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There are currently no licensed vaccines for norovirus, a leading cause of epidemic and endemic gastroenteritis
worldwide. Clinical advancement of promising vaccine candidates from phase 2 studies to phase 3 field trials has
been hampered by the lack of robust immunological correlates of protection. Here, we conducted a phase 2b ran-
domized, placebo-controlled vaccination and challenge study to assess the safety, efficacy, immunogenicity, and
correlates of protection of VXA-G1.1-NN, an oral tablet norovirus vaccine. VXA-G1.1-NN was safe and well tolerated,
conferred protection against norovirus Gl.1 challenge, and reduced viral shedding in stool and emesis. Norovirus
VP1-specific serum immunoglobulin A (IgA), IgG, and functional blocking antibody titers increased substantially
after oral vaccination. Moreover, oral immunization stimulated VP1-specific IgA antibodies in nasal lining fluid, sa-
liva, and fecal samples. Serum and mucosal antibody responses 7 days after vaccination were correlated with the
induction of antibody-secreting, a4p7" mucosal-homing B cells. Machine learning analyses of vaccine-stimulated
immune components identified serum functional blocking antibody and fecal IgA as robust correlates of protec-
tion. These results demonstrate the potential of VXA-G1.1-NN as a safe and effective oral norovirus vaccine and re-

veal critical immunological features underpinning vaccine efficacy.

INTRODUCTION

Noroviruses (N'Vs) are a leading cause of epidemics, outbreaks, and
sporadic cases of acute gastroenteritis (AGE) worldwide (1, 2).
Symptoms of infection include severe vomiting, diarrhea, and ab-
dominal cramps that appear within 10 to 51 hours after exposure
and last 2 to 4 days (2). Overall, 10% of people with NV-related AGE
seek medical care that can include hospitalization and intravenous
rehydration, with severe NV infections being more common in chil-
dren and older adults (3). NVs are highly infectious and are trans-
mitted by the fecal-oral route through waterborne, foodborne, and
person-to-person pathways, as well as through aerosolized virus from
emesis or poor sanitation (4, 5). Viral shedding can precede the onset
of illness and persist for weeks thereafter (6, 7). Transmission often
occurs in semiclosed environments, such as schools, nursing homes,
hospitals, military bases, and child care centers (8). Consequently,
controlling NV remains a major public health priority.

There are no licensed vaccines available to prevent NV infection.
One NV vaccine candidate under development uses cell culture-
based expression of NV capsid protein VP1, which spontaneously
forms a virus-like particle (VLP). These VLPs have been combined
with adjuvants to improve immunogenicity and can be administered
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orally, intranasally, and intramuscularly (9). Safety and immunoge-
nicity of VLP-based vaccines have been demonstrated in younger
adults (10-13), older adults (14), and children (15). Intranasal ad-
ministration of an NV VLP vaccine (GI.1 genotype) reduced AGE in
a human challenge study; however, this approach was not further
developed (16). In a subsequent study, an intramuscular bivalent
vaccine (targeting the GI.1 and 3 GII.4 NV genotypes) decreased ill-
ness severity after GIL.4 challenge but did not reduce the incidence of
AGE and NV infection, despite stimulating higher serum immuno-
globulin G (IgG) and NV-blocking titers compared with intranasal
vaccination (17). Because NV infects mucosal surfaces, vaccination
through a mucosal route, as opposed to parenteral administration, may
provide superior barrier immunity and enhance protection against NV
infection (18, 19). We have developed an oral tablet NV vaccine that
has demonstrated immunogenicity in adults aged 18 to 80 years and
generated strong systemic and mucosal immune responses at multiple
barrier surfaces (20, 21).

We have previously demonstrated that this oral vaccination ap-
proach uniquely affects disease and infection in an HIN1 influenza
phase 2 challenge study (22). The efficacy of oral influenza vaccine
candidate VXA-A1.1 was compared with that of the licensed inject-
able vaccine Fluzone. Although VXA-A1.1 resulted in hemaggluti-
nin serum antibody responses roughly one-sixth the magnitude of
those induced by Fluzone, efficacy between the two vaccines was
equivalent (47% relative protection against infection of VXA-A1.1 ver-
sus 43% of Fluzone). Subsequent machine learning analyses identified
key features of protective immunity underpinning the protection af-
forded by each vaccine, hemagglutinin-specific IgA antibody-secreting
cells (ASCs) for VXA-A1.1 and serum hemagglutination-inhibition
titers for Fluzone.
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As NV vaccine development progresses from early-stage clinical
evaluation to larger field trials for licensure applications, identify-
ing robust correlates of protection (CoPs) against NV infection
and disease is becoming increasingly important. Although efficacy
is typically established on the basis of the ability of the vaccine
candidate to prevent infection or disease, the ability to predict
efficacy on the basis of established CoPs could substantially expe-
dite vaccine development. Furthermore, CoPs may provide insight
into the mechanistic basis of vaccine efficacy, informing vaccine design
and subsequent studies (23). Preexposure saliva, serum, and fecal IgA
concentrations; memory B cell abundance; and serum NV-blocking
titers have all been correlated with protection (7, 16, 23-28), but the
precise markers that can firmly predict protection against NV infec-
tion remain unresolved.

In this study, we report the safety, immunogenicity, efficacy, and
CoPs of VXA-G1.1-NN, an oral tablet NV vaccine. VXA-G1.1-NN
comprises a nonreplicating adenovirus—based vector expressing the
VP1 gene from the NV GI.1 genogroup and a double-stranded RNA
adjuvant specifically designed to enhance expression in the intestine
(21). These results demonstrate the potential of VXA-G1.1-NN as
an effective oral NV vaccine and reveal immunological features under-
pinning the efficacy of this tablet delivery approach.

RESULTS

Recruitment and study design

We conducted a single-center double-blind study at AltaSciences LA
(Cypress, CA) between January 2022 and April 2023 to evaluate the
safety, immunogenicity, efficacy, and CoPs of oral vaccination with
VXA-G1.1-NN in healthy adult volunteers. Overall, 523 individuals
were screened against a set of inclusion and exclusion criteria, and
in total, 165 individuals (18 to 49 years of age) were enrolled and
randomly assigned 1:1 to receive VXA-G1.1-NN (n = 86) or placebo
(n=79). A total of 24 participants (VXA, n = 10; placebo, n = 14)
discontinued the study after the vaccination phase. Of these, five were
excluded for medical reasons (back pain, infection, or investigator
discretion for safety). The remaining 19 nonchallenged participants
recruited as backups were either not required to return (maximum
number of participants in the challenge unit was limited to 12) or
elected not to return. In the challenge phase, participants received
an oral challenge inoculum of GI.1 NV 28 days after vaccination
(VXA, n = 76; placebo, n = 65) (Fig. 1A). Because of scheduling
conflicts, 21 of the 141 received the inoculum with the next cohort,
at most 56 days postvaccination. Baseline demographic characteris-
tics were similar between study groups in the vaccine and challenge
phases (table S1).

Participants moved sequentially through the study phases of en-
rollment and vaccination [spanning D1 (day 1) to D28] to NV chal-
lenge spanning up to 8 days in the challenge unit [C1 (challenge day
1) to C8; Fig. 1B]. In the challenge phase, participants were moni-
tored for signs and symptoms of AGE from C1 until discharge on C5
if symptoms subsided or up to C8 if symptoms persisted, according
to the judgement of the investigator. Emesis and stool samples were
collected and analyzed with quantitative reverse transcriptase poly-
merase chain reaction (qQPCR) to quantify viral shedding in stool
and emesis (Fig. 1B).

Immunogenicity end points were assessed on D1 (prevaccination
baseline), D8, D28, and C29 (29 days postchallenge) (Fig. 1B). GI.1
VP1-specific IgA and IgG antibody concentrations in serum and
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IgA in nasal lining fluid (NLF), saliva, and fecal extracts were mea-
sured with Meso Scale Discovery immunoassay or enzyme-linked
immunosorbent assay. In addition, the functional capacity of serum
samples was assessed by NV-blocking antibody assay (NBAA) where
the inhibition of GI.1 VLP binding to the Lewis b (Leb) histoblood
group antigen (HBGA) was quantified (21). IgA ASCs and frequen-
cies of mucosal-homing B cells were measured from circulating pe-
ripheral blood mononuclear cells (PBMCs) collected 1 week after
vaccine administration (29, 30).

VXA-G1.1-NN is safe and well tolerated after NV challenge
No vaccine-related serious events or dose-limiting toxicities were
reported. Within the first 7 days after vaccination, 58.1% of partici-
pants in the VXA-GI1.1-NN group and 45.6% of participants in the
placebo group reported solicited adverse events (AEs). Most events
were mild, with few moderate and no severe events reported (table
S2). Overall, the most common solicited AEs postvaccination were
malaise and fatigue, reported by a similar proportion of participants
who received VXA-G1.1-NN [29.1% (25 of 86)] or placebo [25.3%
(20 of 79)], and headache, also reported by a similar proportion of
VXA-GI1.1-NN recipients [29.1% (25 of 86)] and placebo recipients
[24.1% (19 of 79)]. Diarrhea was reported in 19.4% of the participants:
23.3% in the VXA-GI1.1-NN group and 15.2% in the placebo group;
these were mostly of mild severity, with several moderate and no
severe cases (table S2). Through D28, unsolicited AEs occurred in
8.1% (7 of 86) of participants who received VXA-G1.1-NN and 11.4%
(9 of 79) of those who received placebo (table S3). Vaccine-related
unsolicited AEs occurred in 3.5% (3 of 86) of VXA-G1.1-NN recipients
and 3.8% (3 of 79) of placebo recipients. The vaccine-related events
in the VXA-G1.1-NN group were diarrhea, fatigue, malaise, and
decreased appetite. Vaccine-related events in the placebo group were
nausea, fatigue, and decreased appetite. All vaccine-related events
were mild in severity. No vaccine-related notable clinical laboratory
or electrocardiogram abnormalities were reported. Together, VXA-
G1.1-NN was well tolerated, with a favorable safety profile showing
no serious vaccine-related AEs.

