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Abstract: Although the introduction of antibiotics in medicine has resulted in one of the most
successful events and in a major breakthrough to reduce morbidity and mortality caused by infectious
disease, response to these agents is not always predictable, leading to differences in their efficacy,
and sometimes to the occurrence of adverse effects. Genetic variability, resulting in differences in the
pharmacokinetics and pharmacodynamics of antibiotics, is often involved in the variable response,
of particular importance are polymorphisms in genes encoding for drug metabolizing enzymes and
membrane transporters. In addition, variations in the human leukocyte antigen (HLA) class I and
class II genes have been associated with different immune mediated reactions induced by antibiotics.
In recent years, the importance of pharmacogenetics in the personalization of therapies has been
recognized in various clinical fields, although not clearly in the context of antibiotic therapy. In this
review, we make an overview of antibiotic pharmacogenomics and of its potential role in optimizing
drug therapy and reducing adverse reactions.

Keywords: pharmacogenomics; antibiotics; human leukocyte antigen (HLA); adverse drug reaction;
transporters; pharmacokinetics

1. Introduction

Since the introduction of sulfonamides in 1933 [1], and some years later of penicillin G [2], a large
number of antibiotics have been introduced into clinics for the prevention and therapy of bacterial
infections. These agents have completely changed the history of infectious disease, dramatically
reducing their morbidity and mortality. Response to antimicrobial agents is however often variable,
and depends on the complex relationships between the host, the bacteria and the drug. As far for what
concerns the host, differences in the pharmacokinetic profiles and in pharmacodynamics, in terms also
of predisposition to adverse effects, can severely impact on the response to therapy, as well as on drug
induced toxicity. Pharmacokinetic differences concern absorption, distribution, metabolism and renal
excretion, and interindividual differences in genes encoding phase I and phase II hepatic enzymes
and transporters are of particular interest [3,4]. In addition, adverse drug reactions, and in particular,
immunologically mediated, type B idiosyncratic reactions, have been associated with variations in
major histocompatibility complex (MHC) molecules of the host, and increasing evidence suggests that
specific human leukocyte antigen (HLA) alleles can predispose one to hypersensitivity reactions to
various antibiotics [5].

This review will consider the most relevant genetic variations that can result in altered response
or unexpected toxicity of antimicrobial agents employed in clinical practice.
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2. Antibiotics
2.1. The Beta-Lactams

2.1.1. Penicillins

Penicillin G, the progenitor of all beta-lactams, was introduced in the early 1940s; despite the
widespread occurrence of bacterial resistance, penicillins continue to be employed as first choice agents
in a number of bacterial infections. Due to their mechanism of action, i.e., the inhibition of the last step
in the synthesis of peptidoglycan, a component of the bacterial cell wall not present in eukaryotes,
penicillins and the other beta-lactams are extremely safe, and the main problem during therapy is the
occurrence of a wide spectrum of hypersensitivity reactions, including skin allergy and anaphylaxis [6].

The Aminopenicillins, Ampicillin and Amoxicillin

Among beta-lactams the aminopenicillins, and in particular amoxicillin, are commonly employed,
in particular for the therapy of upper respiratory infections. In patients in therapy with these agents,
skin rashes are common, with a frequency of 9.1%, and are particularly frequent in subjects with
concomitant viral infections such as mononucleosis [7].

Amoxicillin Clavulanate

Being susceptible to the action of beta-lactamases, amoxicillin is frequently combined with the
beta-lactamase inhibitor clavulanic acid (Figure 1), and this association represents one of the most
commonly prescribed antibacterial agents worldwide. Clavulanic acid is a suicide inhibitor, that binds
beta- lactamases produced by Gram-positive and Gram-negative bacteria, preventing the inactivation
of the penicillin. The combination is usually very well tolerated, however; an idiosyncratic liver
toxicity has been described [8-10]. In a population study conducted in Iceland [11], the incidence
of drug induced liver injury (DILI) was 19.1 per 100,000 persons per year; antibiotics, and among
them amoxicillin clavulanate, have been identified as the leading cause of this side effect. Indeed,
around 17% of all severe cases of drug induced liver disease leading to hospitalization were caused by
this antibiotic combination [8,12], most probably by the clavulanic acid component [13]. The toxicity
is usually benign, and most patients completely recover without long term sequelae after therapy
interruption [9,14], however, damage can rarely proceed to acute liver failure, leading to death or liver
transplant [15]. Although the mechanism of this side effect is still unclear, an immunologic reaction,
linked to drug hapten presentation via the MHC, has been hypothesized. Studies have described
an association between drug induced liver injury and the HLA class II allele DRB1*15:01, with odds
ratios (OR) between 2.6 and 10 [16-18]. The results were not confirmed by a Spanish study [19] on
27 cases; in this cohort of patients, a significantly higher frequency of DQB1*06:14 and no association
with DRB1*15:01 were demonstrated; however, these differences were ascribed to different genotyping
techniques, differences in the studied populations, or to a higher percentage of cases with hepatocellular
damage in comparison to cholestatic/mixed cases in the Spanish study.
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Figure 1. Chemical structures of amoxicillin and clavulanic acid.
In 2011 [20], a genome-wide association (GWA) study was performed, in which 822,927

