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Human noroviruses (HuNoVs) can often cause chronic infections in solid organ and

haematopoietic stem cell transplant (HSCT) patients. Based on histopathological changes

observed during HuNoV infections, the intestine is the presumed site of virus replication in patients;

however, the cell types infected by HuNoVs remain unknown. The objective of this study was to

characterize histopathological changes during HuNoV infection and to determine the cell types

that may be permissive for HuNoV replication in transplant patients. We analysed biopsies from

HuNoV-infected and non-infected (control) transplant patients to assess histopathological

changes in conjunction with detection of HuNoV antigens to identify the infected cell types. HuNoV

infection in immunocompromised patients was associated with histopathological changes such as

disorganization and flattening of the intestinal epithelium. The HuNoV major capsid protein, VP1,

was detected in all segments of the small intestine, in areas of biopsies that showed

histopathological changes. Specifically, VP1 was detected in enterocytes, macrophages, T cells

and dendritic cells. HuNoV replication was investigated by detecting the non-structural proteins,

RdRp and VPg. We detected RdRp and VPg along with VP1 in duodenal and jejunal enterocytes.

These results provide critical insights into histological changes due to HuNoV infection in

immunocompromised patients and propose human enterocytes as a physiologically relevant cell

type for HuNoV cultivation.

INTRODUCTION

Human noroviruses (HuNoVs) are a leading cause of
acute gastroenteritis (AGE) (Koo et al., 2013; Payne et al.,
2013; Ramani et al., 2014). These non-enveloped, icosahe-
dral viruses with a positive-sense, single-stranded RNA

Two supplementary tables and four supplementary figures are available
with the online Supplementary Material.
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genome spread via the faecal–oral route, through contam-
inated food, water and environmental surfaces or by
direct contact (Glass et al., 2009). In the USA alone,
HuNoVs infect 19–21million people and are associated
with 800 deaths annually (Hall, 2012, 2013). HuNoV-
mediated AGE is characterized by vomiting, diarrhoea,
chills and myalgia, and is self-limiting in immunocompe-
tent individuals (Green, 2013). However, in ‘at-risk popu-
lations’ such as the young, the elderly and the
immunocompromised, HuNoV infection can cause pro-
longed, severe AGE (Harris et al., 2008; Robilotti et al.,
2015; Rockx et al., 2002) and be fatal in immunocompro-
mised transplant patients (Alkhouri & Danziger-Isakov,
2011; Doshi et al., 2013; Green, 2014; Roddie et al., 2009;
Roos-Weil et al., 2011; Saif et al., 2011; Schwartz et al.,
2011; Woodward et al., 2015). Despite the awareness of
disease burden and decades of research, identification of
cell lines permissible for HuNoV replication has remained
elusive (Duizer et al., 2004; Lay et al., 2010). While a
recent report suggests B cells as a potential cell type per-
missive for replication of HuNoV in vitro (Jones et al.,
2014), HuNoV infects B cell deficient patients (Brown
et al., 2016) suggesting the presence of other cell types
permissive for HuNoV replication in patients. One of the
reasons for the lack of a robust in vitro culture system
may be that the cell type(s) permissive for HuNoV repli-
cation in patients remain unknown. While biopsies from
human volunteers experimentally infected with HuNoV
show changes in the small intestinal epithelium, such as
the loss of brush border enzymes and infiltration of
immune cells into the lamina propria, which suggest that
HuNoV replicates in the small intestine, the presence of
HuNoV antigens or viral particles in patient biopsies has
not been reported (Agus et al., 1973; Dolin et al., 1975;
Schreiber et al., 1973, 1974).

In this report, we address this gap in knowledge of the site
and the cell type(s) permissive for HuNoV replication using
intestinal biopsies from immunocompromised patients
with chronic HuNoV infection. These findings will guide
efforts to grow HuNoV in physiologically relevant cell
types.

