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Abstract

A genetic predisposition to central nervous system (CNS) toxicity induced by antimicrobial
drugs (antibiotics, antivirals, antifungals, and antiparasitic drugs) has been suspected.
Whole genome sequencing of 66 cases and 833 controls was performed to investigate
whether antimicrobial drug-induced CNS toxicity was associated with genetic variation. The
primary objective was to test whether antimicrobial-induced CNS toxicity was associated
with seventeen efflux transporters at the blood-brain barrier. In this study, variants or struc-
tural elements in efflux transporters were not significantly associated with CNS toxicity. Sec-
ondary objectives were to test whether antimicrobial-induced CNS toxicity was associated
with genes over the whole genome, with HLA, or with structural genetic variation. Uncom-
mon variants in and close to three genes were significantly associated with CNS toxicity
according to a sequence kernel association test combined with an optimal unified test
(SKAT-O). These genes were LCP1 (q=0.013), RETSAT (q=0.013) and SFMBT2 (q =
0.035). Two variants were driving the LCP1 association: rs6561297 (p = 1.15x10°°, OR:
4.60[95% Cl: 2.51-8.46]) and the regulatory variant rs10492451 (p = 1.15x10°°, OR: 4.60
[95% CI: 2.51-8.46]). No common genetic variant, HLA-type or structural variation was
associated with CNS toxicity. In conclusion, CNS toxicity due to antimicrobial drugs was
associated with uncommon variants in LCP1, RETSAT and SFMBT2.

1. Introduction

Antimicrobial drugs (antibiotics, antivirals, antifungals and antiparasitic drugs) are associated
with central nervous system (CNS) toxicity in some patients [1-3]. Well-known examples are
ototoxicity due to aminoglycosides, encephalopathy and seizures caused by beta-lactam
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antibiotics, benign intracranial hypertension due to tetracyclines, neuropsychiatric effects of
trimethoprim-sulfamethoxazole, quinolones, antimalarials and antivirals, and cerebellar toxic-
ity due to metronidazole. The risk of CNS toxicity is believed to be influenced by pharmacoki-
netic and genetic variation and by the penetration of drugs across the blood-brain barrier [4].
Efflux transporters play an important role for the exclusion of antimicrobial drugs from the
brain. The efflux transporters P-gp (encoded by ABCB1) and BCRP (encoded by ABCG2) that
are highly expressed in the blood-brain barrier are known to transport a number of antimicro-
bial drugs from the apical membrane or cytoplasm back into the bloodstream.

Genetic variation in transporter genes has been associated with changes in pharmacokinet-
ics and with certain adverse drug reactions (ADRs) [5]. However, few studies have described
associations between polymorphisms in transporter genes and the risk of antimicrobial-
induced CNS toxicity. Some data support a role for ABCBI variants in neuropsychiatric ADRs
of mefloquine [6-8]. The mechanism behind serious neurological ADRs of ivermectin has
been debated, largely focusing on the role of concomitant infection versus the presence of
ABCBI variants allowing penetration into the CNS. ABCC2 and ABCG2 polymorphisms and
blood-brain barrier permeability have further been shown to affect concentrations of ceftriax-
one in the cerebrospinal fluid [6-9].

To the best of our knowledge, no study has systematically investigated whether genetic vari-
ation in drug transporters could predispose to CNS toxicity associated with antimicrobial
drugs. The primary aim of this study was to investigate whether genetic variation in transport-
ers expressed at the blood-brain barrier is associated with increased risk of CNS toxicity of
antimicrobials. A secondary aim was to explore whether genetic variation across the whole
genome was associated with risk of CNS toxicity.

2. Materials and methods

This is case-control study of possible genetic variation underlying CNS toxicity to antimicro-
bial drug. All cases exhibited CNS-toxic adverse reactions to antimicrobial drug treatment.
Table 2 provides a comprehensive list of the drugs and adverse reactions, while section 3.1
presents detailed patient characteristics. Genetic information was obtained through whole
genome sequencing.

2.1 Ethics statement

The study was conducted according to the guidelines of the Declaration of Helsinki, and the
study was approved by the regional ethical review board in Uppsala, Sweden (2010/231 Upp-
sala). Written informed consent was obtained from all participants in the study.

2.2 Code availability

Full preprocessing pipeline and downstream analysis code is available at github, and urls are
found under data availability statement.

2.3 Sample description

Patients were identified using the SWEDEGENE method [10]. In brief, patients who had been
reported to the Medical Products Agency’s national register of ADRs due to a suspected CNS-
toxic adverse reaction 1990-2017 were retrospectively contacted by SWEDEGENE and
recruited July 2010—August 2017.

All patients provided informed consent and were at least 18 years of age at the time of
recruitment. Clinical data (demographics, medical history, drug treatment history, laboratory
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data, and ancestry) were collected through interviews using a standardized questionnaire, and
by obtaining and reviewing medical records. The authors had access to information that could
identify individual participants during data collection.

Blood samples were drawn at the patient’s nearest health-care facility 2010-2017 and were
sent to SWEDEGENE where they were stored at -70°C. This case-control study used data
from whole genome sequencing (WGS) that was performed in 2018. The cases were patients
who had experienced CNS toxicity after initiation of an antimicrobial drug (anatomical thera-
peutic classes [ATC] J01, J02, J04, J05, J06, P, L03AB11). Each case was adjudicated by two spe-
cialists in clinical pharmacology and drug safety. The controls constituted sequenced patients
who had experienced other forms of ADRs from a multitude of drugs.

