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Invasive aspergillosis (IA) is a significant cause of morbidity and mortality following
allogeneic hematopoietic cell transplantation (HCT). Previous studies have reported an
e Two SNPs in PTX3 and association between IA development and single nucleotide polymorphisms (SNPs), but
CLEC7a previously many SNPs have not been replicated in a separate cohort. The presence of a positive
associated with development | serum galactomannan assay (SGM+) has also been associated with a worse prognosis
of proven or probable invasive in patients with IA, and genetic determinants in this subset of patients have not been
aspergillosis were validated. sy_stematlca!ly studied. The study cohort included 2609 HC_:T recipients and their ¢_ion.or
« Thirteen SNPs in 9 genes pairs: 483 with proven/probable IA (183 SGM+) and 2126 with no IA by standard criteria.
. Of 25 SNPs previously published, we analyzed 20 in 14 genes that passed quality control.

were associated at P = .05 s .
. . amples were genotyped via microarray, and SNPs that could not be genotyped were
Wlth devek)pmer.lt of IA il imputed. The primary aim was to replicate SNPs associated with proven/probable IA at
a different genetic model than | 5 years; secondary goals were to explore the associations using an end point of SGM+ IA
the original study. or proven/probable IA using a different genetic model or time to IA (3 months vs 2 years)
compared with the original study. Two SNPs in 2 genes (PTX3, CLEC7a) were replicated.
Thirteen SNPs in 9 genes had an association at P<.05 using the secondary aims (PTX3, CLEC7a, CD209, CXCL10, TLR6, S100B, IFNG,
PLG, TNFRT1), with hazard ratios ranging from 1.2 to 3.29. Underlying genetic differences can influence development of IA following
HCT. Identification of genetic predispositions to IA could have important implications in donor screening, risk stratification of

recipients, monitoring, and prophylaxis. (Blood. 2017;129(19):2693-2701)

Introduction

Invasive aspergillosis (IA) remains a significant cause of infectious
mortality in hematopoietic cell transplantation (HCT) recipients, de-
spite improvements in transplantation practices and the introduction
of mold-active azoles in the last decade. In contemporary patient
cohorts, IA is associated with mortality rates that range from 19% to
60%."

HCT recipients have increased susceptibility to IA as a result of
profound immune defects from their underlying disease or the HCT
process.' > Despite similar risk factors, only approximately 3% to 15%
of patients who undergo allogeneic HCT develop IA, indicating that
other factors are important beyond universal Aspergillus exposure. The
most robust identified risk factors relate to immune function in HCT
recipients, and genetic variation within genes that regulate Aspergillus-
specific responses or general immune reactivity are likely to contribute
to IA susceptibility. In the last decade, more than 40 single nucleotide
polymorphisms (SNPs) have been reported to influence the risk of
Aspergillus-related diseases, and more than 20 have been associated
with TAin patients with hematologic malignancies or after HCT
(Table 1).”"'8 However, the majority of these studies were not validated

independently, and sometimes the results of a study conflict with those
of other studies. For example, although associations with Dectin-1/
CLECT7A and IA have been reported in some studies (Table 1),% Chai
et al'® found no association in their study. Additionally, the studies
examined small patient cohorts and, at most, several SNPs simulta-
neously. Thus, published data are insufficient to estimate the pre-
transplantation risk for individual patients and to guide the clinical
management of those at highest risk. Identifying patients at risk for [A
through pretransplantation genetic analysis could improve patient care
through targeted prophylaxis, surveillance, and treatment strategies.
The dominant role of the fungal biomarker galactomannan (GM)
in the contemporary diagnosis of IA is another possible important factor
in genetic analyses. The current IA classification system (proven,
probable, possible, and no [A) is based on the 2008 revised European
Organisation for Research and Treatment of Cancer/Invasive Fungal
Infections Cooperative Group and the National Institute of Allergy
and Infectious Diseases Mycoses Study Group (EORTC/MSG)
criteria.®® With the introduction of the GM assay, tissue-based and
therefore proven diagnoses have declined sharply. Additionally, these
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Table 1. SNPs previously associated with risk of IA in hematopoietic stem cell recipients

