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Abstract
Objective: Susceptibility to Graft-Versus-Host Disease (GvHD) following Hemato-
poietic Stem Cell Transplantation (HSCT) has been linked to the NOD2 gene, but 
results have been so far conflicting among individual studies. The aim of this me-
ta-analysis was to investigate NOD2 (nucleotide-binding oligomerisation domain 
containing 2) polymorphisms as possible susceptibility loci for GvHD as well as other 
life-threatening complications following HSCT. 
Methods: Available studies addressing a possible contribution of NOD2 polymor-
phisms to GvHD and complications following HSCT were identified through data-
base searches. We analyzed the HSCT outcomes and any of the NOD2 polymor-
phisms in either donor or recipient. Pooled relative risks (RRs) and their 95 % CI were 
calculated to assess the strength of correlation. 
Results: NOD2 polymorphisms whether in recipient or donor, or recipient and do-
nor-side transplant pairs, were significantly associated with severe GvHD (P = 0.004). 
However, only trends were observed in terms of the association between polymor-
phisms and decreasing mild GvHD, 1-year overall survival, disease-free survival, or 
increasing transplantation-related mortality and relapse (P > 0.05). NOD2 polymor-
phisms on the donor-side only were associated with higher risk of severe GvHD (P 
= 0.09), and the association was also observed in pairs where polymorphisms were 
carried by both the recipient and the donor (P = 0.002). Increased GvHD risk was not 
associated with polymorphisms in recipient-side only transplant pairs. Furthermore, 
the association was not attributable to any specific NOD2 genotype. 
Conclusions: NOD2 polymorphism confers the more negative outcomes following 
HSCT. Donor and both-side mutation in transplants could increase the risk of severe 
GvHD. NOD2 genotyping may therefore be of clinical value.
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Introduction

 Hematopoietic stem cell transplantation (HSCT) is 
currently an important strategy for the treatment of many he-
matological disorders, but the efficacy and safety are frequently 
limited by concomitant immunologic derangement[1]. Although 
considerable attention has been focused on how to prevent 
the detrimental Acute Graft-Versus-Host Disease (aGvHD) 
while protecting the desired Graft-Versus-Leukemia (GvL) ef-
fect, recipients remain susceptible to the other life-threatening 
post-transplantation complications, including Chronic GvHD 
(cGvHD), Intestinal GvHD (iGvHD), Transplantation-Related 
Mortality (TRM), and hematological relapse. Thus, defining 
variables that predispose to any of these events are of critical 
importance.
 During recent years, many studies have provided 
convergent lines of evidence for a link between Single Nucle-
otide Polymorphisms (SNPs) from specific genes and HSCT 
outcomes[2]. The nucleotide-binding oligomerization domain 
containing 2 (NOD2) gene, previously known as the caspase 
recruitment domain 15 (CARD15) gene, is one such candidate 
gene. The NOD2 gene is located in humans on chromosome 
16 (16q21). It has a C-terminal leucine-rich repeat region for 
sensing microbial products, a central nucleotide-binding do-
main (NACHT), and an N-terminal CARD (caspase activation 
and recruitment domain)[3]. In antigen-presenting cells, NOD2 
expression leads to downstream activation of innate pathways 
of host defense[4] when triggered by its interaction with Muram-
yl Dipeptide (MDP), a component of gram-positive and -nega-
tive bacterial cell walls, subsequently leading to the activation 
of the pro-inflammatory NF-κB pathway. Several studies have 
identified three NOD2 SNPs (Arg702Trp, SNP8; Gly908Arg, 
SNP12; Leu1007fsinsC, SNP13)[5] as being associated with in-
creased incidence and severity of aGvHD, increased TRM, and 
reduced Overall Survival (OS)[6,7]. Although SNPs 8, 12, and 13 
are thought to reduce the ability of MDP to activate NOD2 and 
consequently the activation of NF- κB, resulting in reduction 
in the production of cytokines and antimicrobial peptides, these 
loss-of-function effects caused by the SNPs initially proved 
controversial, as an enhanced cytokine response is characteris-
tic of GvHD. Naturally, other studies have yielded inconsistent 
results[8,9], possibly due to limited sample size, differences in 
genetic background within a transplant pair, and variable study 
designs[3,10,11]. Here, a comprehensive search and meta-analysis 
were used for the first time to confirm the association of differ-
ential NOD2 polymorphism status in Caucasian ethnic popula-
tions with HSCT outcome.