RESULTS

Histopathology of chronic human norovirus

infection

HuNoV infections of immunocompetent volunteers
result in histological changes in the small intestine such
as villous blunting, infiltration of the lamina propria by
immune cells, loss of nuclear polarity and flattening of
the intestinal epithelium (Agus et al., 1973; Dolin et al.,
1975; Schreiber et al., 1973, 1974). To investigate if
chronic HuNoV infection in immunocompromised
patients results in similar changes, histological analysis
was performed on 14 duodenal, 1 ileal and 4 colonic
biopsies from 11 immunocompromised patients (Table 1
and Table S1, available in the online Supplementary
Material). Baseline intestinal histology in the immuno-
compromised patients was determined by analysing biop-
sies from HuNoV-negative patients (Tables 1 and S1).
The biopsies from HuNoV-negative patients showed nor-
mal organization of the epithelium and did not show
infiltration of cells into the lamina propria (Fig. 1a, c).
Duodenal biopsies from immunocompromised HuNoV-
positive patients showed alterations in the gross organ-
ization of the intestinal epithelium (Fig. 1b) including
loss of nuclear polarity and flattening of the villous epi-
thelium (black bracket, Fig. 1e). However, flattening of
the epithelium was not seen in the crypts (Fig. 1f). The

Table 1. Characteristics of transplant patients

Except biopsies, all the rows refer to the number of patients. NA - Not Applicable, ND - Not Determined.

Variable Infected Uninfected

Transplant HSCT HSCT HSCT SBT HSCT SBT

Segment Duodenum Ileum Colon Jejunum Duodenum Jejunum

Patients 10 1 2 18 11 1

Biopsies 14* 1 4 18† 11 1‡

HuNoV strain

GII.4 8 1 2 ND§ NA NA

GII.2 1 0 0 ND§ NA NA

GI.I 1 0 0 0 NA NA

Symptoms

Diarrhoea 9 1 2 11|| 0 0

Vomitus 4 0 0 4 0 0

*All the haematopoietic stem cell transplant (HSCT) biopsies were from adult patients.
†12/18 biopsies were from paediatric patients.
‡Biopsy from paediatric patient. §PCR revealed the presence of genogroup 2, but genotype specific typing was not done.
||Six patients did not exhibit diarrhoea or vomitus. Some patients were biopsied more than once; for a detailed breakdown of these biopsies, refer
to Table S1.
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Fig. 1. HuNoV VP1 is associated with histological changes in biopsies from immunocompromised haematopoietic stem cell

transplant patients. Duodenal biopsies from a HuNoV-negative (a, c and m) and HuNoV-positive (b, d–l) patients were ana-
lysed for histological changes [a–c and e–g haematoxylin and eosin (H&E) staining; d, H&E and Alcian blue–periodic acid–
Schiff (Alican blue–PAS) staining to detect gastric metaplasia], and the presence of HuNoV VP1 and villin (h–m; red, VP1;

brown, villin). Areas indicated by black rectangles and labelled in a and b are magnified in c and e–g, respectively; also area
marked in h is magnified in j. Biopsies from the HuNoV-positive patients showed several histological changes such as loss of
nuclear polarity and flattening of the epithelium (black bracket, e), gastric metaplasia (red asterisks, d, e–h, j and k), intact crypt
epithelium (f and i), oedema (black asterisk, e and g), and cell debris (orange arrowheads, g). HuNoV VP1 was detected in epi-

thelial and lamina propria cells (h, j and l) in the villi but was absent from all cells of the crypt (i). A serial section of the same
biopsy stained in j showed no staining with VP1 pre-immune serum (k). VP1 was not detected in a biopsy from a HuNoV-nega-
tive patient (m). Villin expression (brown) appeared normal in the biopsy from the HuNoV-negative patient (apical expression-

green arrowhead; cytosolic expression-black arrowhead, m), but was severely reduced in biopsies from the HuNoV-positive
patient (h–l). VP1 was detected in enterocytes (green arrowhead, l). Bars, a and b, 100 µm; c–k, 50 µm; l–m 20 µm.
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lamina propria showed cellular infiltration (Fig. 1e, g).
Oedema was seen in 9/10 patients (Table S1) as accu-
mulation of fluid in the villi (black asterisk, Fig. 1e, g)
and on rare occasions, as dilated crypts and blood ves-
sels (data not shown). Gastric metaplasia was seen in 3/

