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disease (IPD).

effect sizes in the meta-analysis.

1-18-2:66) and none of the outcome polymorphisms.

of data is necessary to obtain more robust findings.

Background: Pneumonia, sepsis, meningitis, and empyema due to Streptococcus pneumoniae is a major cause
of morbidity and mortality. We provide a systemic overview of genetic variants associated with susceptibility,
phenotype and outcome of community acquired pneumococcal pneumonia (CAP) and invasive pneumococcal

Methods: We searched PubMed for studies on the influence of host genetics on susceptibility, phenotype, and
outcome of CAP and IPD between Jan 1, 1983 and Jul 4, 2018. We listed methodological characteristics and when
genetic data was available we calculated effect sizes. We used fixed or random effect models to calculate pooled

Results: We identified 1219 studies of which 60 studies involving 15,358 patients were included. Twenty-five
studies (42%) focused on susceptibility, 8 (13%) on outcome, 1 (2%) on disease phenotype, and 26 (43%) on
multiple categories. We identified five studies with a hypothesis free approach of which one resulted in one
genome wide significant association in a gene coding for lincRNA with pneumococcal disease susceptibility. We
performed 17 meta-analyses of which two susceptibility polymorphisms had a significant overall effect size: variant
alleles of MBL2 (odds ratio [OR] 1-67, 95% confidence interval [Cl] 1-04-2-69) and a variant in CD14 (OR 1-77, 95% Cl

Conclusions: Studies have identified several host genetics factors influencing risk of pneumococcal disease, but
many result in non-reproducible findings due to methodological limitations. Uniform case definitions and pooling

Keywords: Host genetic variability, Pneumococcal disease, Systematic review, Meta-analysis

Background

Pneumococcal infection is a major cause of morbidity
and mortality worldwide [1]. Invasive pneumococcal
disease (IPD) is an infection confirmed by the isolation
of Streptococcus pneumoniae from a normally sterile
site, while non-invasive pneumococcal disease includes
sinusitis, mastoiditis, acute otitis media, and community-
acquired pneumonia (CAP). Streptococcus pneumoniae
has been identified as the most common cause of CAP in
adults [2—4]. In 2015, an estimated 515.000 deaths (range
302.000—-609.000) were attributed to pneumococcal
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infection among children less than 5 years of age globally
[5]. The incidence of IPD is strongly age-related, with the
highest incidence in younger children and the elderly with
incidence ranging from 11 to 27 per 100,000 in Europe
[6-8]. Mortality rates for IPD vary from 12 to 22% in
adults in the western world and are substantially higher in
low income countries [7-11].

Pneumonia with empyema and/or bacteraemia, menin-
gitis, and bacteraemia are the commonest manifestations
of IPD. [12] Identified risk factors for IPD include splenec-
tomy, cancer, and diabetes mellitus, but in a substantial
proportion of patients no risk factor can be identified [7].
Extreme phenotype studies in patients with recurrent or
familial IPD first identified genetic risk factors to increase
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susceptibility [13]. Most of the identified genetic variation
was found in genes controlling the host response to mi-
crobes [14]. Subsequently several case—control and cohort
studies described genetic variation to increase susceptibil-
ity and to predict unfavourable outcome of pneumococcal
disease and disease phenotype [6, 9, 15].

In the past 20 years several genetic association stud-
ies investigated host genetics in relation to suscepti-
bility and outcome of pneumococcal disease,
sometimes showing conflicting results. Here we sys-
tematically review these studies, perform a meta-ana-
lysis and discuss the potential of these findings for
understanding the pathophysiological mechanisms of
pneumococcal disease.

Methods

Systematic review

We performed a systematic review and meta-analysis
with the objective to summarize host genetic variation
associated with susceptibility, phenotype or outcome of
patients with IPD and CAP. The following search terms
were used in PubMed: ((Streptococcus pneumoniae) OR
(S. pneumoniae) OR pneumococcal OR pneumococcus)
AND (polymorphisms OR polymorphism OR (genetic
variant) OR (genetic variants) OR (genetic association
study) OR (single nucleotide polymorphism) OR (single
nucleotide polymorphisms) OR SNP OR SNPs OR geno-
type OR genotypes) without language restrictions and
with search date cut offs between Jan 1, 1983 and Jul 4,
2018. We identified additional publications by checking
the references in those published studies and via com-
municating with experts in the field. Extreme phenotype,
review studies, and studies with specific patients groups
like immunocompromised patients were excluded. Stud-
ies were eligible for inclusion if the population of inter-
est was reported with at least one of the outcome
measures.

Meta-analysis and statistical analyses

Each study was scored for methodological quality, such
as study design, definition of the investigated condition,
ethnicity of included patients, sample size, selection of
the control group, quality control of genotyping, statis-
tical methods and correction for multiple testing. We
performed meta-analyses for multiple studies that
assessed a single genetic polymorphism (or a combin-
ation of polymorphisms) of which genotype data was
available in the manuscript. Different nomenclatures of
genetic variants included in the review can be found in
Additional file 1: Table S1. Review Manager 5.3 was used
to generate Forest plots and calculate overall effect sizes
with a fixed effects model or random effects model if the
results between studies were too heterogeneous (Q test
for homogeneity p < 0.05) [16]. The funder of the study
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had no role in study design, data collection, data ana-
lysis, data interpretation, or writing of the report. The
corresponding author had full access to all the data in
the study and had final responsibility for the decision to
submit for publication.

Results

Systematic review

The date of search was 4 July 2018 and yielded 1219
articles (Fig. 1 - flow diagram) of which 60 articles were
eventually included in the review [17-76]. Studies were
published from 2000 to 2018 and contained 16,034 pa-
tients included in 27 different cohorts from 15 countries.
There was a substantial overlap of cohorts and patients
between the published articles. Of all studies, 24 (40%)
analysed the influence of genetic variation on suscepti-
bility to pneumococcal disease, 8 (13%) on outcome, 2
(3%) on disease phenotype, and 26 (43%) studies
assessed multiple categories of which 24 (40%) on sus-
ceptibility and outcome (Tables 1 and 2). Eight studies
(13%) focused on patients with pneumococcal CAP, 49
studies (82%) on patients with IPD and 3 studies (5%)
on IPD and pneumococcal CAP.

Twenty-eight studies (47%) were performed in adults
(8188 patients) and 15 studies (25%) in children (4988
patients), 13 (22%) in all age categories (2675 patients)
and 4 studies (7%) did not specify the age range of
included patients. The population was limited to white
patients in 39 studies (64%), mixed ethnicity in 9 studies
(15%), and African origin in 3 studies (5%); ethnicity was
not specified in 9 studies (15%). The sample size was less
than 100 patients in 17 studies (28%), 100—500 patients
in 40 studies (67%), and more than 500 in 3 studies
(5%). The study population was defined by positive cul-
tures of blood, cerebrospinal fluid or joint fluid in 41
studies (68%), and in 2 studies (3%) cultures of sputum
or tracheal aspirate were included as well. Other studies
used PCR, antigen tests or both (14 studies, 23%) to con-
firm bacterial presence. The control populations of the
57 susceptibility cohorts varied considerably and in-
cluded healthy population-based controls, blood donors,
participants in vaccine programs, patients from other
hospital departments, university personnel or proxies
and family members of patients. Some studies did spe-
cify if controls were ethnically, age or sex matched (32
cohorts, 56%).

Most studies (92%) had a candidate genetic variant ap-
proach looking at a selection of single nucleotide poly-
morphisms (range 1 to 326 polymorphisms; median 4).
Five studies had a hypothesis free approach, including 1
genome wide association study, 2 exome wide associ-
ation studies, and 2 sequencing studies [63, 69-72].
Most studies (41; 68%) determined genotypes by PCR
followed by various methods of allelic discrimination, of
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Fig. 1 Flow diagram for study selection
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which 18 studies confirmed genotypes with sequencing,
3 studies with retesting of samples and 19 studies did
not mention if or how genotypes were confirmed. Eleven
studies (18%) used real time PCR (by Tagman® genotyp-
ing assays), 1 (2%) PCR with mass spectrometry analysis,
and 7 (12%) next generation sequencing (12%) for
determination of genotypes. Seven studies (12%) de-
scribed blinding of laboratory personnel for the clinical
information.

The x* test and/or Fisher’s exact test was used in 48
studies (80%) to compare genotypes of selected groups.
Logistic regression with correction for confounders to
compare genotype frequencies between selected groups
was done in 31 studies (52%). Correction for multiple
testing was used in 23 (66%) of the 35 studies that
assessed three or more polymorphisms.

Meta-analysis

Meta-analysis could be done for 16 (combinations of)
polymorphisms assessing an association with suscepti-
bility and for 1 combination of polymorphisms asses-
sing an association with outcome of pneumococcal
disease. The number of cohorts in the meta-analysis
varied between 2 and 10. Significant heterogeneity was
found in 8 studies included in the meta-analyses for
which therefore a random-effects model was used. For-
est plots were made and overall ORs with 95% Cls were
calculated (Additional file 2).

Candidate gene approach

Pathogen recognition receptor signalling pathways
Toll-like receptors (TLRs) or nod-like receptors (NRLs)
are pathogen recognition receptors of the innate im-
mune system that recognize molecular patterns derived
from microbes. [77] Fourteen studies assessed the effect
of polymorphisms in 11 genes of the TLR and NLR sig-
nalling pathways on pneumococcal disease [29, 30, 33,
43, 50, 53, 57, 59, 63, 65, 67, 72, 74, 76]. Six polymor-
phisms were assessed in multiple studies and could be in-
cluded in a meta-analysis. Five studies assessed the
association between polymorphisms in TLR2 (rs5743708)
and TLR4 (rs4986790) and susceptibility [30, 33, 50, 59, 74].
In the meta-analyses neither of the polymorphisms
showed any effect. Rs352140 in TLR9 was assessed in
two studies for an association with susceptibility which
resulted in no association in the separate studies and
the meta-analysis [43, 74]. The CDI14 CC genotype of
rs2569190 was significantly associated with susceptibil-
ity in a meta-analysis including two studies (OR 1.77,
95% CI 1-18-2-66) [33, 59]. Two studies including 224
patients and 284 controls studied rs4251513 of IRAK4
and no effect was found on susceptibility in the meta-
analysis [63, 65].

