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Abstract: The increasing availability of next generation sequencing (NGS) for personal genomics
could promote pharmacogenomics (PGx) discovery and application. However, current tools for
analysis and interpretation of pharmacogenomic variants from NGS data are inadequate, as none
offer comprehensive analytic functions in a simple, web-based platform. In addition, no tools exist to
analyze human leukocyte antigen (HLA) genes for determining potential risks of immune-mediated
adverse drug reaction (IM-ADR). We describe PharmVIP, a web-based PGx tool, for one-stop com-
prehensive analysis and interpretation of genome-wide variants obtained from NGS platforms.
PharmVIP comprises three main interpretation modules covering analyses of pharmacogenes in-
volved in pharmacokinetics, pharmacodynamics and IM-ADR. The Guideline module provides
Clinical Pharmacogenetics Implementation Consortium (CPIC) drug guideline recommendations
based on the translation of genotypic data in genes having guidelines. The HLA module reports
HLA genotypes, potential adverse drug reactions, and the relevant drug guidelines. The Pharma-
cogenes module is employed for prioritizing variants according to variant effect on gene function.
Detailed, customizable reports are provided as exportable files and as an interactive web version.
PharmVIP is a new integrated NGS workflow for the PGx community to facilitate discovery and
clinical application.

Keywords: pharmacogenomics; variant analysis; web-based-tool; next-generation sequencing; allele
prediction; CPIC dosing recommendation; HLA; adverse drug reaction; variant effect
prediction; bioinformatics

1. Introduction

Pharmacogenomics (PGx) is the study of how genetic variants contribute to phenotypic
differences in drug response among individuals. PGx is used for personalizing drug
selection to prevent adverse effects and to optimize therapeutic efficacy [1–3]. Although
drugs are generally effective and used with low risks of adverse events, response to
drugs varies among individuals. Knowledge of variants in genes associated with drug
response (pharmacogenes) is vital for optimizing an individual’s therapeutic outcome [4].
Pharmacogenes include genes governing pharmacokinetics (PK), i.e., Cytochrome P450
genes, receptor/transporter genes (drug targets) governing pharmacodynamics (PD), and
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genes with functions related to immune-mediated adverse drug reactions (IM-ADR),
i.e., human leukocyte antigen (HLA) genes.

The single nucleotide polymorphism (SNP) array is a genotyping technology that
is popularly used to determine variants in pharmacogenes because it offers a fast and
straightforward interpretation [5]. However, rare SNPs and some structural variants may
not be detected using SNP arrays. Next-generation sequencing (NGS) is a promising
alternative genotyping technology for PGx, and represents a reliable and effective tool to
uncover both common and rare variants in pharmacogenes [6–8]. In the past ten years,
NGS data from population genomic projects have been explored to understand population-
specific genetic diversity in pharmacogenes [9,10]. Despite its potential, NGS has not yet
been applied in routine clinical PGx [11,12] because there are only a few genes that show
sufficiently strong genotype-phenotype association for clinical application. Moreover, the
greater complexity of NGS data makes data processing challenging.

In addition to the rapid growth of genotyping technologies, several reference PGx-
resources have been established to facilitate research and clinical implementation in this
field. The Pharmacogenomics Knowledgebase (PharmGKB) is a PGx reference database
of well-curated, clinically relevant data including actionable gene–drug associations,
genotype–phenotype relationships and drug dosing guidelines [13]. The establishment of
the Clinical Pharmacogenetics Implementation Consortium (CPIC) [14], from the collabora-
tion between the Pharmacogenomics Research Network (PGRN) and PharmGKB, aims to
expedite the efficient translation of genetic test results into actionable prescribing decisions
by providing standard drug dosing guidelines for gene-drug associations that have strong
supporting evidence. PharmVar [15] aims to standardize the nomenclature of variants
found in pharmacogenes. PharmVar hosts expert-curated gene panels as well as other
important pharmacogenes. The Drugbank project [16] provides comprehensive molecular
information of drugs offered via an online web-based database, which also houses variants
associated with drug responses. Despite the advancement of genotyping technologies
and PGx knowledge resources, there is a need for a tool that comprehensively integrates
analysis of pharmacogenomic variants from NGS data and PGx knowledge resources to
facilitate PGx research and clinical application.

Several online PGx tools have been developed to predict drug responses from geno-
typic profiles that fulfill some, but not all requirements. Virtual Pharmacist [17] is a
web-based tool that accepts input genotypic profiles from SNP array data or Variant Call
Format (VCF) files obtained from NGS data. Virtual Pharmacist also accepts raw NGS data
in FASTQ format and generates genotypic profiles for analysis. The tool matches genotypes
with PGx reference databases and reports the variant-associated drug responses, along with
guidelines for drug dosing, drug toxicity and treatment efficacy. The key reference PGx
databases used by Virtual Pharmacist include the PharmGKB database and the DrugBank
database. However, this tool does not provide users the information of the haplotype-based
drug dosing recommendations. The electronic Pharmacogenomics Assistant (ePGA) [18] is
another web-based PGx tool. It interprets genotypic data both at the single variant and
haplotype levels and reports pharmacogenomic associations and drug dosing guidelines.
However, the interpretations from ePGA are limited to information available in the Phar-
mGKB database. At the time of writing, ePGA is no longer supported and is not functional.
The most recent free PGx tool is PharmCAT [19], developed in collaboration between
PGRN and PharmGKB. PharmCAT identifies the possible diplotype(s) of each pharmaco-
gene, interprets drug-response phenotypes and outputs the associated CPIC drug dosing
guidelines. PharmCAT was designed for clinical implementation and it focuses on the
16 pharmacogenes with CPIC drug dosing guidelines. Some pharmacologically relevant
genes are not available in the current version, including the HLA gene family. Moreover,
PharmCAT is a command line-operated tool that could be difficult to deploy in clinical
settings, especially for bioinformatically inexperienced users. The g-Nomic tool [20] is a
commercial implementation of PGx interpretation software designed to be used in clinical
practice. However, g-Nomic was not designed for large-scale pharmacogenomic data
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analysis from SNP array or NGS data. PharmaKU [21] is a recently developed web-based
tool that focuses on the translation of a person’s whole genome variant data (VCF format)
into clinical recommendations. Utilizing the information from the PharmGKB database,
the current version of PharmaKU provides CPIC guideline recommendations of 37 drugs
based on diplotype inference in nine pharmacogenes using the Stargazer tool [22].

