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ABSTRACT Invasive aspergillosis (IA) is a life-threatening infection that affects an
increasing number of patients undergoing chemotherapy or allo-transplantation, and
recent studies have shown that genetic factors contribute to disease susceptibility.
In this two-stage, population-based, case-control study, we evaluated whether 7 po-
tentially functional single nucleotide polymorphisms (SNPs) within the ARNT2 and
CX3CR1 genes influence the risk of IA in high-risk hematological patients. We geno-
typed selected SNPs in a cohort of 500 hematological patients (103 of those had
been diagnosed with proven or probable IA), and we evaluated their association
with the risk of developing IA. The association of the most interesting markers of 1A
risk was then validated in a replication population, including 474 subjects (94 IA and
380 non-IA patients). Functional experiments were also performed to confirm the
biological relevance of the most interesting markers. The meta-analysis of both
populations showed that carriers of the ARNT2, 1374213cr CX3CR1, 76315204, and
CX3CR1,.9823718¢ alleles (where the RefSeq identifier appears as a subscript) had
a significantly increased risk of developing IA according to a log-additive model
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(P value from the meta-analysis [Pyeia] = 9.8 -+ 1075, Pyeea = 1.5 - 1074, and Py =
7.9 - 1075, respectively). Haplotype analysis also confirmed the association of the
CX3CR1 haplotype with AGCGG with an increased risk of IA (P =4.0 - 10~%). Mecha-
nistically, we observed that monocyte-derived macrophages (MDM) from subjects
carrying the ARNTR2,,,374213¢ allele or the GG genotype showed a significantly im-
paired fungicidal activity but that MDM from carriers of the ARNT2, ,374213¢ and
CX3CR1 508237186 OF CX3CRIT ;6315004 alleles had deregulated immune responses to
Aspergillus conidia. These results, together with those from expression quantitative
trait locus (eQTL) data browsers showing a strong correlation of the CX3CR7 ;55537156
allele with lower levels of CX3CRT mRNA in whole peripheral blood (P =2.46 - 1077)
and primary monocytes (P =4.31 - 10~7), highlight the role of the ARNT2 and
CX3CR1 loci in modulating and predicting IA risk and provide new insights into the
host immune mechanisms involved in IA development.

KEYWORDS ARNT2, CX3CR1, host immunity, invasive aspergillosis, genetic
susceptibility

nvasive aspergillosis (IA) is a life-threatening infection in which Aspergillus spp.

colonize lung or sinus tissues and spread through the bloodstream to other sites in
the body (1). Recent studies have consistently reported that IA is increasing in incidence
among immunocompromised (1), postoperative (2), critically ill (3), and solid-organ
transplantation (1, 4) patients. Following a specific exposure, the risk of developing IA
depends on factors such as a weakened immune system (1, 5), graft versus host disease
(6), hematological malignancy (7), long-term corticosteroid and/or immunomodulatory
therapy (8, 9), lower respiratory tract and cytomegalovirus infections (10), AIDS (11), and
lung disorders (12).

There is robust evidence that the combination of some of these clinical risk factors
and a specific host genetic background may render individuals more vulnerable to IA
(13, 14) and increase the risk of infection-related hospitalizations and deaths (15, 16). In
particular, it is widely known that the presence of single nucleotide polymorphisms
(SNPs) within macrophage-related genes has an impact in modulating the risk of
developing invasive fungal infections. It has been reported, for instance, that polymor-
phisms within tumor necrosis factor receptors (TNFRs; TNFR1 and TNFR2) (17, 18),
Toll-like receptors (TLRs; TLR2, TLR3, TLR4, TLR5, TLR6, and TLR9) (19-23), dectins
(Dectin-1 and Dectin-2) (24-26), cytokines (interleukin 1 [IL-1], IL-10) (27-29), chemo-
kines (CXCL10) (30), and dectin, cytokine, and chemokine receptors substantially influ-
ence the risk of developing IA in high-risk patients.

Recent studies have also pointed to the important role played by macrophage-
related genes other than those mentioned above, such as CX3CR7 and ARTN2. CX3CR1
is a G-coupled transmembrane chemokine receptor that, after the interaction with its
ligand fractalkine, is able to induce downstream signaling leading to NF-«B activation
and thereby the production of fractalkine itself and some other proinflammatory
cytokines (31). Furthermore, it has been demonstrated that CX3CR1 is implicated in the
differentiation of phagocytes (32) and in modulating the interaction of immune phago-
cytes with fungal pathogens (33). On the other hand, it has also been found that the
AHR/ARNT2 complex plays a role in regulating the activity and differentiation of
phagocytic cells (including macrophages) and lymphocytes but also in modulating the
transcription of multiple immune-related genes, including cytokines (TNF alpha [TNF-
o], IL-1B, IL-2, transforming growth factor « [TGF-a], and TGF-B) (34, 35) and the shift
of the Th1/Th2 balance toward Th1 (36).

Taking this under consideration, the aim of this study was to conduct a two-stage
case-control association study to evaluate whether 7 potentially functional SNPs within
the ARNT2 and CX3CR1 genes were associated with the risk of developing IA in 2
independent cohorts of hematological patients at high risk of infection. We also
conducted functional assays to determine the effect of these markers on the immune
response to Aspergillus fumigatus.
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TABLE 1 Baseline and clinical characteristic of patients with or without A