Polymorphisms in the Toll interleukin-1 receptor do-
main-containing adaptor protein (TIRAP) gene were in-
vestigated in three studies including five cohorts with in
total 1601 white patients and 2826 African patients [29,
67, 76]. In the meta-analysis with the polymorphism



Page 4 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

(#0C-0L'L) §/011U0D paseq YN
05'l 4O ‘¢ 0L x966=d -uonejndod paydiew s adl yim (2uym) 88aAN
Bf9le UBLRA €1SLSTYSI BV Y91 -Al|ed1ydesboan ¥9l 3|H31s Jo aInYnd sabe ||y wopbury pauun SjuelieA €67 vvYl €91 'S10Z ‘sNi3
(16€-56'0) €6°L HO '£9100=d
22-061695¢s) #1AD -
(€8-610) 9C¥ 061695¢s!
4O ‘100070 > d :sadKouab usbiue 1o Ydd ‘dus ddl yim 06/986¥54 vidD v 4L [6G] ‘€10
VYV +VD-80/Ev/GS YL - 99 uIp|IYD SUYM AYyesH yll o|l9ls JO 2imn> ualpiiyo (a314ym) ureds 80/¢EY/5SI YL 'S|oWIO-BUS|lR L
659¢8CCs
/8990¢S!
S¥8990¢s!
¥¥8990¢s4  1dSYD CAON
1 /5856954 IJON
sjonuod Ayyjeay NG Yam (a11ym) 06/98615 YL [£5] ‘el0C
SN LplLL paydrew Ajjesiuyi3 8 2IMnd 4SO uaIpiiyo SpuBsYISN 80/EV/GS) Yl 19 UBA
Wg jo Aloisiy NG yum
Umouy e Inouyim Sjusds9j0pe (a114ym) Ovlesess [ev] LL0C
SN 6€ synpe auym AyyesH €8 2INYN> 4SO pue uaipiy>d SpuelsYIoN €8¢/ S 6411 ‘slapues
(8C-1) £'1 YO 'S00>d
:2dA10usb DD-06169528! #1AD - 061695¢54
(1-1'0) €0 4O 'S00>d 16/98615
sadAioush || +15/99 + 9V adl yum (payadsun) 06/986%51 [d1ep) [e€] '800C
L6/986151/06/986¥51 v411L - 607 siouop poojq AyyjesH S8 2INn> poolg ualpiiyo elensny 80/E¥/SSI 1L CH1L ‘uen
06/986¥54
soako|dwa 80/&¥£SSI
Asiaaiun ‘jpuuosiad 21NN piny uiof adl yum (a114ym) Y0/E1/GS) [0€] "'£00¢
SN 8/l lendsoy jo Ajiued 66 10 45D ‘poojg sobe |y wnibjag €0/EY/5SI YL YL 'SUSOI|
e|waeIR1eq
(66:0-90°0) 0£°0 YO ¥¢00=d Yum (uodLyY) € Uoyod
:AUSO0BAZOIRIRY 17/€/ /1854 [44% paseq-Ayunwiuo) 91 2In3nd poolg uaip|iyD eAuay SIUBLIBA | € dvHlL /007 1oy
(89'L-2€0) ¥£°0 YO '800=4d siouop ewakdwa (payipadsun) 7 woyod
:K1S0BAZ01213Y /€7 /1851 19€ poo|g 1npe AyiesH o€ 2Inyn> ewaAduig [eIn3ld  wopbuly pauun SJuBeA |€ dvlL £00T "0y
| woyod
(L60-t¥0) §90 YO ‘cL00=d sa|dwles poojq piod ainynd piny jutof adl yum (a114ym) [62] '100C
:A1s0bAZOIRIBY /€7 /1851 ¥/ pue sIouop poolg 161 10 '45D ‘poojg sabe |y wopbury panun SjueleA | € dvHlL Joyy|
skemuied Buljjeubis 101dadal uouboIal usboyied
4 (1D %S6)
4O ‘anjen-d
:2dA10uab/a13)|e Ysu ‘uoneleA sdnolb  (Auiuy1a) uibuo LSluepea auab ERVEIEIEY
Jn2uab ‘auan) — sNsay N UOMD33s - 5|0IU0D) N UOoND3Jas- JuUaned 1Uaied Jo Anunod JoUID  2lep-lpued) "Jeak ‘auieN

3seasip |eododownaud 01 AIgndadsns Uo SIIPNIS UONLIDOSSe-D112US0) | dqeL



Page 5 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

$9523SIP SNONIBJUI

1URAS[D1 INOYIM 04805578
syuaned jo dnoib sbuipuly LS008 1S4
615 |o1uod e ‘s13(gns dlydesbolpes pue dvD yum (@uym) 0500811 7-dSyw l6¥] '800C
SN bpl [013u0D AyjesH 61 swoydwiAs [eojuld SINpY ureds L€/0£05S! 79w 'uspioeT-epien
907960/5!
LS¥008 15
ainyn> dvD yum  (payidads jou) 05008154 [5€] 8007
SN e SIOUOp Yueq poolg 09 wninds / poolg Snpy SpuelayIaN /€/0€05S! z7gw ‘uewlspuy
mpcwmeHDO 907¢960/54
QUIDIPaW |eulalul pue 1S#008 154
‘ABojoin ‘ssakojdwa 21N> piny adl yim (auym) 057008151 [£2] '900¢
SN 29l lendsoy paydlew-xas €9 1ol 10 '45D ‘poog sobe |y wnibjag /£/0€0554 z1am 'SUSO
90796051
(PUym 9%6°/6 LS¥008 15!
[puuosiad Alojeioge) adl yum ‘paxiw) 05008154 [81] zooT
SN 0S¢C 'siouop poojg orl 21N> poojg sUNpy Hewusq /£/0£0554 z1gw ‘Biroquouy
90796051
(234m) LS¥008 15!
(€87-6€1) 65T YO ‘Z000=d adl yum wopbury 05008151
:adAiousb 0/0 z7gw €0l s9euoau ‘siouo(d L€€ s Apogq a|us sabe |y pauun ££/0€05S! 219 1611 '200T ‘Aoy
W1sAs
Juswiadwod)
(8Y0C-£1') 67 =40
\mmvo =d 109)° 2AlRINWIND Ovlcgest
$3[3|[e 1UBLeA [SH008 LS 9€8€ /G5!
TGN PUR $/EL/1851 dVHLL - sibujusw 06/986v51
(T1'17-96'0) S HO len1oeq 80/Ev/GS! 6411
'80S0°0 = d :sia11ed 39| Uum (2314ym) 087969151 vYTL 2L [9/] 810
WUBLBA ¥/ £/ /1851 VYL - 6 siaquiaw Ajiwey Pl ¥Dd 10 21nynd 45D uaIp|IyD puejod VLELL185) avilL ‘uImon
9E8E/ 55!
ObLZSEs!
06/986V51
NG Yum (@3ym) 08969751 6411 /] 2107
SN 6 siaquiaw Ajiwe vl ¥Dd 10 21nynd 45D uaIp|Iyd puejod 80/EY/SS! vYTL 2L ‘umon
VV-£58951 88TAN -
1-/9519v1S1 vV -
DD-ELSLSTHSI bV - ABojoyed snonoayul
DD-L0L6SOLSH [XV] - JUBHWODUOD JOU ‘Qd| 880AN
uoneno|ed>-al >Q w,QUD_uOQE 10 >ucm_u_‘._m.DOCJEE_ SYIS pue mmtc\,\. WXVHI
10U =18l \Cw>OUm__u ww_muﬁ mjo_>m5 allS w_:wpm ddl Lt\s %C6 \wa,\:t IMVHI ﬁmg ;m—ON
AQg paisnfpe spie Ul anjea-d ozl OU UM Sjualied 09 JO YDd 10 ainynd uaIpiyD ureds S1UeLIeA (| PIVY  'WOj0D-0dselled)
+ (1D %S6)
4O ‘onjea-d
:2dA1ouab/aja)(e sl ‘UoneleA sdnolb  (Aouy1a) uibuo LSiueleA Qusb EBVEIETEY
J12uab ‘susn - synsay N UoI1D3|ss - S|0JIU0D) N UoI1D3|9s- 1Uslled juaned 4o Aunod BIIEED) 91ep-ipued) ‘J1eak ‘sweN

(panuuoy) aseas|p [ea0d0wWNaud 03 A1jigRdadsns Uo SaIPNIS UOJRID0SSe-D119U0) | ajqeL



Page 6 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

s101dadal Ad4

96€€G/ES)
(8r0c—£1L) 687590154
67 =40 's€00=4d" LS0081s EYHAD
1O34e SAlRINWND | 540081S) NG (auym) 0S¥0081s! H4D [9/]'810¢C
19N PUR $/E//18S) dVHIL 6v siaquIaW Ajiue 4! dDd 10 aInyn3 4SO YuM uaipjiyd puejod £€/0€05S! 219w ‘UIMmon
UODUl UeY} JYI0 907960/54
suoseal 10} sauabins dvD (payoadsun) LS008 4
aondeid |e1sush UM synpe wopbury 057008151 9] ‘'sl0¢
SN LY Buipuane sjenpiaipu 6 paiads 10N ul sisdas pauun L€/0£05S! 219w Sl
902960/54
(payadsun) LS¥008 151
21NN IS 3|UB1S adl Aueunsn 057008154 [29] v10C
SN €9¢l paydlew-xas pue -aby 6/C1 19410 10 POOIG “4SD YIM U=IpIYD ‘elABUIPURDS £€/0€05S! 19w ‘ogpun
(616-80'L) ¥1'€ 4O €00 =d
[9POW dAISS93) 987/+01S) €D
(607-20'L)
9%'L 4O ¥0'0 =d jepow (a3ym
JUBUILIOP 959/GLELSI /D soxoud g %v6 ‘PIXIL) H4D 62 98D [95] ‘€10C
"UoIS3L0d Joye SN ol¢ pa1e|aJ-Uou ‘sisulied 66¢ 2IMN> 4S5 Yum synpy SPpuUgIsUISN SIueleA /L /D 9D SD €D ‘lueupy
90¢960£5!
1S¥0081S!
(1'%9-S0'L) 178 YO 'Z100 =d saixold NG (2uym) 0S¥0081s! [8G] ‘€10¢C
:adAousb /0 Z79W 917 pa1e|2J-Uou ‘siauned 667 2INN> 4SO YUMm synpy SpueaYIaN /€/0£055! Z719N ‘Jamnolg
21N>
(usbnue Areunn
2AIISOd 10 UN0d3I LS008 15! Z Uoyod
[en10eq +) wninds dvD (payadsun) 0500815 zioe
SN L6 sjo1u0d AyyjeaH 78 ‘piny [einajd ‘poojg  yum synpy ureds £€/0€05S! 19w 'usploe-enien
FEN:-ENTo}
SNOND3JUI JURAS|3I JO
subis Inoyum syuaned 21Ny nd | LoOYyoD
pue yexs [eydsoy poojg pue sbuipuly LS¥008 154 lev] ‘TL0C
‘SIOUOP MOJIeW oiydesboipes pue dvD Yaum (2uym) 05008151 'Usploe
SN 9¢/L {uoq pue poojg ore SwoydwiAs [esrulD SHNPY ureds ££/0€05S! Z1an -elen
L161¢/S)
S95B3SIP SN0l /TSESTHSI
JueA3|3J JO SUbIs 565988/ |SI
noyum siusied pue 2Innd 9%065015!
dd14S pue zvd14s Jels [endsoy se jlam poojq pue sbuipuy £T5ESTYS) ddi4S [P+ L 10C
'IVd14S Jo sadfodey g - Se SJOUOp MOJLIeW ojydesbolpes pue dvD yum (22yMm) 0S¥9€ | 15 Vd14S ‘uspioe
‘500 > d MOJ3q SUOIeIDOSSY  BEGL 2uoqg pue poolg 743 swoidwiAs [esuld SHNPY ureds /¥065015! NEIEN -eplen
+ (D %S6)
4O ‘anjea-d
:2dK10uab/a9)|e S ‘uolleLeA sdnoib  (fo1uya) uibuo LSwuenea susab EREIEIE)]
Ji2uURb ‘BuID) — SYNsaY N UO[199|95 - S|0U0D N UO[123]95- Jualed 1uaned 4O Aiunod odUSnH  9lep-ipued) "Jeak ‘aweN

