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Like Particle Vaccine Candidate—Reactogenicity,
Safety, and Immunogenicity in a Phase 1 Trial

in Healthy Adults

John J. Treanor," Robert L. Atmar,” Sharon E. Frey, Robert Gormley,* Wilbur H. Chen,® Jennifer Ferreira,® Robert Goodwin,’
Astrid Borkowski,? Ralf Clemens,® and Paul M. Mendelman’
University of Rochester Medical Center, New York; ZBaylor College of Medicine, Houston, Texas; 2Saint Louis University, School of Medicine, St. Louis,

Missouri; “Naval Medical Research Center, Silver Springs, *University of Maryland School of Medicine, Baltimore, and ®EMMES, Rockville, Maryland;
Takeda Vaccines, Bozeman, Montana; and ®Takeda Vaccines, Zurich, Switzerland

Background. Noroviruses are the most important viral causes of gastroenteritis-related morbidity and mortality.
A randomized, double-blind, placebo-controlled study evaluated an adjuvanted bivalent intramuscular norovirus
virus-like particle (VLP) vaccine.

Methods. Forty-eight adults aged 18-49 years received either 2 doses containing genotype GI.1 VLP and a
consensus GII.4 VLP or 2 doses of placebo. Doses (5 ug, 15 pg, 50 ug, or 150 pg of each VLP) were administered
4 weeks apart in the first stage. Subsequently, 54 adults, aged 18-49 (n = 16), 50-64 (n=19), and 65-85 (n=19)
years, received 2 doses of vaccine containing 50 pg of each VLP. Total and class-specific antibody responses, as
well as histoblood group antigen (HBGA) blocking antibody responses, were measured before and after each dose.

Results. Local reactions were mainly injection site pain/tenderness, with no reported fever or vaccine-related seri-
ous adverse events. One dose of vaccine containing 50 pg of each VLP increased GI.1 geometric mean titers (GMTs) by
118-fold, 83-fold, and 24-fold and increased GII1.4 GMTs by 49-fold, 25-fold, and 9-fold in subjects aged 18-49, 50-64,
and 65-83 years, respectively. Serum antibody responses peaked at day 7 after the first dose, with no evidence of boost-
ing following a second dose. Most subjects achieved HBGA-blocking antibody titers of >200.

Conclusions. The vaccine was well tolerated and immunogenic. Rapid immune response to a single dose may be
particularly useful in military personnel and travelers and in the control of outbreaks.

Clinical Trials Registration. NCT01168401.
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Noroviruses are recognized as the most important cause
of outbreaks and sporadic cases of viral gastroenteritis
throughout the world. The proportional incidence of nor-
ovirus-associated disease will continue to increase with the
successful introduction of rotavirus vaccines. Outbreaks of
norovirus infection are extremely difficult to control
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because of the combination of high levels of virus, pro-
longed shedding, environmental stability, resistance to
disinfection, low infectious dose, and contribution of
virus-induced vomiting to the spread of the infectious
agent. It is estimated that, in the United States, norovirus-
es are responsible for 5600-70 000 hospitalizations and
560-800 deaths annually [1-3]. In developing countries,
it is estimated that up to 200 000 deaths due to norovirus
occur annually among children <5 years of age [4].
Development of effective vaccines to prevent norovi-
rus disease and transmission is an important step to-
ward control of this global public health problem.
Expression of the norovirus capsid protein VP1 leads
to formation of virus-like particles (VLPs) that have
emerged as promising vaccine candidates. Both orally
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and nasally administered VLPs have been well tolerated and
immunogenic in phase 1 trials [5, 6]. Importantly, a nasally ad-
ministered investigational GI.1 norovirus VLP vaccine was re-
cently shown to confer 47% protection against norovirus
gastroenteritis in healthy adults in a human experimental chal-
lenge model [7].

