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Noroviruses (NoV) are the leading cause of epidemic acute gastroenteritis in humans worldwide. A safe
and effective vaccine that prevents NoV infection or minimizes NoV disease burden is needed, especially
for children and the elderly who are particularly susceptible to NoV disease. A plant-based expression
system (magnICON�) was used to manufacture two different virus-like particle (VLP) immunogens
derived from human NoV genogroups I and II, genotype 4 (GI.4 and GII.4), which were subsequently
blended 1:1 (w/w) into a bivalent vaccine composition (rNV-2v). Here, we report on the safety and
immunogenicity of rNV-2v from one pilot and two GLP-compliant toxicity studies in New Zealand
White rabbits administered the vaccine subcutaneously (SC) or intramuscularly (IM). Strong
genogroup-specific immune responses were induced by vaccination without adjuvant at various doses
(200 to 400 lg VLP/administration) and administration schedules (Days 1 and 7; or Days 1, 15 and
29). The results showed sporadic local irritation at the injection site, which resolved over time, and
was non-adverse and consistent with expected reactogenicity. There were no signs of systemic toxicity
related to vaccine administration relative to vehicle-treated controls with respect to clinical chemistry,
haematology, organ weights, macroscopic examinations, or histopathology. In a 3-administration regi-
men (n + 1 the clinical regimen), the NOAEL for rNV-2v via the SC or IM route was initially determined
to be 200 lg. An improved GI.4 VLP variant mixed 1:1 (w/w) with the wild-type GII.4 VLP was subse-
quently evaluated via the IM route at a higher dose in the same 3-administration model, and the
NOAEL was raised to 300 mg. Serology performed in samples of both toxicity studies showed significant
and substantial anti-VLP-specific antibody titers for rNV-2v vaccines administered via the IM or SC route,
as well as relevant NoV blocking antibody responses. These results support initiation of clinical develop-
ment of the plant-made NoV vaccine.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).
1. Introduction

Noroviruses (NoV) are the leading cause of epidemic acute gas-
troenteritis and foodborne diarrheal diseases in humans worldwide
[1,2]. These infections can occur in all age groups and commonly
result in significant morbidity and mortality, particularly in the very
old and very young. It is estimated that up to 200,000 children die
from complications of NoV infection worldwide annually [3]. Infec-
tion is characterized by severe vomiting, diarrhea, and abdominal
cramping for 28 – 60 h within 10 – 51 h of exposure [4]. The virus
is transmitted by the fecal/oral route and virus particles exhibit high
environmental stability on exposed surfaces [5]. Severe outbreaks
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typically occur in close-quartered environments such as hospitals,
schools, day care centers, elder care facilities, and ships [6–8]. There-
fore, widespread vaccination to minimize overall NoV disease burden
would bring economic and clinical benefits to the entire population
[9]. To date, there is no approved vaccine to prevent NoV gastroen-
teritis. Consequently, in 2016 the World Health Organization stated
that the development of a NoV vaccine should be considered an abso-
lute priority [10].

Noroviruses are members of the Caliciviridae family, have a sin-
gle plus-sense strand of RNAand lack a surface envelope [2]. Fucosy-
lated glycans belonging to histo-blood group antigens (HBGAs)
present on intestinal epithelial cells are considered putative recep-
tors for human NoV attachment and cell entry in a manner similar
to rotavirus [11]. Because HBGAs in an individual are under specific
genetic control, susceptibility to NoV infection varies [12,13]. NoV
are divided into 10 genogroups and 48 genotypes [14]. Most human
disease is caused by members of genogroups I and II (GI and GII),
which are comprised of at least 9 and 27 distinct genotypes, respec-
tively [14,15]. GI andGII strains are typically responsible for 10% and
90% of human NoV disease, respectively, with genotype GII.4 being
responsible for >70% of outbreaks since the 1990s [16]. Conse-
quently, GII.4 NoV strains have been of primary interest for vaccine
development [16], althoughamultivalentGI +GII vaccinemight be a
preferred option for inducing broad and efficient protection.

The NoV virion is composed of 90 dimers of the major capsid
protein VP1 [17]. Two conserved domains of VP flank a central
variable domain that likely carries antigenic determinants that
define strain specificity [18]. Recombinantly produced variants of
VP1 have been exploited as immunogens in the development of
NoV vaccines. The most advanced NoV vaccine candidates in clin-
ical development consist of VP1 monomers expressed in animal
cell culture systems, which spontaneously form virus-like particles
(VLP). Purified VLPs made in such systems have been evaluated
clinically when administered orally, intranasally and intramuscu-
larly, usually in combination with adjuvants that improve
immunogenicity (reviewed in [2,9,19]) For example, a mixed NoV
GI.1 + GII.4 VLP vaccine adjuvanted with MPL and/or aluminum
hydroxide has been clinically evaluated for safety and immuno-
genicity in various age groups, including healthy adults [20–23],
as well as infants, toddlers and children [24]. These VLP vaccines
proved to be generally well tolerated and immunogenic.