Materials and Methods

Literature search strategy
 References from electronic databases including 
PubMed, Ovid and the Web of Science were systematically 
searched for all potentially relevant studies published in En-
glish. Searches were performed to identify relevant references 
in the databases up to and including the date of March 1, 2014. 
Various combinations of the following medical subject headings 
(MeSH), terms, and key words were used: “NOD2/CARD15”, 
“polymorphism/mutation/variant”, “graft-versus-host disease/
GvHD” and “hematopoietic stem cell transplantation/HSCT”. 

The reference list of the retrieved articles was further screened 
manually to find potentially eligible publications. When nec-
essary, authors were contacted for specific raw data to obtain 
sufficient clarification. Where overlapping study populations 
existed, only those of the longest follow-up with sufficient data 
were selected in order to avoid data duplication. Published ge-
nome-wide association studies (GWAS) addressing the influ-
ence of NOD2 gene status on GvHD were also identified. Two 
investigators independently extracted and evaluated the data, 
and disagreements were resolved by discussion until a consen-
sus was reached. No previous meta-analysis for association of 
NOD2 SNP with GvHD was found.

Eligibility criteria
 The inclusion criteria were the following: (1) observa-
tional studies concerning the association between NOD2 gene 
polymorphisms and at least one complication after HSCT; (2) 
studies in English providing relative risk (RR) and 95 % Con-
fidence Interval (CI) data; (3) studies were designed as cohort 
or case-control investigations; (4) studies were performed on 
adults or children, and no restrictions were placed on nationali-
ty or ethnicity; (5) primary endpoints were occurrence of Acute 
GvHD (aGVHD), Chronic GvHD (cGVHD), Intestinal GvHD 
(iGVHD), Transplantation-Related Mortality (TRM), Overall 
Survival (OS), Disease-Free Survival (DFS, defined as patients 
alive at last contact and no evidence of relapse), and hemato-
logical relapse. Mild cases of GvHD in recipients were defined 
as grade I/II and severe cases as grade III/IV, according to the 
NIH classification scheme[12]. References were excluded based 
on the following criteria: (1) reviews; (2) animal experiments; 
(3) noncomparative studies with no original data; (4) duplicate 
study populations; (5) unavailable datasets.