Gene Reference Population Genome Group N* SNP Allelest MAF Statistic 95% ClI
AGER 7 w PT HCT 223 (41) rs2070600 T/AT 0.07 aHR, 2.0 1.0-4.1
DNR aHR 2.0 1.0-3.8
CLEC7A 8 w DNR HCT 205 (39) rs16910526 G/T 0.04§ aHR, 2.5 1.0-6.5
DNR + PT aHR, 3.9 1.5-10.0
9 w PT HCT and HM 182 (57) rs7309123 C/G 0.28 OR, 4.9 1.5-15.9
rs3901533 G/T 0.46 OR, 5.6 1.4-22.8
CD209 9 w PT HCT and HM 182 (57) rs4804800 A/G 0.22 OR, 2.8 1.3-6.0
rs11465384 C/T 0.03 OR, 2.7 1.2-5.9
rs7248637 A/G 0.23 OR, 2.4 1.1-5.2
rs7252229 G/C 0.20 OR, 2.1 1.0-4.2
PTX3 10 w DNR HCT 330 (107) rs2305619ll A/G 0.44§ aHR, 2.99 1.7-5.0
rs3816527 A/C 0.29§ aHR, 2.69 1.5-4.5
S100B 7 w DNR HCT 223 (41) rs9722 (e72) 0.18 aHR, 3.2 1.6-6.2
IFNG 11 w PT# HCT 139 (81) rs2069705 C/T 0.48§ NR P =01
IFNG+ 12 W DNR HCT 108 (44) rs2430561 T/IA 0.39 OR, 6.1 1.1-85.5
TLR4 rs4986790** AIG 0.03
TLR4 13 w DNR HCT 366 (103) rs49867911t (e72) 0.04 HR, 8.01f 2.5-25.3
w HR, 2.12 1.0-4.5
TLR1 14 W PT HCT 127 (22) rs5743611 G/C 0.08 OR, 1.2 1.0-1.5
TLR1+ 14 w PT HCT 127 (22) rs4833095 AIG 0.35 OR, 1.2 1.0-1.5
TLR6 rs5743810 C/T 0.33
TLR3 15 w DNR HCT 189 (42) rs3775296 C/A 0.18§ aHR, 2.4 1.3-4.6
TLR5 16 w PT HCT 171 (41) rs5744168 (e72) 0.05 OR, 3.3 1.2-9.0
CXCL10 11 w PT HCT 139 (81) rs1554013 C/T 0.30§ OR, 2.2 1.2-3.8
rs3921 C/G 0.31§ OR, 2.6 1.4-5.0
rs4257674 AG 0.31§ OR, 2.8 1.6-5.2
PLG 17 w PT HCT 220 (83) rs4252125 G/A 0.25 aHR, 5.6 1.9-16.5
aHR, 3.0 1.5-6.1
TNFR1 18 W PT HCT and HM 144 (77) rs4149570 G/T 0.31§ OR, 0.3 P =.018
rs767455 AG 0.30§ OR, 2.2 P =.033

aHR, adjusted hazard ratio; Cl, confidence interval; DNR, donor; HCT, hematopoietic cell transplantation; HM, hematologic malignancy; NR, not reported; OR, odds ratio;

PT, patient; W, white.

*Total patients (no. of IA cases). Note: We did not include haplotype studies (Seo 2005, Sainz 2008).

tMajor/minor.

tAlleles are designated as reported by Cunha et al.” In the National Center for Biotechnology Information Single Nucleotide Polymorphism Database, the alleles are A/G,

and in our data set, the corresponding alleles are T/C.
§1000 genomes.
lIrs1840680 in strong linkage disequilibrium.
qFrom discovery study. Confirmation study: 2.1 (1.2-3.8) and 1.9 (0.9-3.0).
#Patients with 100% donor chimerism.
**In strong linkage disequilibrium with rs4986791.

+1From supplemental Table S3 in Bochud 2008,'® rs4986791 is in strong linkage disequilibrium with rs4986790.

}iDiscovery study.
2Validation study.

classifications only inconsistently correlate with outcomes; conversely,
several studies have shown that dissemination or a positive serum GM
(SGM+) portends worse outcomes."*' Furthermore, genetic studies
that included patients prior to the widespread use of GM may have
missed IA cases, given that the case definition would have relied
heavily on less sensitive, culture-based methods, primarily from biopsy
specimens.