During the challenge phase, at least one solicited NV symptom
was reported in 77.6% of VXA-G1.1-NN participants and 84.6% of
placebo participants. Symptoms in both groups were mostly mild or
moderate, with 11.8% (9 of 76) of VXA-G1.1-NN participants and
18.5% (12 of 65) of placebo participants reporting severe solicited
NV symptoms. Nausea was reported in 50% (38 of 76) and emesis in
36% (28 of 76) of the VXA-G1.1-VXA group, whereas in the placebo
cohort, 59% (38 of 65) experienced nausea and 50% (33 of 65) expe-
rienced vomiting (table S2). Abdominal cramps and pain were re-
ported in 42% (32 of 76) of the VXA-G1.1-VXA cohort and 60% (39
of 76) of the placebo cohort. Fever was reported in 5.3% (4 of 76) of
the VXA-G1.1-NN group and 6.2% (4 of 65) of the placebo group.
Other solicited symptoms, including myalgia, abdominal cramps or
pain, and abdominal gurgling or bloating, were similar between
groups. In addition, 21.1% (16 of 76) of participants who received
VXA-G1.1-NN and 23.1% (15 of 65) of placebo participants reported
unsolicited AEs related to NV challenge, all of mild severity. Overall,
headache was the most common unsolicited AE during the chal-
lenge phase and was experienced by a similar proportion of partici-
pants in both groups (VXA-G1.1-NN: 26.3%, 20 of 76 participants;
placebo: 24.6%, 16 of 65 participants) (table S3). One participant in
the VXA-G1.1-NN group experienced an AE of mild tachycardia that
occurred 2 days postchallenge and was considered related to challenge.
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Fig. 1. Flow diagram and study procedures. (A) Flow diagram of participants who were enrolled and analyzed in a phase 2b double-blind, single-site randomized hu-
man challenge trial. On D1, participants received one oral dose of VXA-G1.1-NN or placebo (vaccine phase) and were subsequently challenged with 10° genome copies
of live NV GL.1 (challenge phase). (B) Study timeline indicating AGE assessment as well as immunogenicity and viral shedding analyses at each time point. An asterisk
marks data assessed as prespecified primary end points. Vaccine and challenge phases of the study are indicated on the bottom margin. LTFU, lost to follow-up.

Other challenge-related events in the VXA-G1.1-NN group included
chills (3.9%), gastroesophageal reflux (1.3%), and decreased appetite
(1.3%), and events in the placebo group included chills (3.1%), de-
creased appetite (3.1%), back pain (1.5%), and dizziness (1.5%).
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VXA-G1.1-NN protects against NV challenge and

is immunogenic

The prespecified primary efficacy end point was the proportion
of participants showing evidence of NV gastroenteritis, defined as
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meeting one or more definitions for AGE and NV infection by qPCR
(Fig. 2A). Among VXA-G1.1-NN recipients, 57.1% developed NV
infection, compared with 81.5% in the placebo group, with a 23.6%
difference [95% confidence interval (CI): 7.4 to 38.0%, P = 0.003]
and 30% relative reduction. NV gastroenteritis in the VXA group
was 44.7% compared with 56.9% in the placebo group, although the
difference of 12.2% (95% CI: —4.24 to 28.61%, P = 0.178) and rela-
tive reduction of 21% were not statistically significant (Fig. 2A and
fig. S1, A and B). A sensitivity analysis that excluded 21 participants
challenged later than 29 days postvaccination demonstrated vaccine
efficacy equivalent to that in the full cohort (fig. S1C).

Vaccination with VXA-G1.1-NN significantly increased serum
VP1-specific IgA, IgG, and NBAA titer end points on D28 and ASCs
compared with placebo on D8 (P < 0.0001 for all prespecified pri-
mary end points; Fig. 2A and fig. S1, D to G). There were no statisti-
cally significant differences between groups in the prevaccination
serum VP1-specific IgA, IgG, or NBAA concentrations (all P > 0.05).
In the VXA group, on D28 postvaccination, GI.1-specific serum IgA
and IgG concentrations were 8.76-fold (95% CI: 5.18 to 14.81) and
5.68-fold (95% CI: 3.67 to 8.79) higher than placebo, respectively,
and blocking titers by NBAA were 4.09-fold (95% CI: 2.83 to 5.92)
higher. Corresponding geometric mean fold rises (GMFRs) over D1
in the VXA-GI1.1-NN group were 7.22 (95% CI: 5.24 to 9.94) for IgA,
4.65 (95% CI: 3.67 to 5.89) for IgG, and 4.06 (95% CI: 3.2 to 5.14) for
NBAA titers at each time point (table S4). Antibody responses in the
VXA group were accompanied by an increase in circulating ASCs of
364.59 (95% CI: 242.31 to 486.87) counts per 10° PBMCs compared
with placebo (Fig. 2A).

In addition to evaluating the immunogenicity and efficacy of
VXA-GI1.1-NN through the prespecified primary end points, we
quantified the totality of evidence supporting a beneficial vaccine
effect by considering the probability of observing multiple simulta-
neous positive outcomes with statistical meta-analysis (31, 32).
Briefly, test statistics for each primary end point were calculated
(Fig. 2A, right margin), and the mean test statistic value was ob-
tained (mean test statistic, 5.66). Thereafter, group assignment was
permuted, and the mean test statistic was recalculated for each of
10,000 iterations, generating a distribution of scores representing
the null hypothesis that there is no vaccine effect (Fig. 2B). The
probability of the observed mean test statistic was P < 0.0001, indi-
cating an overall significant beneficial effect of VXA-G1.1-NN. These
findings highlight the overall efficacy of VXA-G1.1-NN, prompting

further characterization of the underlying infection dynamics and
mechanisms driving vaccine effectiveness.

VXA-G1.1-NN reduces viral shedding in stool and emesis and
modulates humoral immune responses to NV infection

We also examined a set of exploratory end points to further quan-
tify different characteristics of vaccine efficacy. The overall rate of
AGE (fig. S2A) and the severity of gastroenteritis by the modified
Vesikari score (33) were similar between groups (fig. S2B). How-
ever, the proportion of participants who displayed neither qPCR-
detectable NV infection nor AGE symptoms (QPCR™, AGE"),
representing an important group that resisted the challenge, was
significantly higher in the VXA group (34.2% versus 15.3%, P =
0.012), corresponding to an 18.8% increase in resistant participants
(95% CI: 4.9 to 34.2%; Fig. 3A).

Next, we examined emesis rates and viral loads in emesis and stool
at specific days during the challenge period to characterize viral
shedding dynamics. Emesis cases occurred within 2 to 3 days post-
challenge (C2 and C3). On C3, the emesis rates were 26.3% in the
VXA group and 40.0% in the placebo group (P = 0.105, Fig. 3B).
Although the emesis rate was comparable between groups, the VXA
group had significantly less detectable NV RNA in emesis samples at
C2 (P =0.0276, Fig. 3C). Similarly, stool samples showed significantly
reduced viral RNA loads in the VXA group on C4 (P = 0.0168) and
C8 (P =0.0009) (Fig. 3D and fig. S2C). Given that overall AGE rates
were comparable between study groups but that NV infection was
reduced by vaccination, we assessed asymptomatic viral shedding.
We observed that the proportion of QPCR*AGE™ participants was
13.1% in the VXA group and 24.6% in the placebo group (P = 0.087,
Fig. 3E).

One of the drawbacks of assessing NV infection by qPCR is the
difficulty in correlating genomic copies with infectious particles in a
sample. NV GI.1 is extremely difficult to propagate in cell culture,
and reliable methods for measuring infectious particles of GI.1 in
stool have yet to be developed. Consequently, interpreting qPCR data
alone may overestimate the number of infectious units in a sample
(34). To address this, serological evidence as a measure of NV and
other viral infections has been used in human challenge and vacci-
nation studies analyzing immune responses to live infectious viruses
(35-37). Therefore, we also examined seroconversion after NV chal-
lenge as an end point, defined as a greater than fourfold increase in
VP1-specific serum IgG antibody from D28 (postvaccination, pre-NV
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Variable End point Estimate (95% CI) placebo VXA-G1.1-NN 1000 - Mean test statistic = 5.66 ,
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NV gastroenteritis (QPCR'AGE") Efficacy 12.19 (-4.24 t0 28.61) —_—— || 750 .
2 :
g L}
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' =t [}
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Fig. 2. VXA-G.1.1-NN is effective and immunogenic. (A) Table and forest plot of results for individual prespecified primary efficacy and immunogenicity end points.
Estimates of the difference between placebo and VXA-G1.1-NN with 95% Cls shown with the associated test statistic. The two-sample proportion test or t test was used
for efficacy or immunogenicity end points, respectively. (B) Histogram of simulated mean observed test statistic assuming no vaccination effect of VXA-G1.1-NN. The
vertical line marks the mean observed test statistic, and the one-sided P value is shown. Data are shown for n = 65 (placebo) and n = 76 (VXA-G1.1-NN) participants.
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Fig. 3. VXA-G1.1-NN reduces viral shedding in stool and emesis. (A) Proportion of participants who did not present symptoms of AGE (AGE™) and whose emesis and
stool samples did not contain detectable genomic NV viral RNA (qPCR™). (B) Proportion of participants in the VXA-G1.1-NN and placebo study groups presenting emesis
on each of the indicated study days. (C) Genomic copies of viral RNA per milliliter of emesis of participants in each study group. Each data point corresponds to the geo-
metric mean of emesis samples collected for each participant on each of the indicated study days. The dashed line indicates the limit of detection. Data are presented as
box plots, with bounds from the 25th to 75th percentiles, median line, and whiskers, which extend to the largest or smallest value no further than 1.5 times the interquar-
tile range. (D) Genomic copies of viral RNA per gram of stool. Data are presented as a point-line graph of the study group mean with standard error. For (C) and (D), the
number of participants in each study group on each study day is indicated on the bottom margin. Two-sided Wilcoxon test and nominal P values are shown within the
plots. (E) Proportion of participants who did not present symptoms of AGE (AGE™) and whose emesis and stool samples contained detectable genomic NV viral RNA
(qPCRY). Data in (A) and (D) are presented as ratios of positive cases among the total study group, and differences in ratios between study groups were tested with two-

sided Fisher’s exact test.

challenge) to C29 (29 days post-NV challenge). The proportion of
participants in the VXA group who seroconverted in this time
frame was significantly lower than that in the placebo group (47.4%
versus 81.5%, P < 0.0001) (fig. S2D).