Data extraction
Two reviewers independently extracted eligible datasets, utiliz-
ing the predesigned data collection form. The following infor-
mation where available was recorded for each trial: first author, 
publication year, study characteristics relating to demographics, 
numbers of cases and controls, graft source, underlying disease, 
conditioning regimen, HLA match, follow-up, immunosuppres-
sive protocol, detection methods of NOD2 polymorphisms, the 
genotype of the NOD2 polymorphisms and the number of pa-
tients or donors with the SNPs, and outcome as defined under 
eligibility criteria. Population stratification was conducted ac-
cording to the NOD2 SNP status in transplant pairs. Addition-
ally, if independent results from the separate study populations 
were reported by the same author and met the inclusion criteria, 
all of them were included and labeled but distinguished on the 
basis of the year of publication. Disagreements were resolved by 
discussion with a third reviewer. 
 Quality assessment was independently undertaken by 
at least two investigators according to the published Quality As-
sessment for Studies of Diagnostic Accuracy Statement (QUA-
DAS)[13]. QUADAS is an evidence-based quality assessment 
tool for use in systematic reviews of diagnostic accuracy stud-
ies. The QUADAS tool includes 14 items assessing risk of bias, 
sources of variation, and reporting quality. Each item is rated 
“yes”, “no”, or “unclear”. The maximum score of the QUADAS 
system is 14, and potential discrepancies are resolved by a third 
party[14].
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Statistical analysis
 The statistical analysis was performed with Freeware Program Review Manager (Version 5.0). The predictive performance 
of NOD2 was assessed with a summary receiver operating characteristic (SROC) curve on Meta-DiSc software (http://www.hrc.es/
investigacion/metadisc_en.htm)[15]. Pooled sensitivity and specificity values together with the area under the summary ROC values 
(AUC) were also calculated. RR and the 95 % CI were used to assess the strength of the association between NOD2 gene polymor-
phisms and complication susceptibility after HSCT. The online software HWE (Hardy-Weinberg equilibrium) (http://ihg.gsf.de/cgi-
bin/hw/hwa1.pl) was used to evaluate the deviation of genotypes from Hardy-Weinberg equilibrium (HWE) in controls[16]. A Fish-
er’s exact test was used to analyze deviation of the distribution of individual genotypes from HWE in control groups. Heterogeneity 
was measured by χ2 -based Q testing and I2 statistics, where I2 between 0% ~ 40%, means might be important, 30% ~ 60%, indicated 
moderate heterogeneity, 50% ~ 90% indicated substantial heterogeneity. A fixed- or random-effects model was used depending on 
the absence or presence of significant heterogeneity, respectively. Furthermore, a sensitivity analysis was conducted by excluding 
any single study whenever significant heterogeneity was indicated. Subgroup analysis was conducted according to the severity of 
GvHD (mild, I/II; severe, III/IV) to determine the effect of the NOD2 genotype. Data concerning different NOD2 SNP genotypes 
were also treated as separate studies in the subgroup analysis using the model of per-genotype versus wild-type gene. Study-specific 
results were assessed by forest plots. P-values were two-sided, and a P-value < 0.05 was considered significant. Finally, asymmetry 
in a funnel plot of log (RR) plotted against RR was used as a measure of publication bias[17].

Results

Characteristics of eligible studies
 The study selection process is shown in Figure 1. Briefly, a total of 540 potentially relevant articles were systematically 
identified after an initial search. Abstracts only were screened first, and 360 articles were excluded due to duplicated studies, animal 
experiments, or review articles. A further 164 records were subsequently excluded, due to insufficient data, and overlapping or ineli-
gible data, based on examination of the content of the complete texts. One final search indicated that there were no published GWAS 
addressing the association of NOD2 polymorphisms with various HSCT outcomes. In conclusion, a total of 16 studies, including 
four case controls and 12 cohort studies, were considered for pooled analysis.

Figure 1: Literature flow chart. PubMed, Ovid, and the Web of Science were searched for eligible studies published up to and including the date 
of March 1, 2014. The final 16 studies were chosen according to the criteria outlined.

 The detailed baseline characteristics of the 16 included studies are shown in Table 1. The ethnicity of all populations in the 
final 16 studies was Caucasian. The distribution of the genotypes of the controls was consistent with HWE except in four studies. Of 
these 16 studies, 14 were pooled for evaluating the association between NOD2 polymorphisms and GvHD severity, while eight were 
individually assessed for unilateral recipient-, unilateral donor-, or bilateral side associations. Only three papers of the 16 reported 
an association between NOD2 SNP8/SNP12/SNP13 and HSCT outcome. The overall quality of the study design was acceptable and 
displayed a mean QUADAS score of 8 ± 3 (Mean ± SD). 

http://www.hrc.es/investigacion/metadisc_en.htm
http://www.hrc.es/investigacion/metadisc_en.htm
http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
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Table 1: Baseline characteristics of the included studies.
Author 
Year 
(Ref.)

