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A bs tr ac t

Background

Toll-like receptors (TLRs) are essential components of the immune response to fun-
gal pathogens. We examined the role of TLR polymorphisms in conferring a risk of 
invasive aspergillosis among recipients of allogeneic hematopoietic-cell transplants.

Methods

We analyzed 20 single-nucleotide polymorphisms (SNPs) in the toll-like receptor 2 
gene (TLR2), the toll-like receptor 3 gene (TLR3), the toll-like receptor 4 gene (TLR4), 
and the toll-like receptor 9 gene (TLR9) in a cohort of 336 recipients of hematopoi-
etic-cell transplants and their unrelated donors. The risk of invasive aspergillosis 
was assessed with the use of multivariate Cox regression analysis. The analysis was 
replicated in a validation study involving 103 case patients and 263 matched controls 
who received hematopoietic-cell transplants from related and unrelated donors.

Results

In the discovery study, two donor TLR4 haplotypes (S3 and S4) increased the risk of 
invasive aspergillosis (adjusted hazard ratio for S3, 2.20; 95% confidence interval 
[CI], 1.14 to 4.25; P = 0.02; adjusted hazard ratio for S4, 6.16; 95% CI, 1.97 to 19.26; 
P = 0.002). The haplotype S4 was present in carriers of two SNPs in strong linkage 
disequilibrium (1063 A/G [D299G] and 1363 C/T [T399I]) that influence TLR4 func-
tion. In the validation study, donor haplotype S4 also increased the risk of invasive 
aspergillosis (adjusted odds ratio, 2.49; 95% CI, 1.15 to 5.41; P = 0.02); the associa-
tion was present in unrelated recipients of hematopoietic-cell transplants (odds ratio, 
5.00; 95% CI, 1.04 to 24.01; P = 0.04) but not in related recipients (odds ratio, 2.29; 
95% CI, 0.93 to 5.68; P = 0.07). In the discovery study, seropositivity for cytomegalo
virus (CMV) in donors or recipients, donor positivity for S4, or both, as compared 
with negative results for CMV and S4, were associated with an increase in the 3-year 
probability of invasive aspergillosis (12% vs. 1%, P = 0.02) and death that was not 
related to relapse (35% vs. 22%, P = 0.02).

Conclusions

This study suggests an association between the donor TLR4 haplotype S4 and the 
risk of invasive aspergillosis among recipients of hematopoietic-cell transplants from 
unrelated donors. 
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O ver the past 20 years, invasive 
aspergillosis has become increasingly 
frequent among recipients of allogeneic 

hematopoietic-cell transplants, with an incidence 
rate of up to 12%.1 Despite the availability of new 
azole and echinochandin antifungal drugs, the 
outcome remains poor, with a 1-year mortality of 
50 to 80%, making invasive aspergillosis one of 
the leading infection-related causes of death among 
recipients of allogeneic hematopoietic-cell trans-
plants.1,2 Identification of patients who are at in-
creased risk for infection before transplantation 
could facilitate the development of effective pre-
vention strategies.

Toll-like receptors (TLRs) are transmembrane 
proteins on the surface of immune cells that de-
tect conserved molecular motifs known as “mi-
crobe-associated molecular patterns” from a va-
riety of organisms. They interact with several 
adapter proteins to activate transcription factors, 
leading to the production of inflammatory cyto
kines and the activation of adaptive immunity.3,4 
Aspergillus species activate innate immune cells 
through both toll-like receptor 2 (TLR2) and toll-
like receptor 4 (TLR4).5-10

Common polymorphisms in TLR genes have 
been associated with susceptibility to several in-
fections.11 Mutations in TLR adapter molecules 
(i.e., interleukin-1 receptor–associated kinase 4 
[IRAK4], inhibitor of nuclear factor κ B kinase γ 
[IKKγ], and inhibitor of nuclear factor κ B α [IκBα]) 
cause rare inherited immunodeficiencies, further 
demonstrating the importance of genetic vari-
ability in the TLR signaling pathway.11 In the 
transplant recipient, inhaled molds may interact 
with epithelial cells from the recipient or phago-
cytic cells from the donor lineage; both cells ex-
press TLRs. We hypothesized that polymorphisms 
in TLR genes from the donor and the recipient may 
influence susceptibility to invasive aspergillosis in 
recipients of hematopoietic-cell transplants. To 
test this hypothesis, we analyzed the frequencies 
of single-nucleotide polymorphisms (SNPs) for 
four candidate TLR genes in a cohort of recipients 
of hematopoietic-cell transplants and unrelated 
donors. 