The currently available PGx tools offer services to avoid adverse drug reactions (ADRs)
and inefficient drug use. The pharmacogenes interrogated by these tools concern mainly
type A ADRs derived from the direct effects of drugs. Type A ADRs are preventable by dose
adjustment or by using alternative drugs [23,24]. Type B ADRs, however, stem from either
off-target receptors or drug allergies mediated by the immune system, and hence are also
called immune-mediated ADRs or IM-ADRs. Although less common (representing about
20% of all ADRs), IM-ADRs pose a much higher burden as the underlying drug responses
can be more severe. Variants in human leukocyte antigen (HLA) genes have been associated
with IM-ADRs [25], and some actionable HLA gene–drug interaction guidelines have been
issued, including HLA-B*57:01 associated with hypersensitivity to abacavir, HLA-B*15:02
associated with carbamazepine-induced Steven-Johnson syndrome (SJS)/toxic epidermal
necrolysis (TEN), and HLA-B*58:01 associated with allopurinol-induced SJS/TEN [26].
Accurate HLA genotyping is challenging because of hyperpolymorphism and reference
divergence [27,28]. Nevertheless, several computational methods have been developed for
HLA genotyping from NGS data, which can provide up to 99% accuracy [28–30]. Despite
the availability of such methods, HLA genotyping has not yet been incorporated in any of
the aforementioned PGx tools.

We developed a new pharmacogenomic software called “PharmVIP” (Pharmacoge-
nomic Variant Analysis and Interpretation Platform) as a one-stop web-based tool, offering
the Guideline, HLA, and Pharmacogenes modules for analysis and interpretation of ge-
nomic variants in all pharmacogenes, including HLA genes not analyzed by any other
PGx tool. We envision that it will be well suited for exploratory research and discovery of
new pharmacogenetics factors. As a web-based tool, the software is easy to use, even by
researchers unfamiliar with NGS data analysis or command-line tools.

2. Results and Discussion

We constructed a new PGx analysis tool (Figure 1), called PharmVIP, which offers
three variant interpretation modules covering analyses of pharmacogenes involved in PK,
PD, and IM-ADR. The first module is “Guideline”, which provides available CPIC drug
dosing recommendations for relevant gene-drug pairs. Prediction of HLA genotypes and
associated IM-ADRs are presented in the “HLA” module. Finally, the “Pharmacogenes”
module offers effect prediction (gene function) from input variants in pharmacogenes.
These three PGx modules cover PGx prediction for both “on target” and “off target”
ADRs [25].

2.1. Starting a Project

Due to the high demand for computational resources, PharmVIP requires registration
for an account to prioritize and schedule the submission of PGx tasks. After the registration
is confirmed, the account can be used to manage and create projects. Upon logging in,
users can view the status and analysis reports of the available projects associated with the
account. To start a new project, the user clicks on the ‘New project’ button on the dashboard
page. The dashboard page will show the status of each project, i.e., waiting for an input,
queueing, running, completed, or failed (Figure 2). For “running” analysis status, the
percentage of analysis progress is also displayed. To perform data analysis, there are four
steps that a user will be guided to follow. Step 1 prompts the user to choose at least one
analytic module. Step 2 asks the user to upload the input files (either in VCF or BAM-file
format) according to the requirements of the selected module(s). Step 3 asks the user to
configure the selected modules via parameters that determine which pharmacogenes are
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analyzed and the prior cohort information for HLA analysis. Lastly, the user verifies the
chosen configuration (Figure 3).

Figure 1. Overview of PharmVIP analysis modules. Software architecture of PharmVIP showing
types of input files (VCF and BAM) and output report details from the three analytic modules, namely
Guideline, HLA and Pharmacogenes.

Figure 2. The Dashboard page summarizing the status and details of the projects. The current status of each project is
shown in the column headed “Status”. After starting the analysis, the status changes from “queueing” to “running”, and
the percentage of analysis progress is displayed for each module. PRE = Preprocessing step, Guideline = Guideline module,
HLA = HLA module, PGx = Pharmacogenes module. When the analysis is finished, the output can be accessed through the
“Results” button under the “Analysis details” column.
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Figure 3. Four-step walkthrough of variant analysis. In step one, the user selects the desired analysis module(s). In step
two, the user provides the corresponding input file(s). In step three, the user configures options for each of the selected
analysis modules. In step four, the user verifies the chosen options before starting the analysis.

2.2. Guideline Module

The Guideline module is for allelic determination in pharmacogenes which have CPIC
drug dosing guidelines. The guidelines are provided for the gene-drug pairs having strong
associations between genotypes and drug response phenotypes. Currently, this Guideline
module predicts alleles in 17 genes associated with 47 drugs. The module accepts input
genotypic data in the VCF file format. If CYP2D6 analysis is required, a BAM file of aligned
NGS reads must also be inputted. From the input VCF file, the module identifies the
diplotypes matched to the provided genotypic data. Then, the diplotypes are mapped
to the relevant drug dosing guidelines, which are then reported. The input file size is
limited to less than 1 GB due to the high demand for computational resources. For a larger
input file, an in-house tool is provided (https://github.com/NBT-GeTH/pharmvip-filter
(accessed on 15 November 2021)) for filtering the VCF file to retain only genotypic data of
all pharmacogenes analyzed in PharmVIP and for filtering a BAM file for analysis of the
CYP2D6 gene region (as well as the HLA gene region for the HLA module). The Guideline
module offers two analysis modes: analysis by gene list or by associated drug list. For
the latter, drugs are grouped by the therapeutic category. Input genotypic data frequently
contain unphased and missing variants which can create ambiguity for allele prediction.
To decrease the volume of diplotype candidates arising from ambiguous allele prediction,
users can set the module to report only the best candidate allele of each gene in the case
that more than one allele per gene is predicted from the module.

https://github.com/NBT-GeTH/pharmvip-filter
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2.3. HLA Module

The HLA module is for predicting HLA alleles and the reporting of the known adverse
drug reactions (ADRs) associated with the identified HLA alleles and the relevant CPIC
guideline recommendations. Currently, there are several NGS-based HLA genotyping
software tools that are based on various algorithms and may yield different allele prediction
outputs. By default, the module predicts alleles for all HLA genes from an input BAM
file using three different tools (ATHLATES, HLA-HD, Kourami) and then reports the
summarized results of all possible HLA alleles. We selected three different tools based on
three different HLA genotyping approaches to be incorporated into the “HLA” module
workflow. ATHLATES is a consensus-sequence-based typing method that assembles reads
into contigs and subsequently matches the contigs against reference alleles [31]. HLA-HD
relies on the read mapping to the reference allele repository and a score calculation based
on weighted read counts for best allele selection [32]. Kourami utilizes a graph-guided
assembly technique for constructing allele sequences given high-coverage WGS data [33].
The combined prediction results from all three methods inform users of the reliability
of the predicted alleles. The allele prediction results are then checked against the HLA
and Adverse Drug Reaction Database (HLA-ADR) [34] to identify associated ADRs. In
case users wish to focus on ADRs that are known in specific populations, the module
allows users to choose in advance specific ethnicities of the cohort with reported ADR cases
associated with the HLA alleles.