TheNoVvaccine in thepresent study is anon-adjuvanted, recom-
binantly produced, bivalent VLP composition (i.e. mixed NoV
GI.4 + GII.4 antigens) designated ‘‘rNV-2v”. The product is manufac-
tured using themagnICON� system (IconGenetics, Halle, Germany),
a rapid and cost-effective proprietary platform comprising Agrobac-
terium-mediated transient gene expression in non-transgenic host
plants of the species Nicotiana benthamiana. This cGMP-compliant
manufacturing technology, and variations thereof, have beenwidely
applied to produce vaccines, enzymes, therapeutic antibodies and
other biologics, as extensively reviewed [25–30]. In particular, mul-
tiple personalized plant-made vaccines manufactured with the
magnICON� process have demonstrated clinical safety and
antigen-relevant immunogenicity [31]. Here, we describe results
of preclinical toxicity studies with the plant-made rNV-2v that
helped establish safety and tolerability and serological analyses that
helped define a target clinical dose and administration regimen.
These studies were designed to support regulatory submissions for
first-in-human clinical evaluation of rNV-2v.

2. Materials and methods

2.1. Production of NoV VLPs in Nicotiana benthamiana

GI.4 and GII.4 NoV VLPs were expressed in Nicotiana benthami-
ana plants using magnICON� vectors based on a tobacco mosaic
978
virus (TMV) RNA replicon system, purified and characterized by
ICON Genetics GmbH (Halle, Germany), as described [32–34].
Briefly, N. benthamiana plants were vacuum-infiltrated (80–
100 mbar for 3–4 min) with diluted Agrobacterium tumefaciens cul-
tures with TMV-based assembled magnICON� vectors carrying
codon-optimized VP1 DNA (GI.4 or GII.4-2006a) cloned for expres-
sion and plant material was harvested 6–14 days post infiltration.
Biomass was homogenized and clarified by single-use depth filtra-
tion. Norovirus VLP were sedimented and purified by PEG precipi-
tation and filtration. VLP formation was confirmed by size
exclusion HPLC (Agilent 1200); protein concentration by BCA
assay; protein purity by reduced CGE (Agilent 2100); endotoxin
by chromogenic LAL assay (Lonza QCL-1000) and residual host cell
DNA by Quant-iT dsDNA High Sensitivity Kit (Thermo Fisher).
High-order structures and morphology of the proteins were
imaged by transmission electron microscopy (Carl Zeiss EM900).
The doses, homogeneity and stability of the vaccine formulations
and their matched vehicle controls were verified pre and post each
toxicity study.

2.2. Ethics statements for research institutions

Three animal studies were conducted by two accredited con-
tract research organizations (CRO). One pilot study (Study A) and
one GLP regulation-compliant (21CFR58) toxicity study (Study B)
in rabbits were conducted by SRI International (Menlo Park, CA,
USA). All procedures for animal care and housing complied with
the current requirements of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC), the Guide for
the Care and Use of Laboratory Animals (National Research Coun-
cil), and the USDA’s Animal Welfare Act and Animal Welfare regu-
lations (July 2020). All in-life and termination protocols were as
approved by SRI’s Institutional Animal Care and Use Committee
(IACUC). An additional toxicity study in rabbits (Study C) was con-
ducted by Laboratory for Pharmacology and Toxicology (LPT; Ham-
burg, Germany) in compliance with current EC GLP regulations
enacted in Germany and regulated by Directive 2004/10/EC of
the European Parliament and the Council of 11 February 2004.

2.3. Toxicity studies

2.3.1. Model system and test article administration
Test article formulations were provided to the CROs ready to

use by the manufacturer (Icon Genetics) without the need for dilu-
tion. Vaccine and vehicle storage was at 5 �C ± 3 �C, as prescribed
by the manufacturer’s Certificates of Analysis. The appropriate
number of vials were brought to room temperature at least
30 min before usage, used within 8 h of removal from refrigerated
temperature, and mixed by 5–8 roundtrip inversions before
administration. Three toxicity studies (Studies A, B and C) were
conducted in New Zealand White (NZW) rabbits (obtained from
Covance, Denver, PA, USA in Studies A and B, and from Charles
River Laboratories, Sulzfeld, Germany in Study C). Animals were
examined upon arrival, quarantined, weighed, randomized and
assigned to study groups based on approved protocols by each
CRO’s IACUC. Injections of test articles were performed using a
1 ml Luer-LokTM syringe (Becton Dickinson BD#309628) with a
25-gauge 5/8-inch needle (Becton Dickinson BD#305122). Vaccine
or vehicle control was administered into (IM) or above (SC) the
foreleg triceps muscle. Administrations were conducted on Days
1 and 7 in Study A, and on Days 1, 15 and 29 in Studies B and C.
Additional details of each study are described in Results.