(panujuo)) asessip [exd0d0wnaud 01 A1jIgndadsns Lo SAIPNIS UORIDOSSe-D112USD) | djqeL



Page 7 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

6700 =d 571094

‘Tv0'0 111044951 ‘SO0 =d
'SGS/85S1 L 100 £T9Lr9s)
'9£0'0 199958951 ‘1000 =d
/6591951 '10°0=d 810095

500 (papnpr TTou5
MOJ2q sanjea-d ‘sadA1ousb jo 0/S sa|dwies poo|q piod EXIN adl yum (231ym) EIIRSEN] [8€]1 '010C
suospedulod pasenbs-1yd Z X € ‘€9l 'slouop poo|q }npe AyieaH S/T 9|121S WOl aInynD sabe ||y Nl ‘SJUBLIRA G| ZIDIHN ‘uewldeyd
(€8'0-€#70) 650 HO
'100°0 = d 'Sialiied 3|38 JurLERA
8766¢S5S) FIGHIN(TL 0T 0)
G50 4O 'L0000°0 = d s1a1Ied
9[9[ JUBLRA Q0¥ EECCSt VIGNAIN
(6£°0-5%0) (Popnoxe JIGHAN
‘090 YO '€000°0 = d ‘sia11ed sa|dwies poojq 2INyNn> piny adl yum (@11ym) alel A1an) GIGHAN [cel 'z00C
9|9||e JUBLeA €G08ELESI VIGNIN 0L/ pl0> pue siouop poolg 88¢ 1ol 10 '45D ‘poog sabe ||y N SIUeLeA ¢f VIGHIN ‘uewdey)
Kemyaed
Buijjeubis
PN
uond3jul oS adl (Euym) (¢S] ‘zL0T
SN 68/¢ noyum syuaned nD| € SIHR1S JO 2UNYND  YUM S)NpY aouel ¥/210818) [Z4: 202 '56nog
S35e3SIP SNOMRAYUI
JURA3J3J JO AIOISIY
(£77-60'1) snoinaid e Inoyim dvog
18’1 HO 'L0'0 = d :2dhoush syuaned pue s193UNJOA 68 = d¥D-4 uabnue pue dvD (@aym) 16696€54 vEY9D4 [S¥] ‘110z
LELH/LELH —Y2yoDd dvD-8  veel Aeay parepiun ‘6le =dvD aUUN 2INYND POOJg  YUM S}NpY ureds v/210815! vZ494 "UROIA-DI0S
eale |ediydelboab usbnue
dules ay) woyj aupn ‘ainynd dvD (palyadsun) (/€] '6002
SN 1413 SAUUM PalefRIun AypjesH 09 wninds / poojg  yum synpy SpuelsYIaN ¥/C1081s! [Z4:00x] ‘uewispu3
#0¥—61'1) 9T YO ddl yym (paiyadsun) [€€] '800C
'100°0 > d :2dA10usb |€1Y/LELY 601 siouop poo|q AyijesH S8 2in3N> poo|g us1piiyD eljensny /2108154 Y2494 ‘ueni
sjuanedino 2.n3nd
QuPIpaW [eulaiul piny} uof 1o
pue ‘Abojoin ‘saakojdwia ‘piny} jeuidsolgalsd adl yam (auym) (%] ‘9002
SN 001 [endsoy payorew-xas S ‘pooig sobe ||y wnibjag v/C10815) [{4D0x] 'SUSOW
(L1e=sLt) a)is Apog adl yim (a11ym) [S2] '900¢
95'L =4O ¥000=d =3le L €08 payplew Ajjesiuyi3 98¢ 9|H23s JO 2NN sobe |y AN 10995 CCNd1d ‘uewdeyd
SIOUOp Poo|q AyieaH
(€£9-S2'1) 187 HO 'l00=4d: /aWwelbold uopeudIeA SI0UOp POoO|q Ul sisdas (payadsun)
adAlousb Lely/LEly /G '0C Wol ua1pjiyd 7€ €9 By ‘21nnd> poojg  yum uaipjiyd elensny ¥/C1081s) vz49D4  [¢T] '€00T 'uen,
((8%-81'1) O¥'T YO 'S00>d swusied eydsoy aInyn>  (payads 1ou (paxiw)
:2dA0usb L€ 1Y/1E 1Y o¢l p2103)9s Aluiopuey a4 wninds 10 poojg abe) dvo-g VSN ¥/T10815) [Z4:DD%] [£1]'000T ‘@2
+ (D %S6)
4O ‘onjea-d
:2dA1ouab/aja)(e sl ‘UoneleA sdnolb  (Aouy1a) uibuo LSiueleA Qusb EBVEIETEY
J13Uab ‘BUdY) — SYNSAY N uo1233s - S|0lU0D) N UoND3Jas- JuUaled 1Ud1ed Jo Aiunod JBUSD  3iep-Ipued) ‘Jeak ‘aueN

(panuuoy) aseas|p [ea0d0wWNaud 03 A1jigRdadsns Uo SaIPNIS UOJRID0SSe-D119U0) | ajqeL



Page 8 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

uonezijeydsoy

35B3ISIP SNOIDJUI INOYHM 9IS 3|1UIIS JDY10 adl (payadsun) [6€1 ‘0102
SN /P18 synpe paydlew aby €91 4O po0|q ‘45D JO 3INyND  yum synpy Mewusq GZ09s! VZE ‘plRYuUsg
sisKjounqly pue
uone|nbeod
vl
Ly 8ari
Vi
adl (0a1ym) el [5/]1'810¢C
Y00=d DD-¥STLL6ESI YT 08T pay21ew Ajjestuiyy 4! paypads I0N  yum sinpy ureds SJUBLIeA €€ oLl ‘1bues
W4 (a1ym) CC9SS/8) [89] ‘910¢
SN 6C€  Salxoud paieaJ-uou ‘sisuned SO 2INYND 4SO YuMm synpy SpueayIaN 7/S¥785s) W 'BAARS
saseasip
SNOMD3JUl 1UBAS[I JOKIOISIY
snoiraid e Inoyum syusned
P 'SI9AUNJOA Ayieay uabnue dv2 (@11ymy) [8¥7] 'c10C
SN /8€L  paleplun ysiueds suym €56 90¢ SUlN ‘2INYND POOlg  YUM SYNPY ureds $6£008151 97 's8yds07 -Uiep
dDd
101591 By 10 21N> adl (ubdLyy) [ev] 'LL0C
SN £€6 sjonuod AyyesH 66¢ 45D ‘wninds ‘poojg  yum uaipjiyd IMeleN 19615Z1s DYl ‘loued
(paypds
2In3n> wninds 10U 36e) (22ym) (2] 's00C
SN 0S payplew by 00L ‘piny [eana|d ‘pooiq ‘45D Adl pue dvd Auewizo $6/00815! 97l Jeeyds
siuaned (payads £576065! V1T
dipaedoyuo paydlew aimjnd wninds 10u abe) (@uym) 679008151 ANL [L2] 'c00T
SN 0S -X95 pue abe paleaiun 69 ‘pIny [einajd 'pooiq ‘4SO Adl Pue dvD Aueunon 96800815/ oL ‘Jeeyds
SaUP0ILD
c00=4d ZIDHAN
18/5¥954 DD-ZIGNANTO0 =d CTENAN
D-LS1T8CCs) FIGHAN adl (@a1ymy) ElE [5/]1'810¢C
¥00= d :1-1580501S! VIgY4N 08¢ paydrew Ajjesiuyi3 ied paynads ION  Yum synpy ureds SiuelleA Q| VIGHAN iBues
. . . ¢ Moyo)
(88°0-950) 0£0=4HO N
'€00'0 = d AusobAzossiay 0SS Uwcwwmmﬂxwwﬁujcﬁw_%@ /1 2N} Nd poo|g  yum cwﬁ_m@ EMM\%% SJueleA 6 29NN ‘cmE%mﬁmw
8G85C6YSI(F80-€50) L90 =4O , ) )
‘90000 =d L Loyod
“AUsoBAzOIRIRY £/409/S1 04§ sojdwes poojq piod s adl yum (@uym) [ov] ‘010T
'SHOYOd Ylog ‘€9l ‘siouop poolq 3npe AyiesH SLT 3|11 WO} 2unnD sabe ||y N SIUBLIRA 6 CUPIHN ‘uewdey)
7200 =4d:81/0095! -
500 (Papnoxe ¢ Woyod
MoJaq sanjea-d :sadAiousb Jo paseq-Aunuuod adl yum (upoLyYy) EIIRSEN] 0102
suospedulod pasenbs-lyd) 7 X € 0SS paydiew xas pue aby £/1 2IN}nd pooig ualpiyd eAUDY 'SJUBLIPA G| ZI9HN ‘uewdeyd
+ (1D %56)
4O ‘onjea-d
:2dA1ouab/aja)(e sl ‘UoneleA sdnolb  (Aouy1a) uibuo LSiueleA Qusb EBVEIETEY
J13Uab ‘BUdY) — SYNSAY N uo1233s - S|0lU0D) N UoND3Jas- JuUaled 1Ud1ed Jo Aiunod JBUSD  3iep-Ipued) ‘1eak ‘awieN

(panuuoy) aseas|p [ea0d0wWNaud 03 A1jigRdadsns Uo SaIPNIS UOJRID0SSe-D119U0) | ajqeL