VXA-G1.1-NN stimulates mucosal antibodies and
mucosal-homing B cells

NV-specific saliva IgA is associated with clinical protection (27, 28),
and oral vaccination stimulates immune responses in the gastroin-
testinal tract and distal sites such as the respiratory and oral mucosa
(21). We measured VP1-specific IgA antibody responses in fecal,
NLE and saliva samples as evidence of mucosal immune responses
at these sites. To account for variations in IgA content because of
sampling, we normalized VP1-specific IgA antibody values by the
total IgA in each sample. As a first step toward characterizing im-
mune dynamics induced by VXA-G1.1-NN vaccination and chal-
lenge with live NV, we visualized serum and mucosal antibody trends
at baseline (D1), D28, and C29 (Fig. 4, A to C) and fitted a linear-
mixed-effects regression model for each variable to compare antibody

Flitter et al., Sci. Transl. Med. 17, eadh9906 (2025) 14 May 2025

concentrations between VXA and placebo over time. Baseline anti-
body concentrations were not different between the placebo and
VXA study groups. Compared with placebo, vaccination with VXA-
G1.1-NN significantly increased VP1-specific IgA antibodies in fecal
(GMFR =4.25;95% CI: 2.4 to 7.52, P < 0.0001), NLF (GMFR = 4.32;
95% CI:3.05 t0 6.11, P < 0.0001), and saliva samples (GMFR = 3.29;
95% CI: 2.35 to 4.6, P < 0.0001) by D28 (Fig. 4D). Corresponding
GMFRs over D1 in the VXA-G1.1-NN group were 2.64 (95% CI: 1.61
to 4.33, P < 0.0001) in fecal, 3.62 (95% CI: 2.72 to 4.83, P < 0.0001)
in NLE and 2.9 (95% CI: 2.25 to 3.73, P < 0.0001) in saliva samples.
Similar to serum antibody values, mucosal IgA values further in-
creased in the VXA group after NV challenge by C29 and were not
different compared to those of the placebo group (Fig. 4, A to C, and
fig. S1, D to F). Geometric mean concentrations of mucosal anti-
body are presented in table S4. Overall, at each study time point,
amounts of IgA antibodies in NLF, saliva, and fecal samples (Fig. 4,
A to C) had dynamics similar to those of serum IgA, IgG, and NBAA
responses (fig. S1, D to F). In line with this, baseline-normalized increases
in serum antibody responses and NBAA were highly correlated with
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Fig. 4. VXA-G1.1-NN stimulates mucosal antibody responses and mucosal-homing plasmablasts. (A to C) VP1 IgA mucosal antibody concentrations in NLF (A), saliva
(B), and fecal (C) samples are shown at the prevaccination baseline (D1), 27 days postvaccination (D28), and 29 days postchallenge (C29). Nominal VP1 antibody concentra-
tions were normalized as a ratio of total IgA in each sample. Data are n = 76 for the VXA-G1.1-NN study groups and n = 64 or 65 for the placebo study groups. RLU, relative
light units. (D) Table and forest plot of results for each mucosal antibody end point on D28. Estimates of the difference between placebo and VXA-G1.1-NN with 95% Cls
are shown. (E to G) Frequencies of CD277CD38" plasmablasts among CD19% cells (E), frequencies of IgA™ a487* plasmablasts among CD27*CD38* cells (F), and frequen-
cies of IgA™ a4p7* plasmablasts among CD27+CD38" plasmablast cells (G) are shown at the baseline and 8 days postvaccination (D8). Data are n = 65 and n = 76 for the
placebo and VXA-G1.1-NN study groups, respectively. (H) Table and forest plot of results for each plasmablast cell population on D8 and estimates of the difference be-
tween placebo and VXA-G1.1-NN with 95% Cls are shown. Data are presented on each study day for VXA-G1.1-NN and placebo study groups as box plots, with bounds
from the 25th to 75th percentiles, median line, and whiskers, which extend to the largest or smallest value no further than 1.5 times the interquartile range. Points cor-
respond to a sample from each participant. P values, estimates, and significance were calculated with a linear-mixed-effects model fitting each antibody measurement as
the outcome and time, study group, and their interaction as main effects. Participant ID was fitted as a random effect. **P < 0.01; ****P < 0.0001; ns, not significant.

those of NLF and saliva IgA responses, which were themselves also  that increases in VP1 IgA™ circulating ASCs and 47" plasmablasts
highly intercorrelated (Spearman’s rho range, 0.47 to 0.68; fig. S3). were associated with subsequent increases in antigen-specific serum
On D8, the VXA-G1.1-NN group had significantly increased ASCs  and mucosal antibody responses. To address this, we calculated pair-
in the peripheral blood such that 79.7% of participants had counts  wise correlations between baseline-normalized increases in these B cell
above the responder threshold of 23 spots per 10° PBMCs (P <  populations and those in serum and mucosal antibodies (fig. S4F).
0.0001, fig. S1G). This transient increase in circulating plasmablasts ~ ASC responses were highly correlated with serum and mucosal an-
and increased expression of antigen-specific a4p7* plasmablasts have  tibody responses. Increases in IgA* a4p7* plasmablasts were most
been investigated as a proxy marker of mucosal immune protection  highly correlated with serum, saliva, and NLF IgA responses, where-
against orally delivered live attenuated vaccines (29). In previous  as IgA~ a4f7" plasmablasts were correlated with serum IgG and
studies, we have demonstrated a strong induction of 04f7* mucosal- NBAA. Changes in IgA~ a4p7" plasmablast frequency were also
homing B cells in participants who were orally immunized with VXA-  correlated with increases in fecal, NLF, and saliva IgA. Overall, our
G1.1-NN (21). We therefore conducted PBMC immunophenotyping  data show that a single oral vaccination of VXA-G1.1-NN stimu-
to quantify a4B7" plasmablast responses on D8 (fig. S4A). Although  lated elevated and antigen-specific immunity compared with placebo.
frequencies of total CD19" B cells were comparable between study  These include increases in multiple systemic and mucosal immune
groups at each study time point and did not change in response to  features, including mucosal-homing B cells; IgA ASCs; NLE, saliva,
vaccination (fig. $4B), the frequency of plasmablast cells (CD19*,  and fecal IgA; serum IgG and IgA; and blocking antibodies. In ad-
CD27%, and CD38") significantly increased by D8 in the VXA-G1.1-  dition, antibody responses in participants receiving VXA-G1.1-NN
NN group (P < 0.0001, Fig. 4E). We further examined IgA™ and IgA~  were correlated with the strong early induction of antigen-specific
a4p7* expression from CD19¥, CD27%, and CD38" populations  and mucosal-homing plasmablasts.
to quantify changes in plasmablast isotype and homing. By 8 days
postvaccination, both [gA* and IgA~ a4f7" plasmablast frequencies ~VP1-specific fecal IgA and serum blocking titer are CoPs
were significantly increased in the VXA-G1.1-NN group compared against NV infection
with both the prevaccination baseline (P < 0.0001, Fig. 4F; P < 0.0001, We observed that the VXA-G1.1-NN vaccine protects against NV
Fig. 4G) and placebo group (mean difference, 15.2% IgA™ a4f7*, infection (Fig. 2A), reduces shedding (Fig. 3, B and C), and stimu-
P < 0.0001, and 15.81% IgA~ o4f7" plasmablasts, P < 0.0001, Fig. lates antibody-secreting mucosal-homing B cells with systemic and
4H). These increases were paired with a concomitant decrease in  mucosal antibody responses (Fig. 4 and fig. S1G). We also found
a4p7” plasmablasts (P < 0.0001, fig. S4, C to E). We hypothesized  that serum IgG, serum IgA, NBAA, and fecal IgA abundance on
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D28 correlated with the NV infection end point (fig. S5). These im-
mune parameters were also intercorrelated with other immune vari-
ables, suggesting that a variety of immune components is associated
with protection conferred by VXA-G1.1-NN. To determine whether
a multivariable profile could predict whether vaccinated participants
would become infected after NV challenge, we evaluated two machine
learning algorithms, the least absolute shrinkage and selection op-
erator (Lasso) (38) and random forest (39). Lasso and random forest
models were trained with antibody and B cell data collected on D28
and D8, respectively (fig. S1, D to G; Fig. 4; and fig. S4, B to D), to
predict NV infection class labels in the VXA-G1.1-NN study group
(fig. STA). We used a repeated train-test resampling approach in all
modeling to prevent overfitting and to obtain an unbiased estimate
of model performance on unseen samples. Model performance was
assessed using a Wilcoxon test comparing prediction scores of NV
infection classes, and model accuracy was calculated as the area under
the receiver operating characteristic (ROC) curve (AUC) with 95%

ClIs. Variable importance scores indicating the relative contribution
to model predictions are presented for each model.

Both Lasso and random forest models were highly predictive of
NV infection in the VXA-G1.1-NN study group (Fig. 5). The high-
est predictivity was obtained from the Lasso model (Wilcoxon test
of prediction scores, P = 0.0000858, AUC = 0.76, 0.64 to 0.88; Fig. 5,
A and B). NBAA and fecal IgA values on D28 were highly important
for model predictions (Fig. 5C). Random forest showed similarly high
performance (Wilcoxon, P = 0.000404, AUC = 0.73, 0.62 to 0.85;
Fig. 5, D and E). Like Lasso, NBAA and fecal IgA values were the
top-contributing immune markers and were followed by serum IgG
and IgA abundance and IgA~ 047 *plasmablast frequency (Fig. 5F).
Although serum IgG was weakly correlated with NV infection in the
placebo cohort (fig. S5B), markers measured in the placebo study
group did not predict NV infection with either the Lasso (Wilcoxon,
P=0.472, AUC =0.57,0.40 to 0.74) or random forest models (Wilcoxon,
P=0.375, AUC = 0.58, 0.39 to 0.78; fig. S6). Together, our data show
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Fig. 5. Lasso and random forest models predict protection in VXA-G1.1-NN-vaccinated participants. Lasso and random forest prediction models were trained to
predict whether a participant was infected using prechallenge immunogenicity data collected on D28 postvaccination with VXA-G1.1-NN. Infection was defined as the
detection of NVRNA in at least one stool or emesis sample during the study period. (A) Prediction scores are shown for n = 76 participants in the VXA-G1.1-NN study group
with the true outcome, infected (n = 44) or not infected (n = 32) (related to fig. S1A). (B) Prediction accuracy is shown with an ROC curve and corresponding AUC with 95%
Cls. (C) Prechallenge immunogenicity features are shown with the corresponding importance score for model predictions. (D to F) Results of the random forest model are
shown similarly to the Lasso model, including prediction scores (D), ROC curve and AUC (E), and feature importance scores (F). Data in (A) and (D) are presented as box
plots, with bounds from the 25th to 75th percentiles, median line, and whiskers, which extend to the largest or smallest value no further than 1.5 times the interquartile
range. Points correspond to a model prediction of each participant. Prediction scores between infection classes were compared with a two-tailed Wilcoxon test, and
nominal P values are shown within the plot.
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that protection conferred by VXA-G1.1-NN can be predicted by
vaccine-stimulated immune markers, identifying NBAA and fecal IgA
as robust CoPs against NV infection.