Toxicological evaluations. Standard local and systemic toxicity
evaluations to support Phase 1 human clinical research were con-
ducted in each of the nonclinical studies, following regulatory
agencies’ (EMEA 1997; WHO 2005; FDA 2006; ICH 2009; ICH
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2011) guidance for preventative vaccines for infectious diseases
[35–39]. Observations at necropsy of the main group animals were
compared to those of recovery group animals to assess reversibility
of any reactions and their correlation to vaccination and dose. Local
tolerance including erythema, eschar formation and edema were
scored by the method of Draize (1944) [40]. Body weights were
recorded upon animal delivery, at group allocation, on the day of
commencement of treatment, and once weekly thereafter. Food
and water consumption, behavioral changes, morbidity and mor-
tality were recorded daily. Body temperature was recorded pre-
dose, 1 and 4 h prior to dosing, and 1, 4 and 24 h post dosing. Oph-
thalmological and auditory examinations were performed before
first dose, one day after each dosing, and at the end of the dosing
period. Blood samples were collected before each dose for hemato-
logical examination, coagulation tests, clinical chemistry, CRP
determination, and immunogenicity evaluations. Euthanasia was
via overdose of sodium pentobarbital by IV injection following sub-
cutaneous administration of a sedative cocktail. Histology was per-
formed on multiple tissue samples from all major organs.

2.3.2. Control of bias
While evaluating the responses of the animals and conducting

the analyses, the technical staff was aware of the treatment history
of each animal and sample. Based on the relatively objective end-
points examined, bias was not expected to influence the results
of the study.

2.3.3. Statistical evaluations
In Study A and Study B, means and standard deviations were

calculated for body weight, body temperature and clinical pathol-
ogy data at each evaluation interval. Calculations were performed
using Provantis� version 9.3.1.1, MS Excel 2010 or later software.
Statistical evaluations consisted of one-way analysis of variance
(ANOVA), followed by Dunnett’s test (if the ANOVA was signifi-
cant). Criteria for null hypothesis rejection was p � 0.05. All other
numeric parameters were evaluated by Student’s t-test. In Study C
statistical analyses included Student’s t-test (p � 0.05 and p � 0.01
for body weight, food consumption, hematology, coagulation. clin-
ical chemistry, relative and absolute organ weights); Chi-square
test (p � 0.01 for bone marrow analysis), and exact test of R.A. Fis-
cher (p � 0.05 for histopathology).

2.4. Immune response assays

2.4.1. Serology
Serological evaluations were conducted by the Vaccine

Research Center (VRC), Tampere University, Finland. Sera of indi-
vidually collected whole blood samples obtained by the CROs were
separated and stored at �20 �C and shipped frozen with tempera-
ture control and recording to VRC’s research laboratory for analy-
sis, together with requisite chain-of-custody documentation [35].

2.4.2. Humoral immune response
Titers of antigen-specific (NoV GI.4 and GII.4) IgG and IgA in

sera obtained from the toxicity studies were quantified by enzyme
linked immunosorbent assay (ELISA), as described [41,42].

2.4.3. Antibody NoV blocking potential
A pig gastric mucin (PGM)-based blocking assay [43,44] was

used to determine the ability of rabbit immune sera from Studies
B and C to block binding of NoV VLPs to the putative NoV receptors,
human histo-blood group antigens (HBGA), as described [45].

2.4.4. Statistical evaluations
Results of serology were analyzed in Microsoft Excel� and the

means and SEM of study groups were determined for descriptive
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evaluations. Selective comparisons were made using the Student’s
t-test and/or MedCalc Comparison of Means software v20, with
rejection criteria at p < 0.05.
3. Results

3.1. Safety of rNV-2v as determined in toxicity studies in New Zealand
White rabbits

The designs of the three animal studies to assess safety, tolera-
bility and immune response to the vaccine are summarized in
Table 1. The first or pilot study (Study A) was designed to assess
acute toxicity and maximum tolerated dose (MTD) and was the
first administration of rNV-2v to rabbits. The results helped inform
the design, route of administration and dosing regimen in
regulation-compliant Studies B and C. Summary results of each
study follow.

3.1.1. Study A – Pilot (range-finding) toxicity study of rNV-2v in male
rabbits

The objective of this pilot study was to assess the potential tox-
icity of rNV-2v (Lot DSDV092) after two administrations at doses of
200 or 400 lg total antigen per administration. Control solution
(Lot DSDV097/2) consisted of sterile vehicle for injection. Vaccine
or vehicle control was administered IM or SC to three young adult
male rabbits per group. Group 1 and 2 rabbits received 0.5 ml of
vehicle or 200 lg vaccine, respectively on Days 1 and 7 by IM injec-
tion to a single site. Group 3 and 4 rabbits received 400 lg vaccine
on Days 1 and 7 by IM or SC injection, respectively, equally split
across two injection sites.

General observations. The results showed no vaccine-related
toxicological effects. All rabbits survived to their scheduled sacri-
fice on Day 10. No clinical observations were attributed to the vac-
cine, and three were no statistically significant body weight
differences between vaccine-treated and vehicle-treated rabbits.

Local irritation. Pre-dose erythema was observed for each dose
day in one to two rabbits from each group, including the vehicle
control group, and was attributed to shaving of the dose site the
day prior to injection. Slight edema at the dose site was observed
in only one Group 3 (IM, high-dose) rabbit. Neither the severity
nor the incidence of these events was dose limiting and the events
were treatment- but not vaccine-related.