Me thods

Patients

All patients who received an allogeneic hematopoi-
etic-cell transplant from the Fred Hutchinson Can-

cer Research Center and the Seattle Cancer Care 
Alliance between 1989 and 2004 were eligible for 
this analysis. Specimens were obtained and DNA 
was extracted by our Human Immunogenetics 
Program in an ongoing process that was based 
solely on the availability of specimens, and no pref-
erences were given to any specific clinical variables. 
For the discovery and validation studies, patients 
were selected sequentially from the overall pool 
of specimens available at the time the respective 
studies were conducted, and no patient was in-
cluded in both studies.

For the discovery study, we identified 374 pa-
tients with available DNA who underwent their 
first allogeneic hematopoietic-cell transplantation 
from an unrelated donor between 1995 and 2003. 
Cases were identified from microbiologic and his-
topathological reports in clinical charts and clas-
sified as “probable” or “proven” invasive asper-
gillosis, with the use of definitions developed by 
the Mycoses Study Group of the National Institute 
of Allergy and Infectious Diseases and the Euro-
pean Organization for Research and Treatment of 
Cancer.12 Among the 374 patients, 38 were ex-
cluded for one or more of the following reasons: 
both the donor and recipient had a nonwhite or 
unknown race or ethnic group (32 patients), in-
vasive aspergillosis occurred before the first or 
after a second transplantation (5), the diagnosis 
of invasive aspergillosis was classified as “pos-
sible” (3), and infection was due to an invasive 
mold other than aspergillus species (2). 

For the validation study, we used a matched 
case–control design and included recipients of 
hematopoietic-cell transplants from related do-
nors. A minimal number of 100 cases with at least 
one matched control was required for odd ratios 
of approximately 2.3, 2.0, and 1.8, with 80% 
power and a 5% type I error rate, for allelic fre-
quencies of 10%, 20%, and 30%, respectively 
(calculated with the use of Quanto 1.2.3 soft-
ware).13 Among the 223 patients in whom inva-
sive aspergillosis occurred between 1989 and 2004, 
identified from the overall pool from the Human 
Immunogenetics Program, 120 patients were ex-
cluded for one of the following reasons: the do-
nor had an unknown or a nonwhite race or ethnic 
group (67 patients), invasive aspergillosis occurred 
before the first or after a second transplantation 
(37), or the diagnosis of invasive aspergillosis was 
classified as “possible” (16). For each of the 103 
remaining patients with invasive aspergillosis, 1 to 
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6 controls were matched according to age (<40 or 
≥40 years), donor race or ethnic group, donor type, 
and year of transplantation (±5 years). Among 
404 selected controls, 263 had available DNA and 
were included in the validation study. A subgroup 
analysis was performed to account for differences 
in the types of hematopoietic-cell transplants.

Graft-versus-host disease (GVHD) and cyto-
megalovirus (CMV) disease were diagnosed ac-
cording to standard definitions.14-16 All patients 
received systemic antibiotic prophylaxis during 
the period of neutropenia, as well as prophylac-
tic acyclovir, trimethoprim–sulfamethoxazole or 
dapsone, and fluconazole, until day 75 after he-
matopoietic-cell transplantation. A small number 
of patients (35 patients in the discovery study and 
13 in the validation study) received itraconazole 
or voriconazole prophylaxis on the basis of the 
individual physician’s decision or as part of a 
prospective, randomized study of the efficacy of 
itraconazole versus fluconazole prophylaxis.17

Patients and donors gave written informed con-
sent for data collection, cell storage, and cryo-
preservation. Batched genotyping was performed 
according to protocols approved by the institu-
tional review board of the Fred Hutchinson Can-
cer Research Center. The study was also approved 
by the Western Institutional Review Board (Olym-
pia, WA). 