To explore development of an injectable norovirus vaccine,
we performed a phase 1 dose-escalation and age-escalation
study with a bivalent, MPL (3-O-desacyl-4'-monophosphoryl
lipid A; GlaxoSmithKline)-adjuvanted formulation of a norovi-
rus VLP vaccine. The vaccine included 2 genotypes, GI.1 and
GII.4, representing the 2 major norovirus genogroups infecting
humans, and was administered intramuscularly to cohorts of
healthy adults spanning a wide age range of 18-85 years.

MATERIALS AND METHODS

Participants

The study was conducted as a randomized, multisite, dose-
escalation, and age-escalation study of the safety and immuno-
genicity of the investigational bivalent norovirus vaccine at the
University of Rochester, the Saint Louis University Medical
Center, and Walter Reed Army Hospital. The study was
approved by the respective institutional review board at each
institution, including the Naval Medical Research Center, in
compliance with all applicable federal regulations governing
the protection of human subjects, and was registered at Clinial-
Trials.gov (NCT01168401). All volunteers provided written in-
formed consent prior to enrollment.

Eligible subjects were healthy adults aged >18 years with
normal baseline clinical laboratory results at screening. Sub-
jects were excluded if they had unstable medical conditions;
serological evidence of hepatitis B virus infection, hepatitis
C virus infection, or HIV infection; any condition likely to
affect immune response (immunodeficiency or taking immu-
nosuppressant medication); or a history of autoimmune or
neuroinflammatory disease. Both men and women agreed to
be abstinent or use contraceptive measures as necessary for
up to 60 days after the last vaccination. Secretor status was
determined as previously described [7] for all subjects after
enrollment.

Vaccines

The vaccine candidate is a bivalent VLP formulation designed
to elicit a broad antibody response to both genotype GI.1 and
GII.4 noroviruses. The GI.1 component was based on the pro-
totypic Norwalk virus, while the GII.4 component was based on
a consensus sequence between 3 GIIL.4 viruses, 2006a (Yerseke),
2006b (Den Haag), and 2002 (Houston). Previous studies in
animals had shown that this VLP elicited a broad antibody re-
sponse against multiple GIL.4 genotypes [8]. Different formula-
tions were prepared such that a single dose contained 5 g,

15 ug, 50 pg, or 150 pg of each of the 2 VLP components.
All formulations were adjuvanted with a constant amount of
50 pg of MPL adjuvant and 0.5 mg of aluminum hydroxide
(Brenntag Biosector, Denmark). All subjects in the dose-
escalation and age-escalation stages were to receive 2 doses
of a single vaccine formulation or placebo by intramuscular
injection, 28 days apart.

Study Design

The study was performed in 2 stages. The first stage, a dose-
escalation stage, was conducted in subjects 18-49 years of
age (cohort A). Approximately 10 subjects in each dose
group, beginning with the group receiving 5 ug per compo-
nent, were randomly assigned at a ratio of 5 to 1 to receive vac-
cine or placebo and observed through day 7 following the
second dose (ie, day 35). After review of safety data by an in-
dependent central safety monitor, the group receiving the next
highest dose of each VLP component was enrolled and evalu-
ated in similar fashion; the process was repeated for the 50-ug
and 150-pg doses. Following assessment of serological assays
in the dose-escalation stage, the vaccine formulation contain-
ing 50 pg of each VLP component (hereafter, the 50/50-pg for-
mulation) was selected for further development, in stage
2. Additional groups of 50-64-year—old subjects (cohort B),
65-85-year-old subjects (cohort C), and 18-49-year-old sub-
jects (cohort D) were enrolled and randomly assigned at a
ratio of 1 to 1 to receive bivalent vaccine or saline placebo
for further safety and immunogenicity evaluation.

All subjects were monitored clinically for reactions to injec-
tions after each vaccination. Participants recorded solicited in-
jection site reactions (redness, swelling, pain, and tenderness)
and systemic reactions (oral temperature, headache, fatigue,
muscle aches, chills, joint aches, and gastrointestinal symp-
toms of nausea, vomiting, diarrhea, and abdominal cramps/
pain) on memory aid forms for days 0-7 after vaccination.
Other adverse events (AEs) were reported throughout the
study period. All reactions and events were graded for severity
(mild, moderate, or severe) by the participants, and the inves-
tigator assessed the relationship of the reactions and events to
vaccination.

