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Summary

Viruses are postulated as primary candidate triggers of islet autoimmunity (1A) and
type 1 diabetes (T1D), based on considerable epidemiological and experimental ev-
idence. Recent studies have investigated the association between all viruses (the
‘virome’) and IA/T1D using metagenomic next-generation sequencing (mNGS). Cur-
rent associations between the early life virome and the development of IA/T1D were
analysed in a systematic review and meta-analysis of human observational studies
from Medline and EMBASE (published 2000-June 2020), without language restric-
tion. Inclusion criteria were as follows: cohort and case-control studies examining the
virome using mNGS in clinical specimens of children <18 years who developed 1A/
T1D. The National Health and Medical Research Council level of evidence scale and
Newcastle-Ottawa scale were used for study appraisal. Meta-analysis for exposure
to specific viruses was performed using random-effects models, and the strength of
association was measured using odds ratios (ORs) and 95% confidence intervals (Cls).
Eligible studies (one case-control, nine nested case-control) included 1,425 partici-
pants (695 cases, 730 controls) and examined IA (n = 1,023) or T1D (n = 402). Meta-
analysis identified small but significant associations between IA and number of stool
samples positive for all enteroviruses (OR 1.14, 95% CI 1.00-1.29, p = 0.05; het-
erogeneity x2 =1.51,p=0.68, I = 0%), consecutive positivity for enteroviruses (1.55,
1.09-2.20,p =0.01; )(2 =0.19, p = 0.91, I> = 0%) and number of stool samples positive
specifically for enterovirus B (1.20, 1.01-1.42, p = 0.04; x*> = 0.03, p = 0.86, 1> = 0%).

Abbreviations: 50p100K, 50 viral reads per 100,000 raw reads; ADA, American Diabetes Association; Cl, confidence interval; CVA, coxsackievirus A; CVB, coxsackievirus B; DIPP, Type 1
Diabetes Prediction and Prevention; DR3, haplotype DRB1*0301-DQA1*0501-DQB1*0201; DR4, haplotype DRB1*0401/02/04/05/08-DQA1*0301-DQB1*0302/04; DR8, haplotype
DRB1*0801-DQA1*0401-DQB1*0402; DR3/4, heterozygous genotype comprising both DR3 and DR4 haplotypes; ECHO, enteric cytopathic human orphan virus; ENDIA, Environmental
Determinants of Islet Autoimmunity; EV, enterovirus; EV-A, enterovirus A; EV-B, enterovirus B; FDR, first-degree relative; GADA, - glutamic acid decarboxylase 65 autoantibodies; HLA,
human leukocyte antigen; IA, islet autoimmunity; IAA, insulin autoantibodies; I1A2A, tyrosine phosphatase-like insulinoma antigen 2 autoantibodies; ICA, islet cell autoantibodies; mNGS,
metagenomic next-generation sequencing; NHMRC, National Health and Medical Research Council; NOS, Newcastle-Ottawa quality assessment scale; OR, odds ratio; PBMC, peripheral
blood mononuclear cell; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; T1D, type 1 diabetes mellitus; TEDDY, The Environmental Determinants of
Diabetes in the Young; VirCapSeq-VERT, Virome Capture Sequencing Platform for Vertebrate Viruses; x2, Cochrane's Q test; ZnT8A, zinc transporter 8 autoantibodies.
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1 | INTRODUCTION

Type 1 diabetes (T1D) is common, affecting more than 600,000
children aged <15 years worldwide.! T1D is preceded by islet
autoimmunity (lA) lasting months to decades.? It is defined serolog-
ically as multiple autoantibodies against one or more T1D-associated
autoantigens, including insulin (IAA), glutamic-acid decarboxylase
(GADA), tyrosine phosphatase-like insulinoma antigen 2 (IA2A), islet
cell cytoplasmic proteins (ICA) and B-cell-specific zinc transporter 8
(ZnT8A).2 T1D pathogenesis results from a complex interplay of
genetic predisposition®® and environmental exposures.®” Accumu-
lating evidence supports the influence of environmental factors,
particularly viruses. The increased incidence of T1D is too high to be
attributed to genetics alone,*® with data showing seasonal I1A/T1D
clustering,” geographical variation in incidence!® and more frequent
in utero and early-life infections in affected individuals.*>*2

Higher rates of enterovirus (EV) infection, detected by

113%% or molecular methods,*> Y’ have been observed in

serologica
T1D patients at diagnosis versus unaffected controls, or prospec-
tively in individuals who subsequently develop IA and/or T1D versus
those who do not. Accordingly, our previous meta-analysis investi-
gating EV using molecular methods demonstrated significant
association between EV and IA (odds ratio [OR] 3.7, 95% confidence
interval [Cl] 2.1-6.8, p < 0.001) or T1D (9.8, 5.5-17.4, p < 0.001).18
In addition, EV proteins and RNA have been isolated from pancreata
of affected patients, with upregulated EV receptors selectively
expressed in pancreatic islets.?®?° However, inconsistencies in