single nucleotide polymorphisms (SNP) were tested on 201 White European and US subjects who
had developed amoxicillin clavulanate induced liver injury and 532 genetically matched controls.
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An association was found with many loci in the MHC: the strongest effect was evident with an
HLA class II variant (rs9274407, p = 4.8 x 107'%), which correlated with rs3135388, a tag SNP
of HLA-DRB1*15:01-DQB1*06:02, previously associated with amoxicillin clavulanate induced liver
injury [8,16-18]. HLA-A*02:01 (rs2523822) was also independently associated with DILI (p = 1.8 x 10710).
In addition, a statistical interaction (p = 0.0015) was shown, with the most significant class I and II
SNPs, showing that when both minor alleles were present, the risk was larger than expected, based on
the effect of each variant in the univariate analysis. The association of HLA-A*02:01 (p = 2 x 107°) and
HLA-DQB1*06:02 (p = 5 x 1071%) and their interaction (p = 0.005) was confirmed by high-resolution
HLA genotyping on 177 cases and 219 controls. However, the HLA genotypes have low positive
predictive values, and hence a limited utility as predictive or diagnostic biomarkers [20] (Figure 2).

Around 1% of individuals of European ancestry carry the A*0201-DQB1*0602 allele
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Figure 2. Limited positive predictive value of human leukocyte antigen (HLA) risk alleles for amoxicillin-
clavulanate-induced liver injury: on the basis of data published by Lucena and colleagues [20].

In a subsequent study by the same authors, high resolution genotyping of the HLA loci A, B, C,
DRB1 and DQB1 was performed in 75 amoxicillin clavulanate DILI cases and 885 controls. Class I
alleles A*30:02 (p/pcorrected = 2.6 x 1076/5 x 102, OR = 6.7) and B*18:01 (p/pc = 0.008/0.22, OR = 2.9)
were more frequent in subjects who presented liver toxicity than in controls. In cholestatic/mixed cases,
the class II allele combination DRB1*15:01-DQB1*06:02 (p/pc = 5 X 1074/0.014, OR = 3.0) was more
frequent. Age was lower and hospitalization was more frequent in A*30:02 and/or B*18:01 carriers
(54 vs. 65 years, p = 0.019) than in the DRB1*15:01-DQB1*06:02 carriers. B*18:01 (p/pc = 0.015/0.42,
OR = 5.2) and DRB1*03:01-DQB1*02:01 (p/pc = 0.0026/0.07, OR = 15) frequencies were higher in cases
with delayed onset, compared to patients without delayed onset, while the opposite was seen with
DRB1*13:02-DQB1*06:04 (p/pc = 0.005/0.13, OR = 0.07). The authors concluded that HLA class I and II
alleles influence the phenotypic expression, latency presentation and severity of amoxicillin clavulanate
DILI in Spanish patients [21].

Finally, another genome-wide association study was conducted on a multiethnic cohort of
2048 patients, with DILI and 12,429 controls of European (1806 cases and 10,397 controls), African
American (133 cases and 1314 controls), and Hispanic (109 cases and 718 controls) ancestry. A validation
cohort of 113 Icelandic cases and 239,304 controls was also studied. Idiosyncratic DILI was associated
with rs2476601, a nonsynonymous polymorphism that encodes a tryptophan to arginine substitution
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in the protein tyrosine phosphatase, non-receptor type 22 gene (PTPN22) (OR = 1.44; 95% CI, 1.28-1.62;
p=12x 10_9); these data were replicated in the validation cohort (OR = 1.48; 95% CI, 1.09-1.99;
p = 0.01). The variant was associated with the risk of liver injury caused by various drugs (OR = 1.37;
95% CI, 1.21-1.56; p= 1.5 x 107%; allele frequency = 11.5%), but in particular, by amoxicillin clavulanate
in persons of European ancestry (OR = 1.62; 95% CI, 1.32-1.98; p = 4.0 x 107%; allele frequency
= 13.3%); indeed, rs2476601 doubled DILI risk in subjects with the HLA A*02:01 and DRB1*15:01
risk alleles. Of interest, the PTPN22 variant has been previously associated with an increased risk
of autoimmune diseases, further supporting the hypothesis that alterations in immune regulation
contribute to idiosyncratic DILI [22]

Flucloxacillin

One major problem of penicillins is their susceptibility to inactivation by bacterial produced
beta-lactamases; the penicillinase-resistant penicillins are a class of antibiotics that are not hydrolyzed
by the staphylococcal enzymes. Unfortunately, an increasing number of Staphylococcus aureus
and Staphylococcus epidermidis, known as the methicillin resistant Staphylococcus aureus (MRSA) or
methicillin resistant Staphylococcus epidermidis (MRSE) strains, have become resistant also to these
agents, through the expression of penicillin binding proteins with low affinity [23]. Clinically employed
penicillinase-resistant penicillins belong to the isoxazolyl penicillin class, which includes oxacillin,
cloxacillin, dicloxacillin and flucloxacillin (Figure 3).
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Figure 3. Chemical structure of flucloxacillin.