In this study, we address several key limitations of prior studies by
independently validating SNPs that were previously reported to be
associated with IA using a large (>2500 patients) cohort of HCT
donors and recipients. To minimize diagnostic bias, we retrospectively
performed both bronchoalveolar lavage (BAL) fluid and SGM testing
on banked patient samples when available. Retrospective testing was
performed on samples from patients who met possible IA criteria but
were diagnosed prior to the advent of routine GM assay testing. We also
analyzed not only the proven and probable IA categories, but further
refined “probable IA” to examine if there are different or stronger
associations in those with a positive serum GM assay versus all patients
with probable and proven IA.

Methods

Literature search

‘We performed a comprehensive PubMed search using the keywords “aspergil-
losis” and “polymorphism” to identify studies published through November
2015 that reported an association between a genetic polymorphism and IA
at a significance of P = .05 in HCT recipients. Studies on SNPs in non-HCT
populations and those that reported associations with other Aspergillus-related
conditions (eg, allergic bronchopulmonary aspergillosis, colonization, etc) were
excluded. Reported associations with nonsingle nucleotide polymorphism genetic
variants, such as variable number tandem repeats, genetic deletions, insertions, or
microsatellites were excluded because of limitations of our SNP genotyping array.

Study cohort

Patients who received an allogeneic HCT at the Fred Hutchinson Cancer
Research Center (FHCRC) and Seattle Cancer Care Alliance between 1990 and
2011 were eligible. All included patients received T-cell-replete grafts. All
recipient and donor samples were collected prior to HCT per approved research
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Table 2. Patient and transplantation characteristics by IA designation
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Characteristic Total (n = 2609)  No IA (n = 2126)

Proven/probable (n = 483)

Proven only (n = 194) SGM+ only (n = 183)

Time to IA diagnosis, median (IQR), d N/A N/A
Median age (IQR), y 43.9 (32.1-53.1) 43.2 (31.6-52.4)
Diagnosis
Acute leukemia 966 (37.0) 773 (36.4)
CML 675 (25 9) 589 (27.7)
CLL 5 (2.9) 57 (2.7)
MDS 471 ( 1) 372 (17.5)
MM 143 (5.5) 111 (5.2)
Malignant lymphoma 279 (10.7) 224 (10.5)
Sex match
M-M 893 (34.2) 722 (34.0)
M-F 611 (23.4) 497 (23.4)
F-F 582 (22.3) 432 (20.3)
F-M 523 (20.0) 475 (22.3)
Stem cell source
BM 1397 (53.5) 1165 (54.8)
Peripheral 1205 (46.2) 954 (44.9)
Donor type
Matched related 1188 (45.5) 998 (46.9)
Matched unrelated 957 (36.7) 775 (36.5)
Mismatched 464 (17.8) 353 (16.6)
Myeloablative 2125 (82.7) 1769 (83.2)
Disease risk
Low 621 (23.8) 538 (25.3)
Intermediate 679 (26.0) 576 (27.1)
High 1154 (44.2) 889 (41.8)
TBI dose
None or =1200 2260 (77.8) 1572 (73.9)
>1200 726 (27.8) 554 (26.1)
CMV serostatus
R+/D+ 606 (23.2) 489 (23.0)
R+/D— 670 (25.7) 523 (24.6)
R—/D+ 354 (13.6) 298 (14.0)
R—-/D— 979 (37.5) 816 (38.4)

88 (38.5-204.5)
48.1 (34.7-55.5)

86 (43.3-182)
43.7 (31.7-52.0)

66 (20.5-122)
49.4 (36.6-56.9)

193 (40.0) 78 (40.2) 76 (41.5)
86 (17.8) 39 (20.1) 33 (18.0)
18 (3.7) 5 (2.6) 7 (3.8)
99 (20.5) 40 (20.6) 35 (19.1)
32 (6.6) 12 (6.2) 15 (8.2)
55 (11.4) 20 (10.3) 17 (9.3)

171 (35.4) 72 (37.1) 67 (36.6)

114 (23.6) 38 (19.6) 47 (25.7)

91 (18.8) 38 (19.6) 29 (15.8)

107 (22.2) 46 (23.7) 40 (21.9)

232 (48.0) 125 (64.4) 89 (48.6)

251 (52.0) 69 (35.6) 94 (51.4)

190 (39.3) 3 (42.8) 70 (38.3)

182 (37.7) 9 (35.6) 0 (38.3)

111 (23.0) 2 (21.6) 43 (23.5)

388 (80.3) 172 (88 7) 154 (84.2)
83 (17.2) 29 (14.9) 39 (21.3)

