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Adenovirus is prevalent in juvenile polyps and correlates with
low vitamin D receptor expression
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BACKGROUND: The objective of this study was to assess human adenovirus (HAdV) infection in juvenile polyps (JPs) and to
preliminarily establish a correlation to vitamin D receptor (VDR) expression.
METHODS: The study includes 76 patients of 5.2 + 2.8 years old. Seventy-eight JP specimens and 24 parapolyp tissues from

polypectomy were used. PCR was used to detect HAdV DNA and quantitative reverse transcription-PCR for viral and host gene
expression. The PCR products were sequenced for virus typing. The correlation between VDR expression and HAdV infection was
established using nonparametric Spearman’s analysis.

RESULTS: Seventy-four children (97.4%) had a single polyp and two had two polyps. The histopathological characteristics of the
polyps were in line with JP. Thirty-three samples had HAdV DNA (43.4%), including 32 subgroup C and 1 subgroup B HAdV; no
enteric HAdV was detected. HAdV messenger RNA was detected in 5 of the 33 samples (15.2%). The samples had increased
interleukin-1( (IL-1B), IL-6, and calprotectin expression, and reduced E-cadherin and VDR expression. JP samples with low VDR
expression were more prevalent of HAdV DNA (r=1.261, 95% confidence interval, 1.017-1.563), while VDR expression positively
correlated with E-cadherin and negatively with inflammation gene expression.

CONCLUSIONS: HAdV latent infection was prevalent among JP tissues. The presence of HAdV correlated positively to low VDR

expression.

Pediatric Research (2022) 91:1703-1708; https://doi.org/10.1038/s41390-021-01697-y

IMPACT:

® The HAdVs infect the upper airways and gastrointestinal system and is found to persist in lymphoid tissues. The prevalence of

HAdV and the status of the infection is unknown.

® The study investigated the prevalence of HAdV from polypectomy specimens of JP patients and found that HAdV was prevalent
and was in a persistent state. HAdV infection was more prevalent in samples with low VDR expression.

® Whether HAdV infection and reactivation is a contributing factor to JPs is unknown. Factors such as proinflammation and
bacterial metabolites that are known to promote HAdV reactivation warrant further investigation.

INTRODUCTION

Juvenile polyps (JPs) are benign intestinal polyps formed by
rounded mucosal hamartoma of the lamina propria in the large
bowel. Also known as congenital or retention polyps, these
types of polyps develop in the rectum or sigmoid colon of
children <5 years of age."” The polyps are solitary in most
cases, but can be a few in some patients.* JPs often remain
asymptomatic with gastrointestinal (Gl) bleeding, an indicative
symptom. Thus, the most common presenting symptom of JPs
is bleeding that results from ulceration of the polyp surface.
Blood loss is usually minimal and appears as bright red streaks
of blood over the surface of the stool.> Another character of JPs
is that they will autoamputate, resulting in spontaneous
cessation of rectal bleeding.? Although the incidence of JPs is
unknown, they are believed to occur in ~1-2% of all preschool-

aged children, with the peak incidence between 3 and 5 years
of age. With increases in the demand for colonoscopy, the
detection rate of JPs can be high. Some studies have reported
that polyps were found in 7-27.2% of children undergoing
colonoscopy.>®

The etiology of JPs is unknown. Studies link JPs to factors such
as hereditary, genetic, and inflammatory causes.” The connection
between virus infection and JPs is rarely reported, although both
viral and bacterial infection is among the most common causes of
gastroenteric diseases in children. Microscopically, the main body
of the polyp consists of dilated or cystic epithelial tubules that are
lined by normal colonic epithelium.” It is generally considered that
polyps are the result of ulceration and subsequent inflammation
of the mucosa, causing obstruction of regional, small colonic
glands of the mucosa. The obstructed glands proliferate, branch,
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Table 1. Patient information and test results.
Characteristics Information
Patients (n) 76
Gender (male/female) 57/19
Age (mean + SEM) 56+28
<3 years (n) 18
3-<5 33
5-<8 17
>8 8
Polyp location (n)
Rectum 50
Sigmoid colon 23
Other areas 5
JP size (n)
<lcm 32
1-2cm 24
>2cm 22
Ad status (positive, patients, %)* 33, 76, 43.4%
<3 years 7, 18, 38.9%
3-<5 years 15, 33, 45.4%
5-<8 7,17, 41.2%
>8 4, 8, 50.0%
Rectum 17, 48, 35.4%