2.4. Pharmacogenes Module

The Pharmacogenes module focuses on the identification of variants including SNPs,
insertions, and deletions in all pharmacogenes from an input VCF file. The module then
predicts the effects of these variants on gene function. The user can choose to analyze
specific lists of pharmacogenes collated from various sources, i.e., publications, genotyping
platforms, and databases such as PharmGKB.

2.5. Output Report

After analyses from all selected modules are finished, the analysis outputs are gener-
ated and presented in a summary report of all modules, together with full reports of each
module (Figure 4). The reports are presented in both an interactive web version and as
exportable files.

2.5.1. Summary Report

For the online interactive version, a summary report starts with the summary of
the “Guideline” module which comprises two tables, the diplotype-matching table and
the CPIC guideline assignment. The diplotype-matching table displays gene name, the
phasing status of genotypic data, the number of missing variants, and the number and
the list of matched diplotypes. Users can click on the link to see the details of each
predicted diplotype that comprises the detail of each variant, including the rs-ID, the
related allele of each variant, and the sample genotypic data. The read depth information,
which indicates the number of reads supporting the assigned genotype, is also provided
in this section for assessing the confidence of each called variant. In the second table,
the summary file presents the CPIC guideline of the predicted diplotype, which includes
the associated phenotype (metabolizer status) and the guideline strength. The gene and
drug information from the PharmGKB database is also available as link-outs from the
summary report. An example of a summary report in PDF format is provided in File S1
(Supplementary Materials).
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Figure 4. The output report page. The output report page consists of output filtering option(s), a summary report, and full
reports of Guideline, HLA, and Pharmacogenes (PGx genes) modules.

Next, three output tables are displayed for the “HLA” module summary report (online
interactive version). The first table is allele prediction, which reports predicted alleles of all
HLA genes, the number of HLA prediction software tools that can detect such alleles, and
the link to the HLA-ADR association studies that are related to the predicted HLA alleles.
The second table shows the relevant CPIC guideline recommendations (if available) in the
same format as shown in the “Guideline” module. The CPIC guideline related to an HLA
gene and a gene in the “Guideline” module will also be displayed if both “Guideline” and
“HLA” modules are selected for analysis. The third table gives the details of HLA-ADR
association studies that are related to the predicted HLA alleles. It will show the details of
the drug name, ADR, the disease of reported patients, the cohort ethnicity, the number of
publications that reported these events, and the link to the full report of this module.

For the “Pharmacogenes” module, the summary is shown in the form of summary
statistics of all identified variants, i.e., the frequency distribution of all variants identi-
fied in the sample described in several aspects including variant classes, variant types
(novel/known), consequences (the effect of variants on gene function), impact level
(high/moderate/low/modifier), and for missense variants, the effects on protein function
(SIFT and Polyphen results).

2.5.2. Full Report

The full report of the “Guideline module” will show additional details of each CPIC
drug dosing guideline. For the “HLA” module, it shows the same information as shown
in the summary file plus the details of the HLA-ADR association study related to each
predicted allele, including odds ratios and p-values of the reported HLA-ADR associations.
There are also link-outs to the publications that report ADR cases. For the “Pharmacogenes”
module full report, there are two view options, namely the “variant” view and the “gene”
view. The “variant” view shows the list of all genetic variants with the details of variant
consequences, which can be exported as an Excel file. For the “gene” view, the variants
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are grouped by genes and a lolliplot is displayed showing the locations of genetic variants
along each gene region with their functional effects (Figure 5). This lolliplot of gene-
level pharmacogenomic variants is useful for global visualization of variant effects on the
function of each gene. Full report examples of all modules are provided in Files S2–File S4
(Supplementary Materials).

Figure 5. Lolliplot of the CYP2D6 gene showing genetic variants. In the “gene” view option of the
Pharmacogenes module, a lolliplot displays the locations of the 78 genetic variants along the CYP2D6
gene region. The displayed variants can be filtered by variant consequences, which are illustrated
by color code, and the variant impact levels, which are represented by the height of the plot on the
y-axis (Low = 1, Moderate = 4, High = 8).

2.6. Post-Analysis Output Filtering

After checking the analysis outputs, there is an option to filter the results of each
module separately to get a new analysis report comprising only the results of interest.
For the “Guideline” module, the user can filter the results by gene/drug name, pheno-
type, and CPIC guideline strength. For example, after completing a default all-genes
analysis, the user can obtain the CPIC guidelines relevant only to the CYP2C19 gene and
with strong supporting evidence for the guideline by using the output filtering option of
the “Guideline” module. The “HLA” module allows result filtering by HLA genes and
drugs/ADRs/patient diseases/cohort ethnicities of the HLA-ADR association studies. The
“Pharmacogenes” module allows users to select only variants of interest by filtering variant
classes, variant types, consequences, impact level, and SIFT/Polyphen classes.
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2.7. Running Time

Typical run times on our PharmVIP web server for analyses of input VCF and BAM
files (approximately ≤1 GB for each input file) in Guideline, HLA, and Pharmacogenes
modules using the default parameters, are less than one minute, 12 min, and 25 min,
respectively. All modules are run in parallel to minimize total run time.

2.8. PharmVIP Performance on Diplotype Assignment

To determine the accuracy of diplotype calling by the PharmVIP Guideline mod-
ule, we compared the diplotype assignments of PharmVIP with those predicted from the
PharmCAT tool [19] using publicly available data of 88 samples from the 1000 Genomes
Project [35]. For an independent assessment of diplotype assignments made from NGS
data, the consensus diplotype assignments from various pharmacogenetic testing assays
employing non-NGS technologies on the same samples were used for comparison. These
assignments were reported by the Centers for Disease Control and Prevention (CDC)—
based Genetic Testing Reference Material Coordination (GeT-RM) Program [36]. The
comparisons were performed for 11 pharmacogenes (CYP2C19, CYP2C9, CYP2D6, CYP3A5,
CYP4F2, DPYD, IFNL3, SLCO1B1, TPMT, UGT1A1, and VKORC1) with diplotype assign-
ments reported from all approaches (PharmVIP, PharmCAT, and GeT-RM). The diplotype
assignments of PharmVIP were in perfect concordance with PharmCAT (Table 1, File S5
(Supplementary Materials)). This can be explained by the fact that allele matching methods
implemented in PharmVIP and PharmCAT are based on similar algorithms and the same
version of allele translation tables.

Table 1. Comparison of diplotype assignment results obtained from PharmVIP, PharmCAT, and GeT-RM.