Study 
design

Country Ethnicity Patient 
age

Male 
(%)

Trans-
plant 
pairs (n)

HLA 
matching

Graft 
(PB/BM, 
%)

GvHD pro-
phylaxis

Fol-
low-up 
(Month)

HWE

Granell 
2006 Cohort Spain Caucasian 42 (22~59) 48 85 MFD ___ ___ 57 Yes

Nguyen 
2010 Cohort USA Caucasian 37 (1~59) 54 390 MUD 19/81 FK, CsA, 

CsA/MTX 149 Yes

van der 
Velden 
2009

Cohort Nether-
land Caucasian 45 (16~62) 62 85 MFD 42/58 CsA 12 Yes

Sairafi 
2008 case- 

control Sweden Caucasian 37 (15-61) 58 198 MFD/
MUD 57/43

CsA/MTX, 
CsA/Pred 
CsA/MMF, 
FK/MMF

120 No

Wermke 
2010 Cohort Germany Nordic 51 (11-76) 59 304 MUD/

MRD 94/6 CsA/FK, 
MTX/MMF 75 No

Gruhn 
2009 case-

control Germany Nordic 11 (0~29) 65 231
MFD/
MUD/
MMD

28/72 CsA/MTX 100 Yes

van der 
Straaten 
2011

Cohort Nether-
land Caucasian 59 (20~73) 64 192 MFD/

MUD ___ CsA/MMF 83 Yes

Jaskula 
2014

case-
control Poland Caucasian 32 (6~60) 56 464 MFD/

MUD 71/9 CsA/MTX 115 Yes

Landfried 
2010 case-

control
Switzer-
land Caucasian 48 ___ 64 MFD/

MUD ___ CsA/MTX, 
CsA/MMF ___ No

Elmaagac-
li 2011 Cohort Germany Nordic 46 (19~68) 50 142 MFD 90/10 CsA/MTX, 

CsA/MMF 119 Yes

Elmaagac-
li 2006 Cohort Germany Nordic 39 (16~67) 58 403 MFD/

MUD 78/22 CsA/MTX, 
CsA 60 Yes

Holler 
2008 Cohort 6 Europe-

an centers Mix 40 (14~66) ___ 700 MFD/
MUD ___ ___ 33 No

Holler 
2006 Cohort 5 Europe-

an centers Mix 39 (3~66) 59 303 MFD 56/44 ___ 220 Yes

Holler 
2004 Cohort Germany Nordic 44 (16~65) 60 169 MFD/

MUD 75/25 CsA/MTX, 
CsA/MMF 12 Yes

Hildeb-
randt 2008 Cohort Germany Nordic 40 (16~65) 56 427 MFD/

MUD 68/32 ___ 117 Yes

Mayor 
2007 Cohort UK Caucasian 22 (2~65) 62 196 MUD 19/81 CsA/MTX, 

CsA 80 Yes

PB, Peripheral blood stem cell; BM, Bone marrow; HWE, Hardy-Weinberg Equilibrium; MFD, Matched family donor; MUD, Matched unrelated 
donor; MRD, Matched related donor; MMD, Mismatched donor; FK, Tacrolimus; CsA, Ciclosporin A; MTX, Methotrexate; MMF, Myeopheno-
late-Mofetil; Pred, Prednisone; GvHD, graft-versus-host disease.

GvHD association with NOD2 polymorphisms in donors or recipients or both
 NOD2 polymorphisms have been most strongly associated with the risk of GvHD after HSCT. GvHD was therefore inves-
tigated first as the endpoint in individuals or recipient-donor pairs, where any NOD2 polymorphisms were present, compared to the 
outcome of wild-type (wt) recipient/donor pairs. For severe aGvHD, an effect of NOD2 polymorphism was clearly observed (RR: 
1.51, 95 % CI: 1.14 - 1.99, P = 0.004). NOD2 polymorphisms in either the donor or the recipient were associated with an increased 
risk of severe GvHD in recipients compared to wt SNPs, despite obvious between-study heterogeneities found in both analyses (I 

= 63 % ). No remarkable trend towards increasing but milder severity of aGvHD was observed when it was the recipient bearing a 
NOD2 SNP as opposed to a wt genotype (RR: 0.95, 95 % CI: 0.85 - 1.06, P = 0.33). Also, there were no significant differences in 
iGvHD (RR: 1.01, 95 % CI: 0.92 - 1.12, P = 0.79) and cGvHD (RR: 1.29, 95 % CI: 0.83 - 2.03, P=0.26) regardless of the NOD2 
genotype status in recipient and/or donor (Figure 2A, Table 2).

http://www.ommegaonline.com
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Figure 2: Forest plots for the association of hematopoietic stem cell transplantation outcomes with NOD2 polymorphisms carried by the donor 
and/or recipient. For each study, the estimate of RR and its 95%CI is plotted as a box and a horizontal line. Filled diamonds are the pooled RR and 
its 95%CI. TRM- transplant-related mortality; DFS- disease-free survival; OS- overall survival.