2.4 Library preparation and sequencing

DNA extraction was performed by the Karolinska Institute biobank using the Chemagen kit
with an input of 400 UL peripheral blood for each sample. Library preparation and sequencing
were performed by the National Genomics Infrastructure (NGI) at the SNP&SEQ Technology
Platform in Uppsala (NGI-U), Sweden. Sequencing libraries were prepared from 1 ug DNA
using the TrueSeq PCRfree DNA sample preparation kit, targeting an insert size of 350 bp.
The library preparation was performed according to the manufacturer’s instructions. Pair-end
sequencing with read length of 150 bp was performed on Illumina HiSeq X using v2.5
Sequencing chemistry to a target average of 30x coverage. The full cohort was sequenced in
four batches of 704, 262, 10 and 2 samples. The two last batches consisted of samples re-
sequenced due to insufficient sequence quality or depth determined by NGI-U. The cases were
spread randomly throughout the batches. The 79 samples not included in this study were
excluded due to being evaluated as uncertain cases, being part of a study with a strong known
association to HLA-type (narcolepsy) or outliers in genomic PCA. In the PCA plot (S1 Fig)
only the included cases and controls are shown.

2.5 Alignment, recalibration and PCR deduplication

Alignment, base quality recalibration and marking of PCR duplication were performed by
NGI-U. In brief, sample reads were aligned to Genome Reference Consortium Human Build
37 (GRCh37) using BWA-MEM 0.7.12 [11] and indexed using samtools 0.1.19 [12]. Subse-
quent alignments were locally realigned around structural variation and indels using Genome
Analysis Toolkit (GATK) 3.3 RealignerTargetCreator and GATK 3.3 IndelRealigner [13].
Picard MarkDuplicates 1.120 were used for PCR deduplication and base quality recalibration
tables were generated using GATK 3.3 BaseRecalibrator. Alignment quality control statistics
and sequencing depth plots were gathered tested and using samtools stats, BamQC, King
AutoQC and BcfTools stats. These results was inspected using Qualimap v2.2 [14] and mul-
tiQC and screened for any outlying regions and samples, however, none were found.

2.6 Variant calling and joint genotyping

Following the best practice GATK workflow [15], per sample genomic variant calling files
(gVCFs) were called using GATK 3.8 HaplotypeCaller [16]. Single-sample files were conjoined
using GATK CombineGVCFs into 10 Mb subsections. Genotyping was performed on each of
the subsections using GATK GenotypeGVCEF. Subsequently, all subsections were concatenated
using VCF-tools, and the variants in the full VCF were recalibrated using GATK Variant Qual-
ity Score Recalibration (VQSR). VQSR was executed twice sequentially, once for single nucleo-
tide polymorphisms (SNPs) and once for insertions/deletions (indels).
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2.7 Filtering

Multiallelic SNPs and indels were split using BCFtools [17]. VCFtools was used to filter out
variants that failed quality criteria marked previously in filtering steps, such variants failed by
VQSR. Variant based missingness was calculated using KING autoQC [18] and any variant
with over 5% missing calls was filtered out. Hardy-Weinberg equilibrium was calculated on
the controls using PLINK2.0 and any variant with a p-value below 10 was filtered out. This
resulted in a multi-sample VCF containing 45 million variants in 899 individuals.

2.8 Structural variation

Structural variation was called using the FindSV pipeline (https://github.com/J35P312/
FindSV). FindSV takes single bam files as input and performs structural variant calling by
TIDDIT [19] and CNVnator [20]. TIDDIT identifies chromosomal rearrangements by cluster-
ing contigs, split-reads and discordant pairs (paired reads that do not adhere to insert length),
while CNVnator estimates any divergence in copy number along the chromosomes using a
mean-shift method for coverage. The resulting single sample variant calling files (VCFs) were
merged into a multisample VCF using VCFtools.

2.9 Annotation

Variant annotation as well as gene-based annotation was done using ANNOVAR [21]. Variant
effect prediction was estimated using SnpEff [22] and VEP [23].

2.10 Principal component analysis

Principal component analysis (PCA) was performed to explore the genetic diversity and iden-
tify outliers within the dataset (S1 Fig). Prior to PCA, all variants without dbSNP build 138
[24] annotations or any non-autosomal variation were excluded. The filtered dataset was
merged with HapMap [25] r23a using PLINK1.9 [26]. Variants with a minor allele

frequency < 0.01 or genotyping rate < 0.1 were filtered out, which resulted in 2949306 vari-
ants. Filtering, merging and PCA was performed using PLINK2.0. The individual’s parents’
country of birth was used to validate their position in the PCA plot.

2.11 HLA imputation

Human leukocyte antigen (HLA) haplotypes were called up to six-digits codes using the HLA
TWIN program by Omixon.

2.12 Analysis setup

All analyses except for HLA association were conducted in accordance with the primary aim
of the candidate genes first, and subsequently the secondary aim, the whole genome.

2.12.1 Common variant association. Variant associations were calculated in PLINK2.0
using logistic regression with firth-fallback and four principal components as covariates. The
variant frequency (VF) threshold was the expected value of one homozygous individual
among cases, which with 66 cases equates a threshold of 1/,/66 = 0.123. This stringent VF
threshold was set due to the small number of cases, and therefore the high effect needed for sig-
nificant results, and in favor of testing less frequent variants using variant aggregation meth-
ods. Additionally, any variants that fell within a region masked byReapeatMasker [27] for
GRCh37 were excluded.

2.12.1.1 Primary aim: Candidate gene approach. The selection of genes encoding drug trans-
porters expressed within the CNS was based on Geier et al, and included a set of 17 genes
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Table 1. Genes encoding drug transporters expressed in the central nervous system [28].