Page 9 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

SN 49410
(6t71-€0'L)
¥Z'L HO 'L00=d ‘siouied 1099/ ¢sd
9|9||e JUBLRA 8K667SSI FIGNAN Y/€//185) CCNdLd
'sdnolif 16591951 dvll
1uaned paulquiod (9€'7-07 1) //%09/5) ZIGHAN
89°L HO ‘10000 =d 'siatied eluloeialoeq (paiyadsun) 90vEeCesd CIPIHN
9|9|[e JUBLRA 8K667SSI FIGNAN 2Jnnd /WG Yyum Aueunon €508¢1€Sd VIGHAN [£9] 'sL0C
mbulusw [e33020WN3Ud €LCL paydjew xas pue aby £06 'TLE poo|q 16 4SO us1piiy> ‘BIABUIPUEDS 816655/ FIGHAN ‘ogpun
(Sv4 gz 007 v LY
‘9L ‘AdL4S "LYdI4S 9raD)
sauab g Ul syueleA /| Y3 Ul -
(H4v1d
1411’17 ‘Ad14S ‘9d1HS ‘9¥aD)
sauab O Ul sjueleA || Y U] - 3\3 subdliswy
(Vv pue v3 payd1ew yuiqg 4o 91ep ubdjijy pup
410Q Ul S1UBLIPA 3U1 JO SUOU €11 pue ADIUYIS/a0.1 ‘'SUIOg-MU €S =VY S adl (v3) subduawy oyl ‘110z
'50'0 > d MOJ2g SUOIIRDOSSY "19¢ wioJ uonds|jod 1odspoold 78l =Vv3 IS JO 2UNYND  YUM UIPJIYD  upadoin3) ySN SiueleA 97§ sauab ¢ ‘eddebur]
sal0ba1ed
paxiu ul sauab
Yim saipnis
NG Yum (@31ym) [¥G] ‘TL0C
SN 06  saixoid paiejal-uou ‘sisuned 669 21NN 45D SyNpy SspuelayiaN /6765 11DD79 "Jamnoug
(eaym
(L0T-2l'l) TS'L YO '£000 =d NG yum %6 ‘PaxiL) YL/Ty0Ls) [LS] 'zL0C
adAiousb NpMUD yL/Tr0lsl 9/ saxoid palejsi-uou ‘sisuled 96¢ IMINd 45D synpy spuelayIsN €LLTr0LS! z94ay luelpy
1591 usbnue adl yum (updiy) [9€] '600¢
SN L€6 payolew aby 6CC ‘YDd ‘=1nnd ua1piyo IMeleN SlUeLleA 6 VZSON ‘uoifed
969158/51
61675/ 1S
(@a1ym) 9ELPLSLLS
sa|dwles poojq 2IMn> piny adl yum wopbupy €561 LESI [L€] 'z00C
SN 0c/ plo> pue siouop poolg 06¢ 1ol 10 '45D ‘pooig sobe |y pauun s6reles NDA ‘vewdey)
siouop
(96'1-81'1) 75l HO Jue(dsue.} pue SIouop poolq ainyn> adi (2uym) [02] ‘zo0T
1000 =d ‘39| uowwod 943 [e20| PR13)9s Aluiopuey SOC PNy ulof 4o ‘45D ‘poojg  yum sabe |ly - wopbury paiun 8768ELES) ddD et
1940
UMoys W4 (214ym) a4 7A%Y [99] ‘S10C
SN JON  s3Ixoid paiejaI-uou ‘sisuneqd oL/ 21MyN3 4SO Yum sinpy spuepsyisN [79T6lst  (14vD) 29dD oo
+ (1D %56)
4O ‘onjea-d
:2dA1ouab/aja)(e sl ‘UoneleA sdnolb  (Aouy1a) uibuo LSiueleA Qusb EBVEIETEY
J112USH ‘BusY) - SNSAY N UOND3|3S - S|0U0D N UoID3|3s- Jualed 1uaned Jo Anunod JpBUdn  dlep-lpued) ‘Jeak ‘auieN

(panuuoy) aseas|p [ea0d0wWNaud 03 A1jigRdadsns Uo SaIPNIS UOJRID0SSe-D119U0) | ajqeL



Page 10 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

bunse) 3dinnw Joj Pa1>3410 48 saNjeA-d Y3 JO SUON :S}NS3Y , 'L 3|qel Aleyuswa|ddng ul punoy g ued syueneA d3USH JO SWAUOUAS :SIUBLBA DIBUSD,

sibuiuaw [e2d0d0WN3Ud P4 ‘uoideal uleyd asesdawA|od y¥od ‘o1res SpPo YO ‘Wedyiubis Jou sy ‘aseasip [eadodownaud

SAISBAUI (] “APNIS UORBIDOSSE 9PIM dWOUSB SO ‘PINys [PUIdS0IGRId 45 ‘|BAISIUI USPIUO [) ‘Sejuowinaud palinbe AUUNWWOD gy ‘dyd-eusdeq Ji)-g ‘shibuluaw jeusieq yg ‘uoneunn|bbe by ‘suoneirsiqqy

(180-¥50)
990 YO ' 0L X L09=d 2p9||e
O-79r60£6SI 9920X7 (C0'S5-S07)

LTE€ YO 4 0L X 1G'L =d g (22ym) siskjeue
BI8||e D-6¥S¥906€ELSI [VILTOD  ¢L0T 5|0U0D paseq-uoiieindod 69 dDd 10 2INNd 4S5 YIM sinpy SpuelsyIoN siueleA /60701 Aeue dwox3  [1/] 910T HR0[
€/'T 90 'L000 =d japow
SAIPPE -G /18077151 YNYIUIT
-HOYO> uoedi|day
¥/ C=4d0
'-01 X Gz £ =pandwi d :jspou
SAIIPPE -G 1/ 180Y LSI YNY2UIT
(9]9]18 YS1 = 99| |e Joulw)
20Y0D AJISAODSIP Ul UO[IRIDOSSe
19buons (0L Xs>d) $|0JJU0d . e|udeI1OEq uoneindwi Jaye [0/ 9102
aouedyubls apm 9g || paydiewl ease d1ydesbosb cll Yum (UDDLYY)  S3UBLIBA UOI||IW O ‘dnolo Apnis eiw
-9Wouab aA0qe SIueLIeA /| 7/9C pue ‘dnoib d1uy1s x5 60k 2In}nd> poo|g uaipiyD eAuUDY ‘SJuelieA |98'/8/ SYMD  -9BIS10Rg URAUSY
(8T¥¢E)
96’1 HO ', 0L X78=d e Y
-60€8£096S4 11DXD (§£T-8T' L) sauab 9y
81 40 ', 0L X78= d NG Yim (o1ym) 40 [cz1'910¢
:9J9]18 1-12S800TS! 8a4YD 9ly  Salxoud parea-uou ‘sisunied (% 2InyNd 45D synpy SpuesYIaN sjuellen 68| Bupusnbag ‘eplamiaS
MM
(¥0c-0l'1) (21ym) 880AN
0S1=40'c 0L X966 =d paseg-uonendod s adl yum wopbury vV 4O [€9] 'S10T
9|98 JUBLIBA €151 STHSI pYVY/ 91 pay1ewl-A|jesiydeiboan 91 3|U31S JO aINYND sabe ||y pauun syuellen €67 bupusnbag S113
SalpNIs 934
s1say10dAH
4 (D %S6)
4O ‘anjen-d
:22dA1ouab/aj3)je s ‘uoneleA sdnoib  (foiuy1s) uibuo xSueleA sauab ESEIETEY
JnauUsb ‘Budn) — S)Nsay N UOI123)35 - 5|0U0D) N UO[199]95- Jualled 1U311ed 4o Aiunod J[2USD  31ep-Ipued) "Jeak ‘auleN

(panuuoy) aseas|p [ead0d0wWNaud 03 A1jigRdadsns Uo S3IpNIS UOJRID0SSe-D119U0) | ajqeL



Page 11 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

(%6) Aujerow
Aep 06 ‘(%S) SAYY (%602

44V (%8) elwsrIf1de] (%65) 0/8055¢/8!
Xapul A1J9As eluownaud 907960/5!
ubIy (901) SGOW '(%¢2) LS008 54 [€] '800¢C
uolssiupe NI (%tr1) 320ys sbuipuyy slyde.bolpel dvD (@Hym) 057008151 -dSYW ‘UspioeT]
SN ondas (991) sisdas 219A3S pue swoldwiAs [ea1uld S6L Yum synpy ureds /€/0€065! 1an -eJen
90296054
(€51-¢ abuey) | | ueipaw) Aels LS¥008 15!
fendsoy Jo yibua| ‘(%L 1) dvD (payiadsun) 05+0081s! [5€] '800C
SN UoIssIWpe )] - aWodINO 2In3n> wninds 1o poojg 09 Yum synpy SpueayIaN /€/0£0SSI 219 ‘uewapul
(%S1) A '(TH) Al ‘(%£1) Il IUNOD [eus1deg dAleHIUeND
"O6L1) 11 '(%S1) | (S]e2s duld) 101593 By aanisod LS+0081s!
SN :AM[eHoW SsepP sy (25 /- 10°L) ¥£°T YO AY|ELIOW JO SSB|D MSIY + 24nynd> wininds /213N dvD (payidadsun) 05008151 [92] ‘9002
700 =d :2dA1ousb vy 779/ :ellUSRISIDRG - (%€S) elwarIaldeg piny [eanayd 1o poojg /6 Yum synpy uleds /€/0£05S! Z-79nW ‘73134
1S7008154
(a21ym 05008154
(%1 J0 Avjerow adl %6/6 poxiw) L£/0£05S! (811 ‘z00C
SN ‘payypads Jou) SWodINO 2In} N> poolg oL Yum synpy SeWUSQ 907960/5! 219w ‘Bioquoy
WDISAS
JusWs|dwod
SN :s2dA1049g -
OV8T—(¥'0)
6€'8 YO #9000 =d pue (/5 //-¥E€)
6091 YO #5000 = d :D-£58951 pue yyUoU
-€G8951 88TAW Y1eaQ -(/881-¥97) L0/ YO
‘0Lo00=d
DOUOU-E | GG By e|onbas - sadAiosag
(LLI'€-£€'1) 90T YO 'SS000 =d pue (%€) Aujeron SYIS pue (a1ym 98aGAN 1591 'S10Z
(r/'T-€T'1) €8'L YO '/¥100=d 'D-8Z10/E LS (%€€) depenbag adl yim 9%C6 ‘paxiw) WAV IV ‘wojo)
pue D-G6EHTILSI YY) ‘eluownaudoinald - (%) e1uownaud-oina|d dDd 40 24NNS S 9JUAS 09 usIp|iy> ureds siueieA 0| IV -0odseled
(96t'17) Aujeriow Aep 06 16/986154 [0s] ‘zL0C
(%8'81) Aujerow eudsoy-uj aInyn> sjeuidse sisdas (@aym) 06£986%51 ‘0I9JUON
SN (%1€) do0ys 2ndaS  [eaydell/Tyg pue s 3|UAS L1 Yum synpy ureds 80LEY/SSI vYIL Y1l -Ooydeuies
(€12-£'1) 09 4O ‘€000 = d s3|3||
UeINW 9e8¢Y /5S4 6411 PUB 06/986151 vd 1L
-(L71-€1) 6€1 YO ‘€00 = d :adhiousb
OV 06£986751 Pd1L PUe 80LEy/SS) YL - veL
«diysiaried paulquiod(/L-+'1) ‘0'S 4O 1dSYD ¢dON
L1000 = d pue (¥'5-1'l) §Z YO '€c00 = d NG Yim (a31ym) LJON 6411 [es] 'TL0C
53dA10u3b DD pue D1 9£8EY/SS! 6411 - (9%17) ss0| butiesH aunynd 453 99 u1p|IyD SpuelaYIsN SWeueA LI pYTL ZYTL P UBA
skemued Buljleubis 101dadal uoubodal usaboyied
, (D %S6)
4O ‘anjen-d :adA1ousb/ai3)je dsk (SIUDAS 3SIDAPE ‘A)jjeuow eI sdnoib  (fio1uya) uibuo xSIUeLIeA Quab AlNd
‘uonellen d1Usb ‘BUSD) — SINSAY 06)- $2INSEAU SWODINO UON23|9S -S1ualied N 1U3Ned Jo Aunod OI2USD  dlepipue)  ‘1eak ‘suleN