Infection and Immunity

Overall IA patients Non-IA patients
Population Variable® (n = 500) (n = 103) (n = 397) P value
Discovery Demographics
Age (avg no. of yrs £ SD) 51.96 £ 15.20 51.94 £ 12.80 51.97 £ 15.78 0.986
Sex ratio (no. of males/no. of females) 1.16 (269/231) 2.03 (69/34) 1.02 (200/197) 0.003
No. (%) with hematological disease:
AML 354 (70.80) 66 (64.08) 288 (72.54) 0.092
ALL 65 (13.00) 17 (16.50) 48 (12.09) 0.235
Other 81 (16.20) 20 (19.42) 61 (15.37) 0.320
Allo-SCT 202 (40.40) 46 (44.66) 156 (39.29) 0.323
No. (%) who ever received prophylaxis 268 (66.83) 36 (49.31) 232 (70.94) 0.0008
(n = 474) (n = 94) (n = 380)
Replication Demographics
Age (avg no. of yrs = SD) 5248 *+ 16.57 51.38 £ 17.32 52.75 £ 1643 0.512
Sex ratio (no. of males/no. of females) 1.53 (287/187) 2.24 (65/29) 1.41 (222/158) 0.056
No. (%) with hematological disease:
AML 252 (53.28) 50 (53.19) 203 (53.42) 0.912
ALL 75 (15.86) 21 (22.58) 54 (14.21) 0.076
Other 146 (30.87) 23 (24.73) 123 (32.37) 0.174
Allo-SCT 157 (33.19) 31 (33.33) 127 (33.42) 0.968
No. (%) who ever received prophylaxis 182 (63.85) 38 (61.29) 144 (64.57) 0.744
(n = 974) (n = 197) (n = 777)
Overall Demographics
Age (avg no. of yrs * SD) 52.23 + 15.89 51.74 * 15.10 52.36 * 16.10 0.612
Sex ratio (no. of males/no. of females) 1.33 (556/418) 2.12 (134/63) 1.19 (422/355) 0.001
No. (%) with hematological disease:
AML 606 (62.22) 116 (58.88) 491 (63.19) 0.265
ALL 140 (14.37) 38 (19.29) 102 (13.13) 0.028
Other 227 (23.31) 43 (21.83) 184 (23.68) 0.583
Allo-SCT 359 (36.86) 77 (39.09) 283 (36.42) 0.489
No. (%) who ever received prophylaxis 450 (65.59) 74 (54.81) 376 (68.36) 0.003

aAbbreviations: Allo-SCT, allogeneic stem cell transplantation; AML, acute myeloid leukemia; ALL, acute lymphoid leukemia. P values of =0.05 were considered

significant and are shown in bold.

bProphylaxis status was available for 400 subjects from the discovery cohort (73 IA and 327 non-IA patients) and 285 subjects from the replication cohort (62 IA and

223 non-lA patients).

(Parts of this study were reported at the 6th Advances against Aspergillosis Confer-
ence, 27 February to 1 March 2014, in Madrid, Spain, and at the 44th Annual Meeting
of the European Society for Blood and Marrow Transplantation, 18 to 21 March 2018,
in Lisbon, Portugal.)

RESULTS

Characteristics of study subjects. The study population included 197 cases with
proven or probable IA and 777 disease-matched patients without signs of infection.
Demographic and clinical characteristics of the patients included are summarized in
Table 1. Briefly, IA and non-lA groups had similar ages and underlying disease distri-
butions in both the discovery and replication cohorts. Furthermore, the two popula-
tions showed similar proportions of patients who underwent allogeneic hematopoietic
stem cell transplantation (allo-SCT) (Table 1). Overall, IA was more frequently found in
men than in women (P =0.001) and among those patients diagnosed with acute
lymphoblastic leukemia (ALL) (P = 0.028). As expected, IA tended to be less frequent
among patients who completed antifungal prophylaxis (P = 0.003).

Association analysis. All SNPs were in Hardy-Weinberg equilibrium (HWE) in the
control group (P> 0.05). The logistic-regression analysis, adjusted for age, gender,
allo-SCT, and country of origin, revealed that 3 polymorphisms within the ARTN2 and
CX3CR1 genes showed a statistically significant association with the risk of IA when
log-additive and dominant models of inheritance were assumed (Table 2). Carriers of
the CX3CR1,¢7631500ar CX3CRT 0823718 @nd ARNT2, 15,4215 alleles (where the RefSeq
identifier [rsID] appears as a subscript) had an increased risk of developing IA (per-allele

April 2020 Volume 88 Issue 4 €00882-19

iaiasm.org 3


https://iai.asm.org

Infection and Immunity

Lupiafez et al.

‘(ureds ‘epeuein) OANID 1e AI0jeIoge| JNO Ul 9|qe|leAR 349M elep dlyd-ounwuw] ‘uonejndod
|esauab ay) wouy paldL|es s13fgns paydlew-pabe 95/ jo uoneindod ueadoiny e woly elep djyd-ounwiwi buisn parewilss a1am sjoJuod Ayyesy 4oy s4y\ ‘ulblo jo A1unod pue ‘snieis |)S-ojje ‘xas ‘9be 1o} paisnlpyg
"92UBIBYIP 1URdYIUBIS B $91EDIPUI 92BJP|Og "3[3[E 1039 9] PAISPISUOD SEM S[9]|B JOUIW Y] PUR ‘D|9||e 3JUI3J3J Yl PI9PISUOD
seM dNS Yyoes 1oy j9||e Jofew ay] "3|gedijdde jou ‘yN ‘ones sppo ‘Yo ‘Aouanbaly 3j3jje Jouiw ‘Jy|A ‘Dwosowolyd “1y) ‘uousod Jed aseq ‘dq synuapl basyay ‘qiss ‘wsiydiowAjod sapnospnu 3jbuls ‘gNS :SUONeIARIGQY s