Serological Analysis

Blood samples were collected before the first vaccination (day 0)
and on days 7, 21, 28, 35, 56, 180, and 393 after the first dose of
vaccine, for evaluation of immunogenicity. Serum antibodies to the
GI.1 and GII4 vaccine antigens were determined using 5 serolog-
ical assays. Total immunoglobulin (Pan-Ig) and class-specific
(immunoglobulin G [IgG] and immunoglobulin A [IgA]) norovi-
rus-specific antibodies were determined by enzyme linked immu-
noassay (ELISA) and duplex, time-resolved, dissociation-enhanced
lanthanide fluorescence immunoassay, respectively [9, 10]. Histo-
blood group antigen (HBGA) blocking antibody titers were
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determined using a previously described assay [11]; the glycans in
the assay were H type 1 and H type 3 for GL.1 and GIL.4 VLP bind-
ing, respectively. GI.1 VLP- and GIL.4 VLP-specific hemaggluti-
nation inhibiting antibody titers were also evaluated (data not
shown). Blood group and secretor status were also determined
for all subjects by previously described methods [7].

Statistical Methods

The sample size was selected to obtain adequate indications of
safety, reactogenicity, and immune response data within the
constraints of a phase 1 trial. Reactogenicity and safety data
were assessed on the basis of incidence and severity and are de-
scribed with respect to dose and age group. No formal statistical
analyses were performed. Antibody titers were reported as se-
roresponse rates ([SRRs]; or percentages with >4-fold rises),
geometric mean titers (GMTs), and geometric mean fold rises
(GMERs) over baseline. The log transformation of the antibody
titers and fold rises of antibody titers were compared between
groups, using fixed-effects analysis of variance. Data are ex-
pressed as point estimates and 95% confidence estimates. All
data analyses and eventual statistical computations were con-
ducted with SAS, version 9.3.

RESULTS

Participant Demographic Characteristics
A total of 102 subjects were enrolled into the study: 48 subjects
18-49 years of age were included in the dose-escalation stage

(cohort A), and 54 subjects in different age groups were includ-
ed in cohorts B, C, and D for subsequent evaluation of the 50/
50-ug formulation. The demographic characteristics of each ac-
tive vaccine group and the combined placebo recipients across
all cohorts, as well as their blood group distribution and secretor
status, are shown in Table 1. The demographic makeup and
blood group and secretor status of each study cohort were sim-
ilar. Because 18-49-year-old subjects in cohorts A and D were
recruited in different locations, they had slightly different racial
and blood group distributions: in cohort A, subjects enrolled at
Rochester and Saint Louis were primarily female (68%-77%)
and white (68%-73%), while cohort D subjects, enrolled at
Walter Reed Army Hospital by the Naval Medical Research
Center, were primarily male (63%) and black (63%).

Safety and Reactogenicity

There were no serious AEs related to vaccination during the
1-year safety surveillance for the whole study. In the dose-
escalation stage (cohort A), 2 cases of severe diarrhea (>6 stools
in 24 hours) were reported, one on day 4 after receipt of a first
dose of placebo (saline) and one on day 1 after a second dose of
vaccine containing 5 pg per VLP. Local and systemic reactoge-
nicity were more frequent in vaccine recipients, compared with
placebo recipients, with no dose relationship (Figure 1). There
was no pattern of increasing solicited local or systemic AEs as
VLP dose increased, nor was there an increase following receipt
of dose 2, compared with after receipt of dose 1. The incidence
and severity of most local AEs peaked on the day of vaccination

Table 1.