Clinical pathology evaluations. There were no toxicologically
meaningful changes in any of the clinical pathology evaluations,
including hematology, coagulation and clinical chemistry, with
no differential findings between vaccine-treated and vehicle-
treated animals on Days 3 and 10.

Necropsy observations and histopathology. There were no
vaccine-related macroscopic findings. Following IM or SC injection,
minimal inflammation was present in the subcutaneous tissue and
minimum mononuclear cell infiltrates were present at the injec-
tion site in one to two animals of each vaccine group. These obser-
vations are consistent with responses to vaccination, were
considered non-adverse and not toxicologically significant.

The MTD was not reached at the highest dose applied, and the
NOAEL for either IM or SC administration was 400 lg per adminis-
tration after two administrations. A summary of the findings from
the pilot toxicity study are presented in Table 2.

3.1.2. Study B – Repeat-dose toxicity study of rNV-2v with recovery
period in male and female rabbits

The objective of this GLP-compliant study was to assess the
potential toxicity of rNV-2v (Lots DSDV112 and DSDV114) at a
dose of 200 lg total antigen per administration, or vehicle (lot
DSDV119), after three IM or SC administrations at 14-day intervals



Table 1
Toxicity studies with bivalent NoV vaccine rNV-2v in New Zealand White rabbits.

Study A: Pilot toxicity study

Group Treatmenta Route Dose Level (mg)b Dose Conc. (mg/ml) Volume (ml)c No.
Animals

Sacrifice Day 10

1 Vehicle IM 0 0 0.5 3M 3M
2 rNV-2v IM 200 400 0.5 3M 3M
3 rNV-2v IM 400 400 0.5 x 2 3M 3M
4 rNV-2v SC 400 400 0.5 x 2 3M 3M
aAnimals were administered test articles twice, on Day 1 and Day 7.

b200 mg total mixed VLP per administration represented at the time the highest planned clinical dose.
cRabbits were dosed with a constant volume regardless of body weight.

Study B: Repeat-dose toxicity study of Wild type GI.4 + Wild type GII.4 VLPs with recovery period (GLP)

Group Treatmenta Route Dose Level (mg)b Dose Conc. (mg/ml) Total No.
Animals c

Main Sacrifice Day 32c Recovery Sacrifice Day 50c

1 Vehicle IM 0 0 10M/10F 5M/5F 5M/5F
2 rNV-2v IM 200 400 10M/10F 5M/5F 5M/5F
3 Vehicle SC 0 0 10M/10F 5M/5F 5M/5F
4 rNV-2v SC 200 400 10M/10F 5M/5F 5M/5F
aIn Study B recombinant bivalent NoV vaccine rNV-2v consisted of Wild type VLP1 (GI.4) and Wild type VLP2 (GII.4) mixed at a 1:1 ratio (w/w).

bRabbits were administered 0.5 ml of vehicle or vaccine on Days 1, 15, and 29. Administration was to a single site to simulate the planned clinical administration.
cM, males; F, females.

Study C: Repeat-dose toxicity study of Mutant GI.4 + Wild type GII.4 VLPs with recovery period (GLP)

Group Treatmenta Route Dose Level (mg)b Dose Conc. (mg/ml) Total No.
Animalsc

Main Sacrifice Day 32c Recovery Sacrifice Day 50c

1 Vehicle IM 0 0 10M/10F 5M/5F 5M/5F
2 rNV-2v IM 300 600 10M/10F 5M/5F 5M/5F
aIn Study C recombinant bivalent NoV vaccine rNV-2v consisted of Mut VLP1 (GI.4mut) and Wt VLP2 (GII.4) mixed at a 1:1 ratio (w/w).

bRabbits were administered 0.5 ml of vehicle or vaccine on Days 1, 15, and 29. Administration was to a single site to simulate the planned clinical administration.
cM, males; F, females.
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followed by a 3-week recovery period. The design of the study is
shown in Table 1. Young adult male and female rabbits aged 7.5–
9.5 months were administered test articles on Days 1, 15, and 29
as a 0.5 ml injection of either vehicle or a 400 mg/ml vaccine stock
solution, regardless of body weight. Scheduled necropsies were
performed on Days 32 (Main) and 50 (Recovery) to five
rabbits/sex/group.

General observations. All animals survived to their scheduled
sacrifice on Day 32 or Day 50. Moderate to slight swelling on Days
17–20 at or near the dose site (i.e., dose site or left scapular region)
was observed in 2–3 female rabbits out of 10 each in Group 2 (IM
vaccine), Group 3 (SC vehicle), and Group 4 (SC vaccine). This swel-
ling began two days after the second SC administration in three vehi-
cle control females and two vaccine-treated females and therefore is
most likely a result of the SC injection itself and not the vaccine. No
other clinical observations were considered to be related to adminis-
tration of the rNV-rv2 vaccine by either the IM or SC route. There
were no statistically significant differences in mean Group body
weight throughout the study when the vaccine-treated animals in
Group 2 (IM) and Group 4 (SC) were compared with their respective
vehicle control group. Body temperature was not affected by vaccine
administration by either the IM or SC route.