LL00  (¥O'L-TL°0) 9570 80  (SE'L-€S°0) ¥8'0 S0 (L1'L-TS0) 940 180 62€°0 0€€°0 08Z°0 L € 78969£6€ £TSLOLTLSI LYDEXD
9’0 (67°5-8%°0) 65°L €90 (S¥'L-¥S0) 680 980  (8%'1-£9'0) 960 z€0 TLLI0 0610 0810 L € Lv6TLE6E 689898651 LUDEXD
960  (8£'T-¥£0) 86'0 6£0  (LE'L-0S0) L8O 9’0 (62'1-850) 98°0 680 6070 0£T°0 0LTo D] € €8SLLEGE  9/87986SI LYDEXD
L6000 (T°€T-L9°L) TT9 TLOO'0 (SL'b-€t'L) bb'T 0€000°0 (9L°€-1S°L) 8€°T 8€°0 ¥60°0 00L'0 0610 b} € [S/S6T6E  8LLETS6S! LYDEXD
VN (VN) YN 79000 (8T'F-0€'L) SE'T 080000 (09'b-TS'L) ¥9'CT 6£0 v20°0 0900 0€L°0 v € GT898T6E  6TSLEQLSI LYDEXD
620 (SL'Z-0L0) V'O 90  (L¥'L-S50) 06'0 870  (LE'1-950) 98°0 00°L 991°0 00Z°0 0810 L Sl 75008608 LST6EVTLSI  ZINYY
€0  (STT-¥L0) 6Tl 090000 (SS°S-6t°L) 88T €600°0 (€T°T-LL°L) 8S'L 0£0 Yor°0 0EY°0 0950 D Gl €S0TEL08  ELTVLELS!  ZINYY
anjeA (9A1SSd21) anjeA (aueulwop) anjeA (9Anippe) dnoub yj-uou gS|0J13U0D  S3SED Y|-uou sased | I3|e ‘YD dq ais1 dNS auan
d (abuer) HO d (36ues) O d (26ues) yo 10y IMH  Ay3eay jo Jyw JO 4V JO AV s

puonendod AI9A0DSIP 3Y3 Ul SU Y| YUM PIRIDOSSe SANS [YDEXD PuUe ZINYY 23 o) synsas Alewwns g 37dV.L

iaiasm.org 4

Issue 4 e00882-19

April 2020 Volume 88


https://iai.asm.org

ARNT2 and CX3CR1 Polymorphisms and Susceptibility to IA

TABLE 3 Haplotype association analysis for ARNT2 and CX3CR1 SNPs®

Infection

and Immunity

Nucleotide in:

OR (95%Cl) of discovery

Gene rs1374213 rs12439281 rs7931529 rs9823718 rs9862876 rs9868689 rs12107527 Freq population (n = 424) P
ARNT2® A G 0424 1.00
G G 0.387  1.13 (0.73-1.76) 0.58
A T 0.120  0.32 (0.08-1.28) 0.11
G T 0.070  2.62 (1.25-5.47) 0.011
CX3CR1¢ G C C G G 0.4645 1.00
G C C G A 0.1874 0.55 (0.31-1.00) 0.050
G C G A A 0.1056 1.46 (0.79-2.71) 0.23
G C G A G 0.0602 0.37 (0.13-1.09) 0.073
A G @ G G 0.0563 3.56 (1.78-7.13) 0.0004
G C G G G 0.0497 0.49 (0.17-1.41) 0.19
G G C G G 0.0325 1.88 (0.77-4.60) 0.17
A G C G A 0.0176 0.29 (0.01-13.5) 0.52

aNucleotides that are bold and underlined represent those alleles that were significantly associated with IA risk in the single SNP analysis. Association estimates were
adjusted for age, sex, and country of origin. The minimum haplotype frequency (Freq) was set at 0.01. P values that were <0.05 are in bold.

bThe global haplotype association P value was 0.014.
“The global haplotype association P value was 0.00019.

odds ratio [OR] = 2.64; 95% confidence intervals [95%Cl], 1.52 to 4.60; P = 0.00080;
per-allele OR = 2.38; 95%Cl, 1.51 to 3.76; P = 0.00030; and dominant-model OR
[ORpom] = 2.88; 95%Cl, 1.49 to 5.55; P = 0.0006). Importantly, the association of the
CX3CR1,s76315200 CX3CR1 9823718 and ARNT2,.1354213 SNPs survived after correction for
multiple testing (study-wide threshold = 0.0024) (Table 2). In addition, although infor-
mation about prophylaxis status was available for about 66% of the patients, the
association of the CX3CR1,.7631500 and CX3CR1 9555715 SNPs with IA risk remained
statistically significant when the use of antifungal prophylaxis was added as a covariate
for adjustment (per-allele OR = 3.08; 95%Cl, 1.62 to 5.87; P = 0.0008, and per-allele
OR = 2.54; 95%Cl, 1.47 to 4.30; P = 0.0009, respectively). After correcting for antifungal
prophylaxis status, the association of ARNT2,,5,45:5 With IA remained close to the
multiple testing significance threshold when a dominant model was assumed
(ORpom = 2.41; 95%Cl, 1.18 to 4.92; P, = 0.0098). In line with these findings, we also
found a significant effect of the haplotype CX3CR7pgcee (CX3CRT with AGCGG,
containing the risk alleles) in determining the risk of de@loping the infection (P,, =
0.0004), whereas only a modest effect on IA risk was found for the ARNT24; haplotype
(Phap = 0.011) (Table 3). B

Interestingly, when we attempted to replicate these relevant associations in other
populations of European ancestry, we could confirm that carriers of the ARNT2,,15742136
allele had a significantly increased risk of IA (per-allele OR = 1.63; 95%Cl, 1.18 to 2.27;
P = 0.003), whereas carriers of the CX3CR1,,9g237186 and CX3CR1 56315204 alleles also
tended to have an increased risk of developing the infection (OR = 1.58; 95%Cl, 0.97 to
2.57; P =0.073; and OR = 1.77; 95%Cl, 0.98 to 3.21; P = 0.059, respectively). The direc-
tion of the effect for these associations was similar to the one observed in the discovery
population, and the combined analysis confirmed that each copy of the minor allele
for the ARNT2 and CX3CR7 SNPs was strongly associated with a 1.61- to 2.19-fold-
increased risk of IA when a log-additive model was assumed (Py...= 0.000098, 0.00015,
0.000079) (Table 4). Although slightly weaker, the association of the ARNT2,.,374213/
CX3CR1,s7631520 aNd CX3CR1 95,3715 SNPs with IA risk was also statistically significant
when dominant or even recessive models of inheritance were assumed (Table 4). In
addition, the distribution of the ARNT2,;5,42136: CX3CR1,s7631500a @aNd CX3CRT 05537186
alleles was consistent across different countries, which undoubtedly pointed to a
relevant role for these genes in modulating the risk of IA (Table 4 and see Table S1 in
the supplemental material).

