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Background.  Genogroup II noroviruses are the most common cause of acute infectious gastroenteritis. We evaluated the use of 
a new GII.2 inoculum in a human challenge.

Methods.  Forty-four healthy adults (36 secretor-positive and 8 secretor-negative for histo-blood group antigens) were chal-
lenged with ascending doses of a new safety-tested Snow Mountain virus (SMV) GII.2 norovirus inoculum (1.2 × 104 to 1.2 × 107 
genome equivalent copies [GEC]; n = 38) or placebo (n = 6). Illness was defined as diarrhea and/or vomiting postchallenge in 
subjects with evidence of infection (defined as GII.2 norovirus RNA detection in stool and/or anti-SMV immunoglobulin G [IgG] 
seroconversion).

Results.  The highest dose was associated with SMV infection in 90%, and illness in 70% of subjects with 10 of 12 secretor-
positive (83%) and 4 of 8 secretor-negative (50%) becoming ill. There was no association between prechallenge anti-SMV serum IgG 
concentration, carbohydrate-binding blockade antibody, or salivary immunoglobulin A and infection. The median infectious dose 
(ID50) was 5.1 × 105 GEC.

Conclusions.  High rates of infection and illness were observed in both secretor-positive and secretor-negative subjects in this 
challenge study. However, a high dose will be required to achieve the target of 75% illness to make this an efficient model for 
evaluating potential norovirus vaccines and therapeutics.

NCT02473224.
Keywords.  norovirus; human challenge; Snow Mountain virus; viral gastroenteritis; infectious dose; ID50.

Worldwide, noroviruses are the most common cause of en-
demic and epidemic acute gastroenteritis across all ages [1]. In 
the United States, norovirus causes up to 21 million illnesses, 
with 1.9 million outpatient visits and 71  000 hospitalizations 
annually [2]. Human noroviruses are subdivided into at least 
10 genogroups with multiple genotypes and subgroups [3]. The 
most common genogroup associated with human infection is 
genogroup II (GII), with the Snow Mountain virus (SMV) being 
a prototype genotype GII.2 strain.

Noroviruses are highly infectious, and the infectious dose 
required for transmission is low (<1500 viral particles or the 

equivalent of a median infectious dose [ID50] between 2.9 and 95 
genome equivalent copies [GEC] in secretor-positive subjects in 
human challenge studies) [4, 5]. Transmission is via the fecal-
oral route or via airborne droplets of vomitus containing no-
rovirus [6]. Prior studies have shown that the risk of norovirus 
infection is oftentimes associated with the presence of a FUT-2 
allele [7–9]. The FUT-2 allele is found in approximately 80% 
of people of northern European descent and encodes an α-1,2-
fucosyltransferase responsible for the expression of the H type 
1 histo-blood group antigens (HBGAs) on mucosal surfaces, 
in saliva, and in other body fluids (eg, secretor-positive) [10]. 
The HBGAs on the surfaces of the intestinal epithelial cells are 
postulated to facilitate the attachment and cell entry for some 
norovirus strains. Therefore, the absence of HGBA (ie, secretor-
negative) is considered to be a strong protective factor against 
certain norovirus infections [11, 12].

Norovirus infection is characterized by a brief incubation 
period (24–48 hours) as well as a short duration of illness (12–
60 hours) [13] in immunocompetent individuals. While asymp-
tomatic norovirus infection can occur, symptomatic infection 
typically includes nausea, vomiting (nonbloody, nonbilious), 
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watery diarrhea (nonbloody), abdominal pain, and systemic 
symptoms (generalized myalgias, malaise, headache, and fever). 
Severe manifestations occur mostly in immunocompromised 
patients and at the extremes of age.

Currently, there is no specific treatment or prevention for no-
rovirus. Human challenge models for norovirus have been de-
scribed for genogroup I.1 and genogroup II.1, II.2, and II.4 [4, 
14–16]. Due to the importance of GII in norovirus outbreaks 
[17], it is critical to develop and characterize norovirus GII 
challenge inocula that can be used to evaluate potential vaccines 
and therapeutics and to gain a better understanding of GII in-
fectivity and disease mechanisms. The goals of this study were 
to (1) examine the dose-response relationship for infection and 
illness due to SMV (GII.2), (2) study the immune responses 
after challenge, and (3) explore the role of secretor status on 
SMV infection and illness.