Sigmoid colon 13, 23, 56.5%

Other areas 3, 5, 60%
Adenovirus species or serotypeb
Species C 32
Species B 1
HAdV40 or 41 0
25(0OH)D (nM, mean = SEM)¢ 59.6 +9.7
Normal (>75 nM) 2, 7.4%
Insufficient (50-75 nM) 19, 70.4%
Deficient (<50 nM) 6, 22.2%

*We collected 78 polyps from 76 patients. Two patients had two polyps
removed, but only one polyp was tested for HAdV.

The variable region of the hexon gene was used for species classification.
“Blood 25-hydroxyvitamin D (25(OH)D) levels among patients (n = 27) are
listed.

and dilate, forming a cystic structure that will eventually push up
the mucosa, leading to further inflammation, ulceration, and
formation of granulation tissue. The inflammation and ulceration
increase the exposure to bacteria and viruses. The human
adenovirus (HAdV) is among the common pathogens that infect
the upper airways and the Gl system and is found to persist in
lymphoid tissues. The persistence of HAdV in the GI tract was
identified in 31% of children,®° while virus infections, particularly
subgroup C adenoviruses, are commonlg/ detected among
patients with intestinal intussusception.'®™'®> The HAdVs are so
named based on their isolation from resected adenoids.'*"” They
are known for a tendency to acutely infect the upper respiratory
tract and the Gl tract and to persist in lymphoid tissues.'®'? The
persistence or reactivation of HAdV in the Gl tract is likely a
common event since persistent adenoviral shedding in stools is
known to occur past convalescence following acute adenoviral
infections.?>?* In some cases, asymptomatic HAdV shedding in
the stools can last for over 2 years after the primary infection.?*
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The prevalence and status of HAdV in JPs have not been
investigated.

We studied JP specimens from 76 patients and found that
HAdV DNA was prevalent among the samples. In addition, the
virus seemed to remain in nonreplicative state since we only
detected HAdV messenger RNA (mRNA) from ~15.2% of the
samples. Here we report the investigation of HAdV infection in
JP samples.

MATERIALS AND METHODS

Tissues samples and stool samples

Tissue and stool samples were collected as part of the routine operation for
patients undergoing colonoscopy or sigmoidoscopy for the diagnosis and
treatment of JPs. The studies were approved by the Ethics Committees of
Nanjing Medical University and Nanjing University Medical School, and
informed consent was obtained from parents or legal guardians in
accordance with the Declaration of Helsinki. The study involved 76 patients
(57 males and 19 females) with 78 JPs, 24 parapolyp specimens, and stool
samples collected from June 2016 to June 2018 at the Department of
Gastroenterology, Nanjing Children’s Hospital. The information of the
patients is summarized in Table 1.

DNA extraction and HAdV detection

JP tissue samples (~20 mg) were homogenized in 100 pl buffer containing 150
mM Nacl, 0.5% NP-40, 0.1% SDS, and 20 mM Tris-HCI (pH 7.6). The samples
were centrifuged at 13,000 X g to remove cellular debris. Stool samples (50 mg)
were diluted 1:10 with lysis buffer and centrifuged at 13,000 x g for 3 min to
collect the supernatants. For DNA extraction, the supernatants of JP tissue
lysates or stool samples were treated with proteinase K (0.2 mg/ml) at 55°C
overnight to deproteinate viral DNA associated proteins. The DNA was then
purified by phenol-chloroform extraction, followed by ethanol precipitation.
Total DNA was resuspended in a Tris-EDTA (TE) buffer and the concentrations
were determined with a Nanodrop 2000 instrument. DNA was used as a
template for HAdV detection by nested PCR as previously reported.'®? Briefly,
the first PCR reaction was performed using a pair of degenerate oligos
(hex1deg, 5-GCCSCARTGGKCWTACATGCACATC-3' and hex2deg, 5-CAG-
CACSCCICGRATGTCAAA-3') in a final volume of 50 ul containing 100 ng of
DNA template. The reaction conditions were as follows: 94°C for 3 min,
followed by 35 cycles of 94 °C for 30's, 55 °C for 305, and 72 °C for 1 min, and a
final extension at 72 °C for 5 min. For the second PCR (nested reaction), one-
tenth of the PCR mixture was amplified using the same parameters described
above, with the following primers, respectively, nehex3deg, 5'-GCCCGYGCMA-
CIGAIACSTACTTC-3" and nehex4deg, 5'-CCYACRGCCAGIGTRWAICGMR-
CYTTGTA-3". The amplified products were electrophoresed and were
sequenced by an automated DNA analyzer (Sangong Biotech, Nanjing, China).
The sequences were subjected to BLAST searching against the GenBank
database.