Demographic Characteristics, Secretor Status, and Blood Typing of Subjects Who Received 2 Doses of Either Equal Amounts of

Norovirus Gl.1 Virus-Like Particle (VLP) and a Consensus Norovirus Gll.4 VLP or Placebo

Cohort A Dose Group

50/50-ug Dose Cohort

Variable 5 ug 15 ug 50 pg 150 ug D B C Placebo
Target age range, y 18-49 18-49 18-49 18-49 18-49 50-64 65-85 18-85
Subjects, no. 10 10 10 9 8 9 10 36

Demographic characteristic

Age, y, mean (range) 33.2 (23-46)
Male sex 3 (30) 4(40) 3 (30)
Ethnicity
American Indian 0 0 0
Asian 0 0 2 (20)
Black 2 (20) 2 (20) 2 (20)
White 8 (80) 7 (70) 6 (60)
Multiracial 0 1(10) 0
Norovirus secretor 7 (70) 8 (80) 6 (60)
Blood group
A 3(30) 3(30) 5 (50)
B 0 1(10) 0
0 6 (60) 4 (40) 5 (50)
AB 1(10) 2 (20) 0

31.9 (19-46) 31.9 (22-42) 32.8 (23-49) 32 (20-48) 55.2 (51-59) 68.5 (656-83) 48.1 (19-73)

2 (22) 5 (63) 4 (44) 2 (20) 11 (31)
0 0 0 0 1)
2 (22) 0 0 0 0
1(11) 5 (63) 0 0 7 (19)
6 (67) 3 (38) 9 (100) 10 (100) 27 (75)
0 0 0 0 1)
9 (100) 7 (88) 6 (67) 8 (80) 28 (78)
3 (33) 1(13) 2(22) 3 (30) 12 (33)
1(11) 2 (25) 2 (22) 0 5 (14)
5 (56) 5 (63) 5 (56) 7 (70) 16 (44)
0 0 0 0 3 (8)

Data are no. (%) of subjects, unless otherwise indicated.
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Figure 1. Dose-related reactogenicity of the bivalent norovirus virus-like particle vaccine formulated with aluminum hydroxide and MPL (3-0-desacyl-4'-
monophosphoryl lipid A; GlaxoSmithKline) in 18—49 year olds (cohort A). Frequencies of local and systemic reactogenicity events are shown by day after
doses 1 and 2, with maximum severity during the observation period assessed as mild, moderate, or severe. The most common local complaints were pain
and tenderness at the injection site, and the most common systemic complaint was headache. Post dosing assessment, performed 30 minutes after dosing.
Abbreviation: PD, post dosing assessment.

or the day afterward and resolved by day 7. Most local AEs were ~ systemic reactions were reported as mild, the most frequent
mild, and none were severe. Local reactions primarily consisted ~ being mild headache. No fever was reported in the 7 days
of pain and/or tenderness at the injection site. The majority of  after either vaccination.

1766 e JID 2014:210 (1 December) e Treanor et al



A similar profile of low reactogenicity and good tolerance was
observed with the 50/50-ug vaccine in the older age groups (co-
horts B and C). The most frequent local reactions were mild
pain and/or tenderness at the injection site, and the most com-
mon systemic event was mild headache (Supplementary
Materials).

Stage 1: Analysis of Inmunogenicity by Dose Escalation
As illustrated in Figure 2, all subjects in the dose-escalation
stage (cohort A), who received 2 doses of 5-150 ug of each
VLP, demonstrated immune responses to both GI.1 and GIL4
VLPs after receipt of the first dose. All dose groups elicited sim-
ilar responses of similar magnitude to the GI.1 VLP expressed
as GMTs, GMFRs, or SRRs, compared with baseline (Table 2).
Variations in baseline GMTs were observed between dose
groups. For GL1, all subjects (100%) displayed a seroresponse
(>4-fold increase in titer from baseline) after the first dose, in-
dependent of dose. GMTs were not further increased after the
second dose; there was no indication of boosting. Responses to
GL.1 were of higher magnitude than those to the GII.4 component.
For GII.4, there was more variation in baseline GMTSs be-
tween groups, and GMFRs were more variable than for GI.1
(Table 2). Not all subjects displayed a seroresponse to GII.4,
with only 56% responding in the 5/5-ug group and 75%-88%
responding in the higher-dose groups, and these proportions
and final GMTs were not increased by a second dose. The
point estimate of the GMT for GII.4 was highest for the 150/
150-pg group. However, taking into account baseline titers
and measuring GMFR (to normalize variation), the response
to 1 dose of the GI1.4 VLP was highest for the 50/50-ug dose;
the GMFR was 9.5-fold for the 150-ug VLP dose, compared

with 26-fold for the 50-pg dose. Administration of a second
dose did not significantly enhance responses.