21-23 make it difficult to establish a definitive causal associ-

findings
ation. Importantly, substantial investigation bias exists for EVs in
previous studies.?? In contrast, only a limited number of studies have
reported on the potential associations of other viruses with T1D,
including mumps,?* cytomegalovirus,25 rotavirus,?® parechovirus,?”2®
Epstein-Barr virus,?? rubella? and parvovirus.*°

In an effort to alleviate this bias towards EVs, a growing number of
studies are applying high-throughput metagenomic next-generation
sequencing (MNGS) to comprehensively characterise the population of
all known human viruses (the ‘virome’), simultaneously. Here, we
report the first systematic review and meta-analysis of observational
studies using mNGS to investigate vertebrate-infecting DNA and RNA
viruses in children <18 years, and subsequent development of |A or
T1D. Analysis of bacteriophage has been excluded from this review.
The unbiased viral mNGS in early life and childhood has potential to

comprehensively identify diabetogenic viruses increasing the IA/T1D

Virome analyses to date have demonstrated associations between enteroviruses and
IA that may be clinically significant. However, larger prospective mNGS studies with
more frequent sampling and follow-up from pregnancy are required to further

elucidate associations between early virus exposure and |IA/T1D.

childhood, islet autoimmunity, next-generation sequencing, type 1 diabetes, virome

risk or viruses affording protection. This may present new opportu-

nities to intervene through antiviral medications or vaccination.

2 | METHODS

2.1 | Search strategy and selection criteria
This review is registered on PROSPERO (23 July 2020), registration
number CRD42020188737. Two reviewers (Clare L. Faulkner and Yi
Xuan Luo) independently conducted a systematic search for obser-
vational studies investigating the association between virome
composition and/or abundance, and IA or T1D. EMBASE and MED-
LINE databases were searched (2000-1 June 2020) using the strat-
egy in Appendix S1. The search was performed without geographical
or language restrictions and limited to studies in humans. Restriction
to studies published from year 2000 onwards was informed by
emergence of mNGS and other viral sequencing technologies.®%?
This search was supplemented by manual searching of references of
identified papers, key journals, OpenGrey and ProQuest to identify
additional articles potentially missed by online indexes. PROSPERO
was interrogated to confirm no recent/ongoing systematic reviews.
Eligible studies were observational (cohort, case-control and
nested case-control; including letters or abstracts), using mNGS to
characterise the virome in any clinical specimen in children aged <18
years who developed IA and/or T1D. Age restriction was imposed
because IA often develops in childhood, suggesting viruses exert
influence early in life. IA was defined as persistence of one or more
autoantibodies against T1D-associated autoantigens (IAA, GADA,
IA2A, ICA and ZnT8A) in >2 time-separated consecutive samples.
Transplacental autoantibodies were excluded, defined as transient
presence of the same autoantibody in a child <18 months and his/her
mother. T1D was defined using American Diabetes Association
criteria.®® Eligible studies were categorised into two groups based on
the outcome: IA or T1D. Data were extracted on vertebrate-infecting
viruses only, excluding studies that only analysed bacteriophage.
Two reviewers (Clare L. Faulkner and Yi Xuan Luo) screened
titles and abstracts of identified studies (Figure 1) and then analysed
shortlisted studies in full text for eligibility. In instances of uncer-
tainty (n = 2), an independent advisor (Ki Wook Kim) was consulted
to reach consensus decision. Case reports/series, uncontrolled
studies, reviews and animal studies were omitted based on exclusion

criteria.
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Records identified through

database searching
(n=774)

Additional records identified
through other sources

(n=4)

Total records
(n=778)

Duplicates removed

A 4

Records screened
(n=727)

\ 4

m=51)

Records excluded (n = 715)
Ineligible exposure (n = 31)
Ineligible outcome (n = 20)

v

A 4

Ineligible population (n = 16)
Ineligible publication type (n = 45)
Ineligible study method (n = 70)
Non-relevant content (n = 533)

Full text articles assessed
for eligibility
n=12)

Full text articles excluded (n =4)

v

Ineligible study method (n=1)
Re-used dataset (n = 3)

\ 4

Full-text articles included
in systematic review
n=238)

Studies included in
systematic review
(n=10)

Studies included in

FIGURE 1 Flow diagram of study selection

2.2 | Data analysis

Data extracted included publication authors, year and geographical
location; study design; study participants; number of cases/controls;
age; level of pre-existing IA/T1D risk (human leukocyte antigen [HLA]
genotype and family history); sample type, number and collection
protocols; virus detection method and positivity threshold; rates of
virus positivity in cases/controls; examined outcome (IA or T1D);
measures of effect and funding. Original authors were contacted for
insufficient or missing published data (n = 4).