RNA extraction and quantitative reverse transcription-PCR
(RT-qPCR)

Total RNAs were extracted with TRIzol reagent (Ambion). RT was
performed with 1 pg of total RNA using HiScript Il RT SuperMix (Vazyme).
The complementary DNA was examined by PCR using primers that anneal
to the hexon gene, a conserved region of the species C or B adenovirus as
previously reported for HAdV mRNA or for VDR, IL-1B, IL-6, and E-cadherin
expression by RT-qPCR with 7300 Real-Time PCR System (Thermo Fisher).
Cellular glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
for normalization. The data were analyzed using the 2722 method for
relative quantification following the MIQE guidelines.?® The primer
sequences are listed in Table 2.

Measurement of 25-hydroxyvitamin D (25(0OH)D) by enzyme-
linked immunoassay

Blood 25(0OH)D was determined in the hospital using an EIA Kit (IDS,
Boldon, UK) by following the manufacturer’s instructions. Serum 25(0H)D
reflects both vitamin D metabolic status and the contributions from all
sources of vitamin D.>” Age- and sex-matched healthy infants whose blood
samples were collected around the same time frame at the Child Health
Clinic of the Hospital were included as controls.
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Table 2. Oligo sequences used for detection of gene expression®.

Target Accession
GAPDH, F NM_001357943.2
GAPDH, R

VDR F NM_001374662.1
VDR R

E-cadherin F NM_001317185.2
E-cadherin R

S100A9 F NM_002965.4
S100A9 R

IL-18 F NM_000576.3
IL-1B R

IL-6 F NM_001371096.1
IL-6 R

HexonC F J01966

HexonC R

HexonB F X76549

HexonB R

Oligonucleotide sequence
5'-AGGTCGGAGTCAACGGATTTG
5'-GGGGTCATTGATGGCAACA
5/-TCTCCAATCTGGATCTGAGTGAA
5'-GGATGCTGTAACTGACCAGGT
5/-ATTTTTCCCTCGACACCCGAT
5/-TCCCAGGCGTAGACCAAGA
5-GGTCATAGAACACATCATGGAGG
5'-GGCCTGGCTTATGGTGGTG
5'-AGCTACGAATCTCCGACCAC
5/-CGTTATCCCATGTGTCGAAGAA
5/-ACTCACCTCTTCAGAACGAATTG
5'-CCATCTTTGGAAGGTTCAGGTTG
5'-ACCTGG GCCAAAACCTTCTC
5/-CGTCCATGGGATCCACCTC
5/-CGCCGGACAGGATGCTT
5/-CTACGGTCGGTGGTCAC

Product size (bp)
95

111

109

155

186

149

138

138

?Gene accession number of corresponding genes is given. The ST00A9 subunit was used for the detection of calprotectin.

Statistical analysis

Statistical analysis was done with SPSS. An independent two-sample t test
was used to analyze parametric continuous variables, and a cross-
tabulation analysis with the x? test was used to analyze nominal variables.
Because of our relatively small sample sizes, we used a nonparametric
Spearman’s correlation analysis to determine the correlation between the
real level of VDR, IL-1B, IL-6, calprotectin, and E-cadherin expression and
the HAdV-positive JPs. A Pearson’s correlation test was utilized to address
the correlation between VDR and that of IL-1(3, IL-6, calprotectin, and
E-cadherin expression. A P value <0.05 was considered statistically
significant.