On the basis of these responses in 18-49 year olds and the
reactogenicity profile, further study cohorts subsequently re-
ceived the 50/50-pg dose of each VLP component in the biva-
lent vaccine.

Stage 2

Analysis of Immunogenicity by Age Group

Subjects aged 50-64 years (cohort B), 65-85 years (cohort C),
and the additional 18-49 year olds (cohort D) were subse-
quently recruited and randomly assigned to receive 2 doses of
the 50/50-ug bivalent vaccine formulation or placebo, with
each dose separated by 28 days. As in the dose-escalation co-
hort, the first dose induced large serum antibody responses in
total Pan-Ig, IgG, and IgA to both components in all 3 age
groups with each of these assays (Figure 3). These responses
peaked at the first time point measured (day 7) after the first
dose. There was no significant increase in response to the sec-
ond dose in any of the age groups. Response patterns to both
VLP components of the vaccine were similar, but point esti-
mates of titers to the GII.4 component were lower than those
to the GL.1 component in each assay. Pan-Ig and IgA responses
to both VLP components were similar in the 3 age groups, but
IgG responses showed some age-dependent variation, with IgG
GMTs lower in subjects aged 65-83 years. The sample sizes
evaluated did not have the power to identify significant differ-
ences between age groups nor between responses to the 2 differ-
ent VLPs at the levels observed. It is notable, however, that
baseline GII.4 titers were higher than GL.1 titers, which may re-
flect more-recent prior exposure to the GII.4 genotype.
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Figure 2. Geometric mean titers (GMTs) of enzyme-linked immunosorbent assay of total immunoglobulin (Pan-Ig) antibodies to norovirus GI.1 and Gll.4
virus-like particles (VLPs) in cohort A, with dose escalation, assessed before (day 0) and 4 weeks after the first dose (day 28) and 4 weeks after the second
dose (day 56). Data in parentheses show the number of subjects per group. Abbreviation: ELISA, enzyme-linked immunosorbent assay.
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Figure 3. Serum antibody responses to the vaccine containing 50 ug of norovirus GI.1 virus-like particle (VLP) and 50 ug of consensus norovirus GlI.4 VLP
in 18—49 year olds (cohorts A and D), 5064 year olds (cohort B), and 65-85 year olds (cohort C). Placebo recipients are combined across all cohorts.
Subjects received 2 doses of vaccine separated by 28 days (day 0 and day 28). Geometric mean titers (GMTs) of antibody are shown to GI.1 (A4, C, E)
and Gll.4 consensus (B, D, F) VLPs as assessed by total immunoglobulin (A and B), immunoglobulin G (C and D), and immunoglobulin A (£ and F)

immunoassays.

been reported with other MPL/alum-adjuvanted vaccines, in-
cluding a hepatitis B vaccine (HBV) for nonresponders to the
standard HBV formulations [15],in which inclusion of the ad-
juvant significantly increased the incidence of solicited reac-
tions (from 68% to 94.6%; P <.001), mainly because of an
increase in injection site reactions (from 48.4% to 90.4%).
Similarly, adolescent girls given a widely used VLP human
papillomavirus vaccine containing MPL reported mild or
moderate local pain after 81%-86% of doses, and headache,

fatigue, and myalgia after 29%-33%, 29%-32%, and 25%-
33% of doses, respectively [16].