MATERIALS AND METHODS

Study Design

This is the first randomized, double blind, placebo-controlled 
study of a new human challenge stock of SMV (noro-
virus genogroup II, genotype 2 [GII.2]). Healthy males and 
nonpregnant females between the ages of 18 and 49 years were 
enrolled if they met all eligibility criteria (NCT02473224). 
Subjects were followed for safety, illness, infection, and immune 
responses with collection of blood, saliva, emesis, and stool. 
The study was conducted at Emory University and approved 
by the Emory Institutional Review Board. Written informed 
consent was obtained from all subjects before enrollment 
(Supplementary Materials).

Challenge and SMV Stock

The clinical grade product was obtained from Ralph Baric at 
the University of North Carolina at Chapel Hill (lot 001-09SM, 
Investigational New Drug [IND] 14697) (Supplementary 
Materials).

Randomization and Study Groups

The study consisted of 4 sequential cohorts of 11 subjects and 
used an adaptive design intended to achieve illness in about 
75% of subjects with 1 of 3 oral doses of the challenge stock 
starting with 1.2 × 104 GEC. Four cohorts of secretor-positive 
subjects were enrolled for ascending dose challenge. The last 
cohort also included secretor-negative subjects to determine 
the role of secretor status on susceptibility to infection and ill-
ness. Therefore, we describe here the results from 5 groups: 
(1) low challenge dose with secretor-positive status (1.2 × 104 
GEC, n = 9); (2) medium challenge dose with secretor-positive 
status (1.2 × 106 GEC, n = 9); (3) high challenge dose (1.2 × 107 
GEC, n = 12) with secretor-positive status; (4) high challenge 
dose (1.2 × 107 GEC, n = 8) with secretor-negative status; and 
(5) placebo (n = 6). The study safety monitoring committee 

reviewed the safety data from the prior cohort and approved 
continuation of the study before the next cohort was enrolled.

Assays

Detection and quantitation of SMV RNA in stool was per-
formed as previously described [18] (Supplementary Materials).

Secretor phenotyping was determined by testing saliva sam-
ples collected at screening for the presence of salivary H type 
1 carbohydrate as previously described [19] (Supplementary 
Materials). Detection of anti-SMV immunoglobulin G (IgG) 
in serum and immunoglobulin A (IgA) in saliva were detected 
by quantitative enzyme-linked immunosorbent assays [8, 20] 
(Supplementary Materials). The SMV virus-like particle (VLP) 
carbohydrate-binding antibody blockade assay was developed 
based on previously reported Norwalk virus and norovirus 
GII.4 blockade assays [21, 22] (Supplementary Materials).

Definitions

Illness was defined as diarrhea (≥3 loose or liquid stools per 24 
hours, ie, takes the shape of the container, or ≥300 g of loose or 
liquid stools per 24 hours), and/or vomiting during the inpa-
tient period, in a subject with evidence of infection. Infection 
was defined as virus detection in stool by reverse-transcription 
quantitative polymerase chain reaction (RT-qPCR) with SMV-
specific primers and probe as previously described [18] and/
or seroconversion (defined as a 4-fold rise from prechallenge 
in SMV IgG titer in any postchallenge serum sample through 
day 30).

Statistical Analysis

Categorical variables are summarized with counts and per-
centages. The 95% confidence intervals (CIs) for these vari-
ables were constructed using exact Clopper–Pearson methods. 
Continuous variables are summarized with mean and standard 
deviation or median and interquartile range, where appro-
priate. For all assays, the geometric mean and 95% CIs (based 
on Student t distribution) are presented. The ID50 (human in-
fectious dose causing 50% infection) was determined using a 
logistic regression model among secretor-positive subjects. 
Multivariable logistic regression models were fit with binary in-
fection status as the outcome and the following covariates: sex, 
race, prechallenge antibody concentration, dose, secretor status, 
and age to estimate the effect of prechallenge titers on the prob-
ability of infection while controlling for potential confounders. 
A separate model was used for each type of antibody assay. All 
data analyses and presentations were conducted with SAS soft-
ware, version 9.4 (SAS Institute, Cary, North Carolina).

RESULTS

A total of 274 subjects were screened, and 44 were enrolled be-
tween 8 March 2016 and 13 June 2018. The 2 most common 
reasons for screen failure were the abnormal laboratory 
screening results (for all 4 cohorts) or saliva secretor status for 
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the first 3 cohorts. Subjects were randomly assigned to receive 
SMV (n = 38) or placebo (n = 6). Thirty-six enrolled subjects 
successfully completed the entire study protocol (Figure 1). 
The mean age of the study population was 32.6 years (range, 
20–49 years) and the majority were male (59%) with 61% Black/
African American or multiracial and 9% Hispanic or Latino 
(Supplementary Table 1).