Single-Nucleotide Polymorphisms

Previously identified minimal haplotype-tagging 
SNPs from the Innate Immunity Program in Ge-
nomic Applications database (http://innateimmunity.
net/) were used for each candidate gene. Five ad-
ditional SNPs that have previously been reported 
to be associated with human diseases were also 
genotyped. A total of 20 SNPs in TLR2, TLR3, TLR4, 
and TLR9 were identified with the use of a mass-
spectrometry genotyping platform (Sequenom).18 

Statistical Analysis

Hardy–Weinberg equilibrium and pairwise link-
age disequilibrium were calculated with the use 
of the genwh and pwld programs developed in 
Stata software, version 9.2 (StataCorp). We con-
sidered an R2 value of more than 0.90 to repre-
sent strong linkage disequilibrium. Haplotypes 
were inferred with the use of the expectation-
maximization algorithm implemented in the De-
cipher program (SAGE).19 We grouped all rare hap-
lotypes (frequencies <2%) into one group for each 

gene. All analyses were performed for white do-
nors, white recipients, or both; race was reported 
by the donors and recipients. 

The probability of invasive aspergillosis accord-
ing to TLR variants at 6 and 36 months after trans-
plantation was estimated with the use of cumu-
lative incidence curves, with censoring of data at 
the date of the last follow-up and with death, sec-
ond transplantation, and morphologic relapse 
treated as competing risks.20 A period of 36 
months was chosen because all cases of invasive 
aspergillosis in the discovery cohort had occurred 
during this period, and a period of 6 months 
was chosen in order to assess early invasive asper-
gillosis. Comparisons of the risks of invasive 
aspergillosis and death on the basis of the TLR 
variants were performed with the use of uni-
variate Cox regression models, unless otherwise 
specified. Multivariate Cox models were used to 
evaluate the relative hazards associated with TLR 
variants. Candidate covariates were selected from 
the factors associated with aspergillosis or death 
in the univariate analysis (P≤0.15) or in previous 
studies.1 The covariates were entered one by one 
in a pairwise model together with the significant 
TLR variant and kept in the final model if they 
remained significant (P<0.05) or altered the as-
sociation with the TLR variant by more than 10%. 
Conditional logistic regression was used in the 
analysis of the data from the case–control vali-
dation study, with the use of similar methods for 
selecting variables. 

Because of the large number of statistical com-
parisons made in the discovery study, the P values 
presented should be interpreted cautiously. To 
facilitate this interpretation, we report P values 
that would remain significant with the applica-
tion of traditional Bonferroni corrections for mul-
tiple comparisons. Among the 20 SNPs tested, two 
pairs of SNPs were found to be in strong linkage 
disequilibrium: TLR4 1063 A/G and TLR4 1363 
C/T (R2 = 0.96), and TLR9 +1174 G/A and TLR9 
1635 A/G (R2 = 0.96); these findings are consis-
tent with previous observations.21,22 Since the 
analyses for these SNPs are redundant, 18 inde-
pendent tests were considered for multiple-test-
ing correction. For haplotypes, we considered 
four independent tests (i.e., one for each gene). 
Since the case–control study was performed for 
validation and was limited to TLR4, no correc-
tion for multiple testing was applied in this 
study. 
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R esult s

Discovery Study

The discovery study included 336 patients who 
underwent allogeneic hematopoietic-cell transplan-
tation after a myeloablative-conditioning regimen 
(Table 1). The median follow-up time among pa-
tients who survived was 84 months (range, 5 to 
124). Among the 336 patients, 33 had proven or 
probable invasive aspergillosis.