Functional evidence of the impact of ARNT2 and CX3CR17 SNPs on the immune
response. Next, we evaluated whether the ARNTR2, 1374213 CX3CR1, 7631520, @and
CX3CR1,.0523715 Variants influenced the strength of immune responses against A.
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TABLE 4 Meta-analyses of ARNT2 and CX3CR1 polymorphisms?

Risk Discovery population Replication population Meta-analysis

Gene SNP rsID Chr. allele OR P value OR P value OR Preta Puer 1?2 (%)
ARNT2 (additive) rs1374213 15 G 1.58 (1.11-2.23) 0.0093 1.63 (1.18-2.27) 0.003 1.61 (1.27-2.04) 0.000098 0.890 0.00
ARNT2 (dominant) rs1374213 15 G 2.88 (1.49-5.55) 0.00060 1.84 (1.05-3.22) 0.032 2.22 (1.45-3.40) 0.00024 0.309 3.2
ARNT2 (recessive)  rs1374213 15 G 1.29 (0.74-2.25) 037 2.09 (1.24-3.53) 0.006 1.67 (1.14-2.44) 0.0086 0.215 348
CX3CR1 (additive)  rs9823718 3 G 2.38 (1.51-3.76) 0.00030 1.58 (0.97-2.57) 0.073 1.97 (1.41-2.74) 0.000079 0.230 30.9
CX3CR1 (dominant) rs9823718 3 G 2.44 (1.43-4.15) 0.0012 1.62 (0.90-2.91) 0.10 2.03 (1.37-3.01) 0.00044 0.310 2.5
CX3CR1 (recessive) rs9823718 3 G 6.22 (1.67-23.2) 0.0091 2.61 (0.60-11.38) 0.20 4.23 (1.59-11.28) 0.0040 0.389 0.0
CX3CR1 (additive)  rs7631529 3 A 2.64 (1.52-4.60) 0.00080 1.77 (0.98-3.21) 0.059  2.19 (1.46-3.29) 0.00015 0.334 0.0
CX3CR1 (dominant) rs7631529 3 A 2.35 (1.30-4.28) 0.0062 1.71 (0.88-3.31) 0.11 2.04 (1.31-3.18) 0.0016 0.480 0.0
CX3CR1 (recessive) rs7631529 3 A NA (NA) NA 7.34 (0.64-84.0) 0.11 NA (NA) NA NA NA

aAbbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; Py, pheterogeneity; /2, amount of dispersion in the meta-analysis; NA, not applicable. Values in
boldface indicate a significant difference at nominal level (P < 0.05). The major allele for each SNP was considered the reference allele, and the minor allele was
considered the effect allele. ORs for the discovery and replication populations were adjusted for age, sex, allo-SCT, and country of origin. Meta-analyses were
conducted by assuming a fixed-effect model.

fumigatus. Interestingly, we observed that MDM from subjects carrying the
ARNTR2,,13742136c 9enotype showed an impaired capacity to kill A. fumigatus conidia
compared with MDM from carriers of the AA genotype (Fig. 1A). We also observed
that bronchoalveolar lavage (BAL) fluid samples from IA patients carrying the
ARNTR2, 13742136 9enotype had a significantly decreased release of IL-18 and an
exacerbated production of IL-8 (Fig. 1B and 2C). Furthermore, we observed that, after
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FIG 1 (A) Fungicidal activities of monocyte-derived macrophages (A); (B to E) cytokine levels on BAL samples (B and C) and produced by PBMCs (D and E)
according to the ARNT2,,;354-,5 genotype. MDM were stimulated with Aspergillus conidia (1:10), and PBMCs were stimulated with zymosan (5 ug/ml) alone or
in combination with lipopolysaccharide (LPS; 100 ng/ml). Supernatants were harvested for cytokine analysis at 24 and/or 48 h. (A) MDM from subjects carrying
the ARNT2,;3742136c 9enotype or the ARNT2,, 5,421 allele showed an impaired capacity to kill A. fumigatus conidia compared with that of carriers of the AA
genotype (AA genotype, 59.92% of conidia killed, versus GG genotype, 43.61% [P = 0.0176], or AA genotype, 59.92%, versus GA + GG genotype, 46.27%
[P =0.0122], respectively). BAL samples from IA patients carrying the ARNT2,.,3,45136c 9enotype had a significantly decreased release of IL-13 (B) and a
significantly exacerbated production of IL-8 (C) in comparison with those of patients carrying the AA genotype or the A allele [P, ;5 (aa versus cs) = 0-042 and
Pil1g (aa + AG versus 6a) = 0:026; Py gian versus ooy = 0-0061 and Py (an + aG versus as) = 0-0024, respectively]. (D) After stimulation with zymosan (ZYM) for 24 h, PBMCs
from carriers of the ARNT2, 57421366 9enotype (n = 3) showed a significantly increased production of TNF-a compared with that of subjects carrying the A allele
[n=18; Prupips @amy = 0017, Pryezvm 24 1y = 0.068 Pryrips + zym 24 my = 0.001] (Fig. 2D). (E) Similarly, after stimulation with zymosan for 48 h, PBMCs from
carriers of the ARNT2,,,3,45135 allele (n = 6) showed a significantly increased production of IFN-y [n = 14, Py b5 ag ) = 0.042, Pieney zvm ag ) = 0-045, and