Table 2. outcome relative to NOD2 polymorphism status in donor or recipients.
Any side Studies wt/variant (n) RR 95% CI P I2 (%)
Mild aGvHD 6 1241/450 0.95 0.85 ~ 1.06 0.33 0
Severe aGvHD 7 1661/620 1.51 1.14 ~ 1.99 0.004 63
Intestinal GvHD 4 1018/394 1.01 0.92 ~ 1.12 0.79 4
Chronic GvHD 6 1189/439 1.29 0.83 ~ 2.03 0.26 90
TRM 10 1601/605 1.70 0.98 ~ 2.93 0.06 92
DFS 4 657/208 0.74 0.51 ~ 1.05 0.09 75
OS 7 1278/485 0.88 0.78 ~ 1.00 0.06 51
Relapse 5 947/372 1.61 0.80 ~ 3.23 0.18 87
R-side
Mild aGvHD 6 1260/258 1.12 0.96 ~ 1.31 0.14 43
Severe aGvHD 4 965/194 1.11 0.68 ~ 1.82 0.68 60

5 Int J Hematol Ther    |     volume 3: issue 3Zhou, P., et al.
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D-side
Mild aGvHD 5 1111/201 0.99 0.76 ~ 1.28 0.91 54
Severe aGvHD 4 1042/174 1.42 0.94 ~ 2.15 0.09 53
Both side
Mild aGvHD 4 963/52 1.24 0.68 ~ 2.26 0.47 77
Severe aGvHD 5 1242/63 1.87 1.25 ~ 2.80 0.002 27

Any side: polymorphisms in any side of transplant pairs; R-side, polymorphisms in recipients only; D-side, polymorphisms in recipients only; Both 
side, polymorphisms of both R & D; aGvHD, acute GvHD; TRM, transplant-related mortality; DFS, disease-free survival; OS, overall survival.

Figure 3: Forest plots for the detailed analysis of mild aGvHD and severe aGvHD relative to donor and recipient NOD2 polymorphisms. For 
each study, the estimate of RR and its 95%CI is plotted as a box and a horizontal line. Filled diamonds are the pooled RR and its 95 % CI. 
R-side, polymorphisms in recipients only; D-side, polymorphisms in donors only; both-side, polymorphisms in both R and D.

http://www.ommegaonline.com
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Detailed analysis of recipient/donor NOD2 polymorphism status in association with GvHD
 Analysis was subsequently performed on the data but with separation of the polymorphisms according to their occurrence 
in recipients (R), donors (D), or both (RD). Firstly, for severe aGvHD, the highest risk was observed in transplant pairs in which both 
recipient and donor carried a NOD2 polymorphism relative to RD-wt (RR: 1.87, 95 % CI: 1.25 - 2.80, P = 0.002; Figure 3, Table 2). 
Only a slight increase in risk was observed when D-only was compared to RD-wt, although the P-value was marginal (RR: 1.42, 95 
% CI: 0.94 - 2.15, P = 0.09). However, no such association was observed when R-only was compared to RD-wt (RR: 1.11, 95 % CI: 
0.68 - 1.82, P = 0.68). This result indicated that severe aGvHD was a significantly increased risk in patients with NOD2 polymor-
phisms on the donor side. Secondly, for mild aGvHD, the surprising result was that the risk of mild aGvHD was not significantly 
associated with NOD2 SNP variants wherever they occurred (R- or D-only or both-side; all P-values > 0.05).