103 (21.3) 32 (16.5) 42 (23.0)

265 (54.9) 126 (64.9) 88 (48.1)

394 (81.5) 132 (68.0) 162 (88.5)
89 (18.4) 62 (32.0) 21 (11.5)

117 (24.2) 8 (24.7) 50 (27.3)

147 (3 4) (2 8) 57 (31.1)

6 (11.6) 5 (12.9) 24 (13.1)

163 (33 7) 69 (35.6) 52 (28.4)

BM, bone marrow; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; D+, donor seropositive; D—, donor seronegative; F, female; IQR, interquartile
range; M, male; MDS, myelodysplastic syndrome; MM, multiple myeloma; N/A, not applicable; R+, recipient seropositive; R—, recipient seronegative; TBI, total body

irradiation.

protocols. The FHCRC maintains an extensive electronic patient record database,
and baseline pretransplantation demographic information, including age, sex,
XY karyotype, ABO blood group, and race were prospectively collected through
this clinical research database. Given that IA designations are not captured in this
database and represent a combination of clinical, radiographic, and laboratory
findings, IA phenotypes were based on retrospective chart review of all patients.
Because only a small percentage of patients were nonwhite (9%), only white
patients were included in the analysis. Genotyping for HLA-A, B, C, DRB1, and
DQB1 was performed to determine patient-donor HLA matching. The study and
use of these samples was approved by the FHCRC Institutional Review Board.

IA classifications were per the 2008 revised EORTC/MSG criteria.>® The
primary adjudication of IA phenotypes was performed by author C.E.F. on the
basis of chart review, including review of images, reading of images by a
radiologist, and review of laboratory/microbiologic information. In cases that
were not clear, authors T.M.H. and M.B. also evaluated the data, and a consensus
was reached through discussion. Patients with possible IA (typically because of
the presence of clinical and radiographic criteria but lacking a microbiologic
criterion) were not included. Other reasons for exclusion were: if patients had
possible, probable, or proven IA pretransplantation, or another invasive mold
infection either pre- or posttransplantation (n = 235); if patients received mold-
active therapy or prophylaxis for their transplantation (voriconazole, amphoter-
icin B deoxycholate or its derivatives, or posaconazole; n = 308), or if patients
had insufficient follow-up information (n = 150).

Laboratory information

Preparation, genotyping, and imputation of samples. All recipient and
donor samples were collected before HCT according to research protocols

approved by the FHCRC Institutional Review Board. Samples were prepared
and genotyped using 3 different genotyping platforms, as described previously.>>
The genotypes of the candidate SNPs were determined separately for each
platform. Candidate SNPs not genotyped on the array were imputed using the
1000 Genomes Project phase 1 SNPs as a reference panel and the software
IMPUTE version 2 (http://mathgen.stats.ox.ac.uk/impute/impute_v2.html). For
imputed SNPs, the posterior probability of the most probable genotype is
calculated as the probability of observing an unobserved genotype at the imputed
locus, given all of the observed genotypes in the flanking region. The imputed
SNP genotype in a sample was retained only if the posterior probability of the
most probable genotype exceeded 0.8; otherwise, it was treated as missing. On
each platform, an imputed SNP was considered passing if the percent of missing
genotypes was <10%, the average posterior probability of the most probable
genotype for all samples on that platform was >0.9, and the Hardy-Weinberg
equilibrium P value was <10™®. Five SNPs did not pass these quality control
measures on the Affymetrix 5.0 platform (Thermo Fisher Scientific), and
the samples genotyped on that platform were excluded from the analysis
(supplemental Table 1, available on the Blood Web site). Supplemental Table 1
details whether each SNP was genotyped or imputed for each cohort.

SGM testing

FHCRC maintains an extensive specimen biorepository dating back to the early
1990s, with banking of excess serum and plasma samples, and in some cases,
BAL fluid. For patients who were initially considered as having “possible IA”
and who did not have a BAL and/or SGM assay performed clinically, we
attempted to locate samples to test retrospectively. Serum and BAL fluid that was
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Table 3. Replication of SNPs associated with development of proven/probable IA (n = 439) following hematopoietic stem cell

transplantation by 2 years

Gene SNP Genome Alleles MAF Model HR 95% CI P
PTX3 rs2305619 DNR A/G* 0.47 Recessive 1.33 1.09-1.64 .005
CLEC7A rs16910526 DNR + PT G/Tt 0.08 Dominant + wild typet 1.49 1.11-2.02 .009

HR, hazard ratio.