DISCUSSION

The extreme infectiousness and transmissibility of human NVs,
coupled with the substantial morbidity associated with human NV
infections, place a premium on the availability of a vaccine capable
of preventing infection and limiting transmission (40). Despite this,
there are currently no licensed vaccines for NV. Here, we show in a
placebo-controlled challenge study that VXA-G1.1-NN, an orally
administered NV vaccine, was well tolerated, conferred protection
against NV challenge, and reduced viral shedding in stool and em-
esis. Consistent with our previous report, VXA-G1.1-NN immuni-
zation resulted in no vaccine-related serious or grade 3 solicited
events (21). In the current study, vaccinated participants were pro-
tected against experimental challenge with NV with a 30% relative
risk reduction for qPCR-detectable infection and a 21% relative risk
reduction in NV gastroenteritis. The protection conferred by VXA-
G1.1-NN was accompanied by increases in key immunogenicity
parameters, including the induction of functional serum antibodies,
mucosal IgA, ASCs, and circulating mucosal-homing plasmablasts.
A totality of evidence analysis spanning primary end points further
supported a beneficial effect of VXA-G1.1-NN vaccination. Subse-
quent machine learning analyses highlighted CoPs, with NBAA and
fecal IgA predicting protection against NV challenge.

In addition to these protective effects, vaccination reduced fecal
viral shedding for up to 1 week postchallenge and inhibited asymp-
tomatic shedding (25% shedding in placebo and 13% in VXA-G1.1-
NN). Given that fecal shedding can persist for up to 60 days after
infection and that the magnitude and duration of shedding are com-
parable between asymptomatic and symptomatic cases (41), VXA-
G1.1-NN may broadly reduce environmental viral spread. Shedding
in emesis was also reduced as early as 1 day postchallenge, as was the
frequency of emesis 2 days postchallenge. These results have impor-
tant implications for NV transmission. Vomiting is a key route of
transmission, as indicated by outbreak studies demonstrating that
the risk of NV illness is correlated with both the number of and
proximity to vomiting events (42-44). We hypothesize that vaccina-
tion likely affects transmission by reducing the amount of virus
seeded into the environment through fomites and airborne droplets.

Immune CoPs can accelerate vaccine development by uncover-
ing markers predictive of vaccine efficacy; such a tool can help iden-
tify promising early-stage candidates and facilitate evidence-based
progression from late-stage trials to licensure (45). Defining CoPs
for NV requires an understanding of mucosal immunity and its re-
lationship to systemic immunity and vaccine effectiveness (45). The
analysis of a set of 13 immune features (comprising previously re-
ported CoPs and spanning multiple protective mechanisms, includ-
ing mucosal antibodies, serum antibodies, and B cell immunity)
revealed that these features were affected by vaccination and covar-
ied with one another. In line with previous studies, univariable anal-
yses identified correlations of serum IgG and IgA (26, 46), fecal IgA
(7), and HBGA-blocking antibody titers (16, 25, 26) with protec-
tion. Our study extends these data by providing evidence that fecal
IgA and NBAA titers are sufficient to predict infection with high
accuracy (AUC = 0.76, P = 0.0000858). One explanation for these
results is that serum antibodies and other markers result from an
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overall increase in immune activation that is redundant and that func-
tional, local IgA responses are critical for providing NV protection.
Mucosal vaccination may be central to stimulating this targeted
response. A recent study initiated by Hillevax Inc. evaluated a bivalent
injected vaccine in infants that induced substantial serum antibody
responses (47) but failed to demonstrate efficacy (NCT05281094).
Similarly, intramuscular vaccination of adults did not affect infection
despite high HBGA-blocking titers (17, 26). Two intranasal doses of
VLP vaccine administered with chitosan and monophosphoryl lipid
A adjuvants provided some protection against homologous GI.1 chal-
lenge (16). Intranasal VLP immunization elicited an increase in serum
HBGA blocking antibody that was associated with a reduction in NV
gastroenteritis; however, mucosal responses were not assessed. Al-
though serum IgA increased after two doses of intranasal VLP immu-
nization, it is not clear whether this route of administration stimulates
fecal IgA responses, which we show here are critical for mediating pro-
tection against NV infection in gastrointestinal tissues. Considering
that blocking titers were loosely correlated with protection after infec-
tion, an important conclusion from our study and the breadth of pub-
lished work is that vaccine-stimulated NV CoPs are tightly connected
with the route of immunization and the induction of mucosal immunity.
Determining NV CoPs will facilitate phase 3 NV vaccine field
trials by substituting disease or infection end points (23). NV field
efficacy studies are prohibitively challenging because of the short
time frame and unpredictability of NV outbreaks (48). This was re-
cently illustrated in a report of the first-in-human field efficacy study
for an NV vaccine candidate (12). More than 4500 US Navy recruits
were enrolled to receive the TAK-214 intramuscular vaccine target-
ing GI.1 and GIL.4 NV and were monitored for 45 days. In year one,
only eight cases occurred, no NV outbreaks were recorded, and the
study was extended for a second year. In year two, 40 additional in-
fected participants were included. In total, only eight homotypic NV
cases were detected, and the primary end point was not evaluable.
Despite this, efficacy was demonstrated against heterotypic NV, in-
dicating cross-genotype protection (12). The data from our study
indicate that fecal IgA abundance and serum NBAA titers together
can estimate vaccine-induced protection against NV exposure.
There are several limitations with this study. First, controlled
challenge studies routinely use an infectious dose that is three to five
orders of magnitude more than typically seen with natural exposure
to increase attack rates, and in this study, most individuals reported
symptoms, most likely because of the high challenge inoculum. Al-
though this approach ensures that a sufficient proportion of par-
ticipants becomes infected for efficacy analyses, the large infectious
dose may hinder the immune system’s ability to control the infec-
tion, potentially leading to an underestimation of vaccine efficacy in
challenge studies compared with field trials. As an example, in the
2016-2017 influenza challenge study by Liebowitz et al. (22), the
efficacy of the approved Fluzone vaccine in the challenge was 27%,
yet the reported efficacy against H1 influenza in field surveillance
during the 2016-2017 flu season was 40% (49). This discrepancy in
viral inoculum highlights how challenge models may not fully cap-
ture the protective potential of vaccines under natural exposure con-
ditions. Second, the placebo group attack rate for NV infection was
higher than anticipated in our study (82%), but the NV gastroenteritis
attack rate (54%) was comparatively much lower, potentially reduc-
ing the power to detect a statistically significant difference in disease
outcomes. This could have been one reason why we did not ob-
serve statistical differences between AGE or modified Vesikari scores
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between the placebo and VXA-G1.1-NN groups. One additional
explanation is that NV infection has a rapid onset and is characterized
by acute severe symptoms that resolve quickly, providing a short win-
dow for reported symptoms. Moreover, it is unclear whether intestinal
symptoms in this challenge study were triggered by active NV repli-
cation or by the large inoculum. Despite these limitations, we observed
reduced presentation of emesis in the VXA-G1.1-NN-vaccinated
participants. Last, this study specifically investigated NV GI.1; how-
ever, the genotype GII.4 has been more prevalent in the past 20 years
(40). The GII.4 challenge model has not been available for several
years but is expected to be reestablished (NCT04174560). To this
end, we have developed a bivalent vaccine that is immunogenic in
a phase 2 trial (NCT05626803), and this vaccine is currently being
evaluated for the production of IgA in breast milk in nursing mothers
in South Africa (South African National Clinical Trials Register:
DOH-27-072023-7893).

In summary, the results of this study highlight the distinctive
immunological profile of oral vaccination with VXA-G1.1-NN and
demonstrate its effectiveness in protecting against NV infection and
reducing shedding in stool and emesis. VXA-G1.1-NN has the po-
tential to block mucosal transmission in semiclosed environments
such as schools, nursing homes, hospitals, military bases, and child
care centers, where NV spreads rapidly from person to person. VXA-
GI1.1-NN is formulated as a thermostable tablet, thus reducing the
need for specialized infrastructure or skilled practitioners to administer
the vaccine, facilitating rapid distribution. Our machine learning
analyses revealed critical immune CoPs enabling focused efforts to
optimize and progress promising vaccine candidates. The CoPs iden-
tified in this study will serve as critical benchmarks for evaluating
future NV vaccine clinical candidates. A second-generation oral biva-
lent NV candidate is already in clinical development (NCT05626803)
and is anticipated to further enhance protective efficacy.

MATERIALS AND METHODS

Study design

This was a phase 2b randomized, double-blind, placebo-controlled
vaccination and challenge study to assess the protective efficacy of
the VXA-G1.1-NN vaccine. To accommodate the limited size of the
isolation unit used for the challenge and postchallenge isolation period,
participants transitioned through the study (enrollment, vaccination
spanning D1 to D28, and challenge spanning C1 to C8) sequen-
tially in a total of 16 cohorts. Participants were randomized in a 1:1
ratio to receive one oral dose of vaccine or placebo in cohorts of ~5
to 12 individuals. Approximately 28 days (430-day window) post-
vaccination, all participants were screened for eligibility for challenge,
and each cohort was admitted to the isolation ward and challenged
with the NV GI.1 Norwalk challenge strain.

A total of 523 individuals were screened against a set of inclusion
and exclusion criteria. Participants with any major medical condi-
tion, laboratory finding, or electrocardiogram finding were excluded.
Of these, 358 volunteers were determined to be ineligible: 217 indi-
viduals were unable or unwilling to comply with the study protocol
or provide informed consent, 46 had medical issues (not healthy as
deemed by the principal investigator and had major medical issues
or confirmed chronic viral infections, history of cancer, gastrointes-
tinal issues, or other conditions), and 47 had abnormal laboratory
results (outside of the normal range for platelet counts or coagulation
tests and abnormal electrocardiogram results). Healthy male and
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female adults aged 18 to 49 years (inclusive) with a body mass index
of 17 to 35 kg/m” (inclusive) were eligible if they had blood type O
or A and were confirmed H type 1 antigen secretory positive. Indi-
viduals lacking H type 1 antigen expression (secretor-negative, non-
functional FUT?2) exhibit resistance to GI.1 NV infection. To ensure
susceptibility and consistency in study outcomes, inclusion criteria
were restricted to secretor-positive individuals (H+ antigen) tested
in saliva. Females were required to have a negative pregnancy test
before vaccination and challenge and be at least 1 year postmeno-
pausal or surgically sterile, use an acceptable form of contraception,
or not be sexually active. Males were required to use a contraceptive
barrier or remain abstinent during the active vaccination and chal-
lenge periods. Medical diagnoses or medications that could affect
vaccine response, tolerability, efficacy, or AE assessments were re-
stricted. Social or occupational circumstances that would confer risk
for others were also excluded.