Recipient/donor genotype of NOD2 SNPs and association with GvHD
 To further investigate the association of NOD2 SNPs with the occurrence of GvHD as well as to potentially gain insight 
into the functional significance of the association, subgroup analysis of individual NOD2 polymorphisms was performed. Three of 
the studies from our search had evaluated individual NOD2 SNPs that were included in this meta-analysis[10,11,18]. Because of the 
existing heterogeneity, a random model of analysis was used. Although comprehensive analysis demonstrated that patients receiving 
a transplant from a NOD2 SNP donor had a higher aGvHD risk (RR: 1.55, 95 % CI: 1.06 - 2.25, P = 0.02), there was no evidence 
that the increased risk of GvHD associated with SNPs differed between the three individual NOD2 SNPs. These results therefore 
further substantiated that any NOD2 SNPs present on the donor-side increased risk of GvHD in recipients after HSCT.

TRM, OS, DFS and relapse relative to NOD2 SNPs in donor or recipients
 The remaining endpoints were also investigated for associations with NOD2 SNPs in recipients and/or donors. Compared 
to RD-wt, the presence of NOD2 SNP in either the donor or the recipient was a positive factor, although not significant, for increased 
overall 1-year-TRM (RR: 1.70, 95 % CI: 0.98 - 2.93, P = 0.06) or -relapse (RR: 1.61, 95 % CI: 0.80 - 3.23, P = 0.18), and decreased 
1-year-OS (RR: 0.88, 95% CI: 0.78 - 1.00, P = 0.06), -DFS (RR: 0.74, 95 % CI: 0.51 - 1.05, P = 0.09). Regardless of the carrier for 
the NOD2 SNP, recipient and/or donor, recipients had a higher risk of adverse outcomes following HSCT than RD-wt. (Figure 2B, 
Table 2, 3)

Table 3. Detailed analysis of the association between NOD2-SNP genotype and aGvHD.
D-side Studies wt/variant (n) RR 95% CI P I2 (%)
NOD2 SNP8 2 365/33 1.60 0.71~3.65 0.26 59
NOD2 SNP12 1 173/8 1.27 0.51~3.20 0.61 --
NOD2 SNP13 2 511/35 1.42 0.60~3.38 0.42 60
Pooled analysis 5 1040/76 1.55 1.06~2.25 0.02 22
R-side
NOD2 SNP8 1 201/16 0.65 0.23~1.84 0.42 --
NOD2 SNP12 1 212/5 0.71 0.12~4.13 0.70 --
NOD2 SNP13 1 196/21 1.21 0.63~2.31 0.58 --
Pooled analysis 3 609/42 0.93 0.54~1.57 0.78 0

Figure 4: Predictive value of NOD2 status for severe acute GvHD. Summary receiver operating characteristic (SROC) curves for the presence of 
any NOD2 variant alleles in either- (recipient or donor) (A) or both-side (B) of transplant pairs as a predictor of severe aGvHD after allogeneic 
hematopoietic stem cell transplantation. AUC, area under the SROC values; Q, Youden’s index.
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Risk of NOD2 SNP status for severe acute GvHD
 Our results demonstrated that while NOD2 SNPs on 
either side of transplant pairs conferred a greater risk of severe 
aGvHD, such a predictive effect became even stronger when 
the SNPs occurred on both sides. SROC was next performed 
to determine the sensitivity and specificity of the SNP status for 
severe aGvHD with regard to the predictive value of NOD2 ge-
notyping. The sensitivity and specificity of the presence of any 
NOD2 polymorphism that was carried by R- or D-, or R and 
D-sides of transplant pairs for severe aGvHD in each study are 
displayed in an SROC diagram (Figure 4). The sensitivity of any 
SNP in the recipient or the donor, or both in predicting severe 
aGvHD was 36 % and 9 %, with specificities of 75 % and 96 
%, respectively. The AUC was 0.59 and 0.60 for severe aGvHD, 
which was consistent with a poor predictive accuracy and in-
dicated a potentially causal association existed between NOD2 
SNPs and GvHD.