RESULTS

Study participants

The samples, including 78 polyp samples and 24 parapolyp
specimens, were collected from 76 patients undergoing
colonoscopy or sigmoidoscopy for the diagnosis and treatment
of JPs during June 2016 and June 2018 at the Department of
Gastroenterology, Nanjing Children’s Hospital. A protocol for
the use of the samples was approved by the Clinical Research
Ethics Committee of Nanjing Children’s Hospital. The intestinal
polyp samples were from children aged from 16 months to 14.5
years old, with an average of 5.2+2.8 years of age. Among
the 76 children, 57 were male and 19 were female. Most of the
children had blood in their stools (92.1%), 6 patients
had prolapse of anal mass. Seventy-four children (97.4%) had
a single polyp and two had two polyps. The polyps were
located in the rectum (63.2%), sigmoid colon (30.3%), and
transverse colon or descending colon (6.6%). The 78 polyps
varied in sizes from <1 cm (32 cases, 41.0%) to 1-2 cm (24 cases,
30.8%), and >2 cm (22 cases, 28.2%). The histopathology of the
polyps was in line with the histopathological characteristics of
JPs, including cystic architecture, mucus-filled glands, and
prominent lamina propria, through resection under the
microscope.

A retrospective review of the JP patients with (25(OH)D) status
tested indicated that the patients generally had lower levels of
serum 25(0OH)D than healthy individuals. 25(OH)D levels in the
patients were at 59.6 £ 9.7 nM, compared to that of 77.8 +7.6 nM
from age-paired controls of children who attended the outpatient
clinic for health check-ups.
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Detection and identification of adenoviral DNA

We performed a PCR study to determine whether the samples
had HAdV DNA using a pair of universal primers that target the
conserved region of the hexon gene of HAdVs.?> The amplicons
were then subjected to automated sequence analysis. HAdV
DNA was detected in 43.4% of the patients (33 in 76 patients).
The majority of the DNA belonged to subgroup C virus (32 of
33 samples) and one to subgroup B. No HAd40 or HAd41 DNA
was detected from the samples. In addition, the prevalence of
HAdV among different age groups seemed to be evenly
distributed.

Adenovirus can exist in a lytic cycle or in latent status. We
performed RT-PCR studies to determine Ad gene transcription by
RT-PCR. Although adenoviral DNA was detected from 43.4% of
patients, only five of the samples had adenoviral RNA detected
(15.2%), indicating that the majority of HAdV remained non-
replicative state in the JP tissues. This is consistent with the result
from previous studies of stool samples.’*?3?* In a follow-up study,
we surveyed the stool samples of the patients and found a
relatively low incidence rate in virus shedding from the patients.
We detected adenoviral DNA from ~4% of the stool samples of
patients who were going to have endoscopy examinations. This
result further supports the notion that most of HAdVs were latent
in the JP tissues.

We detected species C HAdVs as a predominant subgroup in
JPs. While HAdV40 and HAdV41 are reported as enteric pathogens,
nonenteric HAdVs, especially subgroup C viruses, are commonly
detected from gastric specimens.'®'"?82% |n addition, the results
suggested that HAdVs in the JP tissues were in a nonreplicative
stage in most of the cases. Many factors such as bacterial products
like short-chain fatty acids may reactivate HAV from latency.>*>'
Whether virus reactivation modifies JP disease remains
uninvestigated.