Two reviewers (Clare L. Faulkner and Yi Xuan Luo) indepen-
dently assessed the quality of included studies using the National
Health and Medical Research Council (NHMRC) level of evidence
scale® and the Newcastle-Ottawa Quality Assessment Scale
(NOS),%* as recommended by Cochrane collaboration. The NHMRC
scale grades the study design according to a defined research hier-
archy. The NOS evaluates three areas: selection, comparability and
exposure; out of nine points, greater than six indicates good methods.
Our chosen comparability controls were age and sampling time, and

two critical factors likely to impact the prevalence of viruses.

meta-analysis
n=9)

A 4

We calculated ORs with 95% Cls and p-values for viruses present
in children with |IA or T1D versus controls from the extracted data
using the Mantel-Haenszel method. Virus positivity was defined as
virus material present in >1 study sample as detected by mNGS.
Analysis was performed both for the number of case/control
individuals and the number of case/control samples positive for virus.
We used both fixed- and random-effects models; only results from
random-effects models are presented due to heterogeneity of study
populations. Statistical heterogeneity was explored using Cochrane's
Q Test (xz) and the I? statistic, which indicate the proportion of
variance of the summary effect attributable to between-study
heterogeneity. A p < 0.10 was considered a statistically significant
heterogeneity, while 1? < 25% and >75% were deemed low and high
heterogeneity, respectively. Subgroup analyses were performed for
geographical location, stool versus plasma, consecutive virus
shedding and studies using comparable detection thresholds, and
pooled ORs were calculated. Sensitivity and influence analyses were
conducted by the study size. Data analysis was completed in Review
Manager, Version 5.4 (Cochrane Collaboration),3¢ with significance

p < 0.05.
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TABLE 2 Summary of studies investigating the virome and T1D

Total Virus
Sample samples sequencing
Cases/ Design/ Age collection (cases/ and detection
Study Country controls eligibility (years) Controls protocol controls) threshold
Cinek Azerbaijan, 73/105 Case control; <18 Matched One stool 177 (73/104) mNGS and specific
et al4t Jordan, patients for age, sample PCR for EV,
Nigeria, with place of collected parechovirus,
Sudan newly residence shortly adenovirus, bocavirus,
diagnosed after T1D norovirus, sapovirus;
TiD diagnosis threshold not stated
Vehik USA, Finland, 112/112 Nested-case 0-10 Matched Stool samples 3,380 (1,690/ Culture to amplify
et al.*? Germany, control; for age, collected 1,690) low abundance
Sweden high-risk clinical centre, monthly viruses and mNGS;
HLA gender, T1D from age VirMAP aggregate
genotypes® family history 3to 48 bit score of 400
months, as threshold
quarterly
thereafter

Abbreviations: EV, enterovirus; HLA, human leukocyte antigen; mNGS, metagenomic next-generation sequencing; PCR, polymerase chain reaction; T1D,

type 1 diabetes.
®High-risk HLA genotypes include DR3/4, DR4/4, DR4/8 and DR3/3.

Our systematic review is reported using meta-analysis of
observational studies in epidemiology and Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines.

3 | RESULTS

The search returned 778 publications (51 duplicates), leaving 727
articles for review. Title and abstract screening identified 12 publi-
cations for full-text review. Four were excluded: three were repeat
data sets®”’~3% one used targeted polymerase chain reaction (PCR)
rather than pre-specified mNGS.*° Eight were included—one ab-

42,43 44-48 (

stract,*! two letters and five articles Figure 1). Two publi-

cations*24”

contained two study groups that were analysed
separately, giving a total 10 studies with 1,425 participants (695
cases, 730 controls). Nine were nested case-control studies using
samples collected within prospective birth cohorts, eight investigated
IA (510 cases, 513 controls) and two investigated T1D (185 cases,
217 controls; Tables 1 and 2). One IA study®® with insufficient data

was excluded from meta-analysis.

3.1 | Study characteristics
Six studies defined IA as positivity for >1 T1D-associated autoanti-
body; two defined as >2 autoantibodies (Table 2). All IA studies,

except two,*>4¢

required persistent autoantibody positivity across
consecutive visits. All 1A and T1D nested case-control studies
selected participants from within the same prospective cohort. Most
prospective cohorts recruited participants with high-risk HLA geno-
types (DR3/4, DR4/4, DR4/8 and DR3/3), except one*” that recruited

children with >1 first-degree relative (FDR) with T1D, and one*® that

required both the criteria. Most studies analysed children less than 6
years; two investigated older children <10%? and <18** years. Most
studies included <50 participants.*>*® Study characteristics are
summarised in Tables 1 and 2.

Seven studies examined the gut virome by sequencing virus-

[41424446-48.  t\wo investigated plasma®® and one

).43

enriched stoo

examined peripheral blood mononuclear cells (PBMCs).”> Alongside

mNGS, four studies utilised specific PCR for common viruses. 414447
Three studies employed Virome Capture Sequencing Platform for
Vertebrate Viruses (VirCapSeq-VERT) to enhance sensitivity for
vertebrate-infecting viruses.*>*” Two studies cultivated stool in vi-
rus-susceptible cells to amplify low-abundance EV or other common
viruses.*2

Viruses commonly reported in the IA group included EV, boca-
parvovirus, anelloviruses, parechovirus, rotavirus, sapovirus, car-
diovirus and mastadenovirus. Norovirus, circovirus, mamastrovirus,
kobuvirus, picobirnavirus, erythroparvovirus and roseolovirus posi-
tivity were only reported in two studies, and eight other viruses were
reported each in only one study. Viruses commonly reported in the
two T1D studies were EV, parechovirus, bocaparvovirus, anellovi-
ruses, sapovirus, cardiovirus, mastadenovirus, norovirus and
mamastrovirus. Kobuvirus and circovirus were only reported in one

study.**

3.2 | Quality of evidence

The NOS scores were >8 (Table 3), indicating good methodolog-
ical quality overall. Of the 10 studies, only 1 IA and 1 T1D
study*® adjusted for potential confounders, including HLA geno-
type, lifestyle factors, demographic factors and factors related to
the child.
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TABLE 3 Quality of evidence in observational studies investigating the virome and islet autoimmunity or type 1 diabetes