Gene
Number of Concordant Samples/Total Number of Samples (% of Concordant Samples)

PharmVIP vs. GeT-RM PharmCAT vs. GeT-RM PharmVIP vs. PharmCAT

CYP2C19 85/88 (96.59%) 85/88 (96.59%) 88/88 (100.00%)

CYP2C9 88/88 (100.00%) 88/88 (100.00%) 88/88 (100.00%)

CYP2D6 35/88 (39.77%) 35/88 (39.77%) 88/88 (100.00%)

CYP3A5 87/88 (98.86%) 87/88 (98.86%) 88/88 (100.00%)

CYP4F2 59/64 (92.19%) 59/64 (92.19%) 64/64 (100.00%)

DPYD 47/88 (53.41%) 47/88 (53.41%) 88/88 (100.00%)

IFNL3 88/88 (100.00%) 88/88 (100.00%) 88/88 (100.00%)

SLCO1B1 20/88 (22.73%) 20/88 (22.73%) 88/88 (100.00%)

TPMT 87/88 (98.86%) 87/88 (98.86%) 88/88 (100.00%)

UGT1A1 42/64 (65.63%) 42/64 (65.63%) 64/64 (100.00%)

VKORC1 88/88 (100.00%) 88/88 (100.00%) 88/88 (100.00%)

The concordance of diplotype assignment by PharmVIP and PharmCAT with GeT-RM
was high for seven genes (CYP2C19, CYP2C9, CYP3A5, CYP4F2, IFNL3, TPMT, VKORC1),
with an average of 98% concordance (Table 1). The diplotype assignments were in perfect
concordance for CYP2C9, IFNL3, and VKORC1. For the CYP2C19, CYP3A5, CYP4F2,
and TPMT genes, half of the discordant diplotypes (five of 10 cases) were displayed as
“unknown allele” by PharmVIP (i.e., ?/?) and PharmCAT (i.e., not called), for which a
consensus diplotype from GeT-RM is available (File S5). Since PharmVIP and PharmCAT
prediction is based on CPIC allele definition tables of known alleles, any new diplotype
that is not a combination of the known alleles will be labeled as unknown. To understand
why the PharmVIP- and PharmCAT-reported diplotypes show low concordancy with the
GeT-RM consensus for some genes, we inspected all discrepancies manually (File S5).
Most of the discrepancies can be explained by different sets of variant positions used by
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GeT-RM (variants interrogated by the genotyping assays), different allele definitions used
by GeT-RM assay platforms, and diplotype ambiguity for PharmVIP and PharmCAT owing
to unphased NGS data. Further details of discordant diplotypes are described in File S6
(Supplementary Materials).

2.9. Feature Summary

The main purpose of developing PharmVIP was to provide a new data analysis
tool for PGx researchers. PharmVIP provides three analysis/interpretation modules of
pharmacogenomic variants through an easy-to-use web interface. Table 2 shows a PGx-tool
feature comparison of Virtual Pharmacist, ePGA, PharmCAT, PharmaKU and PharmVIP.
We did not compare PharmVIP with g-Nomic since it is a commercial tool. The main unique
feature of PharmVIP is the HLA module which performs HLA allele prediction and reports
the associated ADRs and relevant CPIC guidelines. Furthermore, the Pharmacogenes
module in PharmVIP provides variant effect prediction results that are not available in
other tools. The post-analysis output filtering option in PharmVIP is unique and allows
users to tailor the report to fit their requirements without the need to rerun the analysis.
By incorporating three modules and the underlying integrated workflows together in a
parallel processing format, all analyses can be completed from just one input operation
through a simple web interface. Moreover, PharmVIP provides a summary and a full
output report for all modules, not only in an interactive web version but also as exportable
files which can be utilized for further applications such as clinical practice in the future (for
the “Guideline” and “HLA” module report).

Table 2. Feature comparison of available pharmacogenomic variant analysis tools and PharmVIP.

Features Virtual Pharmacist ePGA PharmCAT PharmaKU PharmVIP

Input file VCF, FASTQ, SNP array VCF VCF VCF VCF, BAM

Single variant-based analysis function 1 X 2 X × × X

Haplotype analysis function × 2 X X X X

CPIC drug dosing guidelines × X X X X

HLA allele prediction/HLA-ADR
association/HLA-related
CPIC guidelines

× × × × X

Variant effect prediction × × × × X

Web-based user interface (for
command line interface) X X × X X

Exportable report files X X X X X

Gene-drug target network X × × × ×
Post-analysis output filtering × × × × X

Updating of translation tables by users × X × × ×
Group (multiple samples) analysis X × × × ×
Installed as a local web server X × × × ×
Choice of hg19 or hg38 as
reference genome × × × X ×

1 An analysis function that is intended to be performed on individual variants, such as the single variant translation based on PharmGKB
clinical annotation data (genotype-based summaries describing the phenotypic impact of the variant) provided in Virtual Pharmacist and
ePGA, and the effect prediction of single variant to the gene function provided in the PharmVIP Pharmacogenes module. 2 Tick mark
denotes feature present/supported by the tool; cross mark denotes not present or not applicable.
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2.10. Future Development

In the “Guideline” module, the read depth of each variant is displayed in the interac-
tive web report, which can be used to assess the reliability of the assigned genotype. Future
updates of PharmVIP will include a more explicit confidence value of the specified geno-
type based on other information such as the genotype quality. The “Guideline” module
implementation in PharmVIP will be updated at regular intervals to provide drug dosing
guidelines as much as up-to-date as possible. Population-specific phasing and imputation
pipelines are planned to be included in order to increase the allele prediction accuracy in
the future versions of PharmVIP.

For the “HLA” module, PharmVIP currently utilizes three HLA type inference al-
gorithms from short-read sequencing data. The prediction accuracy of these algorithms
relies on their core databases, which will be improved over time. We plan to collect more
HLA types that represent southeast Asians to improve the HLA type inference from short
reads. Furthermore, because HLA typing from long read sequencing platforms is becoming
available, we plan to incorporate the HLA allele prediction for long-read sequencing data
into the “HLA” module as well for improved accuracy of HLA typing.

It is noted that PharmVIP and other existing tools depend on the same publicly
available knowledge bases in performing allele prediction and providing dosing guideline
recommendations. The information in these knowledge bases does not represent all
variants and the drug guidelines may be less accurate for certain populations. Allele
translation tables and drug guidelines representing the distribution of variants observed in
the Thai population are planned to be included in the future versions of PharmVIP.

3. Materials and Methods

PharmVIP comprises three analysis modules: (1) Guideline, (2) HLA, and (3) Pharma-
cogenes. The workflows of the three modules are operated separately and the results from
each are integrated (Figure 6). In general, PharmVIP accepts input variants in a standard
VCF format (*.vcf), which can be produced by various workflows such as GATK [37,38],
SpeedSeq [39], and DeepVariant [40]. To do HLA typing and CYP2D6 allele prediction,
PharmVIP requires a BAM file (*.bam), containing aligned NGS short reads to a human
genome reference sequence (GRCh38). Since the quality of input files can affect the out-
put results, the input file requirement and an example of data preprocessing workflow
(to obtain the required BAM and VCF input files) are provided for users on the associ-
ated GitHub page (https://github.com/NBT-GeTH/pharmvip-guideline (accessed on
15 November 2021)).