*Minor/major for PTX3 and TLR4 to keep our model consistent with the original articles, given that the opposite alleles were more frequent in our study.

tMajor/minor.

}Dominant in donor, wild type in recipient, with wild type in both as comparison.

collected within 7 days of the possible IA diagnosis were eligible for testing. The
GM testing was performed on serum and BAL fluid by a certified technician using
the Bio-Rad Platelia Aspergillus EIA (Bio-Rad, Redmond, WA), per package
insert. An index of =0.5 was considered positive for both serum and BAL.?

Statistical analysis

We analyzed the association with 2 major phenotypes: proven/probable IA,
according to EORTC/MSG criteria, and a novel phenotype based on SGM.
Genetic associations with IA were evaluated using Cox regression, based on time
from HCT to infection. Death without infection was a competing risk for all
analyses. All analyses were adjusted for donor relationship and for the first
4 principal components of genome-wide association study SNPs to account for
possible population stratification. We did not adjust for any baseline risk factors
for IA, because these factors are not plausibly related to genotype and would not
be true confounders. Despite this, given the large time period of this study, we did
perform an analysis controlling for year of transplantation, and this did not
change our results (data not shown). We also did not adjust for post-HCT factors
that may influence the risk of infection, such as neutropenia or steroid use. First,
because adjusting for factors potentially in the causal pathway for infection
represents a study of mechanism, this was beyond the scope of this investigation.
Second, when we analyzed the relationship between neutropenia and steroid use
(using graft-versus-host disease as a proxy) and each SNP, no association was
found with any of the SNPs. For each candidate SNP locus, we assessed allelic
and genotypic (recessive and dominant) association, as previously described. >%*
‘We analyzed the relationship of the different SNPs and development of IA during
2 time periods following HCT: within 3 months and 2 years. These end points
were chosen on the basis of prior studies that looked at similar time frames and
also to investigate if there is a different relationship for those who develop early
IA versus those who develop IA later.

A 2-sided P = .05 was used as the threshold of significance when the SNP
was strictly replicated (eg, same genotype [patient or donor] and genetic model)
using the standard phenotype of proven/probable IA at 2 years. When any of
these factors differed from the original article (eg, SGM+ IA phenotype, IA at
3 months, different genetic model), we considered it an exploratory analysis.

Although the SNPs analyzed were still previously reported in some manner and
have biologic plausibility, if the analysis differed from that originally reported, we
reported the results and displayed the P values separately if the P value was =.05.

Results
Candidate SNP selection

Previously published studies of 25 SNPs in 14 genes met study
inclusion criteria, as described in the Methods section. Table 1 outlines
these SNPs and the reported degree of association with IA su-
sceptibility. Of the 25 SNPs, 20 passed quality control by genotyping or
imputation on all 3 platforms used in this study. Of the 5 that did not
pass quality control, all problems occurred with the first platform
(Affymetrix), and included 1 SNP with low posterior probability
(TNFRI, rs767455), 1 SNP with low Hardy-Weinberg equilibrium
(TLRI, rs4833095), and 3 SNPs with low call rates (CLEC7A,
1s3901533; CD209, rs4804800 and rs7252229). Three SNPs had a
minor allele frequency (MAF) of <0.05 in the Affymetrix cohort
(TLRS, 15744168, MAF, 0.03; AGER, 152070600, MAF, 0.04; and
CD209, 1511465384, MAF, 0.04), although the other 2 cohorts had an
MAF of =0.05 for these SNPs, and these were included in the final
analysis (supplemental Table 1).

Study cohort

Overall, 483 patients met criteria for either proven (n = 194) or
probable (n = 289) IA (“proven/probable”), and 2126 HCT recipients
had no evidence of IA during follow-up (“no IA”). Additionally, we
separately analyzed the subset of patients who had positive SGM
(“SGM+”), either performed prospectively as part of their diagnostic
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Figure 1. Cumulative incidence curves of replicated SNPs in PTX3 and CLEC7A and development of IA in the 24 months following hematopoietic cell
transplantation. (A) PTX3; (B) CLEC7A. AA, homozygous for major allele; Aa, heterozygous; aa, homozygous for minor allele; *a, Aa, or aa (dominant for minor allele); DNR/
PT, donor and patient genotypes.
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Table 4. Discovery of different models of SNPs associated with IA development within 3 months and 2 years after hematopoietic stem cell