10 patients (red asterisks, Fig. 1d, e, g and Table S1). In
addition, cell debris was detected in four duodenal
(orange arrowheads, Fig. 1g) and the single ileal biopsy
(data not shown). Colonic biopsies from HuNoV-
infected patients appeared normal. Overall, histological

(a)

(d)

(h) (i) (j) (k)

(l) (m) (n) (o)

(e) (f) (g)

(b) (c)

Du

Fig. 2. Detection of HuNoV VP1, RdRp and VPg in intestinal biopsies. Immunofluorescence detection of HuNoV antigens in
epithelial and lamina propria cells. HuNoV VP1 was detected in the duodenum (Du; a, e–g and i–k), jejunum (Je; b) and ileum
(Il; c) in epithelial (yellow arrowheads) and lamina propria cells (red arrowheads) from HuNoV-positive patients. The non-struc-

tural proteins, RNA-dependent RNA polymerase (RdRp; d, f and g), and viral protein,genome-linked (VPg; h, j and k) were also
detected in the same duodenal biopsy from a HuNoV-positive patient. Some cells showed the presence of VP1 and non-struc-
tural proteins (yellow arrowheads, d–k), while some cells showed the presence of only VP1. VP1 (m–o) and RdRp (l, n and o)

were not detected in HuNoV-negative biopsies (l–o). Bars, 10 µm.
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analysis of the biopsies from immunocompromised
patients with chronic HuNoV infection showed altered
gross histology.

Human norovirus antigen is associated with

histopathological changes in the small intestine

Biopsies from HuNoV-infected immunocompetent volun-
teers show histological changes in the small intestine (Agus
et al., 1973; Dolin et al., 1975; Schreiber et al., 1973, 1974).
However, HuNoV antigens have not been detected in these
biopsies. We first standardized conditions to reliably detect
HuNoV VP1 in formalin-fixed, paraffin-embedded tissues
(validation shown in Figs S1 and S2, available in the online
Supplementary Material). We then analysed one biopsy
from each of the intestinal segments from HuNoV-positive
immunocompromised patients that showed histological
changes.

In sections from the duodenal biopsy, VP1 (red, Fig. 1h,
j, l) was detected in the epithelium with gastric metaplasia
(red asterisks, Figs 1h, j and S3a) and in areas with
oedema (black asterisks, Fig. S3c). No VP1 staining was
detected in a matched serial section of the same duodenal
biopsy stained with the VP1 pre-immune serum in the
epithelium with gastric metaplasia (red asterisks, Figs 1k
and S3b) and oedema (black asterisks, Fig. S3d). Duo-
denal biopsies from a HuNoV-negative patient did not
show any staining with anti-VP1 (Fig. S3e, f) or the pre-
immune sera (data not shown). VP1 was also detected in
the jejunum and ileum (red, Fig. S3g–k, respectively) of
HuNoV-positive patients. In both intestinal segments,
VP1 was detected in areas with oedema [black asterisks,
Fig. S3h (jejunum) and j (ileum), respectively]. VP1 stain-
ing was not detected in the crypts of any intestinal seg-
ment (duodenum, Fig. 1i; jejunum, Fig. S3g; ileum, Fig.
S3i). Additionally, in all the sections, VP1 was localized
toward the basal region of the cells in the villus epithe-
lium. In summary, we detected VP1 in areas with histo-
pathological changes in duodenal, jejunal and ileal
biopsies from HuNoV-infected patients.