Gene Protein

ABCB1 P-gp/MDR1

ABCC5 MRP5

ABCG2 BCRP

ABCC1 MRP1

ABCC3 MRP3

ABCC6 MRP6

ABCC4 MRP4
SLC22A5 OCTN2
SLCO1A2 OATP1A2
SLC15A1 HPECT1/HPEPT1/PEPT1
SLCI9A1 Folate transporter 1
SLC22A3 OCT3
SLC22A6 OAT1
SLC47A1 Multidrug and toxin extrusion protein 1 (MATE1)
SLC47A2 Multidrug and toxin extrusion protein 1 (MATE2)
SLCO2B1 OATP2B1
SLC10A1 Na+-taurocholate cotransporting polypeptide (NTCP)

https://doi.org/10.1371/journal.pone.0299075.t001

(Table 1) [28]. The association threshold was set using a Bonferroni correction for the number
of variants that passed filtration, i.e., 0.05/N.

2.12.1.2 Secondary aim: Whole genome approach. Other genetic variants were processed in
the same way as in the candidate gene approach but the significance threshold was set to the
genome wide significance p = 5x 107,

2.12.2 Gene association with SKAT-O. Gene association tests were conducted on vari-
ants with an observed VF below 0.123 (i.e. the variants that were filtered out from the common
variant analysis) while adhering to the filtering criteria listed below. The tests were performed
using a sequence kernel association test combined with an optimal unified test (SKAT-O) [29]
with a linear weighted kernel. Weights were set as a sigmoidal taper dependent on the distance
from the closest exon, 5" untranslated region (UTR) or 3’UTR. Parameters were set so that a
weight of zero was obtained at a distance of 140 bases, effectively filtering out anything that is
further away. The weighting criteria was set to filter out the numerous deep intronic variants,
while keeping variation possibly affecting splicing. In addition, any genes with less than 3 dis-
tinct variants detected among cases or controls, or with a sum of carrier/non-carrier difference
of less than 8, were excluded in order to avoid singular systems.

For the primary aim, the significance threshold was adjusted according to Bonferroni cor-
rection, while for the secondary aim, false discovery rate (FDR) corrected g-values were calcu-
lated [30-34]. A g-value below 0.05 was considered significant.

2.12.3 Structural variation association. Any structural variation was encoded on a domi-
nant gene basis. If a larger structural variation was present in a gene, that patient was labeled as
a carrier. Tests for association were performed with logistic regression on a gene basis, and
genes with less than 7 carriers among cases and controls were excluded. Similarly, to the gene
association tests with SKAT-O, the significance threshold was adjusted with Bonferroni
correction.

2.12.4 HLA association. HLA-association was tested implementing a dominant gene
model with logistic regression. All HLA haplotypes with 4-digit codes were tested with princi-
pal components one to four as covariates. The significance threshold was adjusted with Bon-
ferroni correction.
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3. Results
3.1 Patient characteristics

A total of 76 patients with suspected CNS toxicity due to antimicrobial drugs were available
within the study cohort. Following adjudication, 10 patients were excluded as their symptoms
were suspected to be due to peripheral neurotoxicity. Characteristics of the 66 included cases
are shown in Table 2. There were more women than men (72% women). The parents’ country
of birth was taken from standardized questionnaires, and was used as a proxy for genetic ori-
gin. For the majority of the cases, both parents were born in Sweden (n = 55). Nine cases had
parents born in other Nordic or central European countries. The remaining two had parents
born in the Middle East and North America. Among the 833 controls, 686 (~82%) had both
parents born in Sweden, and 44 had one parent from Sweden. Among those with both parents
born abroad,32 had at least one parent from another Nordic country. The remaining 46
parents’ place of birth was mainly in Europe, but other continents were represented as well.
Twenty-five people had missing data on the parents’ place of birth.

The cases were on 33 different suspected drugs, the most common being mefloquine. The
most common treatment indication was malaria prophylaxis, and psychiatric disorders were
the most frequently reported ADRs. A total of 32 cases did not have concomitant diseases in
addition to the indication for treatment. In all cases, symptoms developed after starting ther-
apy. In 64 of the 66 cases, therapy was stopped due to the ADRs. In 47 of these 64 cases, symp-
toms resolved or improved after withdrawal, and in the remaining cases there was permanent
disability. These cases concerned disturbance or loss of taste or smell, facial paralysis or ototox-
icity. In two cases, the treatment was continued as it was deemed too important to be
withdrawn.

A literature review was conducted relating to evidence for the role of ABC and SLC trans-
porters in the handling of the suspected drugs (S1 Table). Of the suspected drugs, 55% had
data indicating that they were substrates for a transporter expressed within the blood-brain
barrier. For some drugs, data were not available.

3.2 Common variant association

3.2.1 Primary aim: Candidate gene approach. Among the candidate genes, no signifi-
cant association was found between CNS toxicity and selected common variants (p<0.00047),
in the gene association analysis, or among structural elements (S2-54 Figs).

3.2.2 Secondary Aim: Whole genome approach. In the exploratory analysis of CNS tox-
icity and common genetic variants (Fig 1), no single variant was below the genome wide signif-
icance threshold (p<5 x 10™®). The 50 variants with the lowest p-values are shown in S2 Table.

3.3 Gene association with SKAT-O

Uncommon variants (VF < 0.123) in 19250 genes were tested using optimal kernel machine
methods and g-values were calculated.

Three genes had a q-value below 0.05 and were thus significantly associated with CNS tox-
icity: LCP1 (Lymphocyte Cytosolic Protein 1), q = 0.013, RETSAT (Retinol Saturase),
q=0.013 and SEFMBT2 (Scm Like With Four Mbt Domains 2), q = 0.035 (Fig 2). The 20 genes
with lowest q-values are shown in S3 Table.