Local irritation. The mild erythema seen in the control Group 1
(IM vehicle) and Group 3 (SC vehicle) males was associated with
shaving of the dose area. Erythema in females was generally of
similar incidence and severity in control and treated rabbits after
each injection. Dose site edema was infrequently seen in males
and never seen in the females. All instances of local irritation
resolved and were not considered adverse or dose limiting.

Ophthalmology. Ophthalmology examinations revealed no
vehicle or vaccine related effects.

Clinical pathology evaluations. None of the hematology, clini-
cal chemistry, or coagulation parameters that were evaluated on
this study differed significantly between vaccine and control treat-
ment groups in a toxicologically meaningful manner.
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Necropsy observations and histopathology. There were no
vaccine-related macroscopic findings. All macroscopic observa-
tions were considered incidental, did not correlate with micro-
scopic findings, and were not considered toxicologically
significant. No microscopic histology observations were considered
test-article related or toxicologically significant and were either
spontaneous or incidental and/or occurred with similar incidence
across groups including the control groups. IM and SC administra-
tion of rNV-2v was associated with non-adverse localized inflam-
mation at the injection site and non-adverse findings in the
axillary (draining) lymph node. Findings in each of these tissues
were partially reversible following a 3-week recovery period.

The NOAEL was 200 lg per administration after 3 administra-
tions for either the IM or SC route. A summary of the findings from
this repeat-dose toxicity study with recovery is included in Table 2.
3.1.3. Study C – Repeat-dose toxicity study of modified composition of
rNV-2v with recovery period in male and female rabbits

The objective of this GLP-compliant study was to assess the
potential toxicity of a new composition of rNV-2v (Lot DSDV142)
at a dose of 300 lg total antigen (0.5 ml injection of 600 lg/ml
dose concentration) per administration, or vehicle (lot DSDV146),
after three IM administrations at 14-day intervals followed by a
3-week recovery period. The design of the study is shown in
Table 1. This study aimed to complement Study B and followed
generally the same experimental procedures; however, using (a)
50% higher dose of VLP total antigen (300 lg vs. 200 lg in Study
B) and (b) Wild type GII.4 VLP as in Study B but admixed with
Mutant GI.4 VLP (GI.4mut) that instilled higher stability to the
VLP particle during prolonged storage. Briefly, male and female
rabbits 3–4 months of age were administered test articles IM on
Days 1, 15, and 29. A 21-day recovery period after the last dose fol-
lowed to assess reversibility of adverse effects. Scheduled necrop-
sies were performed on Days 32 (Main) and 50 (Recovery) to five
rabbits/sex/group.



Table 2
Toxicology tabulated summary.

Study number Toxicity study

Study A Study B Study C

Parameter
Testing facility SRI

International.
Menlo Park,
CA, USA

SRI
International
Menlo Park,
CA, USA

LPT GmbH
Hamburg,
Germany

Toxicity study GLP
compliance

Non-GLP GLP GLP

Species and sex of animals NZW rabbit,
M only

NZW rabbit,
M+F

NZW rabbit,
M+F

Number of animals per
study group

3 M 5 M + 5 F 5 M + 5 F

Total number of animals
on study

12 80 40

Route of administration IM, SC IM, SC IM
rNV-2v vaccine

composition evaluated
GI.4 + GII.4 GI.4 + GII.4 GI.4mut + GII.4

VLP GI.4:GII.4 antigen mix
ratio (wt:wt)

1:1 1:1 1:1

Dose of total VLP antigen/
administration

200 lg SC
400 lg IM
and SC

200 lg IM
and SC

300 lg IM

Dosing schedule (day
number)

D1, D7 D1, D15, D29 D1, D15, D29

Necropsy, main and
recovery groups

D10 D32 Main;
D50 Rec.

D32 Main;
D50 Rec.