Newcastle-Ottawa Scale Score

Cases and controls matched? Details of virome

NHMRC level sequencing
Study of evidence®  Selection Comparability Exposure Total/Nine Age Sex HLA Place Sample time Method given?
Cinek et al.*® I} (YYY) [ (1) 9 Yes Yes Yes Yes Yes Yes
Cinek et al**  111-3 ceee oo YY) 8 Yes No No Yes Yes Yes®
Hippich et al.*® 1 ecoe ®0 ooe 8 Yes N/A N/A N/A N/A Yes
Kim et al.*” 1l (YT Y] [ (11) 9 Yes Yes No Yes Yes Yes
Kramna et al.** I ocoe oo ooo 9 Yes Yes Yes Yes Yes Yes
Lee et al.*® 1l (YYY) [ (11) 9 Yes No No Yes Yes Yes
Vehik et al.*? 1l (YY) [ (1Y) 9 Yes Yes Yes Yes Yes Yes
Zhao et al.* I} (YYY) [ (11) 9 Yes Yes Yes Yes Yes Yes
Note: @ = 1 point; N/A, not available.
21, nested case-control study; I11-3, case-control study.
PNot referenced.
IA Cases IA Controls Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
1.1.1 Stool samples only
Kramna et al. 2015 5 19 4 19 8.7% 1.34[0.30, 6.02] 2015 B
Zhao et al. 2017 10 14 11 11 1.8% 0.30[0.01, 8.32] 2017
Kim et al. 2019 (Stool Virome) 15 20 14 20 10.1% 1.29[0.32, 5.17] 2019 —_—
Vehik et al. 2019 (Outcome: IA) 364 383 360 383 50.2% 1.22[0.66, 2.29] 2019 t
Subtotal (95% Cl) 433 433 70.8% 1.20 [0.71, 2.04]
Total events 394 389
Heterogeneity: Tau? = 0.00; Chi? = 0.70, df = 3 (P = 0.87); I = 0%
Test for overall effect: Z = 0.69 (P = 0.49)
1.1.2 Plasma samples only
Lee et al. 2013 1 14 3 14 3.4% 0.28 [0.03, 3.11] 2013
Kim et al. 2019 (Plasma Virome) 17 41 20 41  25.8% 0.74[0.31, 1.78] 2019 —
Subtotal (95% Cl) 55 55  29.2% 0.66 [0.29, 1.51] il
Total events 18 23
Heterogeneity: Tau? = 0.00; Chi2 = 0.55, df = 1 (P = 0.46); I? = 0%
Test for overall effect: Z = 0.98 (P = 0.33)
Total (95% CI) 488 488 100.0% 1.01 [0.65, 1.58]
Total events 412 412
oL L B . - it ; . . )
Heterogeneity: Tau? = 0.00; Chi* = 2.68, df =5 (P = 0.75); I* = 0% b.01 0'.1 1' 1'0 100'

Test for overall effect: Z = 0.05 (P = 0.96)
Test for subgroup differences: Chi? = 1.43, df = 1 (P = 0.23), I? = 30.0%

FIGURE 2

Favours control Favours case

Individual and summary odds ratios for positivity for any vertebrate-infecting virus in children with islet autoimmunity (IA)

versus no A, with stool versus plasma subgroup analysis. All results based on rates of virus positivity as detected by metagenomic next-
generation sequencing. No associations were found between virus positivity in stool or plasma and childhood 1A

3.3 | Islet autoimmunity

Seven studies investigated vertebrate-infecting viruses and IA. No
significant heterogeneity was observed, unless stated. Due to insuf-
ficient sample data, positivity for any virus was only analysed at the
individual level, with no difference between cases and controls,
pooled OR 1.03 (95% CI 0.67-1.60, p = 0.89). Stool versus plasma
subgroup analysis gave pooled ORs 1.20 (0.71-2.04, p = 0.49) and
0.66 (0.29-1.51, p = 0.33), respectively (Figure 2); the PBMC study*®
was excluded. For European versus non-European (Australian) sub-
group analyses, pooled ORs were 1.14 (0.66-1.96, p = 0.65) and 0.87
(0.41-1.82, p = 0.71), respectively.