3.1. Guideline Module

The workflow of the Guideline module comprises three main steps: (i) input data
preprocessing, (ii) allele matching, and (iii) CPIC guideline assignment.

3.1.1. Input Data Preprocessing

Allele definitions consisting of the allele names and their haplotype information of
11 pharmacogenes (CFTR, CYP2C19, CYP2C9, CYP3A5, CYP4F2, DPYD, IFNL3, SLCO1B1,
TPMT, UGT1A1, and VKORC1) were downloaded from the PharmCAT GitHub page
(release v0.6.0) [41]. These allele definitions are based on the PharmGKB allele definition
tables [42] with some alterations (see PharmCAT website [43] for more information). Allele
definition tables of the other five pharmacogenes (CACNA1S, CYP2B6, G6PD, NUDT15,
RYR1) were downloaded from the PharmGKB database (downloaded on 20 February
2020) [13,42]. The Guideline module accepts an input VCF file, which is based on alignment
to the GRCh38 reference genome. The sample genotypic data of the required haplotype
positions (according to allele definition tables) of 16 pharmacogenes and other related
information are parsed from the VCF data using cyvcf2 in bioconda package version
0.11.7 [44]. The VCF file gives information for determining the phasing status of each
variant position. The phasing status for a variant position includes “phased”—phased
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variants or homozygous alleles, “unphased”—unphased variants which have heterozygous
alleles, and “missing data”. The gene phasing status is determined from all variants in each
pharmacogene where “phased-gene” is labeled when all of the gene’s variants are phased
and “unphased-gene” when there exists at least one unphased-variant. An example of a
VCF input file with the required phase information of each variant is provided in File S7
(Supplementary Materials).

Figure 6. Overview workflows of the Guideline, HLA and Pharmacogenes analysis modules.

3.1.2. Allele Matching

For CYP2D6 analysis, a BAM file is required for the allele (haplotype) prediction
in addition to a VCF file. CYP2D6 alleles are predicted using the default parameters of
the Astrolabe tool [7]. Allele prediction for the other 16 pharmacogenes is performed
using in-house scripts (https://github.com/NBT-GeTH/pharmvip-guideline (accessed
on 15 November 2021)). The PharmGKB allele definition table is used to predict alleles
from input genotypic data that will be converted into a python-regular-expression based
on the variant phase status of a pharmacogene, which is determined from the previous
data preprocessing step. For a phased gene, two regular expressions, one for each phased
haplotype, are generated. Each pattern of the regular expression is compared with the
entries from the allele definition table. A resolved diplotype is identified from two matched
alleles (regular expressions). Multiple matched-diplotype candidates for a pharmacogene
are reported when the gene contains one or more missing variants. The missing variant is
treated as an ambiguous basecall matching any base. For an unphased gene, the genotype
is converted to one or two regular expressions. If there are only unphased variants in an
unphased gene, only one regular expression is generated, representing all possibilities of
both haplotypes. For an unphased gene, all alleles in the allele definition table matched to
the regular expression of the genotypes are identified. Then, all possible diplotypes are
listed from any two alleles (haplotypes) that can be paired and matched with the sample
genotypes. If there is no matched allele from the definition table, the result will be displayed
as unknown (?/?), entailing a possible novel allele. For further investigation, the sample
genotypic data and other related information of the unknown allele are provided in the
diplotype-matching table on the summary report of the “Guideline” module. The presence
of a recurring genotypic pattern found among several samples may suggest a possible
novel allele. In the case of more than one diplotype candidate, users will be prompted to
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select the candidate allele for further analysis. The best allele selection approach is based
on the PharmCAT method [19,45]. The special rules of allele assignment for UGT1A1,
SLCO1B1, CFTR, and DPYD implemented in PharmCAT are also applied in PharmVIP.
More details for the allele matching method with examples for all cases of sample genotypic
data are provided in File S7.

3.1.3. CPIC Dosing Guideline Assignment

This step takes the list of diplotype candidates obtained from the allele matching
step and generates output reports comprising CPIC drug dosing recommendations. The
data files required for CPIC drug dosing guideline assignment were downloaded using
PharmGKB API version 1.0 (https://api.pharmgkb.org (accessed on 3 December 2019)).
Using the API data, three files were generated that are used by PharmVIP in the guideline
assignment process. The “allele name mapping” file maps an allele name from the allele
definition table to the one used in the drug guideline. The “allele function mapping” file
contains information of the function/metabolizer status of each allele for each gene-drug
association. The “dosing guideline” file is used for the translation of allele function into
the relevant guideline. For each matched diplotype from the allele matching step, the
corresponding haplotype pair is mapped to the “allele name mapping” file for allele name
conversion. Then, the function of each haplotype is determined from the “allele function
mapping” file. Finally, the drug dosing guideline of each gene-drug pair is identified from
the “dosing guideline” file based on the function combination of these two haplotypes.

3.2. HLA Module

A BAM file of sequence reads in FASTQ format aligned to the GRCh38 reference
genome, is used as the input for three HLA genotyping tools: ATHLATES version 2014-04-
26 [31], HLA-HD v1.2.0.1 [32], and Kourami v0.9.6 [33]. All tools utilize the HLA sequence
library from the IPD-IMGT/HLA Database release 3.35.0 [46]. The preprocessing of an
input BAM file by PharmVIP is tailored for the three tools as follows. Using Samtools
v1.9 [47], a received BAM file is preprocessed to obtain only reads mapped to HLA-
associated regions, which is then used as an input file for the Kourami tool. The BAM file is
then processed further using the bam2FastQ function of bamUtil v1.0.14 [48] to convert the
BAM file into FASTQ files, which are used as input for HLA-HD and ATHLATES tools. For
each HLA genotyping tool, the analysis is performed using the tool’s default parameter
settings. The three tools produce HLA allele prediction results that are collected and
summarized using the in-house scripts (https://github.com/NBT-GeTH/pharmvip-hla
(accessed on 15 November 2021)). PharmVIP suggests whether a predicted HLA type is
associated with a known IM-ADR. This is done by constructing an internal data-warehouse
which is a collection of the HLA and Adverse Drug Reaction Database (HLA-ADR) [34]
(downloaded on 20 February 2020) and a prospective collection of known events found
elsewhere. The relevant CPIC dosing recommendations associated with all predicted HLA
alleles are also checked and reported in the “HLA” module using the same resources as
utilized in the “Guideline” module.