Clinical Presentation

Overall, 24 of the 38 subjects (63%) who received the challenge 
stock became infected, and 75% of those who were infected 
were ill. At the high challenge dose, more subjects were ill (es-
pecially vomiting) if they were secretor-positive (83% [95% CI, 
52%–98%) than secretor-negative (50% [95% CI, 16%–84%]), 
although infection rates for secretor-positive and secretor-
negative subjects at the high dose were quite similar (92% vs 
88%, respectively) (Table 1). In the medium challenge dose, 
50% of secretor-positive subjects had either symptom (95% CI, 
16%–84%) (Table 1). Vomiting/diarrhea were observed mainly 
on days 2–3 postchallenge (range, days 1–4) (Figure 2). Details 
on solicited adverse events are listed in Supplementary Table 2.

Infection
SMV RNA Shedding
Number of subjects with viral shedding in stool was dose de-
pendent; however, peak virus concentration in stool was similar 
for the medium- and high-dose challenge groups with 9.4 (95% 

CI, 5.09–13.65) and 9.8 (95% CI, 8.68–10.90) log10 GEC/g, re-
spectively. Peak viral concentrations occurred a day earlier in 
the high-dose challenge group (Table 2).

Interestingly, SMV RNA was detected in fecal specimens 
from 2 of 6 subjects in the placebo group. The first subject had 
detectable SMV RNA in stool on days 1, 3, and 45 postchallenge 
without seroconversion or a rise in carbohydrate blockade anti-
body titer and the second subject had SMV RNA in stool (days 
28, 42, and 71 postchallenge) and a >4-fold rise in SMV-specific 
serum IgG on days 28 and 42 postchallenge, as well as a 32-fold 
rise in carbohydrate blockade antibody titer (Table 1, Figure 2).

IgG Seroconversion

No difference was observed in frequency of seroconversion (>4-
fold increase in anti-SMV IgG titers compared to prechallenge) 
when the secretor-positive subjects were compared to the 
secretor-negative subjects receiving the same dose or when 
comparing subjects who received either the high or medium 
challenge dose. Only 1 subject seroconverted by the time of dis-
charge from the inpatient unit (day 5). Seroconversion occurred 
in the medium and high challenge dose groups starting around 
day 15 postchallenge (Supplementary Table 3, Figure 3).

Norovirus-Associated Illness

At the high challenge dose, illness (vomiting and/or diarrhea 
plus shedding and/or seroconversion) occurred in 10 of 12 
(83% [95% CI, 52%–98%]) secretor-positive subjects compared 
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Figure 1.  Consolidated Standards of Reporting Trials (CONSORT) flow diagram. The following laboratory tests were performed at screening: white blood cells, hemoglobin, 
platelets, absolute neutrophil count, creatinine, alanine aminotransferase, total bilirubin, potassium, sodium, hemoglobin A1c, serologies for human immunodeficiency virus, 
hepatitis B, hepatitis C, urine protein, stool culture, norovirus stool by reverse-transcription quantitative polymerase chain reaction, and microscopic examination of the stool 
for ova and parasites. Abbreviations: BP, blood pressure; GEC, genome equivalent copies; mITT, modified intention-to-treat; PCR, polymerase chain reaction; PP, per protocol.
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Table 1.  Proportion of Subjects With GII.2 Snow Mountain Virus–Associated Illness and/or Infection Following Challenge in the Modified Intention-to-
Treat Population

Status and Outcome 

mITT Population

1.2 × 104 GECa 
(n = 9) 

1.2 × 106 GECa,b 
(n = 9)  

1.2 × 107 GEC 
S-Pos (n = 12)  

1.2 × 107 GEC 
S-Neg (n = 8)  

Placebo  
(n = 6)c  

Gastrointestinal symptoms
 � Diarrhead 0 (0) 1 (13) 4 (33) 2 (25) 0 (0)
 � Vomiting 1 (11) 4 (50) 10 (83) 3 (38) 0 (0)
 � Diarrhea and/or vomiting 1 (11) 4 (50) 10 (83) 4 (50) 0 (0)
Infection
 � Sheddinge 0 (0) 5 (56) 11 (92) 7 (88) 2 (33)
 � Seroconversion 1 (11) 3 (33) 7 (58) 6 (75) 1 (17)
 � Shedding and/or seroconversion 1 (11) 5 (56) 11 (92) 7 (88) 2 (33)
Illness
 � Shedding and/or seroconversion with 

diarrhea and/or vomiting
1 (11) 3 (38) 10 (83) 4 (50) 0 (0)

Data are presented as No. (%).