Heterogeneity test, sensitivity analysis, and publication bias
 One of the parameters that may obscure an underlying 
susceptibility to GvHD in meta-analysis is heterogeneity across 
clinical studies, such as patient symptoms and treatment proto-
cols. Significant heterogeneity was observed in severe aGvHD 
and cGvHD in the context of R- or D-side NOD2 polymorphism, 
where the heterozygote comparison was I2 > 50 %. Sensitivity 
analysis for the case of R-side only polymorphism indicated that 
the study by Wermke et al[19] was the main source of heterogene-
ity under a random effects model. After excluding this study, the 
heterogeneity was significantly decreased. Similarly, the study 
by Holler 2004 et al[20] was the main source of heterogeneity 
in the case of D-only and RD-polymorphism analysis. Howev-
er, for most comparisons for the status of NOD2 SNP genotype 
where GvHD was the outcome, no obvious heterogeneity was 
observed (I2 < 50 %). In contrast, significant heterogeneity was 
observed in most comparisons for other HSCT outcomes. This 
heterogeneity could not be fully explained by the study design 
and subgroup analysis but might result from variation in the 
standards for evaluation for outcome.
 In sensitivity analysis, the combined results were re-
calculated by omitting one study per iteration. The summary 
estimates for most of the outcomes were similar in the absence 
of large fluctuations, demonstrating that the results of the me-
ta-analysis were robust[15].
 Finally, the funnel plot illustrated that none of the in-
cluded studies lay outside of the 95 % CI boundaries, indicating 
that there was no publication bias in the report of results on the 
NOD2 polymorphism and HSCT outcome (data not shown).

Discussion

 Previous individual studies evaluating the association 
between NOD2 SNPs and HSCT outcome have yielded incon-
sistent results. Our strategy was to use meta-analysis due to its 
statistical power in order to potentially reduce between-study 
heterogeneity in the characteristics of transplant pairs, differen-
tial immunosuppressive protocols and transplant techniques that 
may obscure a real susceptibility to GvHD[3]. Our study, taken 
together with all currently available published data, indicates 
that HSCT patients with NOD2 SNPs on the donor side appear 
to be associated with an increased risk of severe GvHD. The 