3.3. Pharmacogenes Module

A total of 3533 pharmacogenes were collated from six main resources: (1) Phar-
mGKB [13] comprising CPIC guidelines (downloaded on 20 February 2020), Very Impor-
tant Pharmacogenes (downloaded on 20 February 2020), clinical variant data (downloaded
on 5 February 2020); (2) US FDA comprising pharmacogenomic biomarkers in drug la-
beling [49] (downloaded on 20 February 2020); (3) pharmacogenomics-related publica-
tions: [6,8,50]; (4) PGx information from iPLEX PGx Pro Panel [51]; (5) information from
TruGenome Pharmacogenomics Screen Test [52]; and (6) DrugBank [16].

Annotation of all pharmacogenes (based on GRCh38 version) was obtained from the
UCSC Table Browser [53]. Tabix [54] was used to extract all pharmacogene-variants from
an input VCF file. The predicted functional effects of single nucleotide polymorphisms
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(SNPs) and short INDELs (insertions and deletions) from these pharmacogenes are con-
ducted using the Ensembl Variant Effect Predictor (VEP) platform version 95 [55] with the
following parameters: –refseq –variant_class –sift b –polyphen b –protein –check_existing –
total_length –pick –coding_only –no_intergenic. Only variants in protein-coding sequences
are considered and only the most severe consequence for each variant is chosen with
priority is given to the canonical transcript for each gene. A lolliplot is deployed to display
information of variant consequences and impacts on the pharmacogene, using an in-house
script modified from one available online [56]. The human protein domain information
based on GRCh38 for generating lolliplots was downloaded from the HPRD Human Protein
Reference Database [57,58].

3.4. System Design and Implementation

The PharmVIP web-application was constructed using Django, a high-level Python
web framework, version 2.1.3 and Python3 version 3.7.4. All analysis modules were
implemented using Python3 version 3.7.6., while the internal database services are provided
by MySQL version 5.7.26. phpMyAdmin 4.9.3 was used to manage all the database builds.
MinIO release 2020-01-16T03-05-44Z, a high-performance object storage platform, was
deployed to provide read/write facilities for remote server storage activities. A deployment
of PharmVIP was done as a container image using Docker 20.10.0 while Kubernetes 1.19.3
was used to manage computational resources.

3.5. Data Management

For security, privacy and economy purposes, the input data and the analysis re-
sults will be permanently removed from the server 10 days after the commencement of
the analysis.

3.6. Evaluation of PharmVIP Performance on Diplotype Assignment

To investigate the performance of PharmVIP on diplotype assignment of pharmaco-
genes, we analyzed publicly available genotypic datasets of which there was already avail-
able genotyping results by pharmacogenetic testing assays from the Centers for Disease
Control and Prevention (CDC)—based Genetic Testing Reference Material Coordination
(GeT-RM) Program, as described previously [36]. In the GeT-RM study, 137 samples were
genotyped by nine participating pharmacogenetic testing laboratories for 28 pharmaco-
genes using several commercially available and laboratory developed tests. The consensus
diplotype results for all genes that were tested using two to six platforms were reported
previously (in Supplemental Table S2 of Pratt et al. [36]). To start the PharmVIP analysis, the
GRCh38 alignment files in CRAM format of whole genome sequencing data (30x coverage)
of 88 (out of 137 GeT-RM study) samples, which are available in the 1000 Genomes Project,
were downloaded from the 1000 Genomes Project data portal [35,59]. Variant calling was
then performed on these alignment files using the Genome Analysis Toolkit (GATK) ver-
sion 4.2 [60]. HaplotypeCaller was used to identify individual variants in GVCF format.
Genotyping was done using the GenotypeGVCFs tool on the combined GVCF file. The
individual GVCF file obtained was then used as an input for PharmVIP and PharmCAT
(version 0.6.0) [19] which was operated with the default parameter settings. For each gene,
the samples without the reported consensus diplotype information from GeT-RM were
removed from consideration. The diplotype calling results obtained from PharmVIP were
compared with the ones from PharmCAT analysis and the GeT-RM consensus diplotype
data from PGx assays. The comparisons were performed on 11 pharmacogenes (CYP2C9,
CYP2C19, CYP2D6, CYP3A5, CYP4F2, DPYD, IFNL3, SLCO1B1, TPMT, UGT1A1, VKORC1)
with diplotype calls in PharmVIP, PharmCAT and GeT-RM. It should be noted that IFNL3
was tested by only one PGx platform, there was no reported consensus and the IFNL3 re-
sults from the non-consensus genotypes table (in Supplemental Table S3 of Pratt et al. [36])
were used for diplotype comparison.
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4. Conclusions

PharmVIP is a one-stop PGx tool for the identification of variants/alleles in phar-
macogenes and the interpretation of their consequences in terms of gene function, the
associated ADRs, drug responses and drug dosing guidelines. Currently, the platform
is in beta version and is provided for research and informational purposes to the PGx
community and it is not meant to be a substitute for medical advice from a physician.
Any comments/suggestions from users for improving the tool are welcome through the
PharmVIP website (via the “Contact” menu) and through the associated GitHub page
(https://github.com/NBT-GeTH (accessed on 10 November 2021)). This information will
be utilized for tool evaluation and improvement in future versions of PharmVIP. PharmVIP
is available via the URL: https://pharmvip.nbt.or.th (accessed on 15 November 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11111230/s1, File S1: An example of summary report, File S2: An example of full report of
Guideline module, File S3: An example of full report of HLA module, File S4: An example of full
report of Pharmacogenes module, File S5: Diplotype assignment results of GeT-RM, PharmVIP, and
PharmCAT on 11 pharmacogenes, File S6: The details of discordant diplotypes between PharmVIP
and the GeT-RM consensus, File S7: The details for the allele matching method of Guideline module.
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Pharmacogenomics at the center of precision medicine: Challenges and perspective in an era of Big Data. Pharmacogenomics 2020,
21, 141–156. [CrossRef] [PubMed]

5. Van der Lee, M.; Allard, W.G.; Bollen, S.; Santen, G.W.E.; Ruivenkamp, C.A.L.; Hoffer, M.J.V.; Kriek, M.; Guchelaar, H.J.; Anvar,
S.Y.; Swen, J.J. Repurposing of Diagnostic Whole Exome Sequencing Data of 1,583 Individuals for Clinical Pharmacogenetics.
Clin. Pharmacol. Ther. 2020, 107, 617–627. [CrossRef] [PubMed]