Human norovirus antigen is detected in epithelial

enterocytes and cells in the lamina propria

The villous epithelium is composed of three major cell
types, enterocytes, goblet cells and enteroendocrine cells.
We investigated whether HuNoV antigens can be detected
in each of these epithelial cell types in the HuNoV-posi-
tive biopsies. Enterocytes in the biopsies were identified
using an anti-villin antibody (brown staining in a
HuNoV-negative patient, Fig. 1m). The antibody detected
apically-localized villin (green arrowheads, Fig. 1m) as
well as villin in the cytosol of these enterocytes (black
arrowhead, Fig. 1m). Overall, villin expression in
HuNoV-infected patients was severely reduced in all
intestinal segments (duodenum, Figs 1h–l and S3a–d;
jejunum, Fig. S3g, h; ileum, Fig. 3i–k). Despite this

reduction, the villin staining was sufficient to identify
VP1-positive enterocytes in these patients (villin-green
and black arrowheads, VP1-red, Fig. 1l). VP1 was not
detected in goblet cells or the enteroendocrine cells
identified by mucin 2 and chromogranin A expression,
respectively (data not shown). Based on these observa-
tions, we conclude that enterocytes are the major epithe-
lial cell type that shows the presence of VP1. VP1 was
also detected in cells of the lamina propria in these biop-
sies (duodenum, Figs 1h and S3a, c; jejunum, Fig.
S3g and ileum, Fig. S3i, k).

We further analysed 14 duodenal (10 patients), 16 jejunal
(16 patients), 1 ileal (one patient) and 4 colon biopsies (2
patients). We used E-cadherin to identify epithelial cells
instead of villin due to the reduced villin expression in
HuNoV-infected biopsies. We detected VP1 in the intes-
tinal epithelium and in cells of the lamina propria of 4
duodenal biopsies (3 patients), 16 jejunal biopsies (16
patients) and in the single ileal biopsy (Table S2). We
detected VP1 in 5–20 epithelial and more than 20 lamina
propria cells in duodenal biopsies (Fig. 2a, Table S2).
Similarly, we detected VP1 in up to 10 epithelial and 7–
10 cells of the lamina propria in jejunal biopsies (Fig. 2b,
Table S2). The ileal biopsy contained very few epithelial
cells (3 per section) positive for VP1; in contrast, more
than 20 lamina propria cells were VP1 positive (Fig. 2c,
Table S2). VP1 was not detected in any of the colon
biopsies (0/4) from HuNoV-infected individuals (data not
shown) or in biopsies from HuNoV-negative patients
(Fig. S4a, d). Together these results demonstrate that VP1
was detected mostly in enterocytes and cells in the lamina
propria. Additionally, the enterocytes in HuNoV-infected
cells showed severe loss of villin expression.

Human norovirus gene expression in the

duodenal and jejunal epithelium

The expression of HuNoV non-structural proteins, RNA-
dependent RNA polymerase (RdRp) and viral protein-
genome linked (VPg), was analysed as a proxy for
HuNoV replication (Lay et al., 2010) in four duodenal
and two jejunal biopsies that were positive for VP1. We
used anti-RdRp and anti-VPg antibodies that reliably
detect the respective antigens (Figs S1g–j and 2g, h). The
specificity of these antibodies was validated using the
respective pre-immune sera (Fig. S1o–r).

We detected RdRp (Fig. 2d, f, g) and VPg (Fig. 2h, j, k)
along with VP1 (Fig. 2e–g and i–k respectively) in epithelial
cells of a single duodenal biopsy (1/4). In the same biopsy,
we identified multiple epithelial cells expressing RdRp and
VPg (yellow arrowheads, Fig. S4g, h). We also detected
RdRp along with VP1 in the epithelial cells of two jejunal
biopsies (Fig. S4i–k and data not shown). In contrast, biop-
sies from HuNoV-negative patients did not show any stain-
ing for RdRp (Figs 2l and S4b), VPg (Fig. S4e) or VP1
(Figs 2m and S4a, d). The pre-immune sera for anti-RdRp
and anti-VPg did not recognize any antigens in biopsies
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from HuNoV-infected patients (data not shown). Thus, the
presence of multiple non-structural proteins along with
VP1 in the duodenal and jejunal epithelium suggests that
intestinal epithelial cells support HuNoV replication.