PIFN—'y—LPS + zvm @8 n) = 0.040].
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FIG 2 Fungicidal activities of monocyte-derived macrophages (A) and cytokine levels on BAL samples from IA patients (B) or from stimulated MDM (C to E)
according to the CX3CR1,,g4,3715 genotype. MDM were stimulated with Aspergillus conidia (1:10). Supernatants were harvested for cytokine analysis at 24
and/or 48 h. (A) No differences in fungicidal activity were observed among carriers of the different CX3CR7,.45,5,15 genotypes. (B) BAL samples from patients
carrying the CX3CR1 . g4,37156 allele, which strongly correlates with lower levels of CX3CRT mRNA in whole peripheral blood (Z-score = -5.16, P = 2.46 - 1077,
and Z-score = -5.05, P = 4.41 - 10~7) and primary monocytes (P = 4.31 - 10~7), had a significantly decreased release of IL-8 (P = 0.019). (C to E) Likewise, MDM
from healthy individuals carrying the CX3CR1 04,5515 allele showed a significantly decreased production of IL-18 (P, = 0.0418) (C), TNF-a (P = 0.0007) (D),
and IL-6 (P, s = 0.0003) (E) after coincubation for 24 h with A. fumigatus conidia. Given the relatively high linkage disequilibrium between CX3CR1 markers,
results obtained for the CX3CR7 ;451520 SNP were almost identical.

stimulation with zymosan for 24 or 48 h, peripheral blood mononuclear cells (PBMCs)
from carriers of the ARNTR2, . 574213cc 9enotype and the ARNTR2, 53,4213 allele
showed a significantly increased production of TNF-« (Fig. 1D) and gamma interferon
(IFN-7) (Fig. 1E).

On the other hand, although we could not detect differences in capacities to kill A.
fumigatus conidia among carriers of the different CX3CR1, 05,3715 9genotypes (Fig. 2A),
we observed that BAL samples from |A patients carrying the CX3CR1, 95237156 allele had
a significantly decreased release of IL-8 (Fig. 2B) and that MDM from healthy individuals
carrying this allele also showed a significantly decreased production of IL-18, TNF-q,
and IL-6 after coincubation for 24 h with A. fumigatus conidia (Fig. 2C to E). These
results, together with those from the expression quantitative trait locus (eQTL) data
browsers, which report a strong correlation of the CX3CR7,,9g55,15¢ allele with lower
levels of CX3CRT mRNA in whole peripheral blood (P =246 - 1077) and primary
monocytes (P = 4.31 - 1077) (37), suggested that the CX3CR1 locus might be implicated
in modulating the immune response against A. fumigatus. Given the moderate linkage
disequilibrium between the CX3CRT, ;631520 and CX3CR1  gg53715 Variants (2 = 0.62)
(Fig. S1), the results for carriers of the CX3CR1 56315204 allele were similar to those observed
for carriers of the CX3CR1,.9523715¢ allele (data not shown). No significant differences in
cytokine production according to the CX3CR1 5553715 aNd CX3CR1,5631520 JENOtypeESs were
observed in PBMCs from healthy subjects after stimulation with zymosan for 24 or 48 h
(data not shown).

DISCUSSION

To the best of our knowledge, this is the first association study evaluating the role
of polymorphisms within ARNT2 and CX3CR1 genes and the risk of IA. Despite the
relatively modest sample size of the populations analyzed, our results showed a
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consistent association with IA risk for 3 SNPs within the ARNT2 and CX3CR1 genes. In the
combined analysis of the discovery and replication populations, the strongest effect
was observed for the ARNT2,,,374213 and CX3CR1, 0525715 SNPs.

The ARNT2 gene (15g25.1) encodes a member of the basic helix-loop-Per-Arnt-Sim
(bHLH-PAS) superfamily of transcription factors, which form heterodimers with the aryl
hydrocarbon receptor (AHR) (38), a key regulator of the innate and adaptive immunity
implicated in the transcriptional regulation of a wide range of immunity genes,
including cytokines (34). The AHR/ARNT2 complex influences the activity and differen-
tiation of phagocytic cells and lymphocytes and the shift in the Th1/Th2 balance toward
Th1 (36). Early studies have also described that this protein complex modulates the cell
cycle (39) and the response to chemical compounds (40). Although the specific role of
ARNT2 in the modulation of the antifungal effector function of innate cells remains
elusive, a recent study has demonstrated that ARNT2 is a late-phase TNF response gene
that is induced by IL-10 (41) and that, therefore, might play a role in the modulation of
the disease tolerance defense pathway and host fitness (42). Although genetic studies
have suggested that ARNT2 polymorphisms are involved in neurological diseases (43),
little is known about their relationship with infectious diseases (44). In support of a role
for the ARNT2 SNPs in the control of host innate immunity against Aspergillus, we
observed that the MDM from carriers of the ARNT2,.,37421366 9enotype showed an
impaired ability to kill Aspergillus conidia that might be due, at least in part, to an
impaired macrophage-mediated production of IL-13 and the consequent depletion of
phagocyte-dependent antifungal activities. We also observed that MDM from carriers of
the ARNT2,.,3,421366 9enotype showed an exacerbated release of IL-8, which might
promote infection by inducing the recruitment of neutrophils to the site of infection
and, consequently, the release of TNF-a and IFN-vy, which might cause severe inflam-
mation of the lung tissue and defective fungal clearance. In line with these results, we
observed that PBMCs from subjects carrying the ARNT2, ;53,4515 allele showed a
sustained and significantly increased production of TNF-a and IFN-v after stimulation
with fungal antigens. These findings, along with those from previous studies suggest-
ing that IL-8 may also induce the synthesis of metalloproteinase-9 (45), suggest that
ARNT2 might increase an individual’s susceptibility to IA by depleting the antifungal
activity of innate immune cells and by promoting aggressive adaptive proinflammatory
responses mediated by IL-8 that might lead to degradation of the extracellular matrix,
lung tissue damage, and a defective fungal clearance.