Univariate Analysis

To assess the risk of invasive aspergillosis ac-
cording to TLR SNPs and haplotypes in recipients 
and donors of hematopoietic-cell transplants, we 
estimated the cumulative incidence of infection 
6 months and 36 months after hematopoietic-cell 
transplantation. Two SNPs in donors of hematopoi-
etic-cell transplants (1063 A/G [D299G] and 1363 
C/T [T399I]), which were in strong linkage dis-
equilibrium (R2=0.96), influenced the risk of the 
development of invasive aspergillosis (see Table 
S1 in the Supplementary Appendix, available with 
the full text of this article at www.nejm.org). The 
association was stronger at 6 months (for TLR4 
1363T, the cumulative incidence of invasive asper-
gillosis was 22% in the presence of the allele vs. 
5% in its absence; P = 0.002) (Table 2) and re-
mained significant after correction for multiple 
testing (P = 0.03). Another donor SNP in TLR4, 
−2604G, tended to influence the risk of invasive 
aspergillosis when the comparison was made at 
36 months (cumulative incidence of invasive asper-
gillosis, 4% in the presence of the allele vs. 13% 
in its absence; P = 0.01), but the association was 
no longer present when correction for multiple 
testing was applied (P = 0.20). 

Three TLR4 haplotypes in donors (H5, H6, and 
H8) were or tended to be associated with an in-
creased risk of invasive aspergillosis (Table S2 in 
the Supplementary Appendix). Since these three 
haplotypes included −2604G and +12186G carri-
ers, and H6 also included 1363T carriers, a three-
locus haplotype was created (Fig. 1D). Haplotypes 
S3 and S4 influenced the risk of the development 
of invasive aspergillosis. For S3, the association 
was present only at 36 months (17% in its pres-
ence vs. 6% in its absence, P = 0.01; P = 0.04 with 
adjustment for multiple testing); for S4, a haplo-
type that included 1363T carriers, the association 
was stronger at 6 months (22% vs. 5%, P = 0.002; 
P = 0.03 with adjustment for multiple testing).

Multivariate Analysis

The final SNP model included TLR4 −2604G (ad-
justed hazard ratio, 3.22; 95% confidence inter-
val [CI], 1.02 to 10.16; P = 0.05) (Table 3) and 
1363T (adjusted hazard ratio, 4.96; 95% CI, 1.52 
to 16.24; P = 0.008). In the final haplotype model, 
the hazard ratio for S3 was 2.20 (95% CI, 1.14 to 
4.25; P = 0.02) and the hazard ratio for S4 was 
6.16 (95% CI, 1.97 to 19.26; P = 0.002). Both final 
models also included seropositivity for CMV in 
the patient, the donor, or both (hazard ratio, 4.90; 
95% CI, 1.51 to 15.91; P = 0.008) and acute GVHD 
(hazard ratio, 3.11; 95% CI, 1.22 to 7.90; P = 0.02) 
in the haplotype model, indicating that donor S4 
(or TLR4 1363T), CMV seropositivity, and acute 
GVHD were independent risk factors for invasive 
aspergillosis. The interaction between positivity 
for CMV and S4 did not influence the risk of in-
vasive aspergillosis (P = 0.23).

Validation Study

The characteristics of the patients in the case–con-
trol study were similar to those of the patients in 
the initial study (Table 1), but the validation study 
included recipients of transplants from both re-
lated and unrelated donors, and the median time 
to invasive aspergillosis after transplantation was 
shorter (68 days vs. 100 days). The association of 
donor TLR4 S4 with the risk of invasive aspergil-
losis was confirmed in the validation study (adjust-
ed odds ratio, 2.49; 95% CI, 1.15 to 5.41; P = 0.02) 
(Table 3). In the subgroup analysis, the association 
between S4 and invasive aspergillosis was signifi-
cant among recipients of transplants from unre-
lated donors (adjusted odds ratio, 5.00; 95% CI, 
1.04 to 24.01; P = 0.04) (Table 3) but not among 
recipients of transplants from related donors (ad-
justed odds ratio, 2.29; 95% CI, 0.93 to 5.68; 
P = 0.07). No association between S3 and invasive 
aspergillosis was observed in the validation study. 
However, in this group, haplotype S2 tended to 
increase the risk of invasive aspergillosis (adjusted 
odds ratio, 1.86; 95% CI, 1.01 to 3.44; P = 0.05); 
this haplotype was present in TLR4 +12186G car-
riers, and this allele also increased the risk of in-
vasive aspergillosis in the SNP model (adjusted 
odds ratio, 2.18; 95% CI, 1.13 to 4.21; P = 0.02).