association is especially strong in the case of both recipient and 
donor of transplant pairs carrying NOD2 SNP/mutation. How-
ever, no significant association was observed in terms of mild 
GvHD. These results provide a strong argument that NOD2 
polymorphisms have predictive value in HSCT outcome.
 The results from the meta-analysis confirmed previous 
reports that NOD2 polymorphisms were significantly associat-
ed with severe GvHD risk, but not mild GvHD. It is possible 
that the NOD2 gene plays different roles in the development of 
GvHD. For example, NOD2 variants may contribute to the onset 
of GvHD to varying degrees by interrupting the so-called cyto-
kine storm that is necessary for initiating the syndrome[3]. The 
disruption of the cytokine storm at an early stage posttransplan-
tion would result in the absence of a GvHD response[21]. How-
ever, mutated NOD2 proteins have been shown to have a re-
duced ability to recognize peptides with which NOD2 normally 
interacts, such as MDP. This deficiency in NOD2 leads to weak-
nesses in the integrity of the mucosal barrier and subsequently 
increased circulating levels of the bacterial peptide which trigger 
a state of hyper-inflammation with the eventual development of 
severe GvHD[22].
 The results of this study further confirmed that NOD2 
polymorphism on the donor side was more significantly asso-
ciated with detrimental post-HSCT outcomes than when on the 
recipient side. A possible explanation for this apparent status-de-
pendent effect is that advances in transplant techniques and 
practice have mainly focused on the recipients, which results in 
similar survival prospects for patients of well-matched donors in 
HSCT[23]. A bias is thus inherent in the transplant pair population 
so that the donor source rather than the recipient may contrib-
ute to the differences in HSCT outcome. In a second scenario, 
the recipients APCs which express NOD2 are possibly damaged 
during the conditioning regimen. In this scenario, the number of 
foreign donor APCs would appear to correlate more significantly 
with HSCT outcome because of the manner in which cross-pre-
sentation occurs[24]. However, a minor impact of the presence of 
NOD2 SNP in the recipient simply might not be detectable.
 The question of whether specific NOD2 SNP genotypes 
(SNP8/SNP12/SNP13) affected the risk of GvHD was also ex-
amined to provide further insight into the functional nature of the 
association. Subgroup analysis of all available data documented 
that while the presence of any NOD2 SNP in donors and/or re-
cipients was associated with a higher risk of GvHD, it was not 
specific to any particular SNP. Therefore, the mechanisms un-
derlying the functional irregularities attributed to NOD2 SNPs 
appear to be multifactorial and more complicated. The NOD2 
protein functions as an intracellular sensor of the bacterial ligand 
MDP and plays an important role in maintaining the integrity 
of the mucosal barrier. Defective NOD2 function might possi-
bly lead to inefficient clearance of bacterial pathogens[25,26] and 
the inability to respond efficiently to bacterial infection. These 
loss-of-function effects and an impaired antimicrobial response 
caused by the SNPs are stimulatory factors for GvHD develop-
ment[22].  However, NOD2 protein also functions as a positive 
regulator of proinflammatory responses and cytokine produc-
tion. The idea that NOD2 SNPs lead to a “decreased cytokine 
storm” originates from the observation that the different proteins 
reduce the activation of NF- κB[27]. 
 In addition to GvHD, conditioning- or transplanta-
tion-related toxicity as a major contributing factor to the out-
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come of HSCT has to also be taken into consideration. Although 
NOD2 polymorphisms were associated with other adverse out-
comes (TRM, OS, DFS, or relapse), the finding was not associ-
ated specifically with the recipient or the donor. It is possible that 
we failed to observe such an association because of the hetero-
geneity in the patient population and clinical circumstances, es-
pecially with regard to T-cell depletion[6,7,9]. The implementation 
and method of T-cell depletion was not uniformly applied in all 
studies, and such inconsistencies in protocols and their applica-
tion might have played a confounding role in the meta-analysis.
Identifying the source of heterogeneity is one of the most im-
portant goals of the meta-analysis, in order to facilitate the de-
tection of underlying susceptibility loci. Many clinical factors 
might contribute to heterogeneity, such as consistency in diag-
noses, the graft source, HLA match or mismatched pairs, T-cell 
depletion strategy, donor leukocyte infusion administration, 
gastrointestinal decontamination, and GvHD-prophylaxis strat-
egies. Stratified analysis based on these cofactors was, unfortu-
nately, not performed due to the unavailability of detailed data. 
Furthermore, several limitations need to be considered in the 
interpretation of the results. Firstly, as with any meta-analysis, 
this study was limited by the quality and potential flaws of the 
underlying studies. Secondly, the number of NOD2 genotypes 
analyzed was limited and may, therefore, ultimately reduce the 
power of the analysis. Thirdly, all of the included trials had been 
performed only on Caucasian populations. With no available 
data on Asian and/or African populations, the results of this me-
ta-analysis may not apply more generally to populations of di-
verse ethnic origins. Fourthly, some specific patient subgroups, 
particularly those regarding treatment protocols such as T-cell 
depleted versus T-cell replete allogeneic transplants, related ver-
sus unrelated donor transplants, myeloablative versus reduced 
intensity conditioning recipients, were not assessed due to insuf-
ficient available data. 
 Despite these limitations, the present meta-analysis 
provided reliable results that the NOD2 gene might be a possi-
ble genetic susceptibility locus for adverse outcomes following 
HSCT. Donor NOD2 SNPs demonstrated a significant associ-
ation with increased risk of severe aGvHD, but not with mild 
aGvHD. The impact of donor NOD2 polymorphism is likely to 
increase with the cumulative severity of GvHD, and it was most 
pronounced when coincidental NOD2 SNP/mutation occurred 
in both recipient and donor. The meta-analysis overall indicates 
that NOD2 polymorphism could be utilized to evaluate the prog-
nosis for HSCT in the recipient. Thus, genotyping for NOD2 
polymorphisms may be clinically relevant in the selection pro-
cess of appropriate donors for HSCT.
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