Meta-analyses for specific viruses were conducted where
proportions of positive case-control individuals or samples were
reported in >1 study. Six studies found a significant association
1A (1.13,
1.00-1.28, p = 0.05). For stool versus plasma subgroup analysis,
the pooled ORs were 1.14 (1.00-1.29, p = 0.05) and 0.80
(0.24-2.73, p = 0.73), respectively (Figure 3). There was no as-
sociation between EV-positive individuals and 1A (1.13, 0.86-1.48,
p = 0.37). For stool versus plasma subgroup analysis, pooled ORs
were 1.15 (0.87-1.51, p = 0.32) and 0.80 (0.23-2.77, p = 0.72),
respectively. There were minimal differences in effect sizes with

between the number of EV-positive samples and

sensitivity analysis.
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IA Cases IA Controls Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
30.1.1 Stool Studies Only
Kramna et al. 2015 0 48 1 48  0.1% 0.33[0.01, 8.22] 2015
Zhao et al. 2017 10 114 5 106 1.2% 1.94 [0.64, 5.88] 2017 )
Vehik et al. 2019 (Outcome: IA) 590 4327 530 4327 96.7% 1.13[1.00, 1.28] 2019 .
Kim et al. 2019 (Stool Virome) 5 32 5 32 0.8% 1.00 [0.26, 3.86] 2019 D
Subtotal (95% Cl) 4521 4513  99.0% 1.14 [1.00, 1.29] 1
Total events 605 541
Heterogeneity: Tau? = 0.00; Chi? = 1.51, df =3 (P = 0.68); I? = 0%
Test for overall effect: Z = 2.00 (P = 0.05)
30.1.2 Plasma Studies Only
Lee et al. 2013 1 28 0 28 0.1% 3.11[0.12, 79.64] 2013
Kim et al. 2019 (Plasma Virome) 4 59 6 59 0.9% 0.64 [0.17, 2.41] 2019 N
Subtotal (95% CI) 87 87 1.0% 0.80 [0.24, 2.73] —~li—
Total events 5 6
Heterogeneity: Tau? = 0.00; Chi? = 0.78, df = 1 (P = 0.38); I? = 0%
Test for overall effect: Z =0.35 (P = 0.73)
Total (95% Cl) 4608 4600 100.0% 1.13 [1.00, 1.28] b
Total events 610 547

Ehse 2 — ‘ 2 = - = L2 = 0 t t t t
Heterogeneity: Tau? = 0.00; Chi? = 2.60, df =5 (P = 0.76); I? = 0% 0‘62 0f1 1 1'0 5'0

Test for overall effect: Z = 1.96 (P = 0.05)
Test for subgroup differences: Chi? = 0.30, df = 1 (P = 0.58), 12 = 0%

FIGURE 3

Favours control Favours case

Individual and summary odds ratios for number of samples positive for enterovirus (EV) in children with islet autoimmunity (1A)

versus no |A, with stool versus plasma subgroup analysis. All results based on rates of virus positivity as detected by metagenomic next-
generation sequencing. An association was found between childhood IA and number of stool samples positive for EV (odds ratio 1.14; 95%
confidence interval 1.00-1.29, p = 0.05; heterogeneity x?> = 0.50, p = 0.68, I?> = 0%), but not the number of plasma samples positive for EV

IA Cases IA Controls Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Kim et al. 2019 (Stool Virome) 4 32 3 32 1.1% 1.38[0.28, 6.73] 2019 |
Vehik et al. 2019 (Outcome: 1A) 309 4327 262 4327 98.9% 1.19[1.01, 1.41] 2019
Total (95% Cl) 4359 4359 100.0% 1.20 [1.01, 1.42]
Total events 313 265

Heterogeneity: Tau? = 0.00; Chi? = 0.03, df = 1 (P = 0.86); I> = 0%
Test for overall effect: Z = 2.06 (P = 0.04)

FIGURE 4
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Favours control Favours case

Individual and summary odds ratios (ORs) for number of stool samples positive for enterovirus B (EV-B) in children with islet

autoimmunity (IA) versus no IA. All results based on rates of virus positivity as detected by metagenomic next-generation sequencing. An
association was found between number of stool samples positive for EV-B and IA (OR, 1.20; 95% confidence interval 1.01-1.42, p = 0.04;

heterogeneity x? = 0.03, p = 0.86, I? = 0%)

Two studies*®#” investigated EV subtypes, EV-A and EV-B, in
stool, with significant association between |A and number of
EV-B-positive samples (1.20, 1.01-1.42, p = 0.04; Figure 4), but not
individuals (0.99, 0.74-1.32, p = 0.94). There were no associations
between IA and EV-A-positive samples or individuals, pooled ORs
1.61 (0.43-5.94, p = 0.48; significant heterogeneity x> = 2.81,
p = 0.09, I> = 64%) and 1.12 (0.84-1.50, p = 0.42), respectively.

Three stool studies*?>*¢*” found significant association between
consecutive EV shedding (>2 sequential samples positive) and IA,
pooled OR 1.55 (1.09-2.20, p = 0.01; Figure 5). One study*? reported
consecutive EV-A/EV-B shedding: IA was associated with consecu-
tive EV-B (246, 1.46-4.16, p = 0.0007), but not EV-A (1.19,
0.74-1.92, p = 047).

Four studies reported parechovirus positivity in stool. There was
no association between the number of individuals positive for par-
echovirus and IA, pooled OR 0.83 (0.63-1.10, p = 0.20). However, for
parechovirus-positive samples and IA (0.66, 0.32-1.35; p = 0.25),

there was significant heterogeneity (x*> = 3.88; p = 0.009; I? = 74%).
In influence analysis, the removal of the largest study outlier (>8,000
samples) strengthened the magnitude of association, pooled OR 0.44
(0.23-0.81, p = 0.008) and low heterogeneity (x> = 1.10, p = 0.33,
12 = 9%). There was minimal difference in effect size for the number
of individuals positive for parechovirus.