Abbreviations: GEC, genome equivalent copies; mITT, modified intention-to-treat population; S-Neg, secretor-negative; S-Pos, secretor-positive.
a1.2 × 104 GEC and 1.2 × 106 GEC were only administered to S-Pos.
bOne subject in the 1.2 × 106 GEC group left the inpatient unit on day 2 without reporting any stool data or vomiting episodes; therefore, the denominator for these outcomes is 1 fewer 
than the mITT population.
cTwo subjects who received placebo met the definition of infection. The first subject had detectable virus in stool on days 1 and 3. The second subject had both detectable virus in stool and 
a 4-fold rise in Snow Mountain virus–specific serum immunoglobulin G on day 28. 
dDiarrhea defined as (≥3 loose or liquid stools (ie, takes the shape of the container), or ≥300 g of loose or liquid stools per 24 hours) during the inpatient period. The 24-hour period is defined 
as a study day from 12:00 am to 11:59 pm.
eShedding defined as excreting challenge virus in stool any time after challenge through day 30. Seroconversion defined as at least a 4-fold rise in SMV-specific serum IgG from baseline 
through day 30.
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S-Neg, secretor-negative; S-Pos, secretor-positive.
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to 4 of 8 (50% [95% CI, 16%–84%]) secretor-negative subjects. 
At the medium challenge dose, 3 of 9 secretor-positive subjects 
(33% [95% CI, 52%–100%]) had norovirus-associated illness, 
while 1 of 9 secretor-positive subjects (11% [95% CI, 0–48%]) 
had norovirus-associated illness in the low challenge dose 
group. No subjects in the placebo group had illness, including 
the 2 subjects who had SMV RNA detected in fecal specimens 
(95% CI, 0–46%) (Table 1).

Safety

The SMV challenge had an acceptable safety profile. None of the 
subjects in any group experienced a solicited symptom that met 
serious adverse events criteria or an unsolicited adverse event 
(AE) that was grade 3 after challenge through day 30. A total 
of 2 subjects experienced grade 3 clinical laboratory AEs. One 
secretor-negative subject experienced severe neutropenia (<900 
cells/µL) on day 5 that was determined to be related to the study 
product and was asymptomatic and spontaneously resolved, and 
1 placebo subject experienced severe hypokalemia on day 15; 
this subject did not have detectable SMV RNA in stool.

Immune Responses
Serum antibodies that blocked binding of SMV VLPs to blood 
type B-PAA-biotin carbohydrate (carbohydrate blockade anti-
bodies) were measured as a proxy for neutralizing antibodies, 
and a high percentage of seroconversion was observed in the 
medium (57%) and high (in 75% of secretor-negatives and 
100% of secretor-positives) challenge dose groups by day 15. 
The geometric mean titer (GMT) for the SMV carbohydrate 
blockade antibody peaked at day 15 with the highest levels in 
the high challenge dose secretor-positive group (566 [95% CI, 
302–1062]) (Figure 4) as compared to GMT of subjects from 
other groups. Subjects who received the low dose were not 
evaluated for carbohydrate blockade antibody response because 
of lack of evidence of infection.

Rise in anti-SMV salivary IgA concentration relative to total 
salivary IgA concentration first occurred at day 15, but overall, 
salivary IgA conversion (defined as ≥4-fold rise in the ratio of 
SMV-specific salivary IgA to total salivary IgA at any timepoint 
compared to prechallenge saliva) was observed in fewer study 
subjects compared to serum IgG seroconversion. Both secretor-
negative and secretor-positive subjects who received the high 
challenge dose had a similar percentage with salivary IgA con-
version at any time point: 38% (95% CI, 9%–76%) and 42% 
(95% CI, 15%–72%), respectively. No subjects in the low chal-
lenge dose group had an increase in anti-SMV salivary IgA, and 
only 1 subject each in the medium challenge dose group and 
the placebo group demonstrated an SMV-specific salivary IgA 
conversion (Table 3).

There was no clear association between infection status and 
prechallenge antibody concentrations for serum IgG, serum 
blockade antibody, or salivary IgA.Ta

bl
e 

2.
 