Human norovirus VP1 is present in intestinal

macrophages, dendritic cells and T cells in the

lamina propria

We investigated if VP1 was present in immune cells
within the lamina propria in the HuNoV-infected immu-
nocompromised patients. We identified the immune cells
using standard markers such as CD68 for macrophages,
CD3 for T cells, DC-SIGN that detects a subset of den-
dritic cells and CD20 for B cells. We were able to detect
VP1 in macrophages in all the intestinal segments

(Fig. 3a–c, Table S2). VP1 was detected in T cells in duo-
denal and ileal biopsies (Fig. 3d–f, Table S2). VP1 was
also detected in some cells that expressed DC-SIGN in
duodenal and jejunal biopsies (Fig. 3g–i, Table S2). In
the ileal biopsy, VP1 staining did not overlap with cells
expressing DC-SIGN (Table S2).

A recent report suggests that B cell lines can support
HuNoV replication in vitro (Jones et al., 2014). Therefore,
we analysed B cells for the presence of VP1. While we
were able to detect B cells in a control biopsy from a
HuNoV-negative patient (1/4), B cells were not detected
in four HuNoV-positive duodenal or one ileal biopsies.
Two HuNoV-positive jejunal biopsies that showed CD20-
positive cells did not have overlapping VP1 staining (data
not shown). In summary, we detected VP1 in

(a)

(d) (e) (f)

(g) (h) (i)

(b) (c)

Fig. 3. Detection of HuNoV VP1 in intestinal immune cells. Immunofluorescence detection of HuNoV VP1 in the immune cells

of the lamina propria. HuNoV VP1 (green) expression was analysed in duodenal (a–f) and jejunal (g–i) biopsies in the immune
cells of the lamina propria. Intestinal macrophages, T cells and dendritic cells were identified based on expression of
CD68 (magenta, b), CD3 (magenta, e) and DC-SIGN (magenta, h), respectively. The red arrowheads mark the position of
macrophages (a–c), T cells (d–f) and dendritic cells (g–i) positive for VP1. The overlap between VP1 staining and the cell

markers appear as white (c, f and i). Scale bars a–f, 50 µm; g–i, 10 µm.
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macrophages, T cells and a subset of dendritic cells in all
intestinal segments.

Human norovirus antigens in the lamina propria

are present in actively phagocytizing

macrophages

We detected non-structural proteins VPg and RdRp along
with VP1 in macrophages of the lamina propria of a duo-
denal biopsy from HuNoV-positive patient. The presence
of HuNoV antigens in a given cell type could indicate repli-
cation, while in macrophages the presence of HuNoV anti-
gens could also be due to phagocytosis of infected epithelial
cells. To examine the latter possibility, we assessed for the
epithelial marker, cytokeratin 8 (CK8) (Bimczok et al.,
2013), in VP1-positive macrophages in HuNoV-positive
jejunal biopsies. As a control, we also analysed a biopsy
from a HuNoV-negative patient. The epithelial cells showed
robust CK8 expression in the biopsies from HuNoV-nega-
tive and -positive patients (white arrowheads, Fig. 4c, d, g,
h, respectively). In the cells of the lamina propria from
HuNoV-negative sections, CK8 was detected in macro-
phages in close association with the phagocytic marker
CD68 (yellow arrowheads, Fig. 4b–d). VP1 was not detected
in these patients (Fig. 4a). In the HuNoV-infected patient,
VP1 was localized with CK8 and CD68 in the macrophages
(yellow arrowheads, Fig. 4e–h). This observation was

further confirmed in duodenal biopsies from two additional
patients (data not shown). The co-localization of VP1, CK8
and the CD68 suggests that macrophages can phagocytize
HuNoV-infected epithelial cells in immunocompromised
patients.