To calculate sample size, a two-sided Fisher’s exact test (5% sig-
nificance) estimated 87.2% power to detect a difference between the
placebo attack rate of 40% and a VXA-G1.1-NN group attack rate of
12% when the sample size in each group was 50. Initially, 120 par-
ticipants were planned for randomization and vaccination to ensure
that at least 100 participants were available to participate in the viral
challenge. An interim analysis reassessed the assumptions used for
the primary efficacy end point after ~50 randomized participants were
vaccinated and completed the challenge. Because the first 19 partici-
pants enrolled in the trial were vaccinated with a different vaccine lot
than subsequent participants, an additional 20 participants were en-
rolled. Furthermore, a new sublot of the virus inoculum was needed
to complete the challenge of these additional participants, so an ad-
ditional 30 participants were enrolled. In total, ~170 participants were
randomized and vaccinated to ensure that at least 140 participants
were available to participate in the viral challenge.

The viral challenge was provided in distilled water as a single oral
dose of NV GI.1 (Norwalk virus inoculum lot 001-09NV and sublot
2, IND 14697) at a dose of 1 x 10° genomic copies. This dose was
expected to induce an infection in 50 to 65% of healthy adults (50).
After challenge, participants were monitored for signs and symptoms
of NV infection and AGE from Cl1 to discharge. Stool and emesis
were collected, and excretion of NV (shedding) was monitored. NV
infection was defined as the qPCR evidence of NV, detected in one
or more postchallenge stool or emesis samples in 7 days postchal-
lenge. The degree of illness was assessed using a modified Vesikari
scale (33). Four days postchallenge (C5), participants were evaluated
for signs and symptoms of AGE. If no clinical illness was present,
asymptomatic participants were discharged from the isolation ward
and followed with a series of outpatient visits and telephone calls.
Symptomatic participants remained in the unit up to C8, at the dis-
cretion of the investigator. Participants who were discharged from the
challenge unit returned on C8 to provide an additional fecal sample.
Mucosal samples, sera, and PBMCs for immunogenicity testing were
collected throughout the vaccination and challenge phases. AEs were
recorded at each study visit.

Written informed consent was obtained from study participants
before any study procedures. An independent safety monitoring com-
mittee oversaw the safety of the study at predefined intervals during
the challenge period and as needed during the vaccination and chal-
lenge periods. This study was conducted in full conformity with the
principles set forth in the Belmont Report: Ethical Principles and
Guidelines for the Protection of Human Subjects of Research of the
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US National Commission for the Protection of Human Subjects of
Biomedical and Behavioral Research (18 April 1979) and codified in
45 Code of Regulations Part 46 and/or the International Council for
Harmonisation (ICH) E6; 62 Federal Regulations 25691 (1997). The
CONSORT (Consolidated Standards of Reporting Trials) guidelines
were used to prepare this manuscript. The study protocol is registered
at clinicaltrials.gov (NCT05212168) and was approved by the WCG
(Western IRB Copernicus Group) Institutional Review Board.

Study objectives and measures

The primary objective of the study was to determine the efficacy of
VXA-G1.1-NN against NV infection and gastroenteritis after GI.1
NV challenge. Secondary objectives were to assess the safety and tol-
erability of VXA-G1.1-NN. In addition, the ability of VXA-GI1.1-
NN to modify disease severity, the quantity and duration of NV
shedding, and a set of immunogenicity parameters were quantified.
The primary efficacy end point was the proportion of participants
showing evidence of NV gastroenteritis, a composite end point was
defined as meeting one or more definitions for AGE, and a positive
NV infection was assessed by qPCR (Fig. 2A). AGE was defined as
meeting any one of three categories: (i) diarrhea, categorized as >3
loose or liquid stools produced in any 24-hour period or >400 g of
loose or liquid stools produced in any 24-hour period; (ii) vomiting,
categorized as >2 vomiting episodes in any 24-hour period; and (iii)
combined symptoms, namely, one vomiting episode and any loose
or liquid stool in any 24-hour period or one vomiting episode and >2
constitutional symptoms (abdominal cramps or pain, nausea, bloat-
ing, loose feces, fever >37.6°C, and myalgia) in any 24-hour period.
Stool was graded on a scale of 1 to 5 on the basis of consistency and
water content. Exploratory efficacy end points included the proportion
of participants (i) reporting AGE (fig. S2A); (ii) who were qPCR™AGE™
(Fig. 3A); (iii) who were qPCR+AGE_ (Fig. 3E); (iv) who seroconver-
ted postchallenge (D28 to C29), defined as a greater than fourfold
increase in GI.1-specific VP1 serum IgG antibody (fig. S2D); (v) who
developed gastroenteritis with severity determined by the modified
Vesikari score (fig. S2B); (vi) who had presentation of emesis (Fig. 3A);
(vii) who had viral shedding in stool samples (Fig. 3C); and (viii)
who had viral shedding in emesis samples (Fig. 3B) during the chal-
lenge phase.

Primary immunogenicity end points were (i) VP1-specific serum
IgG, (ii) VP1-specific serum IgA, and (iii) HBGA blocking antibodies
(by NBAA) on D28, as well as (iv) VP1-specific IgA antibody-secreting
cells at D8 postvaccination (Fig. 2A). Exploratory immunogenicity
end points were VP1-specific (i) fecal, (ii) saliva, and (iii) NLF IgA
at D28 and C29 (Fig. 4D), as well as (iv) immunophenotyping analyses
of plasmablasts (Fig. 4H and fig. S4E), compared in VXA-G1.1-NN
versus placebo recipients. Further exploratory analyses investigated
correlations between immunogenicity parameters and clinical effi-
cacy. These are (i) univariable correlations (fig. S5) and (ii) multi-
variable analysis of the NV infection end point (Fig. 5).

Vaccine

VXA-G1.1-NN is an oral E1/E3-deleted replication-defective re-
combinant adenovirus serotype 5 with a double-stranded ribonu-
cleic acid adjuvant. The vaccine vector encodes a full-length VP1
gene from NV genogroup GI.1 and adjuvant composed of a short
hairpin RNA. The production of VXA-G1.1-NN was described pre-
viously (21). The final drug product was formulated into enteric-coated
tablets administered to provide a multitablet single-administration
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dose of 1 x 10" TU + 0.5 log. The placebo control consisted of oral
tablets similar in appearance and number to the active vaccine tablets.

Norovirus qPCR

Twenty percent stool suspensions were made using phosphate-
buffered saline in a polypropylene tube. Undiluted samples of eme-
sis were used for viral detection. All samples were mixed on a vortex
shaker for 15 to 20 min at room temperature. Suspensions were then
centrifuged at room temperature for 5 min at 12,000 rpm to pellet
solid material. RNA extractions were performed using 140 pl of
stool or emesis sample and 10 pl of MS2 (as internal extraction con-
trol) in the QIAamp Viral RNA mini kit on the QIAcube Connect
instrument (QIAGEN) according to the manufacturer’s instructions.
qPCR was performed on the Applied Biosystems 7500 PCR instru-
ment with sequence detection software version 1.5.1 using the Ag-
PATH ID One-Step RT-PCR kit with a detection enhancer (Thermo
Fisher Scientific). Primers and probes for NV GI and MS2 were cho-
sen on the basis of previous references (51, 52) and are listed in table
S5. A standard curve was generated by 10-fold serial dilutions from
6 % 10° to 6 x 10" copies. The calculated limit of detection of 256
copies corresponded to a cycle threshold (Ct) of 37; therefore, samples
with Ct values higher than 37 were considered negative. NATtrol
NV GI.1 positive control, NATtrol NV negative control (ZeptoMetrix),
and no template negative controls were run on each plate, and a
mock extraction control containing MS2 was run with each batch of
extracted samples. Cycling conditions were 45°C for 10 min, 95°C
for 10 min, and then 45 cycles of 95°C for 15 s and 60°C for 1 min.
The assay was qualified for use in the Laboratory for Specialized Clini-
cal Studies at Cincinnati Children’s Hospital Medical Center. Samples
with MS2 Ct >35 or undetectable were diluted at 1:10 and 1:100 and
retested. If MS2 was still not valid, samples were re-extracted and, if
unsuccessful again, were reported as indeterminate. Ct values and
NV copies per gram of stool or copies per gram of emesis were re-
ported for each sample.

NV-blocking antibody assay

NBAA measures the ability of an antibody to block NV VLP interac-
tions with the HBGA receptor. The assay was qualified and performed
by PPD Inc. using the method described by Reeck et al. (25). Biotinyl-
ated Le® HBGA was used to coat NeutrAvidin-coated plates at 2.5 pg/
ml (Thermo Fisher Scientific). GI.1 VLP derived from the human
embryonic kidney 293 cell line (AscentGene Inc.) was incubated in
serum at 37°C for 1 hour. The mixture of GI.1 VLP and prediluted
serum samples was added to Le"-coated plates and incubated at
4°C for 2 hours. After washing, rabbit anti-GI.1 VLP polyclonal
antisera at 1:10,000 (Thermo Fisher Scientific) were added, and
samples were incubated at 4°C for 1 hour. The plates were washed,
goat anti-rabbit IgG (H plus L) conjugated to horseradish peroxi-
dase at 1:5000 (Bethyl Laboratories) was added, and samples were
incubated at 4°C for 60 min. Plates were washed, and 100 pl of
trimethylboron was added to all of the wells for 10 min. The reac-
tion was stopped with the addition of 25 pl of sulfuric acid (1 M)
to all wells. Plates were immediately read at an optical density of
450 nm (ODysg). The NBAA titer was determined to be the last
dilution at which the experimental sample OD value was less than
50% of the OD value of VLP-only controls. The lower limit of quan-
tification of serum NBAA titer was 1:25, and any results with less
than the lower limit of quantification are reported as one-half of
the limit of detection.
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Statistical analysis

A two-sample, two-sided proportion test was used to evaluate pri-
mary efficacy end points, and two-sided f tests were used to evaluate
D28 serum IgA, serum IgG, NBAA, and D8 ASC immunogenicity
end points. Antibody parameters were log; transformed to account
for the skewed distribution. All tests were conducted at a significance
level of o = 0.05, and 95% ClIs were calculated accordingly. The totality
of evidence was assessed using a statistical method that combined
these six prespecified outcomes. Test statistics for each primary end
point were calculated (z score for the proportion test and ¢ statistic
for t tests), and the mean test statistic value was calculated. Thereaf-
ter, group assignment was permuted, and the mean test statistic was
recalculated for each of the 10,000 iterations, generating a distribu-
tion of scores representing the null hypothesis that there is no vaccine
effect. The number of generated mean test statistics plus one that
was greater than or equal to the observed mean z score divided by
10,001 was the P value (one-sided) for assessing the totality of evi-
dence effect. A two-sided Fisher’s exact test was used to evaluate
exploratory efficacy end points of proportions in GraphPad Prism
10 software. Viral shedding in emesis and stool samples and modified
Vesikari scores were evaluated with a two-sided Wilcoxon signed-
rank test in GraphPad Prism 10.