For flucloxacillin, a rare, but potentially serious complication is a cholestatic hepatitis, which
affects 1-2 per 1000 individuals treated with the drug, whose pathogenesis is not clear. A GWA study
using 866,399 markers was conducted in 51 patients with flucloxacillin DILI, and 282 sex and ancestry
matched controls. An association peak in the MHC region on chromosome 6 was observed, and the
strongest association (p = 8.7 X 10733) was seen for rs2395029; in subjects of European origin, this
marker is in complete linkage disequilibrium with HLA-B*57:01. Cases and drug-exposed controls
were further genotyped, confirming that HLA-B*57:01 allele (rs2395029) carriers have an 80 fold
increased risk of DILI when treated with flucloxacillin, as compared to patients with no HLA-B*57:01
alleles. The association was also replicated in another cohort of 23 cases. In addition, in HLA-B*57:01
carriers, rs10937275, an intronic SNP in beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GALI) on
chromosome 3, also showed genome-wide significance (OR = 4.1, p = 1.4 x 1078) [24]. ST6GAL1
encodes an enzyme that catalyzes the transfer of sialic acid, and an increased expression of this enzyme
has been demonstrated in acute inflammation in the rat [25].

To confirm these findings, the same authors performed a GWA study on 197 patients with
flucloxacillin-induced DILI and 6835 controls. The major risk factor was HLA -B*57:01 (OR = 36.62;
p =267 X 107%7), and an association was seen also with HLA-B*57:03 (OR = 79.21; p=12x107°).
Within the HLA-B protein sequence, imputation showed that valine in position 97 in the HLA-B,
common to HLA-B*57:01 and HLA-B*57:03, had the stronger association (OR: 38.1; p = 9.7 X 107%7) in
comparison to other residues, such as the more common arginine and serine, that had, on the other hand,
a protective effect. HLA-B*57 was not associated with DILI induced by other isoxazolyl penicillins
(n = 6) or amoxicillin (n = 15). In addition, penicillin-related liver damage was not significantly
associated with non-HLA [26]. As this complication is, however, rare, the positive prediction of tests on
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the HLA-B*57:01 allele is very low (0.12%), and therefore routine testing seems, at present, impractical.
A regular monitoring of the patient’s liver function is mandatory and an alternative antibiotic should
be prescribed if liver enzymes and/or bilirubin levels become elevated.

Studies have suggested that flucloxacillin is an agonist of the human pregnane X receptor (PXR).
To evaluate the role of PXR in flucloxacillin toxicity, human hepatocytes were treated for 72 h with
500 puM flucloxacillin, and an expression microarray analysis was performed. Significant changes
in expression were evident for seventy-two probe sets representing 50 different genes; most genes
with greater than 3-fold changes were known to be responsive to rifampicin, suggesting a regulation
mediated by the PXR. Reporter gene experiments confirmed that flucloxacillin is a PXR agonist. Three
SNPs in the PXR gene were evaluated in 51 patients with flucloxacillin DILI, 64 controls treated
with the drug without developing toxicity, and 90 population controls, all of white European origin.
The C-25385T PXR polymorphism (rs3814055) showed a different distribution between flucloxacillin
DILI cases and drug treated controls, and an increased risk of the adverse event was associated
with the CC genotype (OR: 3.37, 95% CI: 1.55-7.30, p = 0.0023). Interestingly, luciferase reporter
assay demonstrated that the C allele had a lower promoter activity in comparison with the T allele.
The authors concluded that flucloxacillin is a PXR agonist at therapeutic concentrations and the
C-25385T polymorphism in the PXR gene is a risk factor for flucloxacillin-induced DILI [27].

2.1.2. Cephalosporins

Cephalosporins belong to the beta-lactam antibiotics, and have been obtained from the cultures of
Cephalosporium acremonium, isolated in 1948 by the Italian pharmacologist Giuseppe Brotzu from the sea
in the proximity of a sever outlet near Cagliari in Sardinia. Cefotaxime (Figure 4) is a third-generation
cephalosporin, and is largely employed in the treatment of serious Gram-negative infections. The drug
is excreted mainly by the renal route, through active tubular secretion [28]. The organic anion
transporter (OAT) 1, 3 and 4, expressed on the basolateral membrane of the proximal tubular cells,
play an important role in the renal excretion of organic anions, including many cephalosporins [29-31].
In addition, cefotaxime inhibits estrone sulphate uptake by OAT3 overexpressing cells [32]. Genetic
polymorphisms of the OAT3 gene (SLC22A8) have been described; in the 1000 genome project,
a nonsynonymous Ile305Phe variant (rs11568482) was reported, exclusively in subjects of Asian
ancestry, with an allele frequency of 3.6-6% [33]. In HEK293-Flp-In cells, the maximal cefotaxime
transport activity, Vmax, was lower in cells with the variant in comparison with the wild type
OAT3 (159 + 3 nmolx(mg protein)(—1)/min (mean + SD) versus 305 + 28 nmolxmg protein)(—1)/min,
(mean =+ SD), p < 0.01), while no difference was observed for the Michaelis-Menten constant values
(Km) [34]. Cefotaxime renal clearance was significantly lower in healthy volunteers heterozygous for
the I1e305Phe variant (84.8 + 32.1 mL/min, mean + SD, n = 5), in comparison with subjects homozygous
for the reference allele (158 + 44.1 mL/min, n = 10; p = 0.006). Moreover, the net secretory component of
cefotaxime renal clearance was reduced in heterozygous volunteers (33.3 + 31.8 mL/min (mean + SD))
compared with wild type homozygotes (97.0 + 42.2 mL/min (mean + SD), p = 0.01) [35]. However,
it is not clear if this polymorphism could be responsible for the variability of drug levels observed in
patients treated with this drug.
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Figure 4. Chemical structure of the third generation cephalosporins cefotaxime and ceftriaxone.