3seas|p |exdodownaud Jo adAlouayd pue SWOdINO0 UO S3IPNIS UOIIRIDOSSE-D19UaD) T ajqeL



Page 12 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

si01dadal Ad4

6£57966¢ 151
L0LTyLeLss /1210
(%2€) -1 9|eds g (@aym) LZstizeLss ‘qifeyusow
SN SOD :PWOINO 3|qRINOARJUN aInND 45D L6€  YUM synpy SpuelsY1SN opEeLTTS) -dSYW -uesey)
902960/5
dvd (payadsun) LS008 15!
(%61) sisdas Yum synpe wopbury 05008154 [¥9] 'S10C
SN dvD wou Aljerow Aep-gz payads 10N S¥e ur sisdss pauun /£/0£05S! 219N SN
168560/
wo0=d GCLEOOL LS
‘O/VX PUe O/0 Z1gW (Ajuo sadAiolas 902960/5!
o1eJ-3del1e-Mo| 10 u_pm_CBtOQQOv 12410 1S008 1S4 TE ;VFON
SA Sieak ¢ > UaIp|iyD -1e00 = d ‘OQ/V¥X pue Ag—mv Sijnpe sA A§®©u 4Dd 10 =21nnd ddl Yyim %mx.:\g 057008154 \O\_@mc(__,q
O\O J1an _wr_HO SA Emw\AN > Cm:o:r_u - m_mm\Aw— > Cm:o:cu ~wmo_\ﬁo\_mm 2lls \AUOO_ w_:wwm ﬁOO_o_ ;u_mu yardl sabe __< C_mo_m /€/0€06s1 19 -Zouniy
907960/54
(payiadsun) LS008 15!
21N N> 1is adl yam Auewwizny 05008151 [¢9] vl0C
SN sadA1013s pue (95¢) ANjeHON  3|Uls JY10 4O POO|q '4SD 6/C1 uaJp|Iyd ‘elAeUIPUEDS /£/0£058! 1gw ‘oqpun’
sadAoiss
(%80) -1
SODH L2WO2IN0 9|geinoAejun 90C960/54
- '(%8) Anjenion LS¥0081S!
suonedyduwod Ng (a31ym) 057008154 [85] ‘€10¢C
SN olw1sAs ooys ondasg 2INYNd 45D 66¢  YIM synpy SpuepayIaN £€/0€05S! 19w ‘Iamnolg
(1'8-1'1) ‘z'C YHe Aujenow Aep 06 -
(86-10'1) T'€ YHe Aujerow [eudsoy (%12) Avenow Aep 06 ££/0£058! [0s] ‘z10T
Ul +($'9€-G'€) €1 YHe Poys dndas - (%61) Aujeniouws [eydsoy-uj sisdas (a21ym) LS008 15! ‘0ISIUON
'siueLRA OO/OY 79N (96t€) ¥20ys d1das SIS 9|UR1S JO UMD UL Yum synpy ureds 05008154 19w -Oydeulen
(%) Aujerow
Kep 06 '(%8) SAYY '(%¢2)
44V '(%87) eluaeI1deq ‘(9695)
Xopul \At\_w>wm m_COEDwCQ 90C960/54
YbIY “(9%12) SAOW “(%£€) 21NN poojq LS+0081s! l6¥] ‘10T
oiNn|le} |eusl o1noe Aoawmu pue m@c__ucc u_LQm_@O:uE dvD «wtg\c 05008154 \chLOm:_
SN uolssiwpe ND)| ;m_QO.m \ﬁ:®>mm pue mC\_OpQE\Am |esn or¢  YUMm Sinpy c_QO /£/0£0GS4 219N -elnJjen)
(S SOO [/¥] ‘1 10¢C
(18€—€€'1) STT YO '%9/) 3|qeINOAR) SA (%1C) g (@aym) H4D 6D 98D
‘NO0.0 =d @QBOC@@ OD-119/154 §O 9|geinoAejun - aWO2INQO 2IN}Nd 4SO /L1 YUm Ssiinpy SpuejayisN SIUBLBA /| /D 9D $D £D ;_\:\_wO\S
1 (1D %S6)
4O ‘anjen-d :adA1ousb/ai3)je dsk (SIUDAS 3SIDAPE ‘A)jjeuow e1LIR1LD sdnolb  (fo1uyie) uibuo LSiuelea auab aIwd
;Co_um:m> ubmc@@ d:@U — S}nsay Qov. SalnsesaW aWODINO uono9|eg -siusiled N lusned Jo \QE:OU BIAEIVELY) slepipue) ‘1eak UE@Z

(panuu0)) aseasip [ead0d0wnaud Jo adAlouayd pue SWOJINO UO SIIPNIS UORIDOSSL-D113UD) g djqel



Page 13 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

(pa1eIND[Rd
-a1) SN Alljenow pue suonedsdwod - (paynads
(@L2-¥1) 1940 '8000=4d (%2) J0u 26e) €526065! Vi
(20ys dndas Jo Juswidojpnap) Aanss - Aujenow ‘(98%) suonediduiod a1nyn> wninds adl (uym) 62900815 INL (17 '00T
2dAousb 99017/ (%6 1) XP0ys ondas ‘piny [eInsjd ‘pooiq ‘45D 69  puedvd Auewnsn 96800815 oLl ‘Jeeyds
SaUP0ILD
(S8'€-C0'1) £6'L YO 'L¥0'0=d :Aujeuop -
2dA10uab |1-0/Z159LLSI YN
(S89-v€'1)
€0'€ ‘2200 = d :suoned)jdwod [ed16ojoIna -
(tv-6C1)
87 O '910°0 = d :suoiied)jdwod JJWSAS - suopedljduod |esibojoinau
(18v=GL'L) ‘suonedl|dwod dIWaisAs (Nd 6/¥6¢85¢S EJYIN
617 4O '810°0 = d :2WODINO 3|qRINOARJUN - '(9%8€) =1 SOD BWOodINo %CL) (AL} (@aym) 0/Z129l1sd LdHIN [55] '€l0C
adAousb | 1-1 1Z€v07sI 8a4YD 3|qeinoAejun ‘(9381) AljeHoN 31N> 45D LES  Yum synpy SpueliayiaN LLZEYOTS 8a¥Y>  'HOypleD
¢ Woyo)
adl yim (ubdiiyy) 010¢
SN (982) Anjenion 21N} N> pooig €Ll ua1p|iy> eAUD SlueleA 6 UGN ‘uewdey)
| Hoyod
adl yim (@aym) [o¥] ‘0L0C
SN (%01) Anjenion QNS B[RS WO} 3uNIND SLT sobe ||y SN SIUBLeA 6 UGN uewdeyd
¢ Woyod
adl ym (ubdyy)  (P3PNPPXe alel 0L0e
SN (Padads J0u) SWO2INQ 2In}n> poolg /1 uaJp(iyd eAUDY AISA) ‘siuelleA G| ZI9¥4N  ‘uewdeyd
L Woyod
adl yim (@uym)  (papnpoxs ael (8] ‘'0L0¢C
SN (panipads 10u) sWodINQ 91IS 9|lUS1S WO 21Ny N> S/T sabe ||y SN AISA) ‘siuelen G| ZI9HN  ‘uewdeyd
Kemued Buljieubis gyi4N
(S¥90-860°0) 1SC0 O ddl (@a1ym) [¢G] ‘ziot
Y000 = d *H/H-YZ4DD4 Aljerow [endsoH (%1€) Aujenow |eydsoH 9IS 9[lS1S JO 2INj N> ¢ YIm sinpy 9duel ¥/T10815) [Z4:DD%] ‘9bnog
(91¢) Aujenow Aep 06 [05] ‘10T
(%61) Aljeow [eydsoy-uj sisdas (Guym) ' 0JSIUO
SN (9%¥€) ¥oys ondas SIS 9|131s JO 3IMnD Ll Yum synpy ureds ¥/71081S4 vZyod4  -oydeulen
8140 Le00=d
"H/H-VZ49D sisdas a1an9
~L1'T YO "L¥00=d H/H-YZ45D4
SWOIPUAS Ssa11s Aloyesidsal a1ndy -
C€'C Y0
Y00'0 = d *H/H-¥49D4 24n|ie} [eus) aIndy - Aujeriow (969)
:dVD pue dv>-g Aep 06 pue (%t) 8T '(%L7) dvD
(€6-85'L) 6°C 4O '91000°0 = d *H/H-YZ49D4 sisdas 2193 ‘(968) SAYY G8'dvD-9 -g pue dvD (a31ym) 16696€54 veyoDdd ISkl LL0T
:dVD DIWSLISIDEG-UOU SA DJUIaRISIDeY "(067€) 24NJIB) [BUSI SINDY  USBRUE sUlN ‘2INYND Poolg  ‘6LEdYD  YUM SyNpy uleds /710815 VZ4Y9D4  'UB|OIA-9|0S
, (D %S6)
4O ‘anjen-d :adA1ousb/ai3)je dsk (SIUDAS 3SIDAPE ‘A)jjeuow eI sdnoib  (fio1uya) uibuo xSIUeLIeA Quab AlNd
‘uonellen d1Usb ‘BUSD) — SINSAY 06)- $2INSEAU SWODINO UON23|9S -S1ualied N 1U3Ned Jo Aunod OI2USD  dlepipue)  ‘1eak ‘suleN

(panuu0)) aseasip [ead0d0wnaud Jo adAlouayd pue SWOJINO UO SIIPNIS UORIDOSSL-D113UD) g djqel



