antigen-dose-dependent anti-huNEO1 antibody responses in rabbits
	No evidence of vaccination-induced anti-huNEO1 immunity in healthy adults
	Phase 1 trial in healthy men (RSV F-001; NCT01905215)
	First phase 2 trial in healthy non-pregnant women (RSV F-020; NCT02360475)
	Second phase 2 trial in healthy non-pregnant women (RSV F-021; NCT02956837)


	Discussion
	Acknowledgments
	Author Contributions
	Disclosure of potential conflicts of interest
	References