transplantation; cases defined as either proven/probable or SGM+

Gene SNP Allele* MAF Phenotype Genome Time after transplantation Model HR/OR 95% CI P
PTX3 rs2305619 AIG 0.47 Proven/probable DNR 2y Allelic 1.20 1.04-1.37 .009
SGM+ DNR 3 mo Allelic 1.42 1.08-1.86 .01
Recessive 244 1.33-4.42 .004
2y Allelic 1.30 1.04-1.641 .022
Recessive 1.54 1.02-2.34 .039
PTX3 rs3816527 C/A 0.42 SGM+ DNR 3 mo Allelic 1.41 1.07-1.87 .015
Recessive 3.29 1.53-7.08 .002
2y Allelic 1.30 1.03-1.61 .024
Recessive 1.82 1.11-2.94 .017
CLEC7A rs16910526 A/C 0.08 Proven/probable DNR 2y Allelic 1.30 1.03-1.65 .03
PT 3 mo Allelic 1.69 1.29-2.22 .0001
Dominant 1.77 1.29-2.42 .0003
2y Allelic 1.29 1.03-1.62 .03
Dominant 1.30 1.01-1.68 .04
CLEC7A rs7309123 C/G 0.43 Proven/probable DNR 2y Recessive 1.29 1.02-1.63 .030
CD209 rs7248637 G/At 0.10 SGM+ DNR 3 mo Allelic 0.56 0.32-0.97 .042
PT 3 mo Allelic 0.54 0.30-0.97 .037
Dominant 0.50 0.27-0.93 .028
2y Allelic 0.65 0.42-0.99 .046
Dominant 0.56 0.35-0.91 .018
cxcL1o rs1554013 C/T 0.45 SGM+ PT 3 mo Allelic 1.38 1.05-1.81 .020
Recessive 1.59 1.04-2.42 .033
CcXcL10 rs3921 C/G 0.45 SGM+ PT 3 mo Allelic 1.35 1.03-1.77 .031
Recessive 1.55 1.01-2.36 .044
cxcL1o rs4257674 AG 0.45 SGM+ PT 3 mo Allelic 1.35 1.03-1.77 .028
Recessive 1.56 1.02-2.38 .041
TLR6 rs5743810 C/T 0.40 Proven/probable DNR 2y Dominant 1.38 1.12-1.71 .003
SGM+ DNR 2y Dominant 1.41 1.01-1.98 .046
S100B rs9722 C/T 0.11 SGM+ DNR 3 mo Allelic 1.66 1.17-2.34 .004
Dominant 1.79 1.19-2.69 .005
2y Allelic 1.47 1.09-1.98 .011
Dominant 1.54 1.09-2.17 .013
IFNG rs2069705 T/Ct 0.34 SGM+ DNR 2y Dominant 0.73 0.58-0.99 .045
PLG rs4252125 G/A 0.28 Proven/probable DNR 3 mo Recessive 1.57 1.06-2.33 .026
2y Recessive 1.39 1.02-1.90 .037
TNFR1 rs4149570 C/A 0.40 SGM+ DNR 3 mo Recessive 0.53 0.27-1.00 .05

Cl, confidence interval; DNR, donor; HR, hazard ratio; OR, odds ratio; PT, patient.

*Major/minor allele.
1Original study had major/minor alleles A/G.
}Original study had major/minor alleles C/T.

workup or retrospectively in patients for whom we had stored serum.
Eighty additional probable IA cases (17%) were identified through
retrospective serum and BAL GM testing, and in 58 patients who
were proven/probable by a different method and did not have an
SGM performed at the time, we confirmed a positive SGM. Table 2
summarizes clinical characteristics of these groups.

Validation of previous SNPs

Using strict replication criteria (same genotype, genetic model, proven/
probable IA end point at 2 years only) we validated 2 SNPs in 2 genes:
rs1840680 in PTX3 and rs7309123 in CLECL7a (Table 3). Figure 1
illustrates the cumulative incidence of IA development following HCT
in the validated SNPs.