DISCUSSION

Intestinal biopsies from immunocompromised HuNoV-
infected patients reveal several histological changes.
Among the changes observed were the presence of
oedema and gastric metaplasia that have not been
reported in HuNoV-infected patients before. The exact
contribution of HuNoV infection to the histological
changes observed in the transplant patients are unclear
due to the heterogeneity of the patients in terms of age,
sex and presence of multiple factors associated with
gastrointestinal pathology (Table S1). Despite this het-
erogeneity, flattening of the epithelium and severe loss
of villin from the apical surface of enterocytes were
observed in all HuNoV-infected patients. These observa-
tions could provide a histopathological basis for the pre-
viously reported loss of brush border enzymes located
on the apical surface of enterocytes (Agus et al., 1973;
Schreiber et al., 1973). Although VP1 was detected in
all segments of the small intestine and was associated
with histological changes, VP1 was detected in a subset

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4. Phagocytosis of HuNoV-infected epithelial cells. Immunofluorescence detection of HuNoV VP1 and epithelial marker
cytokeratin 8 (CK8) in macrophages. The presence of HuNoV VP1 (green) and the epithelial marker CK8 (red) was analysed
in macrophages in biopsies from a HuNoV-negative patient (a–d) and a HuNoV-positive patient (e–h). Macrophages were

identified by CD68 expression (magenta). Phagocytosis of epithelial cells by the macrophages was detected by the presence
of the epithelial marker CK8 (yellow arrowheads indicate position of phagocytic vesicles). In the HuNoV-negative patient, VP1
was not detected (a); however, CK8 was detected in macrophages (yellow arrowhead, d). VP1 was detected in the macro-

phages along with CK8 in the biopsy from the HuNoV-positive patient (yellow arrowheads, h). The white arrowheads indicate
the position of the gut epithelial cells. The images shown are three optical sections from a confocal image for both the biop-
sies. Bars, 10 µm.
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of the biopsies from HuNoV-positive patients. This
could be due to patchy infection in the small intestine
or collection of biopsies prior to detection of virus in
stool (Table S1).

We detected VP1 in enterocytes in the epithelium.
Importantly we also detected the presence of non-struc-
tural proteins RdRp and VPg in the epithelial cells, pro-
viding evidence that intestinal epithelial cells support
HuNoV replication. Given that enterocytes are the major
epithelial cells that showed the presence of VP1, it is
likely that enterocytes represent a permissive cell type for
HuNoV replication. This conclusion is made with the
caveat that the histological studies reported here cannot
prove that infectious virus is produced from the entero-
cytes that express non-structural and structural HuNoV
proteins. B cells have been reported as a permissive cell
type for HuNoV replication (Jones et al., 2014); however,
we did not detect VP1 in B cells. A recent study reported
that HuNoV infects B cell deficient patients (Brown
et al., 2016). While the absence of B cells was reported
to be associated with a reduction of viral titres in the
patients, the overall viral titres remained high (Brown
et al., 2016). Together, these results suggest that B cells
may not be the primary cell type for HuNoV replication
in vivo.

We detected VP1 in immune cells such as T cells, dendritic
cells and macrophages as seen generally at later times post
infection in animal models. Furthermore, we detected non-
structural proteins in macrophages. However, our results
suggest that the presence of HuNoV antigens in macro-
phages could be a result of phagocytic uptake of infected
epithelial cells. This observation is in agreement with previ-
ous results from our group that PBMC-derived macro-
phages and dendritic cells are not able to support HuNoV
replication (Lay et al., 2010). However, PBMC-derived
macrophages and dendritic cells differ from resident
immune cells found in the intestine, leaving the possibility
open that HuNoV could replicate in a subset of macro-
phages and dendritic cells. Due to the limited number of
sections from patient biopsies available for analysis, the sig-
nificance of detecting VP1 in dendritic and T cells remains
unclear. Thus, the question of whether HuNoV can repli-
cate in specific subsets of intestinal immune cells needs to
be investigated further.