D
et

ec
tio

n 
of

 S
no

w
 M

ou
nt

ai
n 

Vi
ru

s 
by

 R
ev

er
se

-T
ra

ns
cr

ip
tio

n 
Po

ly
m

er
as

e 
Ch

ai
n 

Re
ac

tio
n 

in
 S

to
ol

, M
od

ifi
ed

 In
te

nt
io

n-
to

-T
re

at
 P

op
ul

at
io

n

Pa
ra

m
et

er
 

S
ta

tis
tic

a  

m
IT

T 
Po

pu
la

tio
n

1.
2 

×
 1

04  G
E

C
 (n

 =
 9

) 
1.

2 
×

 1
06  G

E
C

 
(n

 =
 9

) 
1.

2 
×

 1
07  G

E
C

 S
-P

os
  

(n
 =

 1
2)

 
1.

2 
×

 1
07  G

E
C

 S
-N

eg
  

(n
 =

 8
) 

P
la

ce
bo

  
(n

 =
 6

) 

C
um

ul
at

iv
e 

vi
ru

s 
sh

ed
di

ng
 d

ur
in

g 
in

pa
tie

nt
 p

er
io

d 
(lo

g 10
 G

E
C

)
n.

; m
ea

n 
(S

D
)

0
4;

 1
1.

4 
(3

.1
)

11
; 1

1.
6 

(1
.7

)
7;

 1
1.

4 
(3

.4
)

…

D
ay

 o
f 

pe
ak

 v
iru

s 
sh

ed
di

ng
 p

er
 d

ay
 d

ur
in

g 
in

pa
tie

nt
 p

er
io

d
n.

; m
ed

ia
n 

(r
an

ge
)

0
4;

 3
.0

 (2
–4

)
11

; 3
.0

 (2
–4

)
7;

 3
.0

 (2
–5

)
1;

 3
.0

 (3
–3

)

Pe
ak

 v
iru

s 
co

nc
en

tr
at

io
n 

(lo
g 10

 G
E

C
/g

)a
n.

; m
ea

n 
(S

D
)

1;
 4

.5
 (N

C
)

5;
 9

.4
 (3

.4
)

12
; 9

.8
 (1

.7
)

7;
 9

.8
 (3

.3
)

2;
 7

.2
 (1

.1
)

D
ay

 o
f 

pe
ak

 v
iru

s 
co

nc
en

tr
at

io
n

n.
; m

ed
ia

n 
(r

an
ge

)
1;

 4
9.

0 
(4

9–
49

)
5;

 4
.0

 (3
–1

6)
12

; 3
.0

 (2
–4

8)
7;

 3
.0

 (1
–8

)
2;

 1
5.

5 
(3

–2
8)

D
ur

at
io

n 
of

 v
iru

s 
sh

ed
di

ng
 (d

ay
s)

n.
; m

ed
ia

n 
(r

an
ge

)
1;

 1
.0

 (1
–1

)
5;

 1
3.

0 
(1

–4
8)

12
; 1

3.
0 

(2
–3

3)
7;

 1
4.

0 
(1

–4
3)

2;
 4

3.
5 

(4
3–

44
)

A
bb

re
vi

at
io

ns
: G

E
C

, g
en

om
e 

eq
ui

va
le

nt
 c

op
ie

s;
 m

IT
T,

 m
od

ifi
ed

 in
te

nt
io

n-
to

-t
re

at
 p

op
ul

at
io

n;
 N

C
, n

ot
 c

al
cu

la
bl

e;
 S

-N
eg

, s
ec

re
to

r-n
eg

at
iv

e;
 S

-P
os

, s
ec

re
to

r-p
os

iti
ve

.
a n 

va
lu

e 
=

 r
es

tr
ic

te
d 

to
 s

ub
je

ct
s 

w
ho

 w
er

e 
sh

ed
di

ng
 o

n 
at

 le
as

t 
1 

da
y.

1775• JID 2022:226 (15 November) •Norovirus GII.2 Challenge Dose Finding



We calculated the ID50 (defined as the dose at which 50% 
of secretor-positive subjects are infected) to be 5.1 × 105 GEC 
(95% CI, 2.8 × 104 to 2.7 × 106) using a logistic regression 
model.