Dynamics of each immunogenicity end point was evaluated with
a linear-mixed-effects regression model in GraphPad Prism 10 soft-
ware. All tests were conducted at a significance level of « = 0.05, and
95% CIs were calculated accordingly. Antibody parameters were log;o
transformed to account for the skewed distribution. In addition, a
pseudocount was added to ASCs for each sample, followed by log;o
transformation. All other parameters were not transformed. For each
end point, the model formula was end point ~ day + study_group +
day:study_group + (1|participantID). “Day” is a categorical variable
of the day postvaccination, and the study group is a categorical vari-
able of VXA-G1.1-NN or placebo. We report two contrasts from each
model, vaccination effects and differential effects. Vaccination effects
examined whether end points were different between time points
within each cohort (for example, D28g; - D1g;). Differential effects
examined whether end points were different between study groups
at each time point (for example, D28g; — D28g,). Tukey’s test was
applied to account for multiple comparisons. Pairwise Spearman cor-
relations between immunogenicity parameters in the VXA-G1.1-NN
study group were calculated with log;o—fold change values (D28/D1)
(figs. S3 and S4F) and with nominal values on D28 (fig. S5).

We conducted multivariable data analysis in the VXA-G1.1-NN
and placebo study groups. Before modeling, antibody parameters
(SerumIgG_D28, SerumIgA_D28, NasallgA_D28, SalivalgA_D28,
NBAA_D28, and FecallgA_D28) were logo transformed. In addi-
tion, a pseudocount was added to the parameter ASC_D8 for each
sample, followed by log) transformation. B cell immunophenotyp-
ing parameters were not transformed. In total, 13 immune parame-
ters were analyzed with Lasso (38) and random forest (39) models to
predict NV infection classes (infected, class = 1, or not infected,
class = 0). We used a repeated train-test resampling approach in all
modeling to prevent overfitting and to obtain an unbiased estimate
of model performance on unseen samples. At each iteration, 64% of
the data were randomly assigned for model training, and the remain-
ing 36% were assigned as a test set used to evaluate the models.
Stratified resampling was used to ensure proportional resampling of
class labels in training and test sets. When training both Lasso and
random forest, data of the training set were scaled by subtracting the
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mean from each sample and then dividing by the standard devia-
tion. Data of the test set were also scaled using the mean and stan-
dard deviation parameters of the training set. A weighted loss was
used during training of Lasso and random forest to address the class
imbalance present in the data. Estimation of L1 regularization for
Lasso was calculated with 10 times-repeated, fivefold cross-validation
within the training set. Random forest was fit with the number of trees
set to 1000 and default settings for other hyperparameters. Overall,
this procedure was performed for 100 iterations using different
training and test sets in each iteration. Final predictions for each
sample were calculated as the median test set prediction score across
iterations. For Lasso and random forest models, variable importance
was calculated as the median importance score across iterations. The
importance score for a variable of the Lasso model was defined as
the absolute value of the model coefficient. The importance score of
a variable of the random forest model was determined with the de-
crease in node impurity (53). Model performance was assessed
using a Wilcoxon test comparing prediction scores of NV infection
classes, and model accuracy was calculated as the AUC. Data analy-
ses were conducted in R 4.3.3 with software packages Tidymodels
1.2.0 (54), glmnet 4.1.8 (55), and ranger 0.16.0 (53). Where sample
sizes were less than n = 20 per group, we have included individual
level data in a supplementary spreadsheet (data file S1).
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SUPPLEMENTAL MATERIALS AND METHODS

IgG and IgA serum MSD assay

MSD U-PLEX plates (Meso Scale Discovery) were used to measure serum IgG and IgA
antibodies to norovirus GI.1 VLP. The assay was conducted under qualified conditions
performed by PPD, Inc. The U-PLEX plates were coated with 66 nM of biotinylated GI.1
VLP (AscentGene, Inc.) according to manufacturer instructions. Serum was diluted 1:1600
and 1:16000 in 1% ECL Blocking Agent (Cytiva) in 1X phosphate buffered saline (PBS) and
0.05% Tween 20, assayed in duplicate, and incubated at room temperature for two hours
shaking at 700 rpm. A qualified standard pre-screened for antibodies to norovirus was
serially diluted 4-fold and included in all assays. Plates were washed with 1X PBS, 0.05%
Tween 20, and incubated with a 1:200 dilution of 200X MSD Sulfo-Tag anti-IgG or IgA for
1 hour shaking at 700 rpm. Plates were washed with 1X PBS, 0.05% Tween 20 and
developed using MSD gold read buffer. Data were acquired using the MSD Sector Imager
120 instrument and expressed as MSD arbitrary units (AU) /mL.

VP1 IgA antibody secreting cell (ASC) analysis

Cryopreserved peripheral blood mononuclear cells (PBMCs) isolated on day 1 (D1) and DS
were used for determining GI.1 VP1-specific IgA ASCs by ELISpot. PBMCs were thawed
and washed with 1X Anti-Aggregate Solution (ImmunoSpot) in RPMI-1640 (Lonza). 96-
Well Filter Plates (MabTech) were coated with anti-human IgA (MT57, MabTech) antibody
and incubated at 4°C for 16 hours. Plates were washed 6 times with sterile 1X PBS and
blocked with 1% L-Glutamine, penicillin and streptomycin (Sigma) CTL-Test Assay
Solution (ImmunoSpot) for 2 hours at room temperature. 100 uL of PBMCs at concentrations
of 3x10° cells/mL and 1x10° cells/mL in CTL-Test media. After a 16-hour incubation at 37°C
and 5% CO2, plates were washed and biotinylated anti-IgA antibody at 1 ng/mL (MT20,
MabTech) in 0.5% fetal bovine serum (FBS) was added for 2 hours. Detection streptavidin-
horseradish peroxidase (HRP) (MabTech) in 0.5% FBS 1X PBS was added at room
temperature for 1 hour. The plates were washed and 100uL of AEC Substrate (Vector Labs,
Newark, CA, USA) was added and developed in the dark for 4 minutes at room temperature
before washing with tap water for 3 minutes prior to analysis. Analysis was done using an
automated ELISpot reader system (Zeiss) and spot counts were normalized to 1x10° PBMCs.

B cell immunophenotyping

For B cell immunophenotyping, PBMCs isolated on days 1 and 8 were stained with 8 color
antibody panel and assessed by flow cytometry (Attune Nxt, Thermo Fisher). Thawed
PBMCs were washed with 10 mL thaw solution (CTL Anti-Aggregate 20X, CTL
ImmunoSpot and RPMI-1640, Gibco). Cells were resuspended in 180 pL FACS buffer (1X
DPBS and 5% heat inactivated FBS) for a 1x107 cells/mL suspension. 1pg/ul of Fc block
(BD Pharmingen) added to cell suspension and incubated at 4°C for 20 mins. PBMCs were
surface stained (see list of antigens and fluorophores in table S6) for 60 mins at 4°C in the
dark with a 1:100 dilution of the antibody panel in FACS buffer. Cells were washed with
FACS buffer then fixed with 2% paraformaldehyde in PBS (Biotium) for 15 minutes. Stained
cells were washed and resuspended in 200 pL PBS for acquisition on an Attune NxT flow
cytometer. Data were analyzed with FlowJo 10.



IgA detection in nasal lining fluid by MSD

Two synthetic absorptive matrix (SAM) Nasosorption FX-i devices (Mucosal Diagnostics)
were used to collect nasal lining fluid from the left and right nasal cavity on D1, D28, and
challenge day 29 (C29) according to manufacturer’s instructions. The right and left SAM
Nasosorption FX-i devices were immediately stored at -80°C. To extract antibodies from the
nasal lining fluid, SAM Nasosorption FX-i devices were thawed at room temperature, and the
absorbent tips were cut and placed into Eppendorf tubes containing 300 pL elution buffer
(0.05% Tween, 1% bovine serum albumin, 1X PBS). After vortexing for 30 seconds, the
resulting eluent liquid and absorbent tip were transferred into pre-charged Costar Spin-X 0.22
um centrifuge filters (Corning). The centrifuge columns were spun at 16,000 g at 4°C for 20
minutes to filter the elution. The left and right nasal eluants were then pooled and stored at -
80°C. Antigen-specific nasal I[gA was measured using 2-Assay U-PLEX plates. Nasal lining
fluid was diluted at 1:5, 1:10, and 1:100 in 1% ECL Blocking Agent and incubated on the
plates according to manufacturer’s instructions. Plates were read on a Meso QuickPlex
instrument, and antigen-specific IgA signals were reported in relative light units (RLU).
Nasal lining fluid was diluted 1:1000 and 1:5000 in 1% ECL Blocking Agent and incubated
on GOLD 96-well small spot streptavidin plates for measurement of total IgA. Plates were
read on a Meso QuickPlex instrument, and sample antibody concentrations were reported in
ng/mL as calculated from an IgA standard curve. Antigen-specific nasal IgA was normalized
to the total amount of IgA in the corresponding sample to get final values of RLU per pg/total
IgA.