Another largely used third generation cephalosporin is ceftriaxone (Figure 4). This agent is
transported by the multidrug resistant-associated protein (MRP)2, encoded by the ATP binding cassette,
subfamily C, member 2 (ABCC2) gene, and by the breast cancer resistance protein, encoded by the
ABCG2 gene [36]. These proteins, like P-glycoprotein (encoded by the ABCBI gene), belong to the
ATP-binding cassette transporters superfamily, and are expressed in various tissues among which
the blood brain barrier, where they exert an important role in the protection of the central nervous
system from drugs and xenobiotics [37,38]. Furthermore, solute carrier organic anion transporting
protein (OATP) transporters are expressed on the blood brain barrier and probably have a similar role
in controlling drug disposition into the central nervous system [39,40]. Among OATPs, OATP1A2,
encoded by the solute carrier organic anion transporter family member (SLCO)1A2 gene, in particular,
is involved in the penetration of various drugs into the brain [39,40]. Ceftriaxone concentrations were
measured by high-performance liquid chromatographic methods in plasma and cerebrospinal fluid of
43 adult patients with central nervous system infections, and were related to biometric, demographic,
genetic (ABCB1, ABCC2, ABCB11, ABCG2, and SLCO1A2 polymorphisms) and pathological features.
ABCC2 1249 1s2273697 (p = 0.027) and ABCG2 1194 + 928 rs13120400 (p = 0.015) variants were
significantly associated with ceftriaxone concentrations in cerebrospinal fluid and with cerebrospinal
fluid to plasma ratios [41].

2.1.3. Beta-Lactam Induced Neutropenia

As already mentioned, all beta lactams are extremely safe drugs, however, in around 5-15% of
patients treated for periods of more than 10 days with high doses of these antibiotics, neutropenia
develops [42]. While this complication is completely reversible when therapy is interrupted,
an increased frequency of infections and other potentially severe complications can occur [43].
The molecular mechanisms of neutropenia are still unclear, however, Hahn and collaborators have
shown that patients with a homozygous 3348 A > G coding synonymous polymorphism in MRP4
(rs1751034) were more likely to develop this side effect, although the difference was not significant,
probably for the limited sample size [44]. Beta-lactams are substrates of MRP4 expressed on renal
proximal tubule cells, on CD34+ stem cells and other bone marrow cells [45]; in addition, increased
renal and plasma concentrations of beta lactams have been demonstrated in mouse models lacking
MRP4 and OATS3 [46,47]. The authors suggest that this polymorphism should be further investigated
in a larger cohort of subjects.

2.2. The Macrolides

Another widely used antibiotic class is represented by macrolides, that are employed in the
treatment of different infections, in particular those involving the respiratory tract. Erythromycin
(Figure 5), the product of a strain of Streptomyces erythreus, was discovered in 1952 by McGuire
and coworkers [48], and has been the first agent of this class to be introduced in the clinics [49,50].
Many other semisynthetic derivatives have been subsequently obtained, among which the most
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used are azithromycin (Figure 5) and clarithromycin, that, at least in Western countries, have almost
completely replaced erythromycin [51].

azithromycin 0 OH

erythromycin

Figure 5. Chemical structures of erythromycin and azithromycin.
2.2.1. Erythromycin

Erythromycin undergoes extensive hepatic metabolism by cytochrome P450 (CYP) 3A4, and is also
a substrate for the drug transporter MRP2, encoded by the ABCC2 gene, and for its murine ortholog,
Abcc2; these transporters are highly expressed on the biliary surface of hepatocytes. In 2011, Franke
and coworkers [52] observed that, in Abcc2 knockout mice, the deficiency of the protein was associated
with a significant increase in erythromycin metabolism, with no change in Cyp3a protein expression
and activity. In addition, in a cohort of 108 cancer patients, homozygosity for the -24 C > T variant in
the ABCC2 promoter (rs717620), with reduced transport function, was correlated with an increased
metabolism of erythromycin (p = 0.013), but not with midazolam clearance. These data suggest that
erythromycin metabolism can be modified by a reduced MRP2 function, through an alteration of
its biliary secretion, and subsequent increased permanence of the drug in the hepatocyte, therefore
independently of changes in CYP3A4 activity [52].

Erythromycin is also a substrate for OATP1B1, encoded by the SLCO1B1 gene, expressed on the
basolateral surface of hepatocytes. The transport of erythromycin was reduced by ~50% in stably
transfected Flp-In T-Rex293 cells expressing OATP1B1*5 (V174A), in comparison to OATP1B1*1A
(wild type). A 52% decrease in the metabolic rate of erythromycin (p = 0.000043) was observed in
mice deficient of the Oatp1b2 transporter, while in 91 patients with cancer undergoing erythromycin
breath test, the ¢.521T > C variant in SLCO1B1 (rs4149056), encoding OATP1B1*5, was associated with
a reduction in erythromycin metabolism (p = 0.0072) [53].

2.2.2. Azithromycin

Due to structural differences from erythromycin and clarithromycin, azithromycin does not
interact with CYP3A4, however, this drug is the substrate of polymorphic transporters. In rats, Sugie
et al. [54] have shown that azithromycin is a substrate for P-glycoprotein and MRP2; these transporters
contribute to the biliary and intestinal excretion of the antibiotic.