DISCUSSION

Noroviruses are characterized by high infectivity and environ-
mental persistence and are responsible for substantial morbidity 
and societal and economic burdens. Live challenge model ap-
proaches in humans have been used in clinical development of 
biologics against enteric bacterial pathogens including entero-
toxigenic Escherichia coli, Campylobacter jejuni, Vibrio cholerae, 
and Shigella spp. Few GII.2 norovirus challenge studies have 
been performed to date, and our study established the ID50 for 
this second-generation challenge stock as well as characterized 
infectivity and illness in secretor-negative individuals [4, 23, 
24]. The overall infection (56%–92%) and illness (38%–83%) 

rates observed at the medium and high doses are consistent with 
previous reports for 2 GII.2 challenge trials with the first-gen-
eration SMV inoculum where infection rates ranged from 60% 
to 75% and illness rates ranged from 47% to 75% for a mixed 
population of secretor-positive and -negative subjects [4, 24]. 
Duration and magnitude of shedding and seroconversion rates 
were similar between the medium and high challenge doses and 
between secretor-positive or -negative subjects.

Susceptibility to norovirus is modulated in part by expres-
sion of specific, genetically determined carbohydrate HBGAs 
determining secretor status [8]. An earlier GI.1 norovirus virus 
challenge study reported that infection is secretor-dependent 
with 62% of the secretor-positive subjects infected following 
challenge vs no secretor-negative subjects [8]. GII.4 challenge 
studies reported different infection rates in secretor-positive 
and secretor-negative subjects (70% and 6%, respectively) [15]. 
In the only prior SMV challenge study where secretor status 
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Figure 3.  Serum Snow Mountain virus immunoglobulin G geometric mean fold rise and 4-fold rise by time point and treatment group. 1.2 × 104 genome equivalent copies 
(GEC) and 1.2 × 106 GEC were only administered to secretor-positive subjects. Abbreviations: CI, confidence interval; GEC, genome equivalent copies; GMFR, geometric mean 
fold rise; S-Neg, secretor-negative; S-Pos, secretor-positive.
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Table 3.  Saliva Snow Mountain Virus Immunoglobulin A (IgA) Over Total IgA Geometric Mean Fold Rise and Seroresponse (4-Fold Rise) Results by Time 
Point and Treatment Group, Modified Intention-to-Treat Population

Study Day Statistic 

SMV Challenge Dose (GEC), mITT Population

1.2 × 104 (n = 9) 1.2 × 106 (n = 9) 
1.2 × 107 S-Pos 

(n = 12) 
1.2 × 107 S-Neg 

(n = 8) 
Placebo  
(n = 6) 

2 n; GMFRa (95% CI) 9; 0.8 (.5–1.2) 9; 1.0 (.8–1.3) 12; 1.0 (.9–1.2) 8; 1.2 (.7–1.8) 6; 1.1 (.5–2.2)

4-fold riseb (95% CI) 0 (0–34) 0 (0–34) 0 (0–26) 0 (0–37) 0 (0–46)

3 n; GMFRa (95% CI) 9; 0.8 (.6–1.0) 8; 1.0 (.8–1.3) 12; 1.3 (1.0–1.6) 8; 0.9 (.7–1.3) 6; 0.6 (.3–1.2)

4-fold riseb (95% CI) 0 (0–34) 0 (0–37) 0 (0–26) 0 (0–37) 0 (0–46)

4 n; GMFRa (95% CI) 9; 0.8 (.5–1.2) 7; 0.9 (.6–1.2) 12; 0.9 (.7–1.2) 8; 1.0 (.7–1.4) 6; 1.0 (.6–1.8)

4-fold riseb (95% CI) 0 (0–34) 0 (0–41) 0 (0–26) 0 (0–37) 0 (0–46)

5 n; GMFRa (95% CI) 9; 0.9 (.6–1.3) 7; 0.7 (.5–1.0) 12; 1.0 (.7–1.2) 8; 0.8 (.5–1.3) 6; 0.9 (.4–2.0)

4-fold riseb (95% CI) 0 (0–34) 0 (0–41) 0 (0–26) 0 (0–37) 0 (0–46)

6 n; GMFRa (95% CI) 9; 0.9 (.6–1.3) 7; 0.9 (.7–1.2) 12; 1.2 (.8–1.7) 8; 1.2 (.8–1.8) 6; 1.0 (.6–1.8)

4-fold riseb (95% CI) 0 (0–34) 0 (0–41) 0 (0–26) 0 (0–37) 0 (0–46)

15 n; GMFRa (95% CI) 9; 0.6 (.4–.9) 7; 1.7 (.8–3.7) 12; 4.2 (2.3–7.9) 8; 3.0 (1.4–6.3) 6; 1.1 (.7–1.8)