Exploratory analysis of SNPs

In addition to using the strict replication criteria above, we also explored
associations using the same SNPs but with deviations in the initial
model, including different genotypes (donor vs recipient), genetic
models (allelic, recessive, dominant), time to IA development (3
months vs 2 years), and end point (SGM+). Overall, 13 different SNPs

in 9 genes had an association at P = .05 with at least 1 of the models
(Table4): 5 SNPs in 4 genes in the proven/probable group, and 10 SNPs
in 7 genes in the SGM + group. Associations in 2 SNPs (152305619 in
PTX3 and rs5743801 in TLR6) were found with both end points.
Cumulative incidence curves for these SNPs are shown in Figure 2.

Several SNPs had a low MAF in our population. In order to
investigate how this might affect our ability to successfully validate
these SNPs, we performed an analysis of the minimal detectable hazard
ratio for a range of MAF with a power of 80% and a type 1 error rate of
0.05 (supplemental Figure 1). For the available sample size and number
of cases in our study, a low MAF, such as 0.05 for rs4986790 in TLR4,
requires a very large association (hazard ratio of >12) to reliably
identify the relationship.

Discussion

Using a large cohort of HCT recipients with donor-recipient—paired
DNA samples, we examined 20 candidate SNPs in 14 genes that had
well-documented associations with IA susceptibility following HCT in
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Figure 2. Cumulative incidence curves of
SNPs identified in the discovery study
and development of IA in the 24 months
following hematopoietic cell transplanta-
tion, using endpoints of proven/probable
IA or serum GM+ IA. (AD,EF,L,P) IA;
(B,C,G-K,M-0,Q) SGM+.
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Figure 2. (Continued).

previous studies. All of the SNPs examined are on genes that are
important in immune function and therefore have biologic plausibility
in IA susceptibility. Using the EORTC/MSG diagnostic categories of
proven and probable to define our IA phenotype, we strictly replicated
2 SNPs from 2 genes. We also examined the association using not only
the traditional EORTC/MSG case definitions of proven or probable, but
also a novel phenotype based on a positive SGM assay. In modern
cohorts, the diagnosis of IA increasingly relies on GM, and a positive
SGM has been associated with worse prognosis, raising the possibility
that patients with fungal angioinvasion, as judged by a positive SGM

assay, may have more profound immune defects.>! However, because
this is a novel phenotype in genetic analysis, we did not consider
analysis of this end point as a strict replication. Using the SGM+ end
point, we did find several associations at P = .05, including SNPs in
PTX3, CD209, CXCL10, TLR6, TNFRI, IFNG, and S100B. Addition-
ally, using the proven/probable end point, but with genetic models that
differed from the original studies, we also found associations in PTX3,
CLEC7a, TLR6, and PLG. It is important to note that our statistical
model purposely did not include adjustments for any baseline risk
factors for IA, given that these factors are not plausibly related to
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genotype and would not be true confounders. We also did not adjust for
post-HCT factors that may influence the risk of infection, such as
neutropenia or steroid use, because adjusting for factors potentially in
the causal pathway for infection represents a study of mechanism and
was beyond the scope of this investigation.

Among the SNPs that were either strictly replicated or had an
association in this study, anumber occur in genes that have well-defined
roles in host defense against aspergillosis, either in human cells
challenged with A. fumigatus or in murine pulmonary challenge
models. Pentraxin-3 is soluble collectin that binds to conidia and
facilitates their uptake by myeloid cells via complement receptor 3 and
Fc vy receptor IIA—dependent mechanisms.>> Pentraxin-3—deficient
mice are susceptible to pulmonary challenge with high doses of
A. fumigatus conidia in the absence of exogenous immune suppres-
sion.?*” CD209/DC-SIGN is a type II C—type lectin receptor that
mediates the in vitro binding and internalization of A. fumigatus conidia
by human alveolar macrophages. This process can be inhibited by
inclusion of A. fumigatus—derived GMs in the assay.”® Dectin-1/
CLECT7A, a well-characterized type II C—type lectin receptor with an
intracellular immunoreceptor tyrosine—based activation motif, binds
A. fumigatus -glucan on germinating conidia and initiates a signal
cascade that culminates in alveolar macrophage nuclear factor
kB-dependent cytokine responses.”*>' Dectin-1-deficient mice have
variable susceptibility to A. firmigatus challenge in the absence of exog-
enous immune suppression,”>*> in part due to molecular redundancy in
A. fumigatus recognition by host cells. Humans with a Mendelian defect
in Dectin-1/CLEC7A signaling (a stop codon polymorphism: Y238X) do
not spontaneously develop IA,** although this study and others have
defined a clear IA risk in the context of immune damage associated
with HCT.® CARDO is a signal transducer that integrates signals from
Dectin-1 and other CLRs (eg, Dectin-2/CLEC6A) that are implicated
in Aspergillus recognition.>>~*®* Mendelian defects in CARDY can lead
to the spontaneous development of IA in humans,*’ consistent with
the model that multiple recognition events of A. fumigatus poly-
saccharide ligands by host receptors converge on CARD9 and
individually contribute to innate defense against aspergillosis. The
associations of other SNPs in this study (eg, in the CXCL10 promoter)
provide a rationale for further investigations into the biologic role
of associated genes in cultured human cells and animal models of
disease.