The effect of ABCB1 polymorphisms on the pharmacokinetics of azithromycin was then evaluated
in 20 Chinese Han healthy volunteers (6 with 2677GG/3435CC, 8 with 2677GT/3435CT, 6 with
2677TT/3435TT). After a single oral dose of 500 mg azithromycin, subjects with the 2677TT/3435TT
genotype had a significantly lower Cnax (468.0 + 173.4 ng X h/mL), in comparison to those with
2677GG/3435CC (911.2 £ 396.4 ng x h/mL, p = 0.013). On the contrary, the tmax value was higher
in subjects with 2677TT/3435TT (2.0 + 0.5 h), in comparison with those with the 2677GG/3435CC
(1.4 + 0.4 h) genotypes (p = 0.026) [55].

2.3. The Aminoglycosides

The aminoglycosides (Figure 6) are a class of natural products or semisynthetic derivatives of
compounds produced by soil actinomycetes. Streptomycin was the first agent of this class to be
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isolated in 1943 from a strain of Streptomyces griseus, and was subsequently followed by many other
compounds, among which, gentamicin, tobramycin, netilmicin and amikacin are the most used. These
antibiotics are particularly effective against Gram-negative bacteria and, despite their toxicity, continue
to be employed in the clinics, as they retain a good activity against multidrug resistant pathogens [56].
The main toxicities of aminoglycosides are a reversible nephrotoxicity and an irreversible bilateral
ototoxicity; more common with high doses and prolonged treatments [57,58]. Aminoglycosides exert
their antibacterial activity by binding to the 16S ribosomal RNA (rRNA) in the 30S subunit of the
bacterial ribosome, interfering with protein synthesis. Bacterial ribosomes have many similarities
with mammalian mitochondrial ribosomes; therefore the small subunit of mitochondrial ribosomes
could be a target site for aminoglycosides. Authors have suggested that mutations in mitochondrial
DNA, in particular in the 125 rRNA genes, could be related to an increased sensitivity and toxicity
to these antibiotics. Several 12S rRNA mutations have been identified [59]: in three Chinese families
affected by ototoxicity induced by aminoglycosides, and in an Arab-Israeli family with non-syndromic
maternally inherited deafness, an m1555A > G transition has been described [60]. In subsequent
studies, the frequency of this mutation in subjects with aminoglycoside ototoxicity varied from 5% to
33% in the examined cohorts [59], and patients with the 1555G allele had a greater risk of experiencing
aminoglycoside-induced hearing loss, as compared to patients with the 1555A allele, even if other
genetic and clinical factors may also influence the risk of aminoglycoside-induced hearing loss. After
exposure to aminoglycosides, penetrance of deafness in subjects with the m1554A > G mutation is
close to 100% [61]. The variant has been genotyped in the Avon Longitudinal Study of Parents and
Children (ALSPAC) cohort, and a population prevalence of 0.19% (95% CI 0.10-0.28) was found [62].
This population prevalence was confirmed in the Blue Mountains Hearing Study. In this cohort, of 2856
subjects over the age of 49 years, 6 had homoplastic m1554A > G mutations, with a prevalence of 0.21%
(95% CI 0.08-0.46) [63].
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Figure 6. Chemical structure of the aminoglycosides gentamicin, tobramycin, netilmicin and amikacin.

Other mutations in 125 rRNA were also identified, in particular an m1494 C > T transition in a large
Chinese family with aminoglycoside-induced and non-syndromic deafness [64], but the incidence of
this mutation, maternally transmitted, was much lower [59]. Other variants have been also associated
with aminoglycoside ototoxicity, but all were extremely rare [59]. It has been suggested that the 1555A
> G and 1494C > T mutations create a new C-G or A-U base pair, making the human mitochondrial
ribosome more similar to the bacterial one, and modifying the binding site for aminoglycosides.
As a consequence, in subjects carrying these polymorphisms, an impairment of protein synthesis and
defects in cell respiration occurs, that can be the con cause of hearing loss after exposure to these
antibiotics in patients carrying these mutations [59].

In the clinics, these predisposing mutations are not routinely screened, however, for subjects that
are predicted to be treated for prolonged periods with this class of antibiotics, such as patients with
multidrug resistant tuberculosis or children with acute lymphoblastic leukemia, screening for 125
rRNA mutations, when balanced against the cost of lifelong deafness or need for cochlear implantation,
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is cost-effective and should be proposed; in the presence of such mutations, the use of aminoglycosides
should therefore probably be avoided [59].

2.4. The Fluoroquinolones

For their broad spectrum and excellent pharmacokinetics, fluoroquinolones have been largely used
for common infective conditions. Some serious toxicities have been, however, described over the years,
and alerts from regulatory agencies now limit the use of these drugs [65,66]. Among fluoroquinolone
induced adverse effects, central nervous system alterations, particularly in elderly patients, have
been described [67]. As already mentioned, ABC transporters play an important role in limiting the
penetration of drugs and xenobiotics through the blood brain barrier [68], and fluoroquinolones are
substrates of multiple ABC transporters [69-72]. A case study [73] describes a 45-year-old patient
with no known predisposing conditions, who developed two episodes of generalized seizures after
treatment with levofloxacin (Figure 7). Polymorphisms of the efflux transporters genes ABCB1, coding
for P-glycoprotein, and ABCG2, coding for BCRP were evaluated. The patient carried one variant allele
for the most studied SNPs in ABCB1 (1236C > T, 2677G > T/A and 3435C > T) [74], and a functional
polymorphism (421C > A) in ABCG2 gene; on the contrary, he was wild type for two polymorphisms
(38T > Cand 516A > C) in SLCO1A2, coding for the organic anion transporter OATP1A1, also involved
in levofloxacin transport [75,76]. The authors suggest that, in this patient, neurological side effects could
be related to a genetically determined reduced activity of P-glycoprotein and BCRP, with increased
penetration of levofloxacin through the blood brain barrier [73].

levofloxacin F N moxifloxacin
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Figure 7. Chemical structures of the fluoroquinolones levofloxacin and moxifloxacin.