4-fold riseb (95% CI) 0 (0–34) 14 (0–58) 42 (15–72) 38 (9–76) 0 (0–46)

30 n; GMFRa (95% CI) 9; 0.5 (.3–.9) 7; 1.3 (.7–2.3) 12; 2.7 (1.6–4.8) 8; 2.1 (1.1–3.8) 5; 1.4 (.6–3.4)

4-fold riseb (95% CI) 0 (0–34) 14 (0–58) 33 (10–65) 25 (3–65) 20 (1–72)

45 n; GMFRa (95% CI) 9; 0.8 (.5–1.2) 7; 2.1 (1.2–3.8) 10; 2.2 (1.2–4.2) 7; 1.4 (.7–2.8) 5; 1.3 (.6–2.8)

4-fold riseb (95% CI) 0 (0–34) 14 (0–58) 20 (3–56) 14 (0–58) 0 (0–52)

Any time n; GMFRa (95% CI) 9; 1.3 (.9–1.7) 9; 2.3 (1.5–3.5) 12; 4.4 (2.4–8.0) 8; 3.4 (1.9–6.2) 6; 1.8 (1.0–3.2)

4-fold riseb (95% CI) 0 (0–34) 11 (0–48) 42 (15–72) 38 (9–76) 17 (0–64)

Abbreviations: CI, confidence interval; GEC, genome equivalent copies; GMFR, geometric mean fold rise; mITT, modified intention-to-treat; SMV, Snow Mountain virus; S-Neg, secretor-
negative; S-Pos, secretor-positive.
aGMFR in the ratio of SMV-specific immunoglobulin A (IgA) over total IgA compared to prechallenge (day 1). Any time represents the geometric mean of the maximum fold rise.
bFour-fold rise represents the percentage of subjects with at least a 4-fold rise in the ratio of SMV-specific IgA over total IgA compared to prechallenge (day 1).
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was reported, 66% of secretor-positive subjects and 33% (1 of 
3) of secretor-negative subjects were infected and developed 
illness [23]. The infected and ill secretor-negative subject re-
ceived 3.17 × 105 GEC whereas the other 2 secretor-negative 
subjects who did not get infected received much lower doses. 
Our study results are unique in that the majority of secretor-
negative subjects shed virus (88%) or seroconverted (75%), 
and 50% developed illness at the highest challenge dose. A 
recent meta-analysis of norovirus infectivity showed that the 
estimated mean infection rate was 5 times higher in secretor-
positive compared to secretor-negative for the GII viruses 
[4]. Whether decreased susceptibility to norovirus infection 
in our secretor-negative subjects would have been more ob-
vious at the medium challenge dose is unknown as secretor-
negative subjects were only included in the group receiving the 
highest challenge cohort. Though novel for a challenge study, 
this finding is not unexpected as there are reports of GII no-
rovirus outbreaks that included cases among both secretor-
positive and secretor-negative individuals [25, 26] that could 
be explained in part by GII.2 noroviruses binding to alternative 
receptors. Another factor that could affect susceptibility to no-
rovirus challenge is prior immunity. Though previous studies 
have suggested that preexisting antibodies may be associated 
with immunity to norovirus infection [27], in our study we did 
not see an association between prechallenge concentrations of 
anti-SMV serum IgG, serum blockade antibody, or anti-SMV 
salivary IgA and infection status in part because SMV is not 
the dominant circulating strain, and it is unclear how long no-
rovirus immunity lasts [28]. Protective factors against noro-
virus infection may not be due to serological response but to 
other components of the immune system (ie, innate and cel-
lular adaptive immunity), HLA restrictions, or lack of recep-
tors to the virus [23]. Although there is substantial evidence 
to suggest that serum antibodies have the ability to block the 
binding of norovirus VLPs to HBGAs [21, 22], almost all of 
the subjects in our study had low titers of blockade antibody 
in their prechallenge sera, so it was not possible to evaluate 
the protective effect of these antibodies against infection and 
illness.