Results and observations
Local tolerance Minor

reactogenicity
Minor
reactogenicity

Minor
reactogenicity

Systemic tolerance or toxicity
Mortality All animals

survived
All animals
survived

All animals
survived

Behaviour; external
appearance, faeces

No vaccine
effects

No vaccine
effects

No vaccine
effects

Body weights and body
weight gain

No vaccine
effects

No vaccine
effects

No vaccine
effects

Food and water
consumption

No vaccine
effects

No vaccine
effects

No vaccine
effects

Body temperature
changes post vaccine
administration relative
to vehicle

Transient
minor
increase

No vaccine
effects

No vaccine
effects

Haematology; coagulation
time

No vaccine
effects

No vaccine
effects

No vaccine
effects

Clinical chemistry No vaccine
effects

No vaccine
effects

No vaccine
effects

C-reactive protein Not evaluated Not evaluated No vaccine
effects

Ophthalmological and
auditory exams

Not evaluated No vaccine
effects

No vaccine
effects

Final examinations
Macroscopic examination No vaccine

effects
No vaccine
effects

No vaccine
effects

Organ weights and weight
ratios

Not evaluated No vaccine
effects

No vaccine
effects

Bone marrow
examination

Not evaluated No vaccine
effects

No vaccine
effects

Histopathology No vaccine
effects

No vaccine
effects

No vaccine
effects

NOAEL for rNV-2v vaccine 400 mg IM or
SC

200 mg IM or
SC

300 mg IM

NZW, New Zealand White rabbit; M, male; F, female; IM, intramuscular; SC, sub-
cutaneous; GI.4mut, mutant version of GI.4 VLP.
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General observations. All animals survived to the conclusion of
the study. No test article-related influence was noted on the behav-
ioral pattern, external appearance or the consistency of the faeces
following vaccine administration. No significant differences were
noted with respect to food consumption, body weight or body
weight gain among the groups. Sporadic increases (males) and
decreases (females) in body temperature were observed in some
animals, but they were transient and not statistically significant.
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Local irritation. No significant local intolerance reactions were
noted during observations following IM administration of test arti-
cles on Days 1, 15 or 29.

Ophthalmology and auditory. No ophthalmological changes
were noted on the adnexa oculi (i.e. lids, lacrimal apparatus), con-
junctiva, cornea, anterior chamber, lens vitreous body and fundus
(retina, optic disc). Likewise, the auditory examination did not
reveal any test-article related changes.

Clinical pathology evaluations. Statistically significant differ-
ences in some biochemical parameters between the vaccine- and
vehicle-treated groups were noted, but were sporadic in nature,
occurred in a few animals including some in the control group,
and were not considered to be vaccine-related or toxicologically
meaningful.

C-Reactive protein. CRP increased significantly in only one
male animal receiving vaccine; however, the value normalized
upon subsequent evaluations and was considered sporadic and
not toxicologically meaningful.

Bone marrow examination. During dissection fresh bone mar-
row was obtained from the os femoris (3 air-dried smears/animal
followed by Pappenheim staining) of the first 5 animals/sex/group
of Group 1 (vehicle) and Group 2 (IM vaccine). The myeloid-to-
erythroid ratios were determined by cell differentiation (counting
of 200 nuclei-containing cells). No test-article related influence
was noted between vaccine and control groups with respect to
bone marrow cellular profile.

Necropsy observations and histopathology. There were no
significant test-article related macroscopic changes observed. Mor-
phological changes considered to be spontaneous or incidental in
nature were noted in only a few animals in both vaccine and con-
trol groups. There were no significant differences in organ weights
between the groups. Statistically significant differences in relative
organ weights between the vaccine group and the control group
were few and not considered to be vaccine-related or toxicologi-
cally meaningful. Histopathological evaluation of rabbit organ tis-
sues did not reveal any morphological lesions that were
considered related to the test articles. Lymphohistiocytic inflam-
matory lesions in various organs were considered to be sponta-
neous organ changes and thus not test article-related. The
minimal to mild inflammatory reactions with haemorrhages
around the injection site were caused by the technical administra-
tion procedure. There was no difference between the groups.

The NOAEL for the IM route and schedule used in this study was
300 lg per administration after 3 administrations. A summary of
the findings in this study are presented in Table 2.

3.2. Serology on samples from regulation-compliant toxicity Study B
and Study C

3.2.1. Immune titers and VLP receptor binding blocking activity
Blood samples were collected and evaluated to determine the

immune titers and the quality of the immune response induced
by the original vaccine composition (Study B) and the improved,
more stable version (Study C). The primary objective of serology
was to determine the immunogenicity of the purified, plant pro-
duced norovirus GI.4 and GII.4 VLPs when administered via IM
and SC routes in male and female rabbits after 3 vaccine adminis-
trations. In addition to quantifying NoV-specific IgG and IgA titers
in rabbit sera, the ability of immune sera to block the binding of
NoV VLPs to the putative NoV receptors, human histo-blood group
antigens (HBGA), was assessed using a pig gastric mucin (PGM)-
based homologous blocking assay, as described [43–45].

3.2.2. Immune responses in Study B
The humoral immune response to 200 lg per administration of

Wild type GI.4 and Wild type GII.4 divalent VLP vaccine is summa-



Fig. 1. Wild type GI.4-specific mean IgG titers of the IM and SC subgroups from Study B. Terminal sera of individual animals receiving 3 administrations of test article at
200 lg per administration via the intramuscular (A) or subcutaneous (B) administration route were analysed individually; shown are mean OD values of each subgroup. IM,
intramuscular; SC, subcutaneous; M, male; F, female; D32, sera from Main group sacrifice on D32; D50, sera from Recovery group sacrifice on Day 50.