Among fluoroquinolones, moxifloxacin (Figure 7), besides being effective against a wide range
of Gram-positive and Gram-negative bacteria, including anaerobes [77], also exhibits bactericidal
activity against mycobacterium tuberculosis, and is now included in several regimens for the treatment
of drug-susceptible and drug-resistant tuberculosis [78], or in patients who develop side effects to
first line antituberculosis agents [79]. Moxifloxacin exhibits significant pharmacokinetic variability,
in particular in patients with tuberculosis, [80], and variations in genes encoding for drug metabolizing
enzymes and drug transporters have been suggested as possible causes of this variability.

Naidoo and collaborators [79] evaluated the effect of variability in uridine 5’diphosphate (UDP)
glucuronosyltransferase (LUGT)1A and ABCBI genotypes on moxifloxacin pharmacokinetics. in a
population of 172 South Africa tuberculosis patients, however, pharmacokinetic data were available
only for 58 subjects. Moxifloxacin is metabolized by sulphotransferase and UGTs. These are a family of
highly polymorphic cytosolic enzymes, and polymorphisms have been demonstrated to be responsible
for variations in the pharmacokinetics of a number of drugs [81,82]. UGT1Al is the main isoform
involved in moxifloxacin metabolism: the rs8175347 UGT1A SNP was significantly associated with
a lower clearance of the drug, while rs3755319 was associated with a higher clearance. In addition,
the ABCB1 SNP rs2032582 was associated with a reduced bioavailability of the drug [83]. Indeed,
moxifloxacin is also a substrate for the multidrug transporter P-glycoprotein encoded by the ABCB1
gene, and the 3435CC variant (rs1045642) was shown to affect moxifloxacin absorption in a small study
conducted in healthy subjects; the association, however, was not statistically significant in multivariate
analysis when adjusted for weight [84].

A second study [85] evaluated the effect of the —-11187G > A variant in the SLCO1B1 gene (rs4149015)
in 49 participants, in a Tuberculosis Trials Consortium pharmacokinetic study. The authors found that
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the moxifloxacin area under the concentration-time curve from 0 to 24 h (AUC(_»4) and the Cmax were
significantly higher in patients with the variant; in particular, the median AUC(_p4 was 46% higher
(p = 0.005) and the Cmax was 30% higher (p = 0.009) in 4 subjects (8%) with the SLCO1B1 -1187 AG
genotype, in comparison to the 45 patients with the wild type GG genotype. The authors suggest
that this increase in blood drug levels could be important for one of moxifloxacin side effects; indeed,
the fluoroquinolone induces a concentration dependent prolongation of the QTc interval [86], associated
with cardiac arrhythmias in particular, in patients with known pro-arrhythmic conditions [33,34].

2.5. Vancomycin

Vancomycin (Figure 8) is the originator of the glycopeptide class of antibiotics. Discovered in the
1950s, the antibiotic soon became available in the clinics, but, due to its toxicity, was quickly discarded
in favor of other, safer and more effective compounds [87]. However, the diffusion of infections caused
by methicillin resistant Staphylococcus aureus and the rise of Clostridium difficile enterocolitis led to
the resurgence in its use [87]. Several side effects have been described, among which are the red
neck or red man syndrome, due to a direct histamine releasing effect on mast cells, and nephro and
ototoxicity. In addition, vancomycin is an important cause of the severe hypersensitivity syndrome
drug reaction with eosinophilia and systemic symptoms (DRESS). Patients who had presented a
probable vancomycin-induced DRESS were matched 1:2 with subjects treated with the antibiotic
without exhibiting the side effect, based on sex, race, and age, by using a deidentified electronic health
record database. Associations between DRESS and carriage of HLA class I and II alleles were assessed
by means of conditional logistic regression. Among 23 subjects of predominantly European ancestry
with vancomycin-associated DRESS, 19 (82.6%) carried HLA-A*32:01, in comparison to 0 (0%) of
46 matched vancomycin tolerant controls (p = 1 x 1078) and 6.3% of the BioVU cohort (n = 54,249,
p =2 X 10716). The strong association observed suggests that HLA-A*32:01 testing could be proposed
to improve the safety of vancomycin [88].

vancomycin

Figure 8. Chemical structure of vancomycin.

As already discussed, vancomycin can also be nephrotoxic; age, creatinine clearance, vancomycin
dose and dosing interval, and concurrent nephrotoxic drugs are risk factors, but are not able to always
predict this side effect. To identify potential genomic risk factors, a GWA study was performed in 489
European American patients treated with vancomycin, and findings were subsequently validated in
three independent cohorts, for a total of 439 European American subjects. In the primary cohort, the most
significant SNP correlated with increased serum creatinine levels was rs2789047, at chromosome
6q22.31 locus (risk allele A, beta = —0.06, p = 1.1 x 1077). SNPs in this region had consistent directions
of effect in the validation cohorts (meta-p = 1.1 x 10~7). This region on chromosome 6 includes the
TBC1D32/Céorf170 (encoding a ciliary protein) and GJA1 (encoding connexin 43) genes, and variations
may affect the risk of vancomycin-induced kidney injury. The rs2789047 variant was, however,
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not associated with vancomycin through concentration or elimination rate constant (ke), suggesting a
mechanism not related to the drug pharmacokinetics [89].