In our study, symptoms associated with norovirus infec-
tion were consistent with the reports from previous challenge 
trials in which infected subjects experienced vomiting more 
frequently than diarrhea, accompanied by a constellation of 
symptoms that occurred soon after SMV challenge and re-
solved rapidly [18]. However, in our study and among secretor-
positive subjects in the medium- and high-dose groups, viral 
shedding in the stool (median, 13–14 days depending on the 
dose) was longer than the median shedding previously de-
scribed in a GII.4 challenge study [18] (mostly limited to the 
first week postchallenge) but shorter than a prior GI.1 chal-
lenge study [14] (median, 28 days) although no stool samples 
were collected in our study between days 15 and 30. Data on 

norovirus shedding generated by challenge studies facilitate 
estimates of transmission risk and provide evidence for the 
development of appropriate control measures, such as disinfec-
tion. Previous studies have reported a wide range of norovirus 
titers in stools. We measured a high magnitude of SMV RNA 
titer with an average of 9 log10 SMV GEC/g of stool after the 
medium or high challenge doses. These high shedding titers 
and prolonged duration of shedding have been proposed as 
drivers of the high rates of GII outbreaks [29].

The infectivity of this new GII.2 challenge stock was sur-
prisingly low. The estimated ID50 of 5.1 × 105 GEC for this 
second-generation inoculum is about 100-fold higher than 
that estimated by Teunis et al [4] for the 2 previous SMV 
challenge trials with the original SMV inoculum prepared 
by Dolin et al [24]. Both inocula were titrated multiple times 
by the same laboratory using the same primers to confirm 
the actual stock titer, and titers were confirmed in vial re-
mainders after challenging subjects. It is possible that this 
discrepancy is due to the different statistical approaches used 
to estimate the ID50, though recalculating the ID50 for our 
study using the same β Poisson methodology used for earlier 
studies [4] yielded similar results (2.74 × 105 GEC). Another 
likely possibility is that the inoculum preparation process 
led to a loss in infectivity. A difference between the effect 
of norovirus inocula was also observed in a second-genera-
tion Norwalk virus inoculum where the infectivity of the 2 
inocula was similar, but subjects who received the new chal-
lenge stock (8FIIb) had significantly less severe symptoms 
than subjects who received the original 8FIIa Norwalk virus 
inoculum [30]. These observations have significant impli-
cations for the use of second-generation inocula in future 
norovirus vaccine efficacy trials and need to be considered 
when planning dose, sample size, and outcome measures. 
Future studies should examine and compare virus sequences 
in these challenge inocula.

Two of the 6 subjects who were challenged with a placebo 
met the study definition of infection, but neither had illness. 
One of these subjects had 2 norovirus-positive stool samples in 
the first 3 days postchallenge and another positive stool at day 
45 postchallenge but did not seroconvert or develop symptoms. 
The other subject had norovirus-positive stool samples at days 
28, 42, and 71 postchallenge and seroconverted at day 28 after 
administration of placebo. The timing of the shedding and se-
roconversion suggest that the second subject had a community-
acquired norovirus. We were not able to confirm that either of 
these subjects was shedding the challenge virus by sequencing 
the virus in the stool samples as attempts to reamplify and se-
quence the RNA from the day 45 postchallenge stool, and sev-
eral other stool samples were not successful.

Other limitations of our study include the enrollment of 
subjects in good health and in a specific age range. Though typ-
ical for controlled human challenge studies, these restrictions 
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did not allow for examination of infection and disease in more 
vulnerable populations. We did not study the effect of ABO 
blood types on the susceptibility to the challenge stock. Though 
GII.4 norovirus challenge did not reveal any relationship be-
tween norovirus infection and ABO blood type [15], previous 
GI challenge trials have reported differences in infection by 
blood type [8, 31], and further information about this rela-
tionship for GII.2 norovirus would be valuable. Even though 
vomiting is the signature symptom of norovirus, we only meas-
ured viral shedding in the stool. A prior study confirmed the 
presence of virus in emesis correlating with the shedding in 
the stool after GII.2 challenge [32]. To study viral shedding and  
the titer of the inoculum, our study relied on quantitative de-
tection of SMV genome copies by RT-qPCR, consistent with 
methods used in all other recent challenge studies. However, re-
cently developed norovirus culture methods could yield better 
information by enumerating infectious particles in the inocula 
and estimate the infectious fraction of the RT-qPCR–titrated 
numbers of genome copies [12, 33]. The role of innate and 
adaptive cellular immunity in susceptibility to GII.2 infection 
and illness in this study is still under investigation.

This SMV challenge model will allow testing of current GI.1/
GII.4 candidate vaccines to evaluate the cross-neutralizing and 
type of specific blockade antibodies needed for protection as 
well as the fundamental consequences of GII.2 pathogenesis in 
humans.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Supplementary materials consist of 
data provided by the author that are published to benefit the 
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Questions or messages regarding errors should be addressed to 
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