Uncommon variants (VF < 0.123) within 140 bases from the closest exon/3’-UTR or 5’-
UTR were included in the SKAT-O test. The number of included uncommon variants was 17
for LCP1, 26 for RETSAT, and 63 for SEMBT?2. These 106 variants were individually tested in
the same manner as in the common variant analysis (Fig 3). The Bonferroni corrected
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Table 2. Characteristics of the 66 included cases of central nervous system toxicity during treatment with antimicrobial drugs, and of the 833 controls.

Sex (male/female)
Mean age (years [range])*

Suspected drugst

Indications for treatment with suspected drugs

Cases
18/48
46 [16-80]

Mefloquine (n = 13)
Ciprofloxacin (n = 5)
Trimethoprim (n = 5)

Atovaquone (n = 4)

Gentamicin (n = 4)

Ribavirin (n = 4)

Doxycycline (n = 3)

Metronidazole (n = 3)
Proguanil (n = 3)

Terbinafine (n = 3)

Tetracycline (n = 3)
Azithromycin (n = 2)

Clarithromycin (n = 2)
Nitrofurantoin (n = 2)
Peginterferon alpha-2a (n = 2)
Peginterferon alpha-2b (n = 2)
Tobramycine (n = 2)
Abacavir (n=1)
Aciclovir (n=1)
Amikacin (n=1)
Chloroquine phosphate (n = 1)
Clavulanic acid (n=1)

Dolutegravir (n = 1)

Elvitegravir (n = 1)
Emtricitabine (n = 1)

Phenoxymethylpenicillin (n = 1)
Hepatitis A vaccine (n = 1)
Hydroxychloroquine (n = 1)
Interferon beta-1b (n = 1)
Levofloxacin (n=1)
Lymecycline (n = 1)
Sulfamethoxazole (n = 1)
Valaciclovir (n =1)

Malaria prophylaxis (n = 17)
Urinary tract infection (n = 11)
Pneumonia/respiratory infection (n = 7)
Acne (n=4)

Hepatitis C (n = 4)Onychomycosis (n = 3)
Sinusitis (n = 3)

HIV (n=2)
Endocarditis (n = 2)
Post-operative infections (n = 2)
Other infections (n = 6)
Other (n=2)
Unknown (n = 2)

Controls

297/532

54 [2-89]
N/A

N/A

(Continued)
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Table 2. (Continued)

Cases

Adverse reactionst Anxiety/panic attack (n = 11)
Ageusia/dysgeusia (n = 9)
Hallucinations (n = 7)
Depression/dysphoria (n = 7)
Dizziness/disturbed balance (n = 6)
Encephalitis/meningitis/myelitis (n = 6)
Headache (n = 5)
Impaired hearing (n = 5)
Nightmares (n = 5)
Anosmia (n =4)
Intracranial pressure increased (n = 4)
Seizures (n = 3)
Insomnia (n = 3)
Difficulty concentrating (n = 3)
Confusion (n = 3)
Vestibular damage (n = 3)
Dysfasia (n = 2)
Psychosis (n = 2)
Suicidal ideation (n = 2)
Diplopia (n=1)
Facial paralysis (n = 1)
Mood disorder (n=1)
Persistent crying (n = 1)
Impaired consciousness (n = 1)
Migraine (n = 1)

Neck pain, sensory disturbance and paresthesia (n = 1)

Suicide attempt (n = 1)
Impaired vision (n = 1)
Delusions (n = 1)
Concomitant diseases} Hypertension (n = 14)
Osteoarthritis (n = 5)
Asthma (n = 5)
Coronary artery disease (n = 4)

Controls

Allergic reaction (n = 256)
Cytopenia (n = 136)
Liver toxicity (n = 105)

Other skin hypersensitivity (n = 86)
Atypical femoral fracture (n = 53)
Severe cutaneous adverse reaction (n = 51)
Bleeding (n = 49)
Phototoxicity (n = 45)
Pancreatitis (n = 39)

Renal toxicity (n = 33)

Tendon rupture (n = 22)
Hyponatremia/SIADH (n = 15)
Torsades de pointes/QT-prolongation (n = 15)
Weight gain (n = 15)

Pustulosis palmoplantaris (n = 13)
Psoriasis (n = 9)

Serum sickness (n = 2)

Hypertension (n = 264)
Osteoarthritis (n = 184)
Rheumatic disease (n = 136)
Gallstone/cholecystitis (n = 110)
Infectious disease (n = 93)
Asthma (n = 84)

Cancer (n =79)
Arrhythmia (n = 74)
Diabetes (n = 73)
Thyroid disease (n = 72)
Inflammatory bowel disease (n = 70)
Osteoporosis (n = 66)
Hyperlipidemia (n = 63)
Psoriasis (n = 62)
Coronary artery disease (n = 61)
Gastric/duodenal ulcer (n = 58)
Depression (n = 48)
Kidney stone (n = 46)
Epilepsy (n = 45)

* Age was unknown for one case. For controls, values are based on 829 patients, with missing data for 4.

+ Suspected drugs and adverse reactions are more than the total number of patients as several drugs were suspected in some cases, and patients could have several
reported reactions.

+ Showing concomitant diseases that were present in over 5% of the cohort.

https://doi.org/10.1371/journal.pone.0299075.t1002

significance threshold was the number of genes tested (N = 19250) added to the number of
variants tested in the three genes (N = 106), resulting in p = 0.05/19356 = 2.58 x 10°°.