Numerous unsuccessful attempts to cultivate HuNoVs in
transformed intestinal cell lines suggest that ex vivo-cultured
cancer cells do not support viral replication (Duizer et al.,
2004; Papafragkou et al., 2014; Straub et al., 2007;
Takanashi et al., 2014). We demonstrate that HuNoV can
infect all segments of the small intestine and identify intesti-
nal epithelial cells as a cell type permissive for HuNoV repli-
cation in patients. Therefore, a primary culture system
derived from intestinal stem cells may be able to support
HuNoV replication, which has been demonstrated
recently (Ettayebi et al., 2016).

METHODS

Patient description

Intestinal biopsies were obtained from patients with gastroenteritis fol-
lowing haematopoietic stem cell transplant (HSCT) at Memorial Sloan
Kettering Center, New York, NY, USA and from small bowel transplant
(SBT) patients at the University of Nebraska Medical Center, Omaha,
NE, USA. PCRs were conducted as described by Vega et al. (2011).
Sequencing of PCR products identified the genotype and strains of
HuNoV in the stool samples. The study was approved by the institu-
tional review boards of the participating institutions.

HSCT recipients with norovirus infection diagnosed between 1 Janu-
ary 2010 and 30 May 2012 who underwent endoscopy within
4months of a positive norovirus test and had tissue available for
examination were included in the study. In addition, stem cell recipi-
ents who underwent endoscopy for evaluation of symptoms during
the same period and had a negative norovirus test within 4months of
the endoscopy served as controls. The baseline characteristics of the
norovirus cases and controls are listed in the Table S1. In case of
bowel transplant patients, HuNoV-positive biopsies were either from
paediatric patients (12/18) or adults (6/18). The HuNoV negative
biopsy was from a paediatric patient.

Haematoxylin and eosin and immunofluorescence

staining of intestinal biopsies sections

The biopsies were fixed in 10% neutral buffered formalin and embed-
ded in paraffin. The paraffin blocks containing biopsies from HuNoV-
positive and -negative patients were cut in 3 µm sections. These sections
were used to conduct routine haematoxylin and eosin (H&E) staining,
immunohistochemistry [(IHC); as described in (Crawford et al., 2006)]
and immunofluorescence (IF) staining (described below). The HuNoV
infection and the cell types in these paraffin sections were identified
using antibodies mentioned below. The sections from HuNoV-positive
and -negative patients were stained using corresponding pre-immune
serum for the HuNoV antibodies and control mAb on the serial
sections.

The biopsy sections were deparaffinized in xylene, followed by washes in
an alcohol series (100>100>90>70%). The sections were then re-
hydrated in water and subjected to heat-induced antigen retrieval in
10mM citrate buffer pH 6 (Shi et al., 1993). The sections were next
washed in water for 5min and blocked using blocking buffer [PBS con-
taining a mixture of BSA and inactivated normal donkey serum (2.5%
each)] for 30min at room temperature. The sections were incubated in
primary antibodies overnight at 4 �C in a humidified chamber. The
following day, sections were washed three times in PBS+0.05% Tween
for 10min each. To visualize the antigens, the sections were incubated
with secondary antibodies conjugated with Alexa Fluor for 2 h at room
temperature, stained with DAPI (300 nM) and mounted in ProLong
gold antifade (Life Technologies, Carlsbad, CA). For long-term storage,
the slides were stored at�20 �C.

HuNoV antibodies. The HuNoV capsid protein VP1 was detected
using a guinea pig polyclonal antiserum raised against GII.4 Sydney
virus-like particles (VLPs) (anti-VP1, 1 : 100) and a previously described
mouse monoclonal antibody, NS14 [1 : 100, (Kitamoto et al., 2002)].
The non-structural proteins, RdRp (1 : 100) and the viral protein,
genome-linked (VPg, 1 : 100), were detected using antibodies raised in
rabbits against GII.3 HuNoV purified recombinant proteins (Katayama
et al., 2014). For validation of the antibodies to detect HuNoV antigens
see supplementary figures.