Page 14 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

‘0’0 =d :s310bAz0WOY DY -1 7SH6/TSH (%6 1) AljeuOW 2INN> poolg w Siusiied puejuiy /6008151 ddD punpig
12410
(6£0-07°0) 0¥'0 YO ‘8000 =d
“wfw__m UoOWIWIOD SA wfw__m YV- ¥90y/ES) - QXL.MV mCOEmu__QCLOu
'SUOIEDIIdWOD DIWRISASSN  DIWBISAS ‘(96/) Y¥eap (962) -1 g (@31ym) 79Ty /€S [99] 'sL0T
“1eSP PUR SWODINO 3|grINOARJUN SOD — SWODINO 3|geRINOARJUN 21n}Nd 45D 9L/  Yum synpy SpuesyIaN [YP9T61St  (4VLD) 794D OO
(L1'Ts-68'1)
76’6 4O ‘5000 = d :sabeyliowsey -
(Lov-61'1)
0C'C YO ‘L 100 = d :uondieyul [RIGRID -
(98=20'L) €T HO 6£0°0 = d :AUELOW - (%2)
(8L7-¢€0'1) 691 sabeyLowaey ‘(9| Uondejul
YO 'SE00 = d :PWODINO S|qeINOABJUN - [BIGRIDD '(%8) AUBLIOW ‘(96€€) ¥ NG (a1ym) (1-1vd) [09] ‘7L0T
{(uoissaldxa moj) adA1ousb HG/HG  —| SOD -dUWOINO 3|qeINOARJUN 2INNd 45D 00F  Yum synpy SpueayiaN 68866/ 151 1INIdH3S ‘Jamnolg
uolssiwpe nD| 9IS 9JL31S JaY1o adl (payadsun) [6€] ‘0L0C
SN ‘(965 1) Aujenion 10 poo|q '4SD 4o aumnD €91 Yim synpy sewdusQ GC09s! VZE ‘ployusg
sisAjounqly pue uonenbeod
(8L¢-101)
9T YO 'L00=d DD pue DO - 77955/S) -
(€8%-£0'1) £LTT YO
‘€00 =d X/ pue //~T/Sh¥8SSI ~AljeloW
(c6T—vTl)
6'1 40 '€00°0=d DD pue DO -¢7955/S! -
eT-1Tl)
681 HO 'S00°0 =d X/ pue //~T/S¥h8Ss) - (92) Avjerow (9%€€) ¥ g (ouym) CC955/5! [89] 9l0¢
:9UI0DINO0 3|gRINOARUN  —| SOD -9WODIN0 3|JeINOARJUN 2INNd 45D SOF  Yum synpy SpueRYIaN 7/S¥785s) W ‘eAARS
(86:0-£00) LT0=4HO
‘8700 =d :(I5d pue ‘uibuo Jo endsoy
‘Apiglowod ‘1Iapuab ‘abe 1oy paisnipe)
[BAIAINS ~(68°0-£2°0) €50 =4O ‘200 =d
2DUOIPUAS uopdunysAp uebio ajdinwi - (969) Aujeriow
(6£:0-810) 9%'0=HO '900°0 = d >0ys 1das - [endsoy ‘(9%81) SWOIPUAS [8v] ‘z10C
(6£°0-200) uomunysAp ueblo sdninuw dvD (22ym) 'S9YD207
SZ0=4Y0 ‘7000 =0d :SQyV - 2dAousb 99 (9%0¢) 320us dndas (9%/) SAYY  usbnue suun ‘ainyn> pooig 90€  YuMm synpy ureds §6/0081s! 97l -UJepy
(SE8-¥E'L) ¥EE=HO
‘200 = d :s9dAouab X/ pue //—t/Str85S) - (9%t1) s adi (@uym) T7955/54 [L¥] ‘1107
SiIbuUIUaW ou sA sibuualy  slmbuluaw :adAouayd aseasig Apoq 3|14215 WO} 2NN 680 YUM Synpy  AuBWIRD ‘YSN 7/S¥¥85s) 4w ‘Blsquisog
42d 10 3531 by 10 adl pim (updLyY) [ev) ‘L10z
SN (%77) Ao 21Ny N> 45D ‘wininds ‘poolg 66¢ usIpiy>d IMeely 1961 GTts DY -7l ‘loued
(paydads
10U 3be)
21n3n> wninds adl (@aym) [€2] 'sooc
(#60-£00) 920 HO 00 = d :adf1oush oo (9%GC) UONBUIWISSIP [elaloeg ‘piny jeinaid ‘poojq ‘45D 00l pue dv> Aueuwizny §6/00815/ 9l ‘Jeeyds
, (D %S6)
4O ‘anjen-d :adA1ousb/ai3)je dsk (SIUDAS 3SIDAPE ‘A)jjeuow eUID sdnolb  (fo1uyie) uibuo LSiuelea Qusb aIwd
‘uonellen d1Usb ‘BUSD) — SINSAY 06)- $2INSEAU SWODINO UON23|9S -S1ualied N 1U3Ned Jo Aunod OI2USD  dlepipue)  ‘1eak ‘suleN

(panuu0)) aseasip [ead0d0wnaud Jo adAlouayd pue SWOJINO UO SIIPNIS UORIDOSSL-D113UD) g djqel



Page 15 of 23

(2019) 12:130

Kloek et al. BMC Medical Genomics

Bunsa ajdiynw 1oy pa12a.110d ale sanjeA-d ay1 JO SUON SINSY + °LS 3|qeL i1 3]l [PUOIIPPY Ul PUNO) 3q UED SUBLIBA JRUSB JO SWAUOUAS :SJUBLIEA DRUSD,
snibuiusw [edd0d0wWINaUd P4 ‘UoNDeaI Uleyd asesswA|od Y4 ‘Onel sppo YO ‘WuedIubls 10U SN ‘DwoIpuAs

uonounysAp uebio aidin SGOW ‘@seasip eaodownaud SAISEAUl Jd/ ‘UUN 21ed dAISUSIU| D] ‘ApNnls uonenosse sapim awouab Symo ‘91eds awodinQ Mobse| sOO ‘pIny [euldsolqalad 45D ‘[eAISIUI 9DUIPLUOD
19 ‘seluownaud palinboe AUNWWOD 4y ‘dyd-|eua1deq dyd-g ‘siubuiusw [eusideq pg ‘ainjiey Aiojelidsal 33Ny {yy ‘SWoIpUAs ssans Alolelidsal :1nde Sgyy ‘onel paezeH paisnipe yHb ‘uoneunn|bbe by :suoneiraIqqy

(PEE-0V'1) 9L'THO ', 0L X L'G=d 93| D-

$80/£90¢s! ZJON -(81°'5-85'L) 98°C 4O (968) Aufeniow ‘(9%t€) - Ng (@Hym) souab oy Jo  [2/]'910¢
' 0L X 8% =d B9||e D= 7SSLSTHS! pyYYl - —L SOD PWODINO |GRINOARJUN 21NN 4S5 Se YUm synpy SpuUelayIoN siueleA gge| Bupusnbas  ‘epiemisy
(671-¥7) 95 4O \m 0L Xy z=d 39| O~
€096989S1 PUe 7S9YS6 L LSI #NLOA (9T L)
61 4O \m _0LX¥6=0d 39|l D= 15152695
pue €9/86/¢S) 311FvY - (9C—¥L) 88'L 4O (98) Avjerow (9%¢¢) ¥ NG (@31ym) sisleue [69] ‘910¢
w 0L X66=0d 39| Y= £9//SL0LSI £V - —1 SOD PWODINO 3|qRINOARIUN 21NN 4SO LY Yum SIInpy SPUelayiIoN s1uelRA 000'PC  Aele BWOXT  'U0IS S|leA
SalpN1s 9944 SisaylodAH
1099/ ¢sd
Y/€//185) CCNdLd
/6591951 dvyll
[/¥09/51 ZIGAAN
elwseialdoeq (payadsun) OreeCess CIPIHN
/ Wg Yyam Aueunon £508¢L€Sd VIgNIN  [£9] 'sLoC
SN (%¢) Aujenow Aep 0g 2IMINd PoO|q U0 4SO /06 ‘TLE usIpiiy> ‘BIARUIPURDS 876655/ JIGHAIN ‘ogpun
sa110H31eD pPaxiW Ul SaUab YUm saipnis
(Aujeniow) suoseyiswexap NG (@aym) [¥S] 'cL0C
SN 1Oojjo 1usuleal | 21NN 4S5 669  Yim sinpy SPpUBlSYISN [AANY] 110279 ‘Iamnolg
(auym
(%) Awjenow “(%£7) -1 SOD g 9%¥6 ‘PIXIL) YLLTy0Ls) (151 z10e
SN PUOdING 2|qeinoAgjun INg IV 2IMn> 4S5 96¢  YIM sinpy spuepsyiaN €L/Trolsl g4ay ‘luelpy
ddl yum (ubdLyy) [9€] '600¢
SN (9¢7) Avjeuoly $1591 Uablue ‘Ydd ‘2Inynd 6CC uaIpiiyo IMeleIN SiuelleA 6 VZSON ‘uoiked
elWaLIAIOe] £080€ | 1S
paipjnojpd2i (S7/=€'L) 96 YO Yam (@a1ym) LCSy6/LC5) [82] "900¢
, (D %S6)
4O ‘anjen-d :adA1ousb/aia)je dsk (SIUDAS 3SIDAPE ‘Ajjeuow eUID sdnolb  (fp1uyie) uibuo LSiuelea Qusb aIwd
‘UolieleA DU ‘Bun) — SHNSaY 06)- S2INSLOW WODINQ UoNI3JRS -s1uaney N 1uaned Jo Aiunod J1BUSY)  dlepipue)  Jedk ‘suieN

(panuu0y) aseasip [exd0d0wWnaud Jo adAlouayd pue SWOJINO UO SIIPNIS UOIRIDOSSL-D113UD) g djqel