Correlation of HAdV detection to VDR expression

Accumulating evidence suggests that vitamin D insufficiency could
potentially attribute to viral and bacterial infections. We noticed that
the patients, in general, had insufficient or deficient 25(0OH)D levels
in their blood. We, therefore, performed RT-gPCR study to determine
VDR gene expression in the JP and the parapolyp tissues since the
active form of vitamin D exerts the function through VDR. We found

SPRINGER NATURE
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Fig. 1 Gene expression of IL-1B, IL-6, calprotectin, E-cadherin, and

VDR in juvenile polyp and parapolyp tissues. a 25(OH)D levels in
the blood of the participants (n =27) and in those of age- and sex-
paired healthy individuals (n=24) are plotted. The information
includes 27 patients who had blood 25(0OH)D levels tested prior to
polypectomy. b, ¢ Gene expression of IL-1p, IL-6, and ST09A subunit
of calprotectin, E-cadherin, and VDR in the parapolyp specimens
(n=24) and the polyp tissues (n=76) was detected by qPCR.
GAPDH expression in individual samples was used for normalization.
The levels of gene expression in the parapolyp tissues were
arbitrarily assigned as 1. A P value of <0.05 was considered
statistically significant. **P < 0.01.

that the level of 25(0OH)D in the blood had no relationship with the
VDR gene expression in the JP (r=—0.1765, 95% Cl, —0.8643 to
0.7413). In addition, we also checked for IL-1(, IL-6, calprotectin of
inflammation, and E-cadherin of the tight junction. Compared to
that of parapolyps, the JP tissues had decreased expression of VDR
and E-cadherin. In contrast, the JP tissues had increased gene
expression of IL-1B, IL-6, and calprotectin, a marker for intestinal
inflammation, indicating the existence of inflammation in the JP
tissues (Fig. 1).

We then correlated HAdV prevalence to the expression of these
genes in the polyp tissues (Table 3). By nonparametric Spearman’s
correlation analysis, we found that HAdV prevalence in the polyp
tissues positively correlated to IL-1B, IL-6, and calprotectin expression.
Samples with low expression of VDR or with E-cadherin had a high
prevalence of HAdV infection. The samples with low VDR expression
were more prevalent of HAdV DNA, while those with high VDR
expression had a significantly lower detection rate of HAdV DNA (r =
1.261, 95% Cl, 1.017-1.563). For comparison, 30 of the adenoviral
DNA-positive samples were from 61 low VDR expression samples
compared to that of parapolyps, while the 15 samples with higher
than control VDR expression only had three with adenoviral DNA,
representing a positive rate of 49.2% and 20.0%, respectively. VDR
function has a critical role in antiviral and antimicrobial defence. We
found that VDR expression has a negative correlation with

SPRINGER NATURE

Table 3. Univariate analysis of HAdV prevalence to gene expression of
VDR and inflammation.

Viarable HAdV status® OR (95% CI)®

VDR (H/L) 4 0.321 (0.112-0.935)
= 1.724 (1.211-2.413)

IL-1p (H/L) e 11.663 (3.892-34.964)
= 0.167 (0.075-0.361)

IL-6 (H/L) 4 4594 (2.286-9.252)
= 0.281 (0.151-0.5243)

Calprotectin (H/L) + 5.001 (2.346-10.708)
= 0.293 (0.171-0.536)

E-cadherin (H/L) 4 0.285 (0.141-0.576)

— 2.432 (1.521-3.906)
Gene expression was normalized to GAPDH expression using the average
number of corresponding genes in parapolyps as 1. The high and low (H/L)
of expression in the juvenile polyps was designated as higher or lower
than those in the parapolyps of corresponding genes.
2+ means HAdV-positive samples, — means HAdV-negative samples.
b Spearman’s correlation analysis. The odd ratio of the 95% Cl is given.

inflammation of IL-1(, IL-6, and calprotectin expression (Fig. 2). The
results thus suggest that low VDR expression is a risk factor for Gl
HAdV infection and persistence, while low VDR expression positively
correlated to the inflammation conditions of the samples.

In summary, we found for the first time that HAdV was common
among JP samples. The rate of HAdV detection correlated
positively with low VDR expression.

DISCUSSION

We screened the tissues by using PCR and found that the majority
of JP tissues had HAdV. By detection of HAdV transcripts, we
concluded that most of the patients were inactively infected, a
conclusion that was supported by the detection of limited HAdV
shedding in the stools. In this study, we detected subgroup C
viruses overwhelmingly from JPs. No HAd40 or Ad41 was detected
from JP samples, although some studies reported that enteric
HAdV (types 40 and 41) accounted for approximately half of the
HAdV-positive cases in diarrheic children.'®** The recent study
seems to indicate that the HAdV subgroup C are common
pathogens among children with enteric ailments.