Risk Assessment before Hematopoietic-Cell 
Transplantation

Since CMV serologic testing and TLR4 haplotype 
analysis can both be used before hematopoietic-
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cell transplantation to evaluate the risk of invasive 
aspergillosis and death, patients were stratified 
into groups according to CMV serologic status 
(CMV-negative vs. CMV-positive) and status with 
respect to donor haplotype S4 (S4-negative vs. S4-
positive) (Fig. 1). In the discovery study, invasive 
aspergillosis occurred in 1 of 83 CMV-negative and 
S4-negative patients (1%), 14 of 136 CMV-positive 
and S4-negative patients (10%), and 5 of 23 CMV-
negative and S4-positive or CMV-positive and S4-
positive patients (22%) (Fig. 1A). Since the number 
of patients in some groups was small, all patients 
who were CMV-positive, S4-positive, or both were 
grouped together (Fig. 1B and 1C). The cumula-
tive incidence of invasive aspergillosis increased 
from 1% in 83 CMV-negative and S4-negative pa-
tients to 12% in 159 patients who were CMV-
positive, S4-positive, or both (hazard ratio, 11.95; 
95% CI, 1.60 to 89.34; P = 0.02, after adjustment 
for pretransplantation covariates). The cumulative 
incidence of death not related to relapse increased 

from 22% among CMV-negative and S4-negative 
patients to 35% among patients who were CMV-
positive, S4-positive, or both (hazard ratio, 1.88; 
95% CI, 1.10 to 3.20; P = 0.02, after adjustment for 
pretransplantation covariates) (Table 4). In the 
validation study, the odds ratio for invasive asper-
gillosis among patients who were CMV-positive 
and S4-positive or CMV-negative and S4-positive, 
as compared with those who were CMV-negative 
and S4-negative, was 3.10 (95% CI, 1.29 to 7.45; 
P = 0.01), and for patients who were CMV-positive 
and S4-negative, the odds ratio was 1.54 (95% CI, 
0.84 to 2.85; P = 0.16), after adjustment for pretrans-
plantation and post-transplantation covariates.

Discussion

These data suggest an association between the 
TLR4 haplotype S4 in donors of hematopoietic-cell 
transplants (haplotype frequency, 6%) and invasive 
aspergillosis in recipients of hematopoietic-cell 

Table 2. Univariate Analysis of the Association of Donor TLR4 Polymorphisms with the Cumulative Incidence  
of Invasive Aspergillosis in the Discovery Study.*

Donor Polymorphism 
(Amino Acid Change)

Cumulative Incidence of Invasive  
Aspergillosis at 6 Mo (N = 242)

Cumulative Incidence of Invasive  
Aspergillosis at 36 Mo (N = 242)

Variant Absent Variant Present P Value† Variant Absent Variant Present P Value†

% %

Single-nucleotide poly-
morphisms

TLR4 −3612 A/g (−) 8 6 0.62 11 6 0.18

TLR4 −2604 A/G (−) 4 10 0.06 4 13 0.01

TLR4 −1607 T/c (−) 7 4 0.41 7 11 0.34

TLR4 1363 C/t (T399I) 5 22 0.002‡ 7 22 0.01

TLR4 +11381 G/c (−) 8 4 0.34 10 4 0.14

TLR4 +12186 G/c (−) 8 5 0.41 10 5 0.20

Haplotypes

TLR4 S1 3 7 0.42 13 8 0.35

TLR4 S2§ 8 4 0.39 10 4 0.18

TLR4 S3 6 9 0.36 6 17 0.01‡

TLR4 S4¶ 5 22 0.002‡ 7 22 0.01‡

*	Since 94 of 336 donors were not white or data on race were missing, the denominator in the cohort study was 242 do-
nors. Simplified TLR4 haplotypes are indicated by the letter S (for three-locus haplotypes). 