A key strength of this study was the number of cases and controls
and the presence of both donor and recipient samples for genetic testing.
The aggressive standard diagnostic workup throughout the study period
at our institution, with routine radiographic studies, lung fluid sampling,
and serum and BAL GM testing in the era of GM assay availability,
coupled with our ability to test banked serum and BAL samples
retrospectively for the presence of GM, reduced the diagnostic bias
over time and allowed for inclusion of more cases. We also manually
reviewed all patient charts, including imaging, clinical history, and
microbiologic results, in order to minimize phenotype misclassification
bias.

This study also had several limitations and/or unanticipated results.
Although the main goal of this analysis was to replicate previously
reported associations, our analysis broadened the search for associa-
tions by considering recipient or donor genomes, 2 IA phenotypes,
2 time points, and 3 genetic models. The 2-sided significance level of
.05 or less that we used should be considered the minimal threshold
of significance. This threshold does not account for the multiplicity
of SNPs examined nor the multiple association analyses performed for
each SNP when the genetic model or end point deviated in any way
from that in the primary article. The appropriate significance threshold
to use in these cases is debatable, given that there is a higher pretest
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probability of these SNPs than in a true discovery study. The
significance threshold of .0001, representing a Bonferroni correction
for the 20 approximately independent SNPs X 24 genetic/end point
combinations, would constitute the most stringent value. However,
because this will likely be the largest IA genome-wide association study
in this population, we presented all SNPs that had a P = .05 in Table 4,
under the premise that the results will provide some guidance for
ranking candidate SNPs in future association studies. Although we
were able to replicate 2 SNPs found in genes with strong biologic
plausibility, we were unable to validate all of the SNPs tested. Some
SNPs could not be validated because of quality control (eg, call rate,
posterior probability, etc). However, an unanticipated result was our
inability to validate the TLR4 SNP rs4986790. This SNP was reported
as part of a haplotype (S4) with TLR4 SNP rs4986791 (which is in
strong linkage disequilibrium with rs4986790) by our group as
significantly associated with IA (adjusted hazard ratio, 2.49; 95%
confidence interval, 1.15-5.41; P = .02 in the validation study for all
donors),"? although the SNP rs4986791 was also found to be significant
by itself (reported in their supplemental Table S3' and in our Table 1).
The low MAF of this SNP, 0.05 in our study, could explain our inability
to replicate results of the previous study. As supplemental Figure 1
illustrates, even with our large cohort, with 80% power, our minimum
detectable hazard ratio approached 13, which is much larger than the
hazard ratio of 2.49 reported in the previous study. Additionally, we
removed all of the patients that were included in both our cohort and the
former cohort, which decreased our statistical power further. Therefore,
this lack of validation may be a statistical issue and not a biologic
one. Of note, de Boer et al'? similarly did not validate this SNP alone
(only in combination with interferon +y). Last, the majority (>80%) of
recipients in our study received myeloablative conditioning, and so the
generalizability to other HCT settings is unclear.

This study is the largest to date, to our knowledge, to validate SNPs
previously shown to confer an increased risk of IA in HCT recipients.
Our findings suggest that the development of IA may be significantly
influenced by genetic variation in genes important to immune function.
Identifying patients who are at risk for IA pretransplantation through
genetic analysis, or, in future studies, identifying those with IA who
are at risk for poor outcomes, could improve patient care through
targeted prophylaxis, surveillance, and treatment (ie, combination vs
monotherapy) strategies, or even influence donor selection. This study
constitutes a critical milestone toward designing such strategies. Future
studies in large cohorts using a discovery approach may provide further
insight into the genetic influences that underlie IA development.
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