Meta-analyses at the individual and sample level for rotavirus,
bocaparvovirus, anelloviruses, sapovirus, norovirus, cardiovirus,
circovirus, mamastrovirus, mastadenovirus, kobuvirus, picobirnavi-
rus, erythroparvovirus and roseolovirus showed no associations with
IA (Table S1). There were minimal differences in effect sizes with
sensitivity and influence analyses. Viruses reported in only one study
were precluded from the meta-analysis. One study*? conducted
strain-specific analysis for mastadenovirus (human mastadenovirus
A, C, F) and found association between the number of samples with
positive human mastadenovirus F and IA, OR 1.33 (1.08-1.54,

p = 0.007).
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IA Cases IA Controls Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Zhao et al. 2017 3 11 2 11 3.0% 1.69[0.22, 12.81] 2017
Kim et al. 2019 (Stool Virome) 1 20 0 20 1.2% 3.15[0.12, 82.16] 2019
Vehik et al. 2019 (Outcome: IA) 90 383 64 383 95.9% 1.53[1.07,2.19] 2019 .
Total (95% ClI) 414 414 100.0% 1.55[1.09, 2.20] <&
Total events 94 66

Heterogeneity: Tau? = 0.00; Chi* =0.19, df =2 (P = 0.91); P = 0%
Test for overall effect: Z = 2.45 (P = 0.01)

FIGURE 5
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Individual and summary odds ratios (ORs) for studies examining positivity for enterovirus (EV) in >2 consecutive stool samples

in children with islet autoimmunity (IA) versus no IA. All results based on rates of virus positivity as detected by metagenomic next-generation
sequencing. An association was found between consecutive EV shedding and childhood IA (OR 1.55, 95% confidence interval 1.09-2.20, p =

0.01; heterogeneity x?> = 0.10, p = 0.91, I?> = 0%)

Meta-analysis of consecutive shedding of parechovirus, boca-
parvovirus, anelloviruses and picobirnavirus found no associations
with IA (Table S2). Meta-analysis of viruses reported in the two

studies***”

applying the same positivity threshold of 50 viral reads
per 100,000 raw reads (50p100K) found no associations between
any virus and IA, including for EV, parechovirus, anelloviruses,
bocaparvovirus and sapovirus (Table S3).

Study quality subgroup analysis was excluded as NOS scores
were >8. HLA subgroup analysis was excluded as no studies stratified
virus positivity by genotype, and all but two*” recruited only high-risk
genotypes. Geographical location subgroup analysis for individual
viruses was excluded as only two studies were non-European®” and
multicentre studies insufficiently compared study populations.

Only one study®” examined differential abundance of viruses in
the gut of children with IA versus controls, precluding meta-analysis.
It found 129 viruses with more than twofold difference in cases
versus controls (p = 0.02). Notably, human mastadenovirus F,
astrovirus, human adenovirus 41, coxsackievirus A2 (CVA2), enteric
cytopathic human orphan virus 30, coxsackievirus B3 and human
parechovirus were more abundant in cases, while saffold virus, nor-
ovirus and rotavirus A were more abundant in controls. Every
differentially abundant EV-A (CVA2, 5, 6, 8, 14) was more abundant
in cases (p < 0.00001). Additionally, one study*® measured intestinal
viral alpha and beta diversity in children with IA versus controls, with
the gut viromes of cases significantly less diverse (with lower inter-
personal variation) compared to controls (p < 0.001).

One analysis of very young children <6 months*? demonstrated
the association between early-life human mastadenovirus C infection
and lower |A risk (0.55, 0.38-0.80, p = 0.001).

3.4 | Type 1 diabetes

4142 investigated gut vertebrate-infecting viruses and

Two studies
T1D, with no association between positivity for any virus and T1D,
pooled OR 0.94 (0.54-1.64, p = 0.83; and no heterogeneity x> = 0.21,
p = 0.65, I> = 0%).

Meta-analyses for EV, parechovirus, cardiovirus, norovirus,
sapovirus, mastadenovirus, bocaparvovirus, mamastrovirus and

anelloviruses were not significant for the number of positive

individuals (Table S4). Strain-specific analysis for mastadenovirus
produced no significant effect sizes, including for human mastade-
novirus A (OR 0.92, 0.51-1.65, p = 0.78) and human mastadenovirus
F (OR 0.72, 0.42-1.24, p = 0.24), with no heterogeneity between
studies. One study*® reported virus-positive sample numbers,
precluding meta-analysis. One study*? analysed EV subtypes,
reporting an association between T1D protection and number of
EV-B positive samples (0.73, 0.53-0.99, p = 0.05), but not individuals
(0.69, 0.41-1.18, p = 0.18); EV-A was not associated with T1D.

Limited studies precluded subgroup and sensitivity analyses.