†	P values were calculated with the use of the log-rank test.  
‡	After adjustment for multiple testing with the use of the Bonferroni method in the discovery study, P=0.0028 for single-

nucleotide polymorphisms (SNPs) (on the basis of 18 independent tests) and P = 0.0125 for haplotypes (on the basis of 
4 independent tests).

§	The S2 haplotype was present in persons carrying the minor alleles of SNPs +12186 G/C.  
¶	The S4 haplotype was present in persons carrying the minor alleles of SNPs 1063 A/G and 1363 C/T (both in strong 

linkage disequilibrium, R2 = 0.96).
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transplants. This haplotype was present in carri-
ers of two SNPs in strong linkage disequilibrium 
(1063G and 1363T) that influence TLR4 function.

The TLR genes were initially identified through 
their homology with the Toll gene in Drosophila 
melanogaster, which triggers the production of 
drosomycin and is required for effective protection 
against fungal infections.23 Mammalian TLR4 was 
first recognized as the transmembrane receptor 
for lipopolysaccharide, a key component for the 

detection of gram-negative bacteria.24 Subsequent 
studies have shown that TLR4 is also involved in 
the recognition of fungal ligands, including man-
nan (derived from Candida albicans)25 and glucuron-
oxylomannan (derived from Cryptococcus neofor-
mans).26 Several studies have highlighted the role 
of TLR2 and TLR4 in the innate immune recog-
nition of aspergillus species.5-10 Although TLR2-
dependent responses have been shown to aug-
ment β-1,3 glucan stimulation through dectin-1, 
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Figure 1. Cumulative Incidence of Invasive Aspergillosis and Death after Hematopoietic Stem-Cell Transplantation, According to Donor 
TLR4 Haplotype Status and CMV Serostatus in the Discovery Study. 

In Panels A, B, and C, the end point was the time to the diagnosis of proven or probable invasive aspergillosis in 242 eligible patients, 
with censoring of the data for these patients at the date of last follow-up. Relapsed malignant condition, subsequent hematopoietic-cell 
transplantation, and death were considered to be competing risks. P values were calculated with the use of the log-rank test. Since both 
cytomegalovirus (CMV) serostatus and toll-like receptor 4 (TLR4) haplotypes can be assessed before hematopoietic-cell transplantation, 
the cumulative incidences were stratified according to CMV serostatus (CMV− denotes CMV-negative donors and CMV-negative recipi-
ents) versus the other patients (CMV+ denotes CMV-negative donors and CMV-positive recipients, CMV-positive donors and CMV-posi-
tive recipients, and CMV-positive donors and CMV-negative recipients) and the presence or absence of donor S4 ( S4+ or S4−). In Panel 
D, haplotypes were inferred for white donors and recipients together with the use of SAGE software. TLR4 1063 A/G and 1363 C/T are in 
strong linkage disequilibrium and can be used interchangeably within the six-locus and three-locus haplotypes. Data are based on refer-
ence sequences NM_138554, NT_008470, and NP_612564. Rare haplotypes (frequency <2%) are not represented.
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the microbial Aspergillus fumigatus TLR2 and TLR4 
ligands have not yet been identified.9

TLR4 1063G and 1363T SNPs have been re-
ported to be associated with susceptibility to 
infections caused by gram-negative bacteria,27,28 
C. albicans,29 brucella species,30 respiratory syncy-
tial virus,31 and Plasmodium falciparum.32 Persons 
who are heterozygous for the 1063G and 1363T 
SNPs are hyporesponsive to lipopolysaccharide, 
as measured by the bronchospastic response after 
inhalation of endotoxin.33 Furthermore, airway 
epithelial cells isolated from heterozygous per-
sons were reported to have a deficient response 
to lipopolysaccharide, suggesting that 1063G and 
1363T act in a dominant fashion with respect to 
the wild-type allele.33 However, monocytes and 
whole blood isolated from heterozygous subjects 
did not have abnormal responses to lipopolysac-
charide,34,35 suggesting that the effects of these 
polymorphisms may vary among cell types or 
experimenta l conditions or that polymorphisms 
other than 1063G and 1363T interfere with the 
results. 