Two LCP1 variants in high linkage disequilibrium, rs6561297 and rs10492451, were associ-
ated with CNS toxicity (p = 1.15 x 10~%, VF cases = 0.121, VF controls = 0.032, OR: 4.60 [95%
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Fig 1. Common variants (frequency > 0.123) over the whole genome in cases with CNS toxicity (n = 66) vs controls
(n = 833). Tests were performed with logistic regression using PLINK2.0 and contained principal components one to four as
covariates. The genome-wide significance threshold p = 5 x 107® (5e-8, dotted line) was used.
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Fig 2. Gene association tested using SKAT-O in cases with CNS toxicity (n = 66) vs controls (n = 833). The number of
genes tested was 19250. Uncommon variants (frequency < 0.123) within 140 bases from the closest exon/3’-UTR or 5-UTR
were included. The dotted line represents the significance threshold g-value < 0.05.

https://doi.org/10.1371/journal.pone.0299075.9002
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CIL: 2.51-8.46], and p = 1.15 x 107%, VFE cases = 0.121, VF controls = 0.032, OR: 4.60 [95% CI:
2.51-8.46], respectively). Both are intronic variants, with rs10492451 being positioned a distal
enhancer-like signature (EH38E1673884, listed in SCREEN V2) that is linked to LCP1.

No single variant was below the significance threshold for RETSAT. The top variants
observed were rs60340620 (3-° UTR, p = 2.107 x 10™°), rs139043592 (missense variant,
p=42739x 107%), rs145057327 (3-" UTR, p=4.81x 107), rs572423656 (3-" UTR, p=4381x
107°), rs192199548 (3-'UTR, p = 4.81 x 107°), rs183409558 (3-" UTR, p = 4.81 x 10~°) and
rs143283662 (missense variant, p = 1.04 x 1074,

No SFMBT?2 variants clearly drove the association, but among the 63 variants tested, several
were nonsynonymous. Additional frequencies, OR and p-values for the top 40 of the 106 vari-
ants can be found in S4 Table

3.4 Structural variants

Filtering out any genes that had less than six carriers among cases and controls resulted in
9775 genes (S5 Fig). Of these genes, 1255 were completely separated and retested using Chi-
squared test. No association with CNS toxicity below the adjusted significance threshold of
p < 5.12x 107° (e-5.29) was detected, either using logistic regression or Chi-squared test.

3.5 HLA association

No notable association with HLA was observed below the adjusted significance threshold
p < 1.62x 107 (e-3.79), see S6 Fig.

4. Discussion

We investigated whether genetic variation in drug transporters expressed at the blood-brain
barrier was associated with risk of CNS toxicity due to antimicrobial medications. No associa-
tion was observed either with common genetic variation (frequency > 0.123), uncommon var-
iants (frequency < 0.123), or with structural variation in these genes.

We further explored whether any genetic variation across the whole genome was associ-
ated with risk of CNS toxicity due to antimicrobial drugs. Three genes were significantly
associated with risk of CNS toxicity when testing uncommon variants with SKAT-O; LCP1,
RETSAT and SEMBT2. Two intronic variants in LCP1 were identified to be driving the
association, rs6561297 and rs10492451. One of them, rs10492451, is positioned in a distal
enhancer-like signature, which could indicate functionality. It is important to note that only
sufficiently common variants have the potential to survive the strict significance threshold,
when tested as single variants. A function of L-Plastin (expressed by LCP1) is related to
transport of T cell activation modules to the cell surface [35]. LCP1 is reported to be differ-
entially expressed in brain tissue of people who died of suicide compared with accidental
death [36], and in blood of sleep deprived individuals compared with well-rested controls
[37]. A rare LCP1 missense variant has also been associated with schizophrenia in the Ash-
kenazi Jewish population [38]. However, none of these studies speculates on the possible
role of LCP1 for these conditions.

Among the more common variants included in the SKAT-O test of RETSAT, two missense
variants of (rs143283662 and rs139043592) were observed. RETSAT encodes retinol saturase
that is involved in the metabolism of vitamin A, but the biological function of the enzyme
product is unknown [39]. However, there is evidence for dysregulation of vitamin A metabo-
lism in the etiology of schizophrenia [40].

SEMBT?2 encodes the protein Scm-like with four malignant brain tumor domains 2.
SFMBT?2 has been reported to have a microglial transcriptional signature, to be differentially
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Fig 3. Variants associated in gene-based tests using SKAT-O in cases with CNS toxicity (n = 66) vs controls (n = 833). Each variant was tested using logistic
regression with principal components one to four, calculated on all genetic variation, as covariates. The dotted line represents a Bonferroni corrected
significance threshold. Exons marked in red and introns in black at the bottom of each graph.
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expressed in Parkinson’s Disease, and has been suggested to be involved in dementia with
Lewy bodies [41]. However, no association between SFMBT?2 and CNS toxicity due to drugs
has been reported.

4.1 Limitations and strengths

The main limitation of this hypothesis generating study is the diversity of the drugs and
adverse reactions examined, which could potentially mask genetic associations. Additionally,
the small size of the cohort limits the detection of weaker genetic risk factors. However, due to
the rarity of CNS toxicity induced by antimicrobial agents and its wide spectrum of manifesta-
tions, it is challenging to gather large cohorts.
To overcome these limitations, future studies should aim to gather larger and/or more
homogeneous cohorts of patients with specific drug-reaction combinations. Such studies may
require multi-center collaborations to obtain sufficient sample sizes and allow for meaningful
conclusions to be drawn regarding the relationship between genetic variation and adverse
drug reactions.
Nevertheless, it is worth noting that this study, to our knowledge, presents the largest
curated cohort of whole genome sequenced patients with antimicrobial-induced CNS reac-
tions to date which can be used for meta-analysis and targeted sequencing studies of the associ-
ations reported.
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5. Conclusions

While this study represents an important step towards understanding the genetic basis of anti-
microbial-induced CNS toxicity, further research is necessary to elucidate the full spectrum of
genetic risk factors and their contributions to diverse adverse drug reactions. In our study,
CNS toxicity due to antimicrobial drugs was associated with uncommon variation in LCP1,
RETSAT and SEFMBT2. However, these findings need to be replicated in studies with larger
cohorts and/or that are more homogeneous.