6. Gordon, A.S.; Fulton, R.S.; Qin, X.; Mardis, E.R.; Nickerson, D.A.; Scherer, S. GRNseq: A targeted capture sequencing panel for
pharmacogenetic research and implementation. Pharmacogenet. Genom. 2016, 26, 161–168. [CrossRef] [PubMed]

https://github.com/NBT-GeTH
https://pharmvip.nbt.or.th
https://www.mdpi.com/article/10.3390/jpm11111230/s1
https://www.mdpi.com/article/10.3390/jpm11111230/s1
https://github.com/NBT-GeTH
https://github.com/NBT-GeTH
http://doi.org/10.1126/scitranslmed.3003471
http://www.ncbi.nlm.nih.gov/pubmed/23019654
http://doi.org/10.1056/NEJMra1010600
http://www.ncbi.nlm.nih.gov/pubmed/21428770
http://doi.org/10.1146/annurev.genom.6.080604.162315
http://doi.org/10.2217/pgs-2019-0134
http://www.ncbi.nlm.nih.gov/pubmed/31950879
http://doi.org/10.1002/cpt.1665
http://www.ncbi.nlm.nih.gov/pubmed/31594036
http://doi.org/10.1097/FPC.0000000000000202
http://www.ncbi.nlm.nih.gov/pubmed/26736087


J. Pers. Med. 2021, 11, 1230 16 of 17

7. Twist, G.P.; Gaedigk, A.; Miller, N.A.; Farrow, E.G.; Willig, L.K.; Dinwiddie, D.L.; Petrikin, J.E.; Soden, S.E.; Herd, S.;
Gibson, M.; et al. Constellation: A tool for rapid, automated phenotype assignment of a highly polymorphic pharmacogene,
CYP2D6, from whole-genome sequences. Npj Genom. Med. 2016, 1, 15007. [CrossRef]

8. Han, S.M.; Park, J.; Lee, J.H.; Lee, S.S.; Kim, H.; Han, H.; Kim, Y.; Yi, S.; Cho, J.-Y.; Jang, I.-J.; et al. Targeted Next-Generation
Sequencing for Comprehensive Genetic Profiling of Pharmacogenes. Clin. Pharmacol. Ther. 2017, 101, 396–405. [CrossRef]

9. Sivadas, A.; Salleh, M.Z.; Teh, L.K.; Scaria, V. Genetic epidemiology of pharmacogenetic variants in South East Asian Malays
using whole-genome sequences. Pharmacogenom. J. 2017, 17, 461–470. [CrossRef]

10. Sivadas, A.; Scaria, V. Pharmacogenomic survey of Qatari populations using whole-genome and exome sequences. Pharmacogenom.
J. 2018, 18, 590–600. [CrossRef]

11. Krebs, K.; Milani, L. Translating pharmacogenomics into clinical decisions: Do not let the perfect be the enemy of the good. Hum.
Genom. 2019, 13, 39. [CrossRef]

12. Ameur, A.; Kloosterman, W.P.; Hestand, M.S. Single-Molecule Sequencing: Towards Clinical Applications. Trends Biotechnol. 2019,
37, 72–85. [CrossRef] [PubMed]

13. Whirl-Carrillo, M.; McDonagh, E.M.; Hebert, J.M.; Gong, L.; Sangkuhl, K.; Thorn, C.F.; Altman, R.B.; Klein, T.E. Pharmacoge-
nomics Knowledge for Personalized Medicine. Clin. Pharmacol. Ther. 2012, 92, 414–417. [CrossRef]

14. Relling, M.V.; Klein, T.E. CPIC: Clinical Pharmacogenetics Implementation Consortium of the Pharmacogenomics Research
Network. Clin. Pharmacol. Ther. 2011, 89, 464–467. [CrossRef] [PubMed]

15. Gaedigk, A.; Ingelman-Sundberg, M.; Miller, N.A.; Leeder, J.S.; Whirl-Carrillo, M.; Klein, T.E.; The PharmVar Steering Committee.
The Pharmacogene Variation (PharmVar) Consortium: Incorporation of the Human Cytochrome P450 (CYP) Allele Nomenclature
Database. Clin. Pharmacol. Ther. 2018, 103, 399–401. [CrossRef] [PubMed]

16. Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al. DrugBank
5.0: A Major Update to the DrugBank Database for 2018. Nucleic Acids Res. 2018, 46, D1074–D1082. [CrossRef]

17. Cheng, R.; Leung, R.K.-K.; Chen, Y.; Pan, Y.; Tong, Y.; Li, Z.; Ning, L.; Ling, X.B.; He, J. Virtual Pharmacist: A Platform for
Pharmacogenomics. PLoS ONE 2015, 10, e0141105. [CrossRef]

18. Lakiotaki, K.; Kartsaki, E.; Kanterakis, A.; Katsila, T.; Patrinos, G.P.; Potamias, G. ePGA: A Web-Based Information System for
Translational Pharmacogenomics. PLoS ONE 2016, 11, e0162801. [CrossRef]

19. Klein, T.E.; Ritchie, M.D. PharmCAT: A Pharmacogenomics Clinical Annotation Tool. Clin. Pharmacol. Ther. 2018, 104, 19–22.
[CrossRef]

20. Sabater, A.; Ciudad, C.J.; Cendros, M.; Dobrokhotov, D.; Sabater-Tobella, J. g-Nomic: A new pharmacogenetics interpretation
software. Pharmacogenom. Pers. Med. 2019, 12, 75–85. [CrossRef]

21. John, S.E.; Channanath, A.M.; Hebbar, P.; Nizam, R.; Thanaraj, T.A.; Al-Mulla, F. PharmaKU: A Web-Based Tool Aimed at
Improving Outreach and Clinical Utility of Pharmacogenomics. J. Pers. Med. 2021, 11, 210. [CrossRef]

22. Lee, S.-B.; Wheeler, M.M.; Patterson, K.; McGee, S.; Dalton, R.; Woodahl, E.L.; Gaedigk, A.; Thummel, K.E.; Nickerson, D.A.
Stargazer: A software tool for calling star alleles from next-generation sequencing data using CYP2D6 as a model. Genet. Med.
2019, 21, 361–372. [CrossRef] [PubMed]

23. Pirmohamed, M.; Breckenridge, A.M.; Kitteringham, N.R.; Park, K. Adverse drug reactions. BMJ 1998, 316, 1295. [CrossRef]
[PubMed]

24. Greener, M. Understanding adverse drug reactions: An overview. Nurse Prescr. 2014, 12, 189–195. [CrossRef]
25. Karnes, J.H.; Miller, M.A.; White, K.D.; Konvinse, K.C.; Pavlos, R.K.; Redwood, A.J.; Peter, J.G.; Lehloenya, R.; Mallal, S.A.;

Phillips, E.J. Applications of Immunopharmacogenomics: Predicting, Preventing, and Understanding Immune-Mediated Adverse
Drug Reactions. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 463–486. [CrossRef] [PubMed]

26. Fan, W.-L.; Shiao, M.-S.; Hui, R.C.-Y.; Su, S.-C.; Wang, C.-W.; Chang, Y.-C.; Chung, W.-H. HLA Association with Drug-Induced
Adverse Reactions. J. Immunol. Res. 2017, 2017, 3186328. [CrossRef]