GI.1 VP1-specific saliva IgA ELISA

Saliva was collected using Salivettes (Sarstedt) on D1, D28, and C29 according to
manufacturer instructions. One Salivette was collected for each timepoint and aliquoted and
immediately frozen and stored at -80°C. For total saliva IgA determinations, Immulon 2HB
microtiter plates (Thermo Scientific) were coated with purified goat anti-human IgA (a-chain
specific) from Jackson ImmunoResearch at 1 pg/ml in PBS and incubated for 3 h at 37°C. To
measure norovirus-specific antibodies, Immulon 2HB plates were coated with norovirus GI.1
VLP (AscentGene) at 1 pg/ml in PBS and incubated for 3 h at 37°C. After incubation, plates
were washed with PBS containing 0.05% Tween 20 (PBST) and blocked overnight at 4°C
with PBS containing 10% nonfat dry milk (NFDM) (Nestlé, Carnation brand). Saliva samples
were diluted in PBST + 10% NFDM for initial testing at 1:10,000 for total IgA or at 1:10 for
norovirus-specific [gA measurements. For total IgA, Human IgA purified from plasma
(Calbiochem) was serially diluted two-fold from 12.6 ng/ml in PBST + 10% NFDM to
generate a seven-point standard curve. Likewise, a norovirus IgA positive in-house standard
was serially diluted and included for GI.1 VLP-specific IgA measurement. Clinical samples
and standards were added to plates in duplicate, and plates were incubated for 1 h at 37°C.
After washing with PBST, HRP-labeled a-specific goat anti-human IgA (Jackson
ImmunoResearch) was diluted in PBST + 10% NFDM at 1:10,000 for total IgA or 1:2,000
for norovirus-specific IgA detection and added to all wells. Plates were incubated for 1 h at
37°C. Following incubation and washing, TMB Microwell Peroxidase Substrate (SeraCare)
was added, and plates were incubated for 15 minutes in the dark (with agitation) at ambient
temperature. The colorimetric reaction was stopped by the addition of 1 M phosphoric acid to
all wells. Optical density at 450 nm (ODaso) were read using a Multiskan FC Microplate
Reader (Thermo Scientific, cat. 51119000). The mean OD4so values of blank wells (PBST +
10% NFDM only) were subtracted from the absorbance values (OD4s0) of samples and
standard wells (mean ODaso values of duplicate wells). The absorbance values of the



standards were analyzed by linear regression analysis. IgA concentrations were determined
by interpolation from the standard curve. Results were reported as a ratio of norovirus-
specific IgA to total IgA. The lower limit of quantification (LLOQ) for salivary IgA was 3.0
ng/ml, and any results <LLOQ were reported as 1.5 ng/ml.

Stool supernatant extraction for ELISA

Whole stool (200 mg) was transferred to a 2 ml conical tube containing 500 mg of 2.3 mm
zirconia silica beads and 1 ml extraction buffer (soybean trypsin inhibitor (STI),
ethylenediaminetetraacetic acid (EDTA) solution, 1X PBS pH 7.4,
phenylmethanesulfonylfluoride (PMSF) solution). Stool specimens were homogenized for 1
min at 4°C and centrifuged at 14,000 x g for 30 min. The resulting supernatants were then
collected, stabilization-preservative buffer (10% bovine serum albumin in PBS and 1%
sodium azide in sterile water) at a 1:50 ratio was added, and supernatants stored at -80°C
until they were assayed.

Fecal norovirus and total IgA ELISA

For total IgA and norovirus-specific IgA determinations, medium-binding microtiter plates
(Greiner Bio-One) were coated with 1 pg/ml purified goat anti-human IgA (a-chain specific)
(Jackson ImmunoResearch) or 0.5 pg/ml norovirus GI.1 VLP (AscentGene), respectively,
diluted in 1X PBS. Plates were incubated overnight at 4°C. After coating incubation, plates
were washed three times with PBST. Blocking buffer, PBST containing 10% NFDM
(Nestl¢), was added to all wells, and plates were incubated for 1 h at 37°C. Samples,
standards, and assay controls were diluted in PBST with 10% NFDM. Stool supernatants
were initially prepared at 1:10 and 1:10,000 dilutions for specific and total IgA, respectively.
For total IgA quantification, Human IgA purified from plasma (Calbiochem) was serially
diluted two-fold from 15.4 ng/ml to generate a seven-point standard. Likewise, a norovirus
IgA positive in-house standard was serially diluted and included for GI.1 VLP-specific IgA
measurement. Clinical samples, standards, controls, and diluent-only blanks were added to
plates in duplicate, and plates were incubated for 1 h at 37°C. Then plates were washed as
described above, HRP-labeled a-specific goat anti-human IgA (Jackson ImmunoResearch)
was diluted in PBST + 10% NFDM at 1:50,000 for both ELISAs and added to all wells.
Plates were again incubated for 1 h at 37°C. Following incubation and washing, TMB
Microwell Peroxidase Substrate (SeraCare) was added, and plates were incubated for 15
minutes in the dark (with agitation) at ambient temperature. The colorimetric reaction was
stopped by the addition of 1M phosphoric acid to all wells. Absorbance, optical density at
450 nm (ODas0), was read using a Multiskan FC Microplate Reader (Thermo Scientific).
Absorbance values of duplicate wells were averaged and the mean OD4so of blank wells
(PBST + 10% NFDM only) were subtracted. The net mean ODa4so values of the standards
were analyzed by four-parameter logistics (4PL). Total and specific IgA concentrations
(ug/ml) in diluted clinical samples were interpolated from the standards by backfitting the
ODusso values produced by samples to the corresponding standard curves. Results were
reported as a ratio of norovirus-specific IgA to total IgA.
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Figure S1. Primary efficacy and immunogenicity endpoints analyses. (A and B) The
proportion of participants in VXA-G1.1-NN or placebo study groups who were qPCR* for
detection of norovirus viral RNA in at least one emesis or stool sample (A), or both gPCR*
and presented with acute gastroenteritis (AGE") during the challenge phase (B). Data in (A
and B) are presented as ratios of positive cases among the total study group. (C) A sensitivity
analysis excluding N =21 (N =9 in VXA, N = 12 placebo) participants who received the
challenge further than 29 days and up to 56 days post-vaccination. Table and forest plot of
results for individual primary efficacy endpoints are shown with estimates of the difference
between placebo and VXA-G1.1-NN with 95% confidence intervals. Data are for the full
cohort (VXA, N = 76 and placebo, N = 65); and sensitivity subgroup (VXA, N =67 and
placebo N = 53). For (A to C), differences of ratios between study groups were tested with
the two-sample proportions test. (D to F) Serum antibody immunogenicity readouts including
VP1 IgA (D) and IgG values (E), as well as serum blocking titer as measured by the
norovirus blocking antibody assay (NBAA; F). AU, arbitrary units. Data in (D to F) are N =
76 for the VXA-G1.1-NN and N = 64 or 65 for the placebo study groups. (G) VP1 IgA ASCs
were quantified by ASC assay in PBMC samples. The number of ASCs per 1x10° PBMCs is
shown. The dashed line indicates ASC responder threshold = 23 spots per 1x10° PBMCs.
Data for (F) are N = 65 and N = 74 for the placebo and VXA-G1.1-NN study groups,
respectively. Data are shown at pre-vaccination baseline (D1), eight- or twenty-eight-days
post vaccination (D8, D28) and twenty-nine days post challenge (C29). Data are presented on
each study day for VXA-G1.1-NN and placebo study groups as boxplots, with bounds from
25th to 75th percentile, median line, and whiskers, which extend to the largest or smallest
value no further than 1.5 * the interquartile range. Points correspond to a sample from each
participant. P-values and significance in (D to G) were calculated with a linear mixed-effects
model fitting each antibody measurement as the outcome and time, study group, and their
interaction as main effects. Participant ID was fitted as a random effect. **p <0.01;

*H%p <0.001; ****p <0.0001; ns, not significant.
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Figure S2. Exploratory efficacy endpoints analyses. (A) The proportion of participants in
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the challenge phase. (B) The Vesikari gastroenteritis severity score is shown for each study
group. Data are N = 65 in the placebo group and N = 76 participants in the VXA-G1.1-NN
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there was greater than a 4-fold increase in VP1 serum IgG antibody concentrations from D28
(pre-norovirus challenge, post-vaccination) to C29 (post-norovirus challenge). The
proportion of participants who seroconverted is shown. Data in (A, and D) are presented as
ratios of positive cases among the total study group, and differences of ratios between study
groups were tested with two-sided Fisher’s exact test. Data in (B and C) are presented as a
box plots, with bounds from 25th to 75th percentile, median line, and whiskers, which extend
to the largest or smallest value no further than 1.5 * the interquartile range. Statistical
significance in (B and C) was calculated with a two-sided Wilcoxon test and nominal p-
values are shown within the plots.
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Figure S3. Serum and mucosal antibody responses stimulated by VXA-G1.1-NN are
intercorrelated. Scatterplot matrix representing Spearman correlations between pairs of
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study group.
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line, and whiskers, which extend to the largest or smallest value no further than 1.5 * the
interquartile range. Points correspond to a sample from each participant. P-values, estimates,
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endpoints. Data are shown for the VXA-G1.1-NN (A, N = 76) and the placebo (B, N = 65)
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Figure S6. Lasso and random forest models do not predict infection in the placebo study
group. Lasso and Random Forest prediction models were trained to predict whether a
participant was infected or not using pre-challenge immunogenicity data collected twenty-
eight days after placebo vaccination. Infection was defined as the detection of NV RNA in at
least one stool or emesis sample during the study period. (A to C) Results of the Lasso model
are shown. (A) Prediction scores are shown for N = 65 participants in the placebo study
group with the true outcome, infected (N = 53) or not infected (N = 12) (Related to fig. STA).
(B) Prediction accuracy is shown with a receiver operating characteristic (ROC) curve and
corresponding area under the curve (AUC) with 95% confidence intervals. (C) Pre-challenge
immunogenicity features are shown with the corresponding importance score for model
predictions. (D to F) Results of the Random Forest model are shown as in (A to C), including
prediction scores (D), ROC curve and AUC (E), and feature importance scores (F). Data in
(A) and (D) are presented as boxplots, with bounds from 25th to 75th percentile, median line,
and whiskers, which extend to the largest or smallest value no further than 1.5 * the
interquartile range. Points correspond to a model prediction of each participant. Prediction
scores between infection classes was compared with a two-tailed Wilcoxon test and nominal
p-values are shown within the plot.



Table S1. Baseline characteristics.