The bivalent vaccine was effective at inducing serum anti-
body responses at all dose levels and in all of the adult age
groups evaluated. In contrast to earlier studies evaluating oral
or nasal administration of norovirus VLPs [5, 6], the serum an-
tibody response to the intramuscular vaccine were higher and
extremely rapid, peaking at day 7 after the first dose of the
50/50-ug formulation, with no evidence of boosting when a
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Table 3.
Against Norovirus GI.1 and Gll.4 Virus-Like Particles

Histoblood Group Antigen-Blocking Geometric Mean Titers (GMTs) and Proportions of Subjects Achieving Titers of >200

Cohorts A and D

Cohort B Cohort C

Subjects With Subjects With GMT Subjects With

Antigen, Time GMT (95% Cl) GMT >200, % GMT (95% Cl) GMT >200, % (95% CI) GMT =200, %
Gl

Day 0 16 (12-22) 0 17 (8-34) 0 17 (11-27) 0

Day 28 260 (166-405) 61 251 (170-370) 75 216 (126-369) 56

Day 56 191 (139-262) 35 276 (171-444) 63 278 (228-338) 89
Gll.4

Day 0 25 (15-41) 0 49 (16-150) 13 57 (16-200) 33

Day 28 249 (161-386) 56 545 (272-1092) 100 293 (171-500) 67

Day 56 172 (123-239) 35 472 (228-979) 75 318 (203-499) 78

Subjects in cohorts A and D were aged 18-49 years, those in cohort B were aged 50-64 years, and those in cohort C were aged 65-83 years.

Abbreviation: Cl, confidence interval.

second dose was administered 28 days later. These results are
suggestive of previous priming by natural exposure to related
noroviruses. Of note, vigorous immune responses to the biva-
lent vaccine were detected in subjects who would be consid-
ered relatively resistant to norovirus infection on the basis of
blood group and secretor status [13], suggesting that natural
priming may occur by infection with noroviruses from differ-
ent genotypes with effective boosting to vaccination. Rapid
immune response to a single dose of vaccine may be particu-
larly useful in military personnel and travelers and in the con-
trol of outbreaks.

Antibody levels resulting in protection against infection or
disease due to noroviruses have not been definitively estab-
lished, and assessment of neutralizing activity is not possible be-
cause of the lack of an in vitro culture model for norovirus.
However, since noroviruses most likely initiate infection by at-
tachment to human HBGAs, assessment of the ability to block

this interaction may be a surrogate for neutralizing activity.
In the challenge model, a serum HBGA-blocking titer of
>200 was associated previously with significant protection
against norovirus-induced disease [7, 11]. The achievement of
this titer in the majority of subjects in each age group in this
study suggests that intramuscular delivery of norovirus vaccine
may protect from norovirus gastroenteritis. In addition, the
postvaccination antibody titers were similar to those observed
after norovirus infection in the placebo group of a previous
GI.1 challenge trial [7]. The combination of tolerability profile,
immune responses to an initial dose, and achievement of anti-
body levels higher than those previously observed with the nasal
vaccine previously shown to be effective in prevention of GI.1
norovirus illness [7] are highly encouraging. Further studies
of the intramuscular vaccine to demonstrate protective efficacy
and evaluate immunogenicity with different ratios of the GI.1
and GII.4 VLPs are currently underway.

Table 4.
Containing GL.1 and GIl.4 Virus-Like Particles

Effect of Secretor Status and Blood Group on Total Inmunoglobulin Response Before and After Receipt of Norovirus Vaccine

Day 28 Day 56 Day 28 Day 56
Day 0 Day 0

Variable, Antigen GMT GMT GMFR? GMT GMFR? GMT GMT GMFR? GMT GMFR?
Secretor status Negative (n = 10) Positive (n = 25)

Gl 1576 163 840 104 206 425 128 3108 155002 49.9 159360 51.3

Gll.4 485 50428 104 44239 69.1 10240 114 257 11.2 117470 11.5
Blood group B/AB (n=4) A/O (n=31)

Gl 1076 163 840 152.2 137772 128 2863 156 675 54.7 175599 59.7

Gll.4 1076 97420 90.5 81920 76.1 5120 89584 17.5 91952 15.3

Times correspond to before (day 0) and 4 weeks after the first dose (day 28) and 4 weeks after the second dose (day 56).

Abbreviation: GMT, geometric mean titer.

@ Geometric mean fold rise (GMFR) is defined as the geometric mean of the ratio between the titer on the given day and the titer at baseline.
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Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages regard-
ing errors should be addressed to the author.
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