Kloek et al. BMC Medical Genomics (2019) 12:130 Page 16 of 23

rs8177374 was not associated with pneumococcal 35, 49, 58, 62, 64, 76]. In the meta-analysis, 2504
disease. patients and 4749 controls were included, and homozy-
Three studies assessed the effect on outcome of poly-  gosity of any of the variant alleles was significantly asso-
morphisms in genes involved in pathogen recognition ciated with susceptibility to pneumococcal disease (OR
receptor signaling [50, 53, 65]. A Spanish study with 60  1-67, 95% CI 1-04—2-69). A Funnel plot with the 10 study
patients assessed the effect of 10 polymorphisms in  cohorts showed the overall effect on susceptibility was
IRAK4, IRAKI, IRAKM and MYD88 on outcome of likely influenced by publication bias (Fig. 2). Effect on
pneumococcal disease, but after re-calculation of their = outcome of MBL2 variant allele B, C or D was assessed
results the patients groups appeared too small to find in 10 studies, but only 3 of these studies could be in-
significant assocations [65]. A study of 66 children with  cluded in the meta-analysis due to lacking of detailed
pneumococcal meningitis on the influence of NODI, genotypic data in the manuscripts [35, 58, 64]. The
NOD2, TLR2, TLR4, TLR9, TRAIL and CASPI polymor- meta-analysis showed no significant effect on outcome
phisms on susceptibility and outcome showed no signifi-  of pneumococcal disease. Rs7096206 in the promotor re-
cant associations after correction for multiple testing gion of MBL2 was analysed in seven studies and yielded
[53] [57]. no significant association with susceptibility in the meta-
analysis [18, 19, 27, 35, 49, 58, 62].
After binding of MBL to a pathogens surface, a serine
Complement system protease called MASP (MBL-associated serine protease)
Mannose-binding lectin (MBL) is a soluble pattern rec- is activated, which cleaves complement precursors to
ognition receptor of the collectin group that activates activated complement proteins further down the cas-
the lectin complement pathway after binding to a micro-  cade [79]. Associations of polymorphisms in MASP2
organism. Structural mutations in exon 1 of the MBL2  with pneumococcal disease were assessed in two stud-
gene resulting in variant allele B, C or D (rs1800450, ies, but showed no significant effect on outcome and
rs1800451 or rs5030737), have been associated with re-  susceptibility [34, 73].
duced functional serum MBL levels [78]. Surfactant protein A or D (SFTPA, SFTPD) are also
The effect of MBL2 variant allele B, C or D on suscep-  collectins and act as a first line of defence against micro-
tibility to pneumococcal disease was assessed in 9 stud-  organisms in the nasopharynx and respiratory tract by
ies which were included in the meta-analysis [18, 19, 27, facilitating elimination of microorganisms [80]. A study
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Fig. 2 Funnel plot with MBL2 studies. Funnel plot with studies assessing the effect of MBL2 variant allele B, C or D (rs1800450, rs1800451 or
rs5030737) on pneumococcal disease susceptibility. Each dot represents one study. The vertical blue dashed line corresponds to the mean effect
size on susceptibility. The outer dashed lines indicate the triangular region within which 95% of studies are expected to lie. SE: standard error as
the measure of study size with a reversed scale (most powerful studies are placed towards the top), OR: odds ratio as the effect size of the
studies on a log scale
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of 7 SFTPD and SFTPA polymorphisms in 326 pneumo-
coccal CAP patients and 1538 controls showed no asso-
ciation of these genes with susceptibility [44]. Another
study of 182 European Americans (EA) and 53 African
Americans (AA) with IPD assessed the effect on suscep-
tibility of 24 polymorphisms in SFTPA and SFTPD [46].
Because genotypic data was not provided they could not
be included in the meta-analysis. Their strongest associ-
ations were with two SFTPD polymorphisms
(rs17886286 and rs12219080; OR 0.45, 95% CI 0.25—
0.82and OR 0.32, 95% CI 0.13-0.78), not corrected for
multiple testing [46].

L-Ficolin (encoded by FCN2) is a pattern-recognition
molecule, that enhances phagocytosis and activates the
lectin pathway of complement activation after binding to
lipoteichoic acid or Gram-positive bacteria [81]. Five
functional polymorphisms in FCN2 were analysed in 290
patients with pneumococcal disease and in 720 controls
yielding no associations with susceptibility [31].

After initiation of the three complement activation path-
ways the final common pathway is activated, in which C5
is converted into Cba,an important anaphylatoxin and a
chemoattractant [82]. A Dutch study with 217 pneumo-
coccal meningitis patients assessed the effect on outcome
of 17 polymorphisms in 7 complement components fur-
ther down the cascade [47]. This yielded 1 significant
association of rs17611 in C5 with unfavourable outcome
(OR 2-25, 95% CI 1-33-3-81) after correction for multiple
testing [47]. Another Dutch study investigated in the same
population the effect of these complement components
on susceptibility showing no significant associations after
correction for multiple testing [56].

Fcy receptors

Fc (fragment crystallizable) receptors are found on the
surface of immune cells and bind to immunoglobulins
(Ig). Of the 6 types of Fcy receptors, FcyRIla and
FcyRIlla exists as two allotypic variants with different
binding affinity for IgG [83]. The more common F158
allotype of the FCGR3A gene has a lower IgG affinity
than the V158 allotype (rs396991) [84]. For the FCGR2A
gene the more common H131 allotype has a higher IgG
affinity than the R131 allotype (rs1801274) [84]. Seven
studies assessed the effect of rs1801274 (FCGR2A) on
susceptibility and 3 assessed the effect on outcome of
pneumococcal disease [17, 22, 24, 33, 37, 45, 50, 52].
The outcome studies lacked genotypic data for the meta-
analysis and one study on susceptibility was excluded,
because patient overlap with another study [22, 33]. In the
meta-analysis on susceptibility 6 studies with a total of
570 patients and 4972 controls were included and no
overall effect was found [17, 24, 33, 37, 45, 52]. One study
assessed the effect of rs396991 (FCGR3A) in 85 bacter-
aemia pneumococcal pneumonia patients and 1224
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healthy controls, showing no effect on susceptibility and
outcome [45].

NFkB signalling pathway

NF«B (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) is a transcriptional regulator important for
both the adaptive and innate immune response [85]. Six
studies investigated the effect of polymorphisms in genes
coding for modulators of the NF«B signalling pathway
on outcome and susceptibility of pneumococcal disease
[32, 38, 40, 55, 67, 75]. Five polymorphisms in genes
coding for NF«B inhibitors could be analysed in a meta-
analysis. The effect of polymorphisms in NFKBIA and
NFKBIE (rs3138053, rs2233406, rs529948) on susceptibil-
ity was assessed in two studies, revealing no significant
associations in the meta-analyses [32, 67]. Two other poly-
morphisms in the NFxkB inhibitor genes NFKBIZ
(rs616597) and NFKBIL2 (rs760477) were assessed in 3
cohorts for an effect on susceptibility and meta-analysis
showed no significant associations [38, 40, 67]. A study in-
cluding 531 adult pneumococcal meningitis patients and
376 controls studied two polymorphisms in CARD8 and
NLRPI both coding for proteins required for activation of
NFkB or caspases in the context for inflammation or
apoptosis respectively [85]. This study showed an associ-
ation of rs2043211 in CARDS8 with poor outcome (OR
210, 95% CI 1.04—4-21) and rs11651270 in NLRP1 with
death (OR 232, 95% CI 1.12—4-78), but this was not sig-
nificant after correction for multiple testing [55].

Cytokines

Cytokines are important molecules mediating cell signal-
ling and include small proteins like chemokines, inter-
ferons, interleukins (ILs), lymphokines, or tumor necrosis
factors (TNFs) [86, 87] Seven studies assessed the effect of
polymorphisms in 11 cytokine genes on susceptibility, dis-
ease phenotype and outcome of pneumococcal disease
[21, 23, 41, 42, 48, 68, 75]. The polymorphism rs1800795
in IL6 was assessed in two studies, showing no effect on
susceptibility in the meta-analysis [23, 48]. One Spanish
study with 144 IPD patients and 280 controls assessed the
effect on susceptibility of 33 polymorphisms in the genes
coding for IL-10, IL-12B, IL-1A, IL-1B, IL-R1 and IL-4
[75]. None were significantly associated after correction
for multiple testing [75].

Macrophage migrating inhibitory factor (MIF) is a
pro-inflammatory cytokine acting at the interface of the
immune and endocrine systems [88]. The effect of poly-
morphisms in MIF on pneumococcal disease were inves-
tigated in one phenotype study showing effect of the
high expression allele (rs5844572) on developing the
meningitis phenotype and one outcome study showing
effect of high expression alleles (rs5844572, rs755622)
on unfavourable outcome and death [41, 68].
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Coagulation and fibrinolysis factors

During severe infection the inflammatory response
shifts the haemostatic balance towards a pro-coagulant
state, which can lead to diffuse intravascular coagula-
tion and organ damage [89]. Three studies assessed the
effect of polymorphisms in coagulation or fibrinolysis
genes on susceptibility and outcome of pneumococcal
disease [39, 60, 66]. A study investigated the effect of
the factor V Leiden (FVL) mutation (rs6025) in 163
patients and 8147 controls on IPD susceptibility and
outcome, showing no significant associations [39].

Carboxypeptidase B2 (CPB2), also known as throm-
bin-activatable fibrinolysis inhibitor (TAFI), plays an
anti-fibrinolytic role during fibrin clot degradation and
an anti-inflammatory role by inactivating pro-inflam-
matory mediators, such as complement activation prod-
ucts [90]. A study with 716 pneumococcal meningitis
patients studied the effect of polymorphisms in car-
boxypeptidase B2 (CPB2, rs1926447, rs3742264) on dis-
ease susceptibility and outcome [66]. No effect was
found on susceptibility, but rs3742264 was associated
with developing systemic complications (OR 0-40, 95%
CI 0-20-0-79) [66].

Plasminogen activator inhibitor 1 (PAI-1) inhibits the
pro-fibrinolytic enzymes urokinase and tissue plasmino-
gen activator and thereby modulates fibrinolysis [91].
The effect of rs1799889 in the gene coding for PAI-1
(SERPINE1) on pneumococcal meningitis outcome was
studied in a Dutch study with 400 patients and they
found an effect on occurrence of cerebral infarction (OR
220, 95% CI 1.19-4-07), unfavourable outcome (OR
169, 95% CI 1.03—2.78) and mortality (OR 2-20, 95% CI
1-02-4-86) [60].

Other factors
Eight studies focused on genes that could not be catego-
rized in the other subcategories. Two of these studies
assessed the role of polymorphisms in the gene coding
for C-reactive protein (CRP) in pneumococcal disease.
CRP contains a dinucleotide repeat polymorphism in the
intron region (rs3138528) which was assessed in a study
with 205 IPD patients and 345 controls, showing signifi-
cantly more patients had the 134 base pair allele than
controls (OR 152, 95% CI 1-18-1.96) [20]. Another
study investigated the effect of 3 polymorphisms in CRP
(rs1800947, rs2794521, rs1130864) on outcome in 42 pa-
tients with a pneumococcal bacteraemia and found an
association with mortality and rs2794521 (OR 9-6, 95%
CI 1-3-72.5), not corrected for multiple testing [28].
Protein thyrosine phosphatases (PTPs) regulate the
immune response through influencing the responsive-
ness of B and T cell receptors [92]. Rs2476601in the
gene coding for PTP non-receptor type 22 (PTPN22)
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was assessed in two studies with in total 1492 IPD pa-
tients and 2050 controls [25, 67]. The meta-analysis
showed no effect on susceptibility [25].

Nitric oxide synthase 2 (NOS2) is an enzyme encoded
by the NOS2 gene, which is involved in nitric oxide pro-
duction and apoptosis of macrophages [93]. Nine poly-
morphisms in NOS2 were investigated in a Malawian
study, showing no influence of any of the variants on
IPD susceptibility or survival [36].

One study investigated if rs37972 in the glucocorticoid-
induced transcript 1 gene (GLCCII) influenced disease
outcome and the response to glucocorticosteroids in
pneumococcal meningitis [54]. The function of GLCCII
unknown, but it is expressed in both lung cells and im-
mune cells and may be an early marker of glucocorticoid-
induced apoptosis [94]. No association was found between
rs37972 and mortality rates per dexamethasone treatment
group [54].