Supporting information

S1 Fig. Principal component analysis plot.
(DOCX)

S2 Fig. Association p values of candidate gene variants.
(DOCX)

S3 Fig. Association p values of SKAT-O gene tests.
(DOCX)

$4 Fig. Association p values of structural variation.
(DOCX)

S5 Fig. Dominant test for structural variation.
(DOCX)

S6 Fig. Four-digit HLA type association test.
(DOCX)

S1 Table. Published data on the role of drug transporters.
(DOCX)

$2 Table. The 50 common variants with smallest p-value.
(DOCX)

S3 Table. Top 20 genes in SKATO test.
(DOCX)

$4 Table. Top variants present in genes significant in SKAT-O test.
(DOCX)

Acknowledgments

We are grateful to all physicians, research nurses, and supporting staff, who assisted in recruit-
ing patients and controls or administering phenotype databases. In particular, we thank Asso-
ciate Professor Marco Cavalli, Uppsala University, Sweden, for giving insights into functional
genomics.

Whole genome sequencing of the patient cohort was performed at the single nucleotide
polymorphism and sequencing (SNP&SEQ) Technology Platform at Uppsala University
(www.genotyping.se) that is part of the National Genomics Infrastructure, Sweden. Computa-
tions were done on resources provided by the Swedish National Infrastructure for Computing
through the Uppsala Multidisciplinary Centre for Advanced Computational Science
(UPPMAX).

PLOS ONE | https://doi.org/10.1371/journal.pone.0299075  February 29, 2024 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299075.s010
http://www.genotyping.se/
https://doi.org/10.1371/journal.pone.0299075

PLOS ONE

Whole genome case-control study of CNS toxicity due to antimicrobial drugs

Author Contributions
Conceptualization: Joel As, Henrik Green, Mia Wadelius, Pir Hallberg.

Data curation: Joel As, [lma Bertulyte, Nina Norgren, Anna Johansson, Mia Wadelius, Par
Hallberg.

Formal analysis: Joel As, Nina Norgren, Anna Johansson, Niclas Eriksson.
Funding acquisition: Henrik Green, Mia Wadelius, Pir Hallberg.
Investigation: Ilma Bertulyte, Mia Wadelius, Par Hallberg.

Methodology: Joel As, Nina Norgren, Anna Johansson.

Project administration: Mia Wadelius, Par Hallberg.

Software: Joel As, Nina Norgren, Anna Johansson.

Supervision: Mia Wadelius, Par Hallberg.

Validation: Ilma Bertulyte, Mia Wadelius, Par Hallberg.

Visualization: Joel As.

Writing - original draft: Joel As, Ilma Bertulyte, Mia Wadelius, P4r Hallberg.

Writing - review & editing: Joel As, lma Bertulyte, Nina Norgren, Anna Johansson, Niclas
Eriksson, Henrik Green, Mia Wadelius, Par Hallberg.

References

1. Grill MF, Maganti RK. Neurotoxic effects associated with antibiotic use: management considerations.
Br J Clin Pharmacol. 2011; 72: 381-393. https://doi.org/10.1111/j.1365-2125.2011.03991.x PMID:
21501212

2. Grabias B, Kumar S. Adverse neuropsychiatric effects of antimalarial drugs. Expert Opin Drug Saf.
2016; 15: 903-910. https://doi.org/10.1080/14740338.2016.1175428 PMID: 27077782

3. Chowdhury MA, Derar N, Hasan S, Hinch B, Ratnam S, Assaly R. Acyclovir-Induced Neurotoxicity: A
Case Report and Review of Literature. Am J Ther. 2016; 23: €941-3. https://doi.org/10.1097/MJT.
0000000000000093 PMID: 24942005

4. Bagal S, Bungay P. Restricting CNS penetration of drugs to minimise adverse events: role of drug trans-
porters. Drug Discov Today Technol. 2014; 12: e79-85. https://doi.org/10.1016/j.ddtec.2014.03.008
PMID: 25027378

5. Wolking S, Schaeffeler E, Lerche H, Schwab M, Nies AT. Impact of Genetic Polymorphisms of ABCB1
(MDR1, P-Glycoprotein) on Drug Disposition and Potential Clinical Implications: Update of the Litera-
ture. Clin Pharmacokinet. 2015; 54: 709—-735. https://doi.org/10.1007/s40262-015-0267-1 PMID:
25860377

6. Aarnoudse AL, van Schaik RH, Dieleman J, Molokhia M, van Riemsdijk MM, Ligthelm RJ, et al. MDR1
gene polymorphisms are associated with neuropsychiatric adverse effects of mefloquine. Clin Pharma-
col Ther. 2006; 80: 367—374. https://doi.org/10.1016/j.clpt.2006.07.003 PMID: 17015054

7. Zaigraykina N, Potasman I. [Polymorphism at the MDR1 locus as a cause of mefloquine-induced psy-
chosis]. Harefuah. 2010; 149: 583—4, 620, 619. PMID: 21302473

8. Chandler RE. Serious Neurological Adverse Events after lIvermectin-Do They Occur beyond the Indica-
tion of Onchocerciasis? Am J Trop Med Hyg. 2018; 98: 382—-388. https://doi.org/10.4269/ajtmh.17-0042
PMID: 29210346

9. Allegra S, Cardellino CS, Fatiguso G, Cusato J, De Nicolo A, Avataneo V, et al. Effect of ABCC2 and
ABCG2 Gene Polymorphisms and CSF-to-Serum Albumin Ratio on Ceftriaxone Plasma and Cerebro-
spinal Fluid Concentrations. J Clin Pharmacol. 2018; 58: 1550—1556. https://doi.org/10.1002/jcph.1266
PMID: 29873816