4 | DISCUSSION

This systematic review of 10 observational studies, involving 695
cases and 730 controls, demonstrated associations between virome
composition in children <18 years and development of IA, but not
T1D. This suggests early virome changes may influence initiation of
IA, but not progression to T1D. There was a weak association
between the number of stool samples positive for EV or EV-B and
1A, with approximately 1.2 times the odds of EV or EV-B positivity
in children who developed IA versus controls; ORs 1.14 (1.00-1.29)
and 1.20 (1.01-1.42), respectively. There was 1.5 times the odds of
consecutive EV shedding in stool of children with IA versus controls;
OR 1.55 (1.09-2.20). Only one study measured consecutive shed-
ding of EV serotypes,*> demonstrating significant association
between consecutive EV-B positivity and IA (2.46; 1.46-4.16), but
not EV-A (1.19, 0.74-1.92). Influence analysis, removing the largest
outlier study, demonstrated half the odds of parechovirus shedding
in stool for children with IA versus controls (0.44, 0.23-0.81). Other
viruses were not associated with IA at the individual or sample
level.

These data suggest that specific gut vertebrate-infecting viruses
present in the gut virome, rather than the presence of any virus,
influence |A risk. Research repeatedly reports associations between
EV infection and IA initiation, supported by EV RNA in stools*® and
EV RNA/antibodies in sera.®*%%%3° Qur results support clinical

5152 and pancreatic tropism studies2®>3>>* favouring EV-B as

studies
a candidate virus in IA susceptibility. In contrast, studies of other

candidate viruses remain inconclusive. For example, parechovirus
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may confer |A protection; however, no associations with IA/T1D have
previously been reported.?”:?®

We demonstrated an association between |IA and the number of
virus-positive samples, but not individuals. Thus, when an individual
has more than one positive sample, their IA risk is amplified. This may
relate to viral persistence, protracted infection or increased exposure
through reinfection. In particular, IA was associated with consecutive
or prolonged EV/EV-B shedding. Consecutive shedding is a strong
indicator of persistent infection. Viral persistence is suggested to play
a critical role in the development of autoimmunity?>°>°¢ through
ongoing aberrant presentation of antigens to the immune system,
production of inflammatory cytokines and induction of Endoplasmic
Reticulum stress.’”*® The gut mucosa may be a potential viral
reservoir for sustained pancreatic infection®® with multiple virus-
positive stool samples a marker of persistent gut infection. Consec-
utive shedding may also indicate defective or dysregulated innate
immune defence, which increases autoimmune propensity. Longitu-
dinal virome studies are therefore essential in tracking virus
infections over time. However, our ability in this review to distinguish
between persistence of the same viral strain or reinfection in
consecutively positive patient samples was limited by most studies
reporting viruses detected at the genus level and intermittent
sampling across studies.

The one study that conducted differential abundance analysis
found 129 viruses with a >2-fold difference in abundance in the gut
of IA cases versus controls.*’ This suggests IA risk is closely linked to
viral load of a variety of viruses.>®° Higher viral titre facilitates
greater replication, pancreatic transmission, persistence, cellular
stress and establishment of an immunogenic environment. 476162
Future mNGS studies in larger cohorts with more timepoints pre-
ceding IA or T1D are required to elucidate IA/T1D-associated
vertebrate-infecting viruses and compare differential abundance
across the breadth of potentially diabetogenic viruses. Additionally,
further research investigating virome composition across defined
early-life stages is required to determine time points where viruses
exert greatest influence.”®® Only one study*® measured ‘virome
diversity’, finding lower diversity in children with IA. Further devel-
opment and standardisation of these diversity measures are required
to facilitate comparability between studies and greater understand-

ing of association between virome composition and IA/T1D risk.

4.1 | Strengths and weaknesses

To minimise bias, we implemented pre-defined eligibility criteria,
screening by independent reviewers, no language restrictions and
sources beyond indexed databases. Random-effects models may have
provided more conservative effect estimates by accounting for
study population heterogeneity and generating wider confidence
intervals.®#%> Limiting investigation to children <18 years may have
skewed results due to high rates of childhood background infection.
However, there are no adult IA/T1D virome studies. We included

studies conducted globally to minimise geographical bias related to

infection rates. However, eight studies were European, where T1D
incidence is the highest.! This precluded country subgroup analysis in
most meta-analyses. All studies recruited infants with high-risk HLA
or an affected FDR, potentially reducing generalisability.

Our findings have limitations. Only two studies examined T1D,
limiting the analysis of associations between viruses and progression
to T1D beyond IA initiation. Of the two studies that analysed T1D,
one analysed prospectively collected samples and one analysed
samples collected at/after T1D diagnosis. This may limit compara-
bility due to potential differences when examining the virome after,
rather than before, diagnosis of the study outcome. IA was pre-
dominantly defined as >1 autoantibody, despite single autoantibody
conferring lower lifetime T1D risk versus multiple antibodies.®®%”
However, our stratification of results by autoantibody number was
precluded by insufficient data. Most studies matched for HLA geno-
type, but HLA subgroup analysis could not be conducted, despite
HLA predicting IA/T1D risk*¢® and potentially influencing virus-
induced pathology, immune dysregulation or susceptibility to viral
infection.®® However, studies that have explored the association with
HLA and EV infection specifically have reported inconsistent results,
finding varying infection prevalence in individuals with different HLA
genotypes®? and no association.”® Thus, future studies of infants with
a range of low- to high-risk genotypes are required, such as
Environmental Determinants of Islet Autoimmunity (ENDIA). Many
studies did not account for other potential environmental risk
factors, such as anthropometry,’? diet,”? vitamin D,”* omega-3 fatty
acids,”* birth delivery route’® and/or breastfeeding,’® all of which
can influence the viral presence and IA/T1D risk. However, control-
ling for all potential confounders in small case-control studies
remains challenging, with only the two largest studies*? included in
this review reporting adjustment for a number of potential
confounders.