Studies have showed bacteria are able to hijack the (2-
adrenoceptor and thereby stabilize its binding to the endo-
thelium which could enhance crossing the blood-brain
barrier [95]. The effect of 2 functional polymorphisms in
the B2-adrenoceptor (ADRB2) gene on susceptibility and
outcome of pneumococcal meningitis was studied in 396
patients and 376 controls [51]. Rs1042714 of ADRB2 was
associated with susceptibility (OR 1:52, 95% CI 1-12-2.07)
but had no influence on outcome of disease [51].

Studies with hypothesis free approach

Five studies had a hypothesis free approach to find
(new) genetic variations associated with pneumococcal
disease. Two of them were sequencing studies in a se-
lected group of genes [63, 72]. The first study sequenced
3 genes involved in the Toll-like receptor signalling
pathway: MYD88, IRAK4, IKBKG (inhibitor of nuclear
factor kappa-B kinase subunit gamma) of 164 IPD pa-
tients and 164 controls [63]. After sequencing 233 vari-
ants were identified of which one (rs4251545 in IRAK4)
had a minor allele frequency (MAF) of more than 5%.
This variant was associated with susceptibility to IPD
(OR 1-50; 95% CI 1.10-2:04; p =9:96 x 10” %) but after
correction for multiple testing this polymorphism did
not retain statistical significance [63].

The other sequencing study sequenced 46 innate im-
mune genes of 435 patients and 416 controls to assess
the influence on outcome and susceptibility to pneumo-
coccal meningitis [72]. They identified 2099 variations of
which 80% had a MAF below 1% (1854 variations for
susceptibility and 1385 for outcome). Neither the single
nucleotide polymorphism (SNP) or haplotype analysis
nor the analysis for association between a set of rare var-
iants and phenotypes, reached the significance level after
correction for multiple testing. The strongest associa-
tions with susceptibility were in CARDS, rs2008521 (OR
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1-82; CI 1.28-2.75; p=82x10" % and in CXCLI,
rs56078309 (OR 1.96; CI 1.34-2-87; p = 82 x 10 %) and
with outcome were in IRAK4, rs4251552 (OR 2.86; CI
1.58-518; p=4-8x10"* and NOD2, rs2067085 (OR
2.16; CI 1-40-3-34; p = 51 x 10~ %) [72].

Two of the hypothesis free studies were exome wide as-
sociation studies performed in the same Dutch cohort of
pneumococcal meningitis patients [69, 71]. Genotyping of
subjects in these studies was done with an Illumina
BeadChip consisting of more than 240,000 markers, with
approximately 75% of these markers having a MAF below
5%. The first study assessed susceptibility to pneumococ-
cal meningitis and included 469 patients and 2072
controls and a total of 100,464 polymorphisms passed
quality control thresholds [71]. The strongest associations
with susceptibility were rs139064549 in COLI11IAI (OR
3-21; 95% CI 2:05-5:02; p = 1.51 x 10~ ) and rs9309464 in
EXOC6B (OR 0-66; 95% CI 0-54—0-81; p=601x10"°),
both did not reach the exome wide significance level [71].
The study on outcome included 472 culture proven
pneumococcal meningitis patients and their strongest as-
sociation was in AKT3, rs10157763 (OR 1-88; 95% CI 1.4—
2:6; p=99x10°) but this was not significant after cor-
rection for multiple testing [69].

The fifth hypothesis free study was a genome wide as-
sociation study on pneumococcal bacteraemia suscepti-
bility in 429 Kenyan children and 2677 controls [70]. In
this study samples were genotyped with an Affymetrix®
SNP chip and polymorphisms not passing the quality
control with a MAF of less than 1%, a HWE of p <1 x
107%° and a missingness of more than 2%, were ex-
cluded for imputation. After sample and SNP quality
control 787,861 genotyped autosomal SNPs were left
for analysis, which were extended to 10,996,499 auto-
somal SNPs after imputation. The study identified an
association which reached the genome wide significance
threshold between rs140817150in a long intergenic non-
coding RNA (lincRNA) gene (AC011288.2) and pneumo-
coccal bacteraemia susceptibility and replicated the results
in a replication cohort with 113 children and 1136 con-
trols (OR 247, 95% CI 1-84-3-31, p-combined = 1-69 x
107%) [70].

Discussion

We identified 60 studies evaluating host genetic varia-
tions in 16,034 patients with pneumococcal disease.
Meta-analyses showed that genetic variants in the genes
CD14 (rs2569190) and MBL2 (one of the variant alleles
rs1800450, rs1800451 or rs5030737) were associated
with susceptibility to pneumococcal disease. A hypoth-
esis free approach was applied in few studies resulting in
one genome wide significant association in a gene cod-
ing for lincRNA (rs140817150) with IPD susceptibility
which was replicated in an independent IPD cohort.
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Few findings were replicated in independent cohorts.
Replication generally led to negative results, or — in case
of MBL2 — careful analysis suggested considerable publi-
cation bias. The role of genetic variation on outcome
was evaluated in about half of identified studies, but re-
sults were not confirmed because of the lack of detailed
clinical metadata and heterogeneity of definitions and
outcomes. To ease replication, international collaboration
between study groups on genetics in pneumococcal dis-
ease is needed to ensure uniform research designs and
outcome measures [96, 97]. This should lead to an open
source research register for genetic associations studies,
evaluating host and pathogen genetic data of pneumococ-
cal disease, to facilitate data exchange and prevent publi-
cation bias. Such team-science effort is needed to decrease
methodological flaws and contribute to more robust find-
ings on the genetic basis of pneumococcal disease, a dis-
ease with enormous impact on global health [1, 97].

The significantly associated polymorphisms in the meta-
analysis, in CD14 (rs2569190) and MBL2 (one of the vari-
ant alleles of rs1800450, rs1800451 or rs5030737) are
known functional polymorphisms. The variant alleles of
MBL2 have structural differences which are associated
with decreased MBL concentrations and thereby de-
creased activation of the complement system [98]. Soluble
CD14 (sCD14) is a pattern recognition receptor and acts
as a co-receptor of TLR-4 to bind microbial components
to endothelial and epithelial cells [99]. The risk allele T of
rs2569190 for pneumococcal disease susceptibility in our
meta-analysis, is associated with high sCD14 levels in ex-
pression studies [100, 101]. Our findings correspond with
other studies showing the T allele is associated with an in-
creased occurrence of sepsis and increased serum sCD14
levels in patients with risk genotypes [102] [103]. Al-
though the causal allele might be not the association
signal due to linkage disequilibration, these studies are
suggestive for a causal relationship of genetic variation in
both MBL2 or CDI4 and susceptibility to pneumococcal
disease.

The results of our meta-analyses should be inter-
preted with caution because many included methodo-
logically flawed studies. First of all, sample sizes were
often inadequate, whereby robust conclusions on the
influence of the studied genetic variants could not be
drawn. In studies focusing on outcome, small sample
sizes result in few unfavourable events per study
group and consequentially limited study power. Sec-
ond, in most studies data collection was retrospective
which might have led to missing data. Many studies
had a retrospective inclusion design which poses a
risk for to selection bias as reflected by the extremely
low mortality rates among included patients. In other
studies DNA was not available for a considerable pro-
portion of patients, particularly those with more
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severe disease passing away before DNA collection.
Inclusion of patients with less severe disease
decreases study power and could underestimate influ-
ence of polymorphisms on severity or mortality of
pneumococcal disease. Third, case selection differed
between studies. Different phenotypes of pneumococ-
cal disease, ethnicities and age categories were studied
which could possibly limit the meta-analysis. In 30%
of the studies ethnicity was mixed or not specified,
which could be a major source for bias since frequen-
cies of polymorphic genetic loci vary substantially be-
tween  ethnic  groups.  Furthermore, control
populations were heterogeneously selected and only 8
cohorts (of 57 cohorts; 14%) matched for both age
and sex. Fourth, quality control procedures for DNA
extraction and genotyping were rarely specified. Only
half of the studies which determined genotypes by
PCR followed by allelic discrimination methods (21 of
41 studies) stated they confirmed genotypes by se-
quencing or retesting of samples. In the candidate
gene studies only 15 (27%) described the genotyping
success rate and 7 (13%) blinding of laboratory per-
sonal. Four out of the five hypothesis free studies de-
scribed extensive quality control procedures like
genotyping accuracy, calling rates, and rates of miss-
ing samples [69-72]. Finally, statistical analyses dif-
fered between studies leading to different effect sizes
or different cut-offs for significant associations.
Logistic regression with correction for confounders
was done in only half of the studies and about one
third of the studies that assessed three or more poly-
morphisms did not correct for multiple testing.

In recent years, many loci have been identified by GWAS,
since the cost of genotyping SNPs decreased and the cohort
sizes increased [104]. Despite the success in identifying dis-
ease loci, understanding of how polymorphisms predispose
individuals to disease remains limited [104]. Besides meth-
odological flaws, it is likely single genes or genetic variants
do not control susceptibility and outcome of complex traits.
Probably most heritability can be explained by effects on
genes outside core pathways due to interconnection with
genes in regulatory networks expressed in disease-relevant
cells [105]. In order to understand the genetics of complex
traits future studies should focus on gene-gene interactions
as well [97]. Other future approaches for increasing our un-
derstanding in heritability could be targeted or whole-gen-
ome sequencing in people with extreme phenotypes, in
order to find variants in the lower frequency with larger
effect domains [97]. Besides reference panels of genomic
variation should be adequately used to enhance coverage of
existing and future GWAS and methods for detection of
copy number variants and other structural variants could
be improved [97]. Besides all this, functional understanding
of these variants is needed for better insight in pathogenesis
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of disease and drug discovery. For example the whole gen-
ome association study of the Kenyan Bacteraemia Study
Group explored the functionality of a polymorphism in a
gene coding for lincRNA, with a qPCR to quantify levels of
RNA expression in leukocyte cell subtypes, observing eleva-
tion only in neutrophils [70]. Most of the studies included
in this review investigated a functional role of identified
polymorphisms by measuring serum of CSF protein expres-
sion, [20, 26, 28, 34, 41, 42, 44, 47, 55, 56, 58, 60, 66, 69, 72]
but not all were able to demonstrate a functional effect.
Moreover the majority of the studies (70%) did not analyse
the functionality of the genetic variants.

Conclusions

Several host genetic polymorphisms have been identified
to influence susceptibility and outcome of pneumococcal
disease, but most of these studies are hampered by
methodological flaws or were not reproduced (yet).
Carefully designed whole-genome association and repli-
cation studies are needed with detailed clinical meta-
data to further clarify and confirm the genetic basis of
pneumococcal disease. To improve our understanding in
the functionality of polymorphisms the next step is to
investigate the downstream molecular effects of poly-
morphisms with large-scale clinical cohort studies within
a specific acute illness as pneumococcal disease.
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