10. Hallberg P, Yue QY, Eliasson E, Melhus H, As J, Wadelius M. SWEDEGENE-a Swedish nation-wide
DNA sample collection for pharmacogenomic studies of serious adverse drug reactions. Pharmacoge-
nomics J. 2020; 20: 579-585. https://doi.org/10.1038/s41397-020-0148-3 PMID: 31949290

PLOS ONE | https://doi.org/10.1371/journal.pone.0299075  February 29, 2024 13/15


https://doi.org/10.1111/j.1365-2125.2011.03991.x
http://www.ncbi.nlm.nih.gov/pubmed/21501212
https://doi.org/10.1080/14740338.2016.1175428
http://www.ncbi.nlm.nih.gov/pubmed/27077782
https://doi.org/10.1097/MJT.0000000000000093
https://doi.org/10.1097/MJT.0000000000000093
http://www.ncbi.nlm.nih.gov/pubmed/24942005
https://doi.org/10.1016/j.ddtec.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25027378
https://doi.org/10.1007/s40262-015-0267-1
http://www.ncbi.nlm.nih.gov/pubmed/25860377
https://doi.org/10.1016/j.clpt.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17015054
http://www.ncbi.nlm.nih.gov/pubmed/21302473
https://doi.org/10.4269/ajtmh.17-0042
http://www.ncbi.nlm.nih.gov/pubmed/29210346
https://doi.org/10.1002/jcph.1266
http://www.ncbi.nlm.nih.gov/pubmed/29873816
https://doi.org/10.1038/s41397-020-0148-3
http://www.ncbi.nlm.nih.gov/pubmed/31949290
https://doi.org/10.1371/journal.pone.0299075

PLOS ONE

Whole genome case-control study of CNS toxicity due to antimicrobial drugs

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25: 1754-1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009; 25: 2078—-2079. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010; 20: 1297-1308. https://doi.org/10.1101/gr.107524.110 PMID: 20644199

Okonechnikov K, Conesa A, Garcia-Alcalde F. Qualimap 2: advanced multi-sample quality control for
high-throughput sequencing data. Bioinformatics. 2016; 32: 292—294. https://doi.org/10.1093/
bioinformatics/btv566 PMID: 26428292

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for variation dis-
covery and genotyping using next-generation DNA sequencing data. Nature Genetics. 2011. pp. 491—
498. https://doi.org/10.1038/ng.806 PMID: 21478889

Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, Van der Auwera GA, et al. Scaling
accurate genetic variant discovery to tens of thousands of samples. bioRxiv. 2018. p. 201178. https:/
doi.org/10.1101/201178

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve years of SAMtools and
BCFtools. Gigascience. 2021;10. https://doi.org/10.1093/gigascience/giab008 PMID: 33590861

Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. Robust relationship inference in
genome-wide association studies. Bioinformatics. 2010. pp. 2867—-2873. https://doi.org/10.1093/
bioinformatics/btq559 PMID: 20926424

Eisfeldt J, Vezzi F, Olason P, Nilsson D, Lindstrand A. TIDDIT, an efficient and comprehensive struc-
tural variant caller for massive parallel sequencing data. F1000Research. 2017. p. 664. https://doi.org/
10.12688/f1000research.11168.2 PMID: 28781756

Abyzov A, Urban AE, Snyder M, Gerstein M. CNVnator: An approach to discover, genotype, and char-
acterize typical and atypical CNVs from family and population genome sequencing. Genome Research.
2011. pp. 974-984. https://doi.org/10.1101/gr.114876.110 PMID: 21324876

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-
put sequencing data. Nucleic Acids Research. 2010. pp. e164—e164. https://doi.org/10.1093/nar/
gkg603 PMID: 20601685

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating and predict-
ing the effects of single nucleotide polymorphisms, SnpEff. Fly. 2012. pp. 80-92. https://doi.org/10.
4161/fly.19695 PMID: 22728672

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The Ensembl Variant Effect Pre-
dictor. Genome Biol. 2016; 17: 1-14.

Sherry ST. dbSNP: the NCBI database of genetic variation. Nucleic Acids Research. 2001. pp. 308—
311. https://doi.org/10.1093/nar/29.1.308 PMID: 11125122

Consortium tthe International Hapmap, 1The International HapMap Consortium. The International
HapMap Project. Nature. 2003. pp. 789-796. https://doi.org/10.1038/nature02168 PMID: 14685227

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A Tool Set for
Whole-Genome Association and Population-Based Linkage Analyses. The American Journal of Human
Genetics. 2007. pp. 559-575. https://doi.org/10.1086/519795 PMID: 17701901

Repeatmasker. Dictionary of Bioinformatics and Computational Biology. 2004. https://doi.org/10.1002/
0471650129.dob0616

Geier EG, Chen EC, Webb A, Papp AC, Yee SW, Sadee W, et al. Profiling solute carrier transporters in
the human blood-brain barrier. Clin Pharmacol Ther. 2013; 94: 636—639. https://doi.org/10.1038/clpt.
2013.175 PMID: 24013810

Lee S, Emond MJ, Bamshad MJ, Barnes KC, Rieder MJ, Nickerson DA, et al. Optimal unified approach
for rare-variant association testing with application to small-sample case-control whole-exome
sequencing studies. Am J Hum Genet. 2012; 91: 224-237. https://doi.org/10.1016/j.ajhg.2012.06.007
PMID: 22863193

Storey JD. A direct approach to false discovery rates. J R Stat Soc Series B Stat Methodol. 2002; 64:
479-498.