Studies
50p100K,***® >100 viral reads matched at species level*” and

VirMAP aggregate bit score*?; several studies did not report

applied different positivity thresholds, including

thresholds. Thresholds maintain sensitivity while minimising false
positives and reducing low-level cross-sample contamination risk,2
but variability limits comparability, potentially introducing errors into
meta-analysis and its interpretation. Study method heterogeneity
was also present, including mixed use of culture, PCR and various
mNGS platforms. For example, TEDDY’s use of culture to amplify
low-abundance viruses impeded comparative analysis of viral load
and increased bias to detecting certain viruses above threshold.
Despite advances in metagenomics, virome analysis remains
challenging, with rapid viral evolution complicating sequencing’’ and
impeding novel virus mapping by bioinformatic databases.”®”?
Indeed in most viral mNGS datasets, more than 50% of sequences
exhibit no detectable sequence similarity to known reference
sequences, contributing to the viral ‘dark matter' ° It is plausible that
these may include highly divergent or completely novel viruses that
have yet to be discovered.®! Small genomes and low abundance of
vertebrate-infecting viruses in human samples hampers detection,

with high background interference from other genetic material.®?
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Thus, effective viral enrichment is necessary, such as enzymatic
digestion of non-viral nucleic acids or size exclusion of non-viral
components via filtration.®' Three studies employed VirCapSeq-
VERT and demonstrated enhanced sensitivity for identifying a
broader range of vertebrate-infecting viruses.*>*” VirCapSeq-VERT
uses approximately two million probes targeting genomes of all
known vertebrate-infecting viruses, increasing the sensitivity of viral
sequence detection by up to 10,000-fold compared to standard
mNGS.32 Wider application of VirCapSeq-VERT or other similar
pan-viral enrichment sequencing platforms will significantly enhance
the reproducibility and robustness of future virome studies.

Positivity for viral nucleic acid is a marker of infection, not proof,
as viruses may pass through the gut without productive infection, as
with plant viruses and diet-derived viruses 82784 Similarly, viral
shedding in stool/plasma cannot directly evidence pancreatic infec-
tion.®> Additionally, periodic sample collection precludes determina-
tion of first virus exposure, differentiation between persistence or
re-infection over time and definition of precise temporal associations
between infection and IA/T1D onset. However, more frequent
sampling may not be sustainable over long follow-up in prospective
cohort studies and may still miss some acute infections with a very
narrow window for detection.

Studies sampled various body sites through stool, plasma and
PBMCs. Direct comparison of across sites is difficult, requiring
careful consideration of where viruses replicate. For example, EVs
and mastadenoviruses preferentially infect and replicate at mucosal

surfaces,>?8687

and gut viral shedding in stool persists longer,
resulting in higher positivity compared to short viraemic periods in
plasma/PBMCs.

Finally, this review did not examine bacteriophage to limit scope
and adopt the precedent in other studies of focusing on only one
class of virus to maximise detection sensitivity.

Overall quality of included studies was high (NOS scores >8). All
studies except one matched for >3 factors. Meta-analysis demon-
strated little significant heterogeneity; however, results must be
interpreted cautiously given x2 and I? limitations in detecting true
heterogeneity. Studies were small: six had <50 participants, poten-
tially causing small study effects. However, longitudinal sampling
increased statistical power for detecting differences in the virome
between cases and controls. Thus, we demonstrated the importance of
comparing both number of virus-positive individuals and samples. One
study*? was significantly larger, with high weighting in meta-analysis,
potentially skewing our results. Influence analyses, removing the
smallest and largest outlier studies in turn,®8 demonstrated insufficient
studies of TEDDY scale. The ongoing ENDIA study®® will contribute
significantly as a large, nationwide observational, prospective cohort

of 1,500 children followed from pregnancy through early life.

4.2 | Future research

Despite limitations of targeted viral detection in IA/T1D patho-

genesis studies, there remains a paucity of large, unbiased

virome studies. Our findings must be validated in future studies
that (1) include >200 participants and frequent longitudinal
sampling preceding IA/T1D onset to improve statistical power
and counter small-study effects; (2) include a wider range of
HLA genotypes to consider viral associations with IA/T1D in the
context of genetic risk; (3) incorporate multicentre data to
reduce geographical bias; (4) employ sensitive enrichment and
comprehensive sequencing platforms; (5) integrate differential
abundance analysis of viral load; and (6) sample various body
sites to characterise viral strains and account for niche varia-
tions in viral abundance. Future studies should also include
virome analysis

during pregnancy to explore the role

of antenatal and congenital infections in offspring |A/T1D

development.*?
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