2.6. Daptomycin

Daptomycin (Figure 9) is a lipopeptide antibiotic effective against Gram-positive bacteria
and approved for the treatment of complicated skin and soft tissues infections caused by Gram
positive-cocci, Staphylococcus aureus bacteremia and right sided Staphylococcus aureus endocarditis.
In THP-1 macrophages and MDCK cells, the drug was shown to be a substrate of P glycoprotein [90,91].
In 23 daptomycin treated Caucasian patients, three SNPs, in the ABCBI gene 3435C > T (rs1045642),
1236C > T (rs1128503) and 2677G > T (rs2032582), were studied. The median dose-normalized AUC o4
was higher in patients with the homozygous variant TT genotype, as compared to those with the CT
or CC genotype. Indeed, patients with the TT genotype had a decreased clearance of daptomycin,
resulting in increased concentrations of the drug. Although the study was conducted in a very small
cohort of patients, the results suggest that this polymorphism could explain the high variability in
pharmacokinetics observed in the clinics [92].
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Figure 9. Chemical structure of daptomycin.

2.7. Linezolid

Linezolid (Figure 10) is the originator of a relatively new class of protein synthesis inhibitors,
the oxazolidinones, effective against the majority of Gram-positive bacteria, including multidrug
resistant pathogens [93]. The compound is also employed for the treatment of multidrug resistant
tuberculosis [78,94]. Linezolid pharmacokinetics is often unpredictable, in particular in critically ill
patients [95,96]; it has been suggested that this variability could be linked to the altered expression
of transmembrane transporters. In 2018, Allegra and collaborators [97] evaluated the most common
polymorphisms in many drug transporters in 27 critically ill patients treated with linezolid. A significant
effect of the 3435C > T polymorphism (rs1045642) in the ABCB1 gene, coding for P-glycoprotein,
on linezolid clearance was found, with values of 13.19 + 6.81 l/h (mean + SD) in wild type 3435CC
homozygotes and 7.82 + 4.21 1/h for 3435CT/TT subjects (p = 0.042). A difference was found between
wild type and all other patients, also for volume of distribution (37.43 + 7.20 L vs. 46.72 + 14.67 L,
p = 0.038) and terminal half-life (2.78 + 2.56 h vs. 545 + 3.94 h, p = 0.044), while only a trend was
observed for AUC 4 (130.85 + 121.07 h-mg/L vs. 208.59 + 117.85 h-mg/L, p = 0.130). The authors [97]
suggest that polymorphisms in the ABCB1 gene could influence linezolid pharmacokinetics and
hypothesize the incorporation of this pharmacogenetic assay into the clinics to personalize treatment.

linezolid H

Figure 10. Chemical structure of linezolid.
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2.8. Minocycline

Minocycline (Figure 11) is a member of tetracyclines, bacteriostatic antibiotics with a wide
spectrum of activity, employed as first line therapy in infections caused by rickettsiae, mycoplasma and
chlamidiae, and in respiratory, skin and soft tissue infections caused by MRSA. As already mentioned,
antibiotics are the leading cause of drug induced liver toxicity [10], and among them, minocycline
has been also implicated as a cause of this side effect, often associated to other characteristic clinical
features, including systemic arthralgias and production of autoantibodies [98]. The side effect, rare but
potentially severe, is usually seen after prolonged use of the drug for acne. Twenty five Caucasian
patients who presented DILI underwent GWA genotyping and were compared to unexposed ancestry
matched controls. A significant association was observed between HLA-B*35:02 allele and risk for
liver toxicity (16% vs. 0.6%; OR: 29.6, 95% CI: 7.8-89.8, p = 2.5 X 1078). The association was confirmed
by sequence-based HLA typing. The HLA-B*35:02 allele could represent a useful diagnostic marker of
minocycline induced liver injury, and testing could reduce the risk of this side effect [99].
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Figure 11. Chemical structure of minocycline.

2.9. Clindamycin

Clindamycin (Figure 12) is a lincosamide with a wide spectrum that includes aerobic and anaerobic
bacteria. In addition, the compound inhibits the synthesis of toxic shock syndrome toxins, through the
inhibition of protein synthesis.

HaC~g cl

HO
HO

clindamycin

Figure 12. Chemical structure of clindamyecin.

The most fearful side effect of the drug is severe Clostridium difficile enterocolitis, however, cutaneous
adverse drug reactions have also been reported. To assess whether HLA alleles are associated with
clindamycin-related cutaneous adverse drug reactions in the Han Chinese population, an association
study of 12 subjects with the side effect, 26 clindamycin-tolerant subjects and 279 controls was
performed [100]. Six out of 12 clindamycin-induced cutaneous reaction patients carried HLA-B*51:01,
and the frequency was higher in comparison to controls with the control group (p = 0.0006; OR = 9.731,
95% CI: 2.927-32.353) and to clindamycin-tolerant subjects (OR = 24.000, 95% CI: 3.247-177.405),
suggesting that HLA-B*51:01 is a risk allele for clindamycin-related cutaneous adverse reactions in
Han Chinese [100].