HAdVs were first detected by Rowe and co-workers from removed
adenoids and are known to cause a broad spectrum of human
diseases.'® The viruses are classified into at least 51 serotypes within
six species (A-F). It is now known that HAdV causes a wide spectrum
of diseases, from uncomplicated acute respiratory to conjunctivitis
and Gl infections in healthy individuals. Their role in Gl illnesses has
been questioned until recently. Infants and children have consider-
able masses of lymphoid tissue.** Stool virome in very early-onset
inflammatory bowel disease shows a potential association of enteric
viruses with inflammatory bowel disease® Serology and stool
antigen testing show that patients with inflammatory bowel disease
correlate with a viral infection” Intussusception is a type of
intestinal invigoration. HAdV has been identified as a potential risk
for developing intussusception in pediatric patients. In a study
among Korean children with intussusception, subgroup C nonen-
teric HAdVs were detected at a rate of >95% and showed a
significant epidemic correlation (r=0.776; P=0.001) with intussus-
ception. Those and our study show that subgroup C HAdV is a
potential risk factor for intestinal diseases.

We found HAdV detection to be inversely correlated with low VDR
expression. Low serum 25(0H)D concentration is associated with
mucosal inflammation.®® Epidemiological studies support a link

Pediatric Research (2022) 91:1703 -1708
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Fig. 2 Correlation analysis of VDR expression in association with IL-1B, IL-6, calprotectin, and E-cadherin expression in HAdV-positive
JPs. A Pearson’s analysis was performed to correlate VDR expression to that of IL-1p, IL-6, calprotectin, and E-cadherin.

between low 25(0H)D levels and a higher risk of viral infections.>%4°

It was reported that vitamin D deficiency is prevalent among
patients with HIV infection.*’ SARS-CoV-2 positivity rates were higher
among those with 25(OH)D deficiency.*? Although vitamin D
supplementation did not reduce the overall wintertime upper
respiratory tract infections among healthy children,* vitamin D
supplementation protected against acute respiratory tract infection
among vitamin D-deficient patients.** Vitamin D decreases induc-
tion of NF-kB pathway-regulated chemokines and cytokines while
maintaining the antiviral state against respiratory syncytial virus
infection.”® Cell culture experiments support the thesis that vitamin
D has direct antiviral effects since vitamin D has the ability to
upregulate antimicrobial peptides LL-37 and human beta-defensin 2
expressions.

Subgroup C HAdVs use Coxsackievirus and adenovirus receptor
(CAR), a 46 kDa transmembrane protein, for high-affinity binding
to the host cells. CAR is a transmembrane component of the tight
junction. Vitamin D deficiency predisposes to adherent-invasive
Escherichia coli-induced barrier dysfunction in the gut and
attenuates the innate immune pathway of antimicrobial and
anti-inflammatory response.*™*® In nonpolarized cells, CAR
localized to homotypic intercellular contacts, mediated homotypic
cell aggregation, and recruited the tight junction protein ZO-1 to
sites of cell-cell contact.** Whether reduced VDR expression
contributes to increased incidence of virus infection that may
exacerbate inflammation and intussusception bleeding remains
unknown. Vitamin D deficiency promotes epithelial barrier
dysfunction and intestinal inflammation.”®*" It has been reported
that VDR deletion leads to the destruction of tight and adherent
junctions in the lungs,>? while calcium and vitamin D supplements
have a positive effect on tight-junction proteins and mucin-12
expression in the normal rectal mucosa of colorectal adenoma
patients.>® It is plausible to speculate that the dysfunction of

Pediatric Research (2022) 91:1703 -1708

which may lead to endotoxemia and inflammation, and contribute
to increased incidence of virus infection and potentially
reactivation.

Our study shows that nonproductive HAdV is common among
JP tissues and uncovers a correlation between vitamin D
deficiency and HAdV prevalence, highlighting the need for
monitoring interventional studies on vitamin D status in young
children with digestive system ailments in particular.
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