On the other hand, it is well established that CX3CR1 is involved in the pathogenesis
of fungal infections (33). The CX3CRT gene (3p22.2) encodes the fractalkine receptor, a
gastrointestinal tract-coupled transmembrane protein and chemokine receptor that
contributes to controlling host innate and adaptive immunity at multiple levels.
CX3CL1, its unique ligand, along with CCL26, is markedly upregulated under inflam-
matory conditions, suggesting that the CX3CL1/CX3CR1 axis might play an essential
role during infection. CX3CR1 is expressed mainly in airway and alveolar epithelial cells
of the lungs (46) but also in a wide range of immune cells, such as cytotoxic effector
lymphocytes, low-expression CCR2 (CCR2'°w) LY6C'*™ and CX3CR1" monocytes, mac-
rophages, and subsets of dendritic cells (47) that interact with fungal pathogens in a
CX3CR1-dependent manner (33). CX3CR1 participates in the differentiation of myeloid
progenitors to the monocyte, macrophage, and dendritic cell lineage (32), and its
depletion impairs the survival of these cells and their capacities to promote human
leukocyte adhesion, migration, and extravasation into inflamed tissues. In line with
these findings, this study showed that the presence of the CX3CR7, ;6315004 and
CX3CR1 495237156 alleles, which strongly correlate with lower expression of the CX3CR1
protein in cytotoxic effector lymphocytes and phagocytes (37, 48), rendered patients
more likely to develop IA. In addition, our data showed that the CX3CR15ggcc haplo-
type containing risk alleles was strongly associated with an increased risk o?cleveloping
IA. Given the relatively high linkage disequilibrium (LD) value of the CX3CR1 risk alleles,
we found that the effect of this haplotype was of a magnitude similar to those observed
for single SNPs. These findings together with those from publicly available eQTL data
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browsers suggest that the effect attributable to the CX3CRT locus on IA risk might
depend on eQTL alleles. However, additional research is now warranted to clarify
whether the effect of CX3CR1 SNPs on CX3CR1 mRNA expression is led by a single SNP
or a larger haplotype. In addition, in support of the idea suggesting a functional role of
CX3CR1 SNPs in biological processes, such as cell adhesion and migration (47), we also
found a reduced production of IL-8 in the lungs of infected patients carrying the
CX3CR1,.9823718¢ allele, whereas MDM from carriers of this allele showed a significantly
reduced release of IL-13 and TNF-a after coincubation with Aspergillus conidia. These
results are consistent with those of previous studies suggesting that CX3CR1 is essential
for an effective immune response against Aspergillus (49) but also with those of
previous studies suggesting a functional impact of CX3CR1 SNPs in modulating sus-
ceptibility to other lethal infections (50) and disease progression (51, 52). In line with
our results, it has been observed that defects in CX3CR1 expression increases suscep-
tibility to fungal pathogens by reducing macrophage accumulation in tissues and
survival (33) and that this receptor is essential for the clearance of fungal pathogens
from the mucosa and lower gastrointestinal tract (53). Therefore, although the infor-
mation provided by our and other studies is relevant, an in-depth analysis of the
biological role of CX3CR1 in IA, including mechanistic insights, is still needed.

Finally, it is necessary to mention that even though the influence of ARNT2 and
CX3CR1 variants on the risk of the infection was expected to be modest, the allelic
distribution of these SNPs was consistent across different countries, and overall, our
study was sufficiently powered to detect such small effects. Based on the genotype
frequencies observed in the discovery cohort, we had 80% of the power (log-additive
model) to detect an odds ratio of 1.62 at an alpha of 0.0024 (multiple-testing threshold)
for a polymorphism with a minor allele frequency (MAF) of 0.25 and an OR of 1.95 for
an SNP with a MAF of 0.10. Importantly, our results were confirmed in a replication
cohort, supporting the notion of a role of the ARNT2 and CX3CR1 loci in IA susceptibility.

In conclusion, this association study identifies for the first time ARNT2 and CX3CR1
as new susceptibility loci for IA and provides new insights about the possible role of
these loci in modulating innate and adaptive immune responses to A. fumigatus.

MATERIALS AND METHODS

Study population. The discovery population consisted of 500 European hematological patients at
high risk of invasive fungal infection, 103 hematological patients diagnosed with proven or probable IA,
and 397 noninfected and disease-matched patients. Hematological patients were allo-transplanted or
diagnosed with acute leukemia receiving intensive remission-induction chemotherapy and were re-
cruited through the AspBIOmics consortium (www.aspbiomics.eu) and from two Spanish medical
institutions (the University Hospital of Salamanca and the Clinic University Hospital of Valencia). A
Spanish multicenter clinical trial was registered with ClinicalTrials.gov (NCT01742026) and EudraCT
(2010-019406-17). In accordance with the Declaration of Helsinki, all participants provided their written
informed consent to participate in the study, and the ethical committees of the following participating
centers and hospitals approved the study: Virgen de las Nieves University Hospital (0702/12; Granada,
Spain), University Hospital of Salamanca (NCT01742026; Salamanca, Spain), Clinic University Hospital of
Valencia (NCT01742026; Valencia, Spain), Centro Nacional de Microbiologia (NCT01742026; Madrid,
Spain), University of Wirzburg (173/11; Wirzburg, Germany), and Medical University of Innsbruck
(UN4529 and 04/2014; Innsbruck, Austria). Ethical approval was also provided by the ethical review
boards of the Universita Cattolica del S. Cuore (0029458/16 and 0003932/17; Rome, Italy) and the
University of Modena and Reggio Emilia (2629/16; Modena, Italy). Approval for the functional genomics
studies was obtained from the ethics subcommittees for Virgen de las Nieves University Hospital (Spain;
02276/17), Life and Health Sciences of the University of Minho (Portugal; SECVS 014/2015), and the
National Commission for the Protection of Data (Portugal; 1950/015). Proven and probable IA cases were
diagnosed according to the revised EORTC/MSG criteria (54). Proven IA cases were diagnosed after
microscopic analysis or culture of sterile material (biopsy specimens or needle aspirations) and subse-
quent identification of the Aspergillus mold by experienced pathologists. All centers used the presence
of galactomannan as a microbiological criterion for the diagnosis of probable IA. Patients with no sign
of infection and lacking pulmonary infiltrates for a period of at least 12 months were classified as non-IA
cases.