Analysis population

Vaccine phase (N = 165)

Challenge phase (N = 141)

Study group VXA-G1.1-NN Placebo VXA-G1.1-NN Placebo
Number of participants, n 86 79 76 65
Age, yearsa 36+8 347 36+8 35+7
Male, n (%) 43 (50.0) 48 (60.8) 39 (51.3) 41 (63.1)
Body mass index, kg/m21 27137 27.2+3.9 26.9 +3.6 271 +£3.9
Race, n (%)
White 54 (62.8) 54 (58.4) 48 (63.2) 42 (64.6)
Black/African-American 21 (24.4) 14 (17.7) 19 (25.0) 13 (20.0)
Asian 5(5.8) 8(10.1) 5 (6.6) 7(10.8)
American Indian or Alaskan Native 1(1.2) 0 1(1.3) 0
Multi-Racial 5(5.8) 3(3.8) 3(3.9) 3(4.6)
Ethnicity, n (%)
Latino or Hispanic 37 (43.0) 33 (41.8) 32 (42.1) 26 (40.0)
Not Latino or Hispanic 49 (57.0) 46 (58.2) 44 (57.9) 39 (60.0)

Imean + standard deviation




Table S2. Solicited symptoms of reactogenicity for Day 1 through Day 8 post-

vaccination and solicited NV symptoms post-challenge.

VXA-G1.1-NN Placebo
N (%) N (%)
VACCINE PHASE, Ny)=165' N)=86 Nw=79
Participants reporting = 1 solicited symptoms (Day 1 - Day 8) 50 (58.1) 36 (45.6)
Maximum severity mild 38 (44.2) 31(39.2)
Maximum severity moderate 12 (14.0) 5(6.3)
Maximum severity severe 0(0.0) 0(0.0)
Malaise/Fatigue 25 (29.1) 20 (25.3)
Myalgia 11(12.8) 12(15.2)
Anorexia 10 (11.6) 6 (7.6)
Headache 25 (29.1) 19 (24.1)
Fever 0(0.0) 0(0.0)
Diarrhea 20 (23.3) 12(15.2)
Nausea 13 (15.1) 10 (12.7)
Vomiting 0(0.0) 1(1.3)
Abdominal Pain 14 (16.3) 8(10.1)
CHALLENGE PHASE, N(=1412 N()=76 N(c)=65
Participants reporting = 1 solicited norovirus symptoms post challenge 59 (77.6) 55 (84.6)
Maximum severity mild 25 (32.9) 22 (33.8)
Maximum severity moderate 25 (32.9) 21 (32.3)
Maximum severity severe 9(11.8) 12 (18.5)
Fever 4 (5.3) 4(6.2)
Nausea 38 (50.0) 38 (58.5)
Vomiting 28 (36.8) 33 (50.8)
Diarrhea 21 (27.6) 15 (23.1)
Myalgia 36 (47.4) 31 (47.7)
Abdominal cramps or pain 32 (42.1) 39 (60.0)
Abdominal gurgling or bloating 46 (60.5) 39 (60.0)

1 Nw) number of participants vaccinated; Ni) number of participants challenged

2N() number of participants challenged




Table S3. Unsolicited adverse events (UAE) from D1 through C29 by study phase.

VXA-G1.1-NN Placebo
n (%) n (%)
Serious adverse events! (Day 1 — Day C29) 0(0.0) 0 (0.0)
VACCINE PHASE (n=165) Nw=86 Nw=79
Number of participants reporting = 1 UAE during vaccination phase, n()=165 2 7 (8.1) 9(11.4)
Participants with =1 UAE related to vaccination 3(3.5) 3(3.8)
Gastrointestinal disorders
Anal Fissure 1(1.2) 0 (0.0)
Constipation 0(0.0) 2(2.5)
Diarrhea 1(1.2) 0 (0.0)
Nausea 0(0.0) 1(1.3)
General disorders and administration site conditions
Fatigue 1(1.2) 1(1.3)
Malaise 1(1.2) 0 (0.0)
Infections & Infestations
COVID-19 2(2.3) 2 (2.5)
Sinusitis 1(1.2) 0 (0.0)
Viral upper respiratory infection 1(1.2) 0(0.0)
Metabolism and nutrition disorders
Decreased appetite 1(1.2) | 1(1.3)
Musculoskeletal and connective tissue disorders
Back Pain 0(0.0) [ 1(1.3)
Nervous system disorders
Headache 0(0.0) [ 2(2.5)
Syncope 1(1.2) | 0 (0.0)
Respiratory, thoracic and mediastinal disorders
Cough 0(0.0) [ 1(1.3)
Skin and subcutaneous tissue disorders
Pruritis 1(1.2) | 0(0.0)
CHALLENGE PHASE (n=141) N()=76 N(c)=65
Number of participants reporting = 1 UAE during challenge phase, n()-=1412 31 (40.8) 23 (35.4)
Participants with =1 UAE related to challenge 16 (21.1) 15 (23.1)
Cardiac Disorders
Tachycardia 1(1.3) [ 0(0.0)
Gastrointestinal disorders
Diarrhea 1(1.3) [ 0(0.0)
Gastroesophageal reflux di 1(1.3) | 0(0.0)
General disorders and administration site conditions
Chills 3(3.9) 2(3.1)
Infections & Infestations
Bacterial vaginosis 1(1.3) 0 (0.0)
COVID-19 1(1.3) 1(1.5)
Groin abscess 0(0.0) 1(1.5)
Hordeolum 1(1.3) 0 (0.0)
Upper respiratory tract infection 0(0.0) 1(1.5)
Viral upper respiratory tract infection 1(1.3) 0 (0.0)
Injury, poisoning and procedural complications
Skin laceration 0(0.0) 1(1.5)
Musculoskeletal and connective tissue disorders
Back pain 1(1.3) 2(3.1)
Flank pain 1(1.3) 0 (0.0)
Muscle spasms 0(0.0) 1(1.5)
Neck pain 1(1.3) 0(0.0)
Nervous system disorders
Dizziness 0(0.0) 1(1.5)
Headache 20 (26.3) 16 (24.6)
Reproductive system and breast disorders
Dysmenorrhea 1(1.3) 1(1.5)
Respiratory, thoracic and mediastinal disorders
Throat irritation 1(1.3) 0(0.0)
Skin and subcutaneous tissue disorders
Rash 0(0.0) 1(1.5)

1 Not included in this table are the 2 reported events during safety FU phase: 1 placebo participant reported 2 SAEs: leg cellulitis and deep vein thrombosis (DVT)
following skin laceration, unrelated to vaccine or challenge.

2 nw) number of participants vaccinated; n) number of participants challenged



Table S4. Antibody responses at D1 (baseline), D28, or C29 following oral vaccination.

VXA-G1.1-NN

Placebo

Serum NBAA titer

Day 1 (baseline), n

75

65

Geometric mean titer (95% CI)

33.29 (25.9 - 42.8)

31.61 (25.02 - 39.93)

Day 28, n

76

65

Geometric mean titer (95% Cl)

132.07 (99.45 - 175.38)

32.29 (25.36 - 41.12)

Day 57, n

76

64

Geometric mean concentration (95% CI)

848.86 (600.35 - 1200.24)

925.95 (610.93 - 1403.42)

Serum Anti-VPI G1.1 IgA (AU/mL)

Day 1 (baseline), n

76

65

Geometric mean concentration (95% CI)

889112.99 (602308.11 - 1312487.59)

714918.55 (493724.06 - 1035210.91)

Day 28, n

76

65

Geometric mean concentration (95% CI)

6415804.23 (4388487.42 - 9379665.47)

732526.94 (506386.12 - 1059657.23)

Day 57, n

76

64

Geometric mean concentration (95% CI)

19082415.31 (13697577.35 - 26584158.98)

25759340.6 (16745791.62 - 39624500.48)

Serum Anti-VPI G1.1 IgG (AU/mL)

Day 1 (baseline), n

76

65

Geometric mean concentration (95% CI)

969388.84 (720754.47 - 1303793.13)

790885.47 (588504.54 - 1062863.22)

Day 28, n

76

65

Geometric mean concentration (95% CI)

4506406.63 (3246347.48 - 6255553.63)

793556.71 (590696.9 - 1066083.57)

Day 57, n

76

64

Geometric mean concentration (95% CI)

21546128.47 (15688823.68 - 29590214.12)

22930396.48 (15476375.69 - 33974561.83)

Fecal IgA (units)

Day 1 (baseline), n

76

65

Geometric mean titer (95% Cl)

715.61 (442.64 - 1156.92)

470.86 (316.78 - 699.89)

Day 28, n

76

65

Geometric mean titer (95% Cl)

1888.5 (1221.07 - 2920.74)

444.31 (304.83 - 647.6)

Day 57, n

75

63

Geometric mean concentration (95% CI)

6122.41 (3891.96 - 9631.1)

5047.08 (3000.21 - 8490.39)

Nasal Anti-VP1 Gl.1 IgA (RLU/ug Total IgA)

Day 1 (baseline), n

76

65

Geometric mean concentration (95% CI)

48.4 (39.1 - 59.91)

40.61 (32.99 - 50)

Day 28, n

76

65

Geometric mean concentration (95% CI)

175.41 (132.89 - 231.52)

40.61 (32.81 - 50.26)

Day 57, n

76

64

Geometric mean concentration (95% CI)

244.88 (196.01 - 305.93)

264.09 (200.6 - 347.69)

Saliva IgA

Day 1 (baseline), n 76 65
Geometric mean concentration (95% CI) 0.4 (0.31 - 0.51) 0.31 (0.27 - 0.35)

Day 28, n 76 65
Geometric mean concentration (95% CI) 1.15(0.84 - 1.57) 0.35 (0.31 - 0.4)

Day 57, n 76 64
Geometric mean concentration (95% CI) 1.81 (1.33 - 2.44) 1.84 (1.41-2.4)




Table S5. Norovirus Gl.1 Primers and Probes.

Name Detection Sequence (5" - 3’)

COG 1F mod Norovirus Gl Forward Primer CGY TGG ATG CGI TTY CAT GA

COG 1R Norovirus Gl Reverse Primer CTT AGA CGC CAT CATCATTYAC

Ring 1E Norovirus Gl Probe FAM- TGG ACA GGR GAY CGC-MGBNFQ

MS2F MS2 Forward Primer TGG CAC TAC CCC TCT CCG TAT TCA CG

MS2R MS2 Reverse Primer GTA CGG GCC ACCCCACGATGAC

MS2 Probe MS2 Probe HEX-CAC ATC GAT AGA TCA AGG TGC CTA CAA GC-BHQ-1




Table S6. Antigens and fluorophores used for staining.

Antigen Fluorophore Vendor Catalog Number
CD19 SB780 Invitrogen 78-0199-41

CD38 PerCP-eFluor 710 Invitrogen 46-0389-42

CD27 PE-Cy7 BD Biosciences 46-0389-42

Integrin B7 PE BD Biosciences 555945

IgD eFluor 506 Invitrogen 69-9868-42

IgA FITC Invitrogen A24459




Data file S1. Individual-level data
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