3. Conclusions

Pharmacogenetic biomarkers are limited for antibiotics, probably because these molecules are
often able to interact specifically with microbial targets, with limited interaction with human ones.
Moreover, many antibiotics are highly hydrophilic, and therefore are not substrate of the major hepatic
biotransformation pathways. However, variants in some drug transporters, involved in the cellular
transport of antibiotics, can be associated with interindividual variability in the clearance and effects of
these drugs (Table 1). Limited clinical impact of variants associated with antibiotic effects could be
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related also to the relatively short-term therapies performed, with many agents that are administered
to patients generally for a limited number of days. Interestingly, some of the pharmacogenetic studies
mentioned in this review involve antibiotics used also to treat tuberculosis, that, on the contrary,
requires long treatments. On these bases, many of the pharmacogenetic traits of interest are related to
immune-mediated reactions, therefore involving HLA alleles at the molecular level (Table 2). These
markers, while often highly significant and reproducible, generally involve rare alleles, and therefore
the clinical utility of the pharmacogenetic biomarkers is limited by a low positive predictive value.
Indeed, so far, in terms of actionable pharmacogenetic markers, established guidelines, such as those
reported on the PharmGKB website, that lists dosing guidelines from CPIC, DPWG, CPDNS and other
authoritative societies, report only one guideline for flucloxacillin and HLA-B alleles. Interestingly,
complex HLA typing is readily available to physicians trough the health systems, since these assays
are routinely performed in diagnostic laboratories for matching donors and patient recipients for organ
transplant. Therefore, this pharmacogenetic test is potentially available to practitioners, without the
need for a dedicated laboratory. Awareness and proper information on HLA variants associated with
antibiotic adverse effects are therefore encouraged, and pharmacoeconomic evaluations to support
these assays should be considered.

Table 1. Genetic association with genes related to antibiotic drug pharmacokinetics.

Gene Polymorphism Antibiotic Effect Reference
SLC22A8 rs11568482 Cefotaxime Lower clearance [33]
(Cephalosporins)

ABCC2 152273697 Ceftriaxone Higher drug concentration in CSF [41]

ABCG2 rs13120400 (Cephalosporins) ~ Reduction on drug CSF/plasma ratio

ABCC2 rs717620 Erythromycin Increase in drug metabolism [52]
SLCO1B1 rs4149056 (Macrolides) Reduction in drug metabolism [53]

Azithromycin .
ABCB1 2677TT/3435TT (Macrolides) Lower Cmax and higher Trmax [55]
rs8175347 Lower clearance
HGT1A 13755319 o Higher clearance (831
Moxifloxacin X
ABCBI1 152032582 . Higher clearance [83]
(Fluoroquinolones) .

ABCBI1 151045642 Higher Tmax [84]

SLCO1B1 rs4149015 Higher AUC(_»4 and Cpax [85]
1236C > T rs1128503
ABCBI1 2677G > T/A rs2032582 Daptomycin Higher AUC(.4 [92]
3435C > T rs1045642
ABCBI1 rs1045642 Linezolid Lower clearance [97]

Table 2. MHC class I and II polymorphism associations with adverse reaction to antibiotics.

Gene HLA Association Antibiotics Effect Reference
HLA-DRBI1 DRB1%*15:01 [16-18]
HLA-DQB1 DQB1%06:14 [19]
HLA-DQB1 r$9274407 Amoxicillin [20]

HLA-DRA rs3135388 [20]
clavulanate DILI
) 152523822 (Penicillins) [20]
HLA-DRB1-HLA-DQB1 DRB1*15:01-DQB1*06:02 [8,16-18]
HLA-A A*30:02 [21]
HLA-B B*18:01 [21]
HLA-B B*57:01 Flucloxacillin [24,26]
HLA-B B*57:03 (Penicillins) [26]
HLA-A A*32:01 Vancomycin DRESS [88]
HLA-B B*35:02 Minocycline DILI [99]
HLA-B B*51:01 Clindamycin Cutaneous reaction [100]

DILI: drug induced liver injury; DRESS: drug reaction with eosinophilia and systemic symptoms.
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In conclusion, pharmacogenetic variants associated with interindividual variability in the effect

of antibiotics, and in particular in their pharmacokinetics or adverse effects, have been identified,
in particular involving genes related to immune mediated effects. While the number of subjects
presenting these variants may be limited, given the widespread use of antibiotics and the high number
of patients taking these drugs, research and clinical translation of these pharmacogenetic features are
of high importance.
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Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

MHC Major histocompatibility complex

HLA Human leukocyte antigen

DILI Drug induced liver injury

OR Odds ratios

CI Confidence index

GWA Genome wide association

SNP Single nucleotide polymorphism

MRSA Methicillin resistant Staphylococcus aureus

MRSE Methicillin resistant Staphylococcus epidermidis

PXR Pregnane X receptor

OAT Organic anion transporter

MRP Multidrug resistant-associated protein

ABC ATP binding cassette

OATP Organic anion transporter polypeptide

SLCO1A2 Solute carrier organic anion transporter family member 1A2
cyp Cytochrome P450

UGT Uridine 5" diphosphate glucuronosyltransferase
AUCO0-24 Area under the concentration-time curve from 0 to 24 h
DRESS Drug reaction with eosinophilia and systemic symptoms
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