DNA extraction, sample selection, genotyping, quality control, and filtering. Genomic DNA from
saliva or blood samples from hematological patients at high risk of IA and healthy controls was isolated
using the Oragene DNA self-collection kit (Oragene) or the Maxwell 16 blood DNA purification kit
(Promega) according to the manufacturers’ instructions. DNA samples from donors were considered
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TABLE 5 List of selected SNPs according to their potential functionality in the GTEx portal, HaploReg, Encode, etc.?

Risk
Gene  SNP rsID bp Location Chr. allele Remarks about known function
ARNT2  rs1374213 80732053 Intron 15 G Regulome score = 5 (TF binding or DNase peak); histone modifications;

regulation of changes in the promoter H3K9ac in primary monocytes
(H3K9ac_Pro)

ARNT2  rs12439281 80980052 Near gene (downstream) 15 T eQTL for ABHD17C in whole blood (P = 2.40 - 10-5)

CX3CR1 rs7631529 39286825 Intron 3 A eQTL for CX3CR1 in whole blood (P = 2.25 - 10-6) and most of the
primary immune cell types (primary monocytes, primary B cells,
neutrophils and natural killer from peripheral blood); Regulome
score = 5 (TF binding or DNase peak); bound protein (HFH1);
regulation of histone marks in primary monocytes (H3K4me1_Enh
and H3K27ac_Enh)

CX3CR1 rs9823718 39293757 Intron 3 G eQTL for CX3CR1 in whole blood (P = 2.46 - 107 and 4.41 - 1077);
Regulome score = 4 (TF binding + DNase peak); regulation of
histone marks in primary monocytes (13_EnhA1, H3K4me1_Enh,
H3K4me3_Pro, and H3K27ac_Enh), primary B cells, neutrophils, and
primary mononuclear cells from peripheral blood

CX3CR1 rs9862876 39311583 Intron 3 G Histone modifications; the gene regulates multiple histone marks in
primary mononuclear cells, T cells (CD8*), neutrophils, and natural
killer cells (H3K4me1, H3K4me3, and H3K27ac)

CX3CR1 rs9868689 39312941 Intron 3 T Regulome score = 5 (TF binding or DNase peak); regulation of multiple
histone marks in primary mononuclear cells, primary monocytes, B
and T cells (CD87), neutrophils, and natural killer cells (H3K4me1,
H3K4me3, and H3K27ac)

CX3CR1 rs12107527 39369682 Near gene (upstream) 3 T eQTL of CCR8 in EBV-transformed lymphocytes (P = 5.3 - 107);
Regulome score = 4 (TF binding + DNase peak); bound protein (NF-
kB1) in multiple immune-related cell lines; regulation of enhancer
histone marks in primary T regulatory cells and primary T helper
memory cells from peripheral blood.

aAbbreviations: SNP, single nucleotide polymorphism; Chr., chromosome; TF, transcription factor.

when IA infection occurred after transplantation. In order to avoid cellular chimerism, donor DNA was
extracted directly from the peripheral blood of each allo-SCT donor.

SNPs were selected based on their potential functionality according to HaploReg (www
.broadinstitute.org/mammals/haploreg/haploreg.php), RegulomeDB (www.regulomedb.org/), the Blood
eQTL browser (https://genenetwork.nl/bloodeqtlbrowser/), and the Genotype-Tissue Expression Portal
(GTEx Portal) (www.gtexportal.org/home/) and their linkage disequilibria (defined as r? values) and
because of the plausible implication of the ARNT2 and CX3CR1 loci in the modulation of immune
responses against fungal pathogens (Table 5) (33). Genotyping of selected SNPs in the discovery
population was performed using KASP probes according to the manufacturer’s instructions (LGC
Genomics, Hoddesdon, UK). For quality control purposes, 5% of samples were randomly included as
duplicates, and the concordance between duplicate samples was =99.5.

Association analysis. The Hardy-Weinberg equilibrium (HWE) test was performed on the control
group (non-lA patients) by means of a standard observed-expected y? test. Logistic regression analyses
adjusted for age, sex, allo-SCT, prophylactic status, and country of origin were used to assess the main
effects of the selected SNPs on IA risk. Associations for each marker with IA risk were tested according
to log-additive, dominant, and recessive models of inheritance. Statistical power was calculated using
Quanto v.12.4 (http://biostats.usc.edu/software), assuming a log-additive model.

LD and haplotype analysis. We performed haplotype frequency estimation and haplotype associ-
ation analysis adjusted for age, sex, allo-SCT, and country of origin using the haplo.stats package.
Haplotype frequencies were determined using the expectation-maximization (EM) algorithm, haplotypes
were reconstructed using SNPtool and Haploview, and block structures were determined according to
the method of Gabriel et al. (55) (see Fig. S1 in the supplemental material).