Cellular antibodies. The cell types were identified using commercially
available antibodies; anti-human E-cadherin (1 : 500, BD Biosciences,
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San Jose, CA) for epithelial cells, anti-human CD68 (1 : 100, Sigma-
Aldrich, St. Louis, MO) for macrophages, anti-human CD3 (Ready to
Use, Leica, Buffalo Grove, IL) for T cells, anti-human CD20 (1 : 200,
Leica, Buffalo Grove, IL) for B cells and anti-human DC-SIGN
(10 µg ml�1, Dendritics, Lyon, France) for dendritic cells. Cytokeratin
was detected using anti-Cam5.2 Alexa 647 conjugate (BD Biosciences,
San Jose, CA). A control monoclonal antibody [mAb 9E3-IgG1 raised
against the rotavirus capsid protein VP4 (Burns et al., 1988)] was used
to confirm the specificity of staining with the NS14 (IgG1) monoclonal
antibody.

Secondary antibodies for immunofluorescence. The secondary
antibodies used for indirect IF were raised in donkey or goat and
were conjugated with Alexa 488, Alexa 555 and Alexa 647 (1 : 1000,
Life Technologies, Carlsbad, CA).

Secondary antibodies for immunohistochemistry. Dual colour
IHC was carried out with goat anti-guinea pig–alkaline phosphatase and
goat anti-mouse-HRP (Vector Laboratories, Burlingame, CA, as per
manufacturer’s recommendation).

Confocal microscopy. IF images were acquired using a Nikon A1-R
confocal laser scanning microscope as previously described (Criglar
et al., 2014). The images for the biopsy sections along with their corres-
ponding controls were captured using identical parameters to allow
comparison between the antibodies and the pre-immune sera. The con-
focal stacks were captured using Nikon NIS capture software. The con-
focal stacks were projected in ImageJ (Fiji) and the final images were
prepared in Adobe Photoshop.

Light Microscopy. Images for H&E and IHC were captured on a
Nikon Eclipse Ci-L light microscope with a Nikon DS-Fi2 camera.

Validation of antibodies for detection of

human norovirus antigens in formalin-fixed,

paraffin-embedded samples by

immunofluorescence

The ability of antibodies to detect HuNoV antigens was validated using
formalin-fixed, paraffin-embedded HEK 293FT (HEK) cells expressing
HuNoV proteins.

Expression of human norovirus proteins in HEK cells. HEK cells
were transfected with pCG-HoV-VP1 to express the major capsid pro-
tein VP1 from GII.4 Houston virus (HoV) (Vongpunsawad et al., 2013).
The GII.4 HuNoV non-structural proteins were produced in HEK cells
by transfecting the pHuNoVSaga1F construct that expresses the full length
genome of GII.4 Saga1 (Katayama et al., 2014). HEK cells transfected
with pHuNoVU201F that expressed the full-length genome of a GII.3
HuNoV served as the positive control for IF staining with anti-RdRp
and anti-VPg (Katayama et al., 2014). HEK cells transfected with the
empty vector and mock-transfected cells served as negative controls
(Katayama et al., 2014). All the constructs were transfected into HEK
cells by using Lipofectamine 3000 (Invitrogen Carlsbad, CA) following
the manufacturer’s instructions.

Fixation and sample preparation. The transfected HEK cells were
harvested at 48h post transfection. The cell pellets were fixed overnight
in buffered 10% formalin at 4 �C and embedded in paraffin. The paraf-
fin blocks were cut into 3 µm paraffin sections for validation studies.

Detection of human norovirus antigens using indirect

immunofluorescence. The HuNoV antigens in the sections of HEK
cell pellets were detected by indirect IF as described above.

NOTE ADDED IN PROOF

While this article was in press, the ability of enterocytes to support
HuNoV replication was reported (Ettayebi et al., 2016).
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