Fig. 2. Wild type GII.4-specific mean IgG titers of the IM and SC subgroups from Study B. Terminal sera of individual animals receiving 3 administrations of test article at
200 lg per administration via the intramuscular (A) or subcutaneous (B) administration route were analysed individually; shown are mean OD values of each subgroup. IM,
intramuscular; SC, subcutaneous; M, male; F, female; D32, sera from Main group sacrifice on D32; D50, sera from Recovery group sacrifice on Day 50.
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rized in Fig. 1 and Fig. 2. The results showed that the Wt rNV-2v
composition is highly immunogenic in both male and female rab-
bits in the absence of a co-administered adjuvant. Although IgG
titers to GI.4 and GII.4 VLPs were similar at Days 32 and 50 post
immunization, higher GI.4-specific IgA titers were measured
(Fig. 3). To the contrary, although very high blocking antibodies
were observed to each VLP, a stronger response was observed to
GII.4 (Fig. 4 and Fig. 5).
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3.2.3. Immune responses in Study C
Serum IgG titers elicited by IM immunization with 300 lg per

administration of non-adjuvanted mixed Mutant GI.4mut and Wt
GII.4 VLPs were both high and at the same level at Days 32 (3 days
after last dose) and 50 (21 days after last dose), as summarized in
Fig. 6. Considerably higher GI.4-specific IgA levels than GII.4-
specific IgA titers were detected, as shown in Fig. 7. High titers of



Fig. 3. Vaccine-specific IgA titers at termination of the IM and SC subgroups from Study B. Terminal sera of individual animals receiving test article via intramuscular (IM,
grey bars, animals 021–040) or subcutaneous (SC, blue bars, animals 061–079 and 180) routes were analysed for Wild type GI.4-specific (A) and Wild type GII.4-specific (B)
IgA at the dilution 1:50; shown are mean OD490 nm of each subgroup with standard errors of the mean. At D50, only the IgA response to GI.4 in females by SC route was
greater than in males (p < 0.05). There were no other sex-related statistical differences between matched pairs via either route of administration. Animals 021–025 and 061–
065, Main Study males D32; animals 026–30 and 066–070, Recovery Males D50; animals 031–035 and 071–075, Main Study females D32; animals 036–040 and 076–079,
180, Recovery females D50.

Fig. 4. GI.4-specific blocking IgG titers at termination of the IM and SC subgroups from Study B. Sera of rNV-2v-immunized rabbits collected at termination were pooled
according to gender (M, males, F, females) and Termination Day 32 (Main sacrifice, D32) or Day 50 (Recovery period sacrifice, D50) for analysis of blocking of GI.4 VLP binding
in PGM-based assay; blocking titers of rabbits immunized via intramuscular (A) or subcutaneous (B) route were titrated two-fold starting at 1:100; dashed line represents
50% blocking index. The blocking index (%) was calculated as 100% - [(OD wells with VLP-serum mix/OD maximum binding OD) � 100%]. Ctrl Grs, control groups.
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blocking IgG antibodies were observed to both GI.4mut andWt GII.4
VLPs, as shown in Fig. 8.

4. Discussion

The two rNV-2v VLP vaccine compositions evaluated in this
program were manufactured in plants with magnICON� technol-
ogy and showed high safety and tolerability in a rabbit model.
These results echo previous preclinical and clinical results for other
vaccines produced via the same system [31,46]. In the three stud-
ies described, the vaccines administered IM or SC at doses ranging
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from 200 to 400 lg per administration were very well tolerated
and induced NoV genogroup/genotype-specific immune responses.

The lack of well-characterized NoV infection models in vitro and
in vivo has limited the development of vaccines and therapeutics
against human NoV (reviewed by Todd and Tripp, 2019 [47]). Con-
sequently, there remains a need for nonclinical tools to aid in
human NoV research and product development. Lacking other
robust tools, immunogenicity against target NoV antigens has been
the main endpoint for assessing induction of protection, including
the ability of polyclonal sera to block the binding of NoV to its
putative receptors (HBGAs).



Fig. 5. GII.4-specific blocking IgG titers at termination of the IM and SC subgroups from Study B. Sera of immunized rabbits collected at termination were pooled
according to gender (M, males, F, females) and Termination Day 32 (Main sacrifice, D32) or Day 50 (Recovery period sacrifice, D50) for analysis of blocking of GII.4 VLP binding
in PGM-based assay, blocking titers of rabbits immunized via intramuscular (A) or subcutaneous (B) route were titrated two-fold starting at 1:100; dashed line represents 50%
blocking index. Blocking index (%) was calculated as 100% - [(OD wells with VLP-serum mix/OD maximum binding OD) � 100%]. Ctrl Grs, control groups.