Storey JD. The positive false discovery rate: a Bayesian interpretation and the g-value. The Annals of
Statistics. 2003. https://doi.org/10.1214/a0s/1074290335

Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proceedings of the National
Academy of Sciences. 2003. pp. 9440-9445. https://doi.org/10.1073/pnas.1530509100 PMID:
12883005

PLOS ONE | https://doi.org/10.1371/journal.pone.0299075  February 29, 2024 14/15


https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
http://www.ncbi.nlm.nih.gov/pubmed/26428292
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
https://doi.org/10.1101/201178
https://doi.org/10.1101/201178
https://doi.org/10.1093/gigascience/giab008
http://www.ncbi.nlm.nih.gov/pubmed/33590861
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1093/bioinformatics/btq559
http://www.ncbi.nlm.nih.gov/pubmed/20926424
https://doi.org/10.12688/f1000research.11168.2
https://doi.org/10.12688/f1000research.11168.2
http://www.ncbi.nlm.nih.gov/pubmed/28781756
https://doi.org/10.1101/gr.114876.110
http://www.ncbi.nlm.nih.gov/pubmed/21324876
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.4161/fly.19695
https://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.1093/nar/29.1.308
http://www.ncbi.nlm.nih.gov/pubmed/11125122
https://doi.org/10.1038/nature02168
http://www.ncbi.nlm.nih.gov/pubmed/14685227
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1002/0471650129.dob0616
https://doi.org/10.1002/0471650129.dob0616
https://doi.org/10.1038/clpt.2013.175
https://doi.org/10.1038/clpt.2013.175
http://www.ncbi.nlm.nih.gov/pubmed/24013810
https://doi.org/10.1016/j.ajhg.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22863193
https://doi.org/10.1214/aos/1074290335
https://doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
https://doi.org/10.1371/journal.pone.0299075

PLOS ONE

Whole genome case-control study of CNS toxicity due to antimicrobial drugs

33.

34.

35.

36.

37.

38.

39.

40.

41.

Storey JD, Taylor JE, Siegmund D. Strong control, conservative point estimation and simultaneous con-
servative consistency of false discovery rates: a unified approach. Journal of the Royal Statistical Soci-
ety: Series B (Statistical Methodology). 2004. pp. 187—-205. https://doi.org/10.1111/j.1467-9868.2004.
00439.x

Storey JD. False Discovery Rate. International Encyclopedia of Statistical Science. 2011. pp. 504—508.
https://doi.org/10.1007/978-3-642-04898-2_248

Wabnitz GH, Kbécher T, Lohneis P, Stober C, Konstandin MH, Funk B, et al. Costimulation induced
phosphorylation of L-plastin facilitates surface transport of the T cell activation molecules CD69 and
CD25. European Journal of Immunology. 2007. pp. 649-662. https://doi.org/10.1002/ji.200636320
PMID: 17294403

Glavan D, Gheorman V, Gresita A, Hermann DM, Udristoiu |, Popa-Wagner A. Identification of tran-
scriptome alterations in the prefrontal cortex, hippocampus, amygdala and hippocampus of suicide vic-
tims. Sci Rep. 2021; 11: 18853. https://doi.org/10.1038/s41598-021-98210-6 PMID: 34552157

Uyhelji HA, Kupfer DM, White VL, Jackson ML, Van Dongen HPA, Burian DM. Exploring gene expres-
sion biomarker candidates for neurobehavioral impairment from total sleep deprivation. BMC Geno-
mics. 2018; 19: 341. https://doi.org/10.1186/s12864-018-4664-3 PMID: 29739334

McClellan JM, King M-C. A tipping point in neuropsychiatric genetics. Neuron. 2021. pp. 1411-1413.
https://doi.org/10.1016/j.neuron.2021.04.002 PMID: 33957066

Schupp M, Lefterova MI, Janke J, Leitner K, Cristancho AG, Mullican SE, et al. Retinol saturase pro-
motes adipogenesis and is downregulated in obesity. Proc Natl Acad Sci U S A. 2009; 106: 1105-1110.
https://doi.org/10.1073/pnas.0812065106 PMID: 19139408

Reay WR, Cairns MJ. The role of the retinoids in schizophrenia: genomic and clinical perspectives. Mol
Psychiatry. 2020; 25: 706—718. https://doi.org/10.1038/s41380-019-0566-2 PMID: 31666680

Pihlstram L, Shireby G, Geut H, Henriksen SP, Rozemuller AJM, Tunold J-A, et al. Epigenome-wide
association study of human frontal cortex identifies differential methylation in Lewy body pathology. Nat
Commun. 2022; 13: 4932. https://doi.org/10.1038/s41467-022-32619-z PMID: 35995800

PLOS ONE | https://doi.org/10.1371/journal.pone.0299075  February 29, 2024 15/15


https://doi.org/10.1111/j.1467-9868.2004.00439.x
https://doi.org/10.1111/j.1467-9868.2004.00439.x
https://doi.org/10.1007/978-3-642-04898-2%5F248
https://doi.org/10.1002/eji.200636320
http://www.ncbi.nlm.nih.gov/pubmed/17294403
https://doi.org/10.1038/s41598-021-98210-6
http://www.ncbi.nlm.nih.gov/pubmed/34552157
https://doi.org/10.1186/s12864-018-4664-3
http://www.ncbi.nlm.nih.gov/pubmed/29739334
https://doi.org/10.1016/j.neuron.2021.04.002
http://www.ncbi.nlm.nih.gov/pubmed/33957066
https://doi.org/10.1073/pnas.0812065106
http://www.ncbi.nlm.nih.gov/pubmed/19139408
https://doi.org/10.1038/s41380-019-0566-2
http://www.ncbi.nlm.nih.gov/pubmed/31666680
https://doi.org/10.1038/s41467-022-32619-z
http://www.ncbi.nlm.nih.gov/pubmed/35995800
https://doi.org/10.1371/journal.pone.0299075