27. Dilthey, A.; Cox, C.J.; Iqbal, Z.; Nelson, M.R.; McVean, G. Improved genome inference in the MHC using a population reference
graph. Nat. Genet. 2015, 47, 682–688. [CrossRef] [PubMed]

28. Klasberg, S.; Surendranath, V.; Lange, V.; Schöfl, G. Bioinformatics Strategies, Challenges, and Opportunities for Next Generation
Sequencing-Based HLA Genotyping. Transfus. Med. Hemother. 2019, 46, 312–325. [CrossRef]

29. Hosomichi, K.; Shiina, T.; Tajima, A.; Inoue, I. The impact of next-generation sequencing technologies on HLA research. J. Hum.
Genet. 2015, 60, 665–673. [CrossRef] [PubMed]

30. Larjo, A.; Eveleigh, R.; Kilpeläinen, E.; Kwan, T.; Pastinen, T.; Koskela, S.; Partanen, J. Accuracy of Programs for the Determination
of Human Leukocyte Antigen Alleles from Next-Generation Sequencing Data. Front. Immunol. 2017, 8, 1815. [CrossRef]

31. Liu, C.; Yang, X.; Duffy, B.; Mohanakumar, T.; Mitra, R.D.; Zody, M.C.; Pfeifer, J.D. ATHLATES: Accurate typing of human
leukocyte antigen through exome sequencing. Nucleic Acids Res. 2013, 41, e142. [CrossRef] [PubMed]

32. Kawaguchi, S.; Higasa, K.; Shimizu, M.; Yamada, R.; Matsuda, F. HLA-HD: An accurate HLA typing algorithm for next-generation
sequencing data. Hum. Mutat. 2017, 38, 788–797. [CrossRef] [PubMed]

33. Lee, H.; Kingsford, C. Kourami: Graph-guided assembly for novel human leukocyte antigen allele discovery. Genome Biol. 2018,
19, 16. [CrossRef]

http://doi.org/10.1038/npjgenmed.2015.7
http://doi.org/10.1002/cpt.532
http://doi.org/10.1038/tpj.2016.39
http://doi.org/10.1038/s41397-018-0022-8
http://doi.org/10.1186/s40246-019-0229-z
http://doi.org/10.1016/j.tibtech.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30115375
http://doi.org/10.1038/clpt.2012.96
http://doi.org/10.1038/clpt.2010.279
http://www.ncbi.nlm.nih.gov/pubmed/21270786
http://doi.org/10.1002/cpt.910
http://www.ncbi.nlm.nih.gov/pubmed/29134625
http://doi.org/10.1093/nar/gkx1037
http://doi.org/10.1371/journal.pone.0141105
http://doi.org/10.1371/journal.pone.0162801
http://doi.org/10.1002/cpt.928
http://doi.org/10.2147/PGPM.S203585
http://doi.org/10.3390/jpm11030210
http://doi.org/10.1038/s41436-018-0054-0
http://www.ncbi.nlm.nih.gov/pubmed/29875422
http://doi.org/10.1136/bmj.316.7140.1295
http://www.ncbi.nlm.nih.gov/pubmed/9554902
http://doi.org/10.12968/npre.2014.12.4.189
http://doi.org/10.1146/annurev-pharmtox-010818-021818
http://www.ncbi.nlm.nih.gov/pubmed/30134124
http://doi.org/10.1155/2017/3186328
http://doi.org/10.1038/ng.3257
http://www.ncbi.nlm.nih.gov/pubmed/25915597
http://doi.org/10.1159/000502487
http://doi.org/10.1038/jhg.2015.102
http://www.ncbi.nlm.nih.gov/pubmed/26311539
http://doi.org/10.3389/fimmu.2017.01815
http://doi.org/10.1093/nar/gkt481
http://www.ncbi.nlm.nih.gov/pubmed/23748956
http://doi.org/10.1002/humu.23230
http://www.ncbi.nlm.nih.gov/pubmed/28419628
http://doi.org/10.1186/s13059-018-1388-2


J. Pers. Med. 2021, 11, 1230 17 of 17

34. Ghattaoraya, G.S.; Dundar, Y.; González-Galarza, F.F.; Maia, M.H.T.; Santos, E.J.M.; da Silva, A.L.S.; McCabe, A.; Middleton, D.;
Alfirevic, A.; Dickson, R.; et al. A web resource for mining HLA associations with adverse drug reactions: HLA-ADR. Database
2016, 2016, 1–10. [CrossRef] [PubMed]

35. Byrska-Bishop, M.; Evani, U.S.; Zhao, X.; Basile, A.O.; Abel, H.J.; Regier, A.A.; Corvelo, A.; Clarke, W.E.; Musunuri, R.;
Nagulapalli, K.; et al. High coverage whole genome sequencing of the expanded 1000 Genomes Project cohort including 602
trios. bioRxiv 2021. [CrossRef]

36. Pratt, V.M.; Everts, R.E.; Aggarwal, P.; Beyer, B.N.; Broeckel, U.; Epstein-Baak, R.; Hujsak, P.; Kornreich, R.; Liao, J.; Lorier, R.; et al.
Characterization of 137 Genomic DNA Reference Materials for 28 Pharmacogenetic Genes: A GeT-RM Collaborative Project. J.
Mol. Diagn. 2015, 18, 109–123. [CrossRef] [PubMed]

37. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;
Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297–1303. [CrossRef] [PubMed]

38. DePristo, M.A.; Banks, E.; Poplin, R.; Garimella, K.V.; Maguire, J.R.; Hartl, C.; Philippakis, A.A.; Del Angel, G.; Rivas, M.A.;
Hanna, M.; et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet.
2011, 43, 491–501. [CrossRef]

39. Chiang, C.; Layer, R.M.; Faust, G.G.; Lindberg, M.R.; Rose, D.B.; Garrison, E.P.; Marth, G.T.; Quinlan, A.; Hall, I.M. SpeedSeq:
Ultra-fast personal genome analysis and interpretation. Nat. Methods 2015, 12, 966–968. [CrossRef] [PubMed]

40. Poplin, R.; Chang, P.-C.; Alexander, D.; Schwartz, S.; Colthurst, T.; Ku, A.; Newburger, D.; Dijamco, J.; Nguyen, N.; Afshar, P.; et al.
Creating a universal SNP and small indel variant caller with deep neural networks. bioRxiv 2016, 092890. [CrossRef]

41. PharmCAT GitHub (v0.6.0). Available online: https://github.com/PharmGKB/PharmCAT/releases/tag/v0.6.0 (accessed on
8 December 2020).

42. PharmGKB Gene-Specific Information Tables. Available online: https://www.pharmgkb.org/page/pgxGeneRef (accessed on
8 December 2020).

43. PharmCAT. Available online: http://www.pharmcat.org (accessed on 8 December 2020).
44. Pedersen, B.S.; Quinlan