Fig. 6. Mutant GI.4mut +Wild type GII.4 VLP-specific mean IgG titers at termination of the IM groups from Study C. Antibodies in terminal sera of vaccinated animals were
analyzed individually against mixedMutant GI.4mut (A) andWild type GII.4 (B) VLP’s by ELISA; shown are mean OD values of each subgroup according to Main Study (MS, sera
from Main sacrifice group, D32), or Recovery Period (RP, sera from Recovery Period group, D50) and gender (M, males; F, females).
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Results of exploratory immunogenicity studies in mice with
rNV-2v, not reported here and conducted prior to initiation of
our safety program, helped define the quality of the immune
response and guide the design and administration schedule in
the rabbit studies. For example, murine studies helped characterize
the antigen-specific IgG subtypes induced by Wild type rNV-2v
vaccination as being balanced for both GI.4- and GII.4-specific
Th2/Th1 responses, with a skew of the response to both antigens
slightly to Th2-type (i.e. IgG1) with higher doses (data not shown).
In mouse studies we also assessed the cellular immune response to
the VLPs by ELISPOT assay, measuring the production of IFN-c by
exposed mouse splenocytes [42,48]. The cellular response was
low (data not shown) relative to the humoral response; therefore,
cellular response was not assessed in the rabbit studies. However,
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besides cross-reactive antibodies the T-cell-mediated immunity
might provide the key for eliciting broad and protective immune
responses after vaccination in humans [32]. Therefore, cell-
mediated responses will be assessed in details in our Phase I clin-
ical study.

Serology on samples from Studies B and C revealed that the nor-
ovirus Gl.4 and Gll.4 VLPs induced strong and specific immune
responses in both male and female rabbits in the absence of co-
administered adjuvants. IgG titers in Study B (Wild type GI.4 and
GII.4 VLPs) and Study C (Mutant GI.4 mut and Wt GII.4 VLPs) were
similar. In Study B, very high blocking antibodies were observed
to each VLP but a relatively stronger response was observed to
GII.4. In contrast, in Study C equally high titers of blocking IgG anti-
bodies were observed to both GI.4 mut and GII.4 VLPs. These results



Fig. 7. Mutant GI.4mut + Wild type GII.4 VLP-specific mean IgA titers at termination of the IM groups from Study C. Terminal sera of individual animals that received
bivalent VLP vaccine via the IM route in Study C were analyzed for Mutant GI.4mut-specific (A) and Wild type GII.4-specific (B) IgA at the dilution 1:50; shown are mean
OD490 nm of each subgroup with standard errors of the mean. There were no sex-related statistical differences between D32 or D50 matched pairs. Animals 21–25, Main
Study males D32; animals 26–30, Recovery Period males, D50. Animals 31–35, Main Study females, Day 32; animals 36–40, Recovery Period females, Day 50.

Fig. 8. Mutant GI.4mut- and Wild type GII.4-specific VLP blocking IgG titers at termination of the IM subgroups from Study C. Sera of norovirus VLP-immunized rabbits
collected at termination were pooled according to gender, males (M) or females (F) and Termination Day 32 (D32, Main Study) or Day 50 (D50, Recovery Period) for analysis of
blocking of Mutant GI.4mut (A) or Wild type GII.4 (B) VLP binding in PGM-based assay. Blocking titers of rabbits immunized via the IM route were titrated two-fold starting at
1:100; dashed line represents 50% blocking index. The blocking index (%) was calculated as 100% - [(OD wells with VLP-serum mix/OD maximum binding OD) � 100%]. Ctrl
Grs, control groups.
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suggest that perhaps the mutation introduced to the GI.4mut VLP
that confers higher stability to the particle may also confer a poten-
tial for inducing higher blocking titers than the previous Wild type
composition.

The doses selected for the animal studies were based on the
anticipated clinical dose range of 50–300 lg per administration
given as two administrations 28 days apart (prime/boost). These
doses and administration schedule were derived from results of
clinical studies with baculovirus-produced NoV VLP vaccines
985
[20,21,23], which suggested that these dose ranges and scheduling
were adequate to induce the desired immune response. In our
studies blocking antibodies to GI.4 and GII.4 in males and females
were significantly (p < 0.0001) and uniformly higher in Study C
(300 lg/dose) than in Study B (200 lg/dose) via the IM route, sug-
gesting a dose–response effect and justifying the higher dose and
IM route for clinical evaluation. Although the inclusion of adju-
vants might enable the administration of lower doses of VLPs,
adjuvants add complexity to formulations and could increase the
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incidence and/or severity of adverse events [21,49]. Although IM
and SC administration proved equally effective routes for immu-
nization, we selected IM administration of the improved composi-
tion of rNV-2v (Study C) at 300 lg/dose for initial clinical
evaluation because IM is a more accepted and reproducible route
for vaccine delivery, especially in children and the elderly.

5. Conclusions

The results of the nonclinical studies summarized herein
showed excellent immunogenicity and safety in vivo and mecha-
nistic efficacy in vitro for the plant-made rNV-2v norovirus preven-
tative vaccine. A maximum tolerated dose (MTD) was not reached,
and the NOAEL was determined to be 200 lg/administration of the
original VLP composition via the SC and IM routes, and 300 lg per
administration of the improved VLP composition via the IM route,
both evaluated using an n + 1 vaccine administration protocol [38].
Both vaccine compositions induced strong humoral immune
responses in the absence of adjuvant as well as high titers of block-
ing antibodies, the latter considered a surrogate indicator of viral
infection-blocking potential to putative NoV HBGA receptors.
Taken together, these results support first use of the rNV-2v vac-
cine in a Phase I clinical study.
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