A possible limitation of this study is the fact 
that genetic associations can be biased by popu-
lation stratification.36 However, we observed a 
similar association in two separate studies, sug-
gesting that a confounding effect is unlikely. An-
other limitation is the possibility that TLR4 SNPs 
and haplotypes associated with invasive aspergil-
losis are in linkage disequilibrium with SNPs in 
another gene, located nearby, that are responsible 
for the alterations in the phenotype. However, the 
fact that TLR4 is an essential receptor for asper-
gillus species and that TLR4 1063 A/G and 1363 
C/T SNPs impair TLR4 function suggests that the 
polymorphisms in TLR4 are probably responsible 
for the observed phenotypes. Finally, polymor-
phisms may not be directly associated with inva-
sive aspergillosis, but instead may be associated 
with other factors, such as acute GVHD or CMV 
seropositivity, that also influence the end point.37,38 
However, this possibility is unlikely, given the 
multivariate analysis, which identified donor S4, 
acute GVHD, and CMV seropositivity as three in-
dependent risk factors.

Polymorphisms in genes encoding interleu-
kin-10, tumor necrosis factor receptor type 2, 
TLR1, and TLR6 have previously been shown to 
influence susceptibility to various clinical forms 
of aspergillosis.39-43 However, the TLR4 polymor-
phisms that we found to be significantly associ-

ated with invasive aspergillosis were derived from 
donor cells in hematopoietic-cell transplants, not 
from recipient cells. Thus, patients who undergo 
hematopoietic-cell transplantation are chimeras 
for whom the immune system is derived in part 
from the recipient (e.g., epithelial cells) and in 
part from the donor (hematopoietic cells). Poly-
morphisms in TLR genes expressed on the sur-
face of polymorphonuclear neutrophils10 or resi-
dent macrophages, which are from the donor’s 
cell lineage, may impair cellular activation and 
antifungal responses.

The association of S4 with an increased risk 
of invasive aspergillosis, observed in the discov-
ery study, was also observed in the validation 
study, which included recipients of transplants 
from related donors and from unrelated donors. 
In the subgroup analysis, the association was pres-
ent among the patients who received transplants 
from unrelated donors, as it was in the discovery 
study, but it was not present among the recipients 
of transplants from related donors. The reason for 
these differences is unknown. They may result 
from differences in the level of immunosuppres-
sion between recipients of hematopoietic-cell 
transplants from related donors and recipients 
of transplants from unrelated donors, or they may 
be explained by the relatively small size of the 
groups after stratification. In any case, these find-
ings should be interpreted in the context of the 
limitations of subgroup analyses.44 Further stud-
ies will be needed to clarify this issue.

In conclusion, this study suggests an associa-
tion between TLR4 haplotypes in unrelated donors 

Table 4. Multivariate Analysis of Pretransplantation Risk Factors for Death 
Not Related to Relapse in the Discovery Study.

Variable 
Adjusted Hazard 
Ratio (95% CI) P Value

CMV seropositivity, S4 positivity, or both* 1.88 (1.10–3.20) 0.02

Underlying disease

CML, chronic phase Reference  
group

Hematologic cancer

First remission 1.60 (0.98–2.61) 0.06

Subsequent remission or relapse 0.55 (0.19–1.59) 0.27

Other underlying disease 1.11 (0.26–4.67) 0.89

*	CMV seropositivity refers to the presence of positive serologic findings in the 
donor or recipient of a hematopoietic-cell transplant, and S4 positivity refers 
to the presence of the TLR4 S4 haplotype in the donor of a hematopoietic-cell 
transplant. CML denotes chronic myeloid leukemia, and CMV cytomegalovirus.
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and an increased risk of invasive aspergillosis 
among recipients of allogeneic hematopoietic-cell 
transplants. The identification of donors who have 
an increased risk of severe infection may have im-
plications for prevention strategies in recipients of 
allogeneic hematopoietic-cell transplants.
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