Replication population. Four hundred seventy-four hematological patients (94 with proven or
probable IA) were recruited from a Spanish institution (Virgen de las Nieves University Hospital) and two
Italian medical institutions (Universita Cattolica del S. Cuore, Rome, Italy, and the University of Modena
and Reggio Emilia, AOU Policlinico, Modena, Italy) as described elsewhere (56). Ethical approval was
provided by the ethical review boards of these institutions (approvals 0029458/16 and 0003932/17
[Rome, Italy] and approval 2629/16 [Modena, Italy]). Genotyping of this replication cohort was performed
using the same genotyping technology, and again 5% of samples were randomly included as duplicates.
Genotyping concordance was =99%.

Correction for multiple testing was performed using the Bonferroni method but also with consider-
ation of the number of inheritance models tested (log additive, dominant, and recessive). Therefore, the
study-wide significance threshold used for the risk analysis was 0.0024 ([0.05]/7 [independent markers]/3
inheritance models).
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Meta-analysis. The meta-analysis of the discovery data with the data from the replication cohort was
performed using Stata (v.12) by following an additive model. The /2 statistic, a statistic used to measure
dispersion in the meta-analysis, was used to assess heterogeneity across populations, and the pooled
odds ratio (OR) was computed using the fixed-effect model.

Cell isolation and differentiation. After we obtained informed consent (P112/02688 and
SECVS_014/2015 protocols), peripheral blood mononuclear cells (PBMCs) and monocyte-derived mac-
rophages (MDM) were obtained from healthy blood donors according to standard procedures (56).
Briefly, PBMCs were isolated by gradient centrifugation using Ficoll-Paque Plus (GE Healthcare Bio-
Sciences). They were then washed twice in phosphate-buffered saline (PBS) and resuspended in 2 ml of
RPMI 1640 culture medium with L-glutamine and phenol red but without sodium pyruvate (Gibco/Life
Technologies) and supplemented with 10% sterile heat-inactivated fetal bovine serum (FBS) and an
antibiotic mixture containing penicillin, streptomycin, and neomycin (Gibco/Life Technologies) at 37°C in
5% CO,. Monocytes were isolated by immunomagnetic selection of CD14* cells (Miltenyi Biotec), and the
purity of the obtained CD14+* population was assessed by fluorescence-activated cell sorting analysis.
Monocytes were then plated at a density of 5 X 10° cells/ml in 24-well plates (Corning) and cultivated
for 7 days in complete RPMI 1640 medium supplemented with human serum and 20 ng/ml of
granulocyte-macrophage colony-stimulating factor (GM-CSF; Miltenyi Biotec) to allow differentiation into
macrophages. The culture medium was replaced every 3 days, and acquisition of macrophage morphol-
ogy was confirmed by phase-contrast microscopy (Olympus DX51; Olympus). PBMCs and MDM were
grouped according to ARNT2 and CX3CR1 genotypes.

Assessment of fungicidal activity and in vitro stimulation assays. The AF293 strain (ATCC) was
grown on Sabouraud dextrose agar (Difco) for 7 days at 28°C. The conidia were then separated from the
mycelium with PBS (Sigma) with 0.1% Tween 20 (Sigma), followed by gentle agitation and subsequent
filtration (40 uM). The concentration of conidia per milliliter was determined using a Neubauer chamber.
Human MDM from 64 healthy subjects were then infected with live A. fumigatus conidia at an
effector-to-target ratio of 1:10 for 1 h, after which the noningested conidia were removed and the MDM
were allowed to kill internalized conidia for 2 h. To measure the fungicidal ability, MDM were lysed by
quickly freezing them at —80°C and thawing them at 37°C (releasing ingested conidia), cell lysates were
mixed thoroughly, and serial dilutions were made in PBS and plated on Sabouraud dextrose agar.
Following a 2-day incubation, the number of CFU was determined, and the percentage of CFU inhibition
was calculated. CFU counts of conidia treated under the same experimental conditions but in the
absence of macrophages were used as controls. Stimulation assays were performed with MDM or PBMCs
from 48 healthy donors selected according to their ARNT2,, 5,415 and CX3CRT,.gg,3,15 geNotypes. PBMCs
(1 X 10) were incubated with zymosan (5 ng/ml; Sigma-Aldrich) alone or in combination with lipopoly-
saccharide (LPS; 100 ng/ml; Sigma-Aldrich) for 24 and 48 h, whereas MDM were left untreated as a
negative control or infected with live conidia of A. fumigatus at a 1:10 effector-to-target ratio for 24 h.
After the incubation period, supernatants were collected and stored at —80°C until cytokines were
measured (a period usually less than 3 months). Cytokine levels were determined in triplicate using the
ProcartaPlex multiplex immunoassay (eBioscience) or enzyme-linked immunosorbent assay (ELISA) MAX
deluxe set (BioLegend).

BAL specimen collection. BAL samples from 28 |A patients were collected at the National Reference
Center for Medical Mycology in Leuven (Belgium) when a patient fulfilled the European Organisation for
Research and Treatment of Cancer (EORTC) diagnostic criteria for probable IA. BAL specimens were
obtained by instillation of two samples of 20 ml of 0.9% sterile saline solution to the most peripheral
bronchus of the most radiologically involved lobe. BAL samples with comparable recovery rates and from
patients that were not long-term smokers, who did not have any other relevant lung-associated diseases,
and who were undergoing similar drug regimens were used, according to the standardization rules of the
European Respiratory Society, to measure acellular components. BAL specimens were centrifuged at
3,000 rpm for 5 min at 4°C to remove cell debris. All samples were stored at —80°C until use. Cytokine
levels were quantified using the human premixed multianalyte kit (R&D Systems).

Statistical analysis for functional analysis. Cytokine levels in BAL samples or cell culture super-
natants were compared between specific genotype groups. Statistical significance was evaluated using
an unpaired t test with or without Welch’s correction or the Mann-Whitney U test. A P of = 0.05 was
considered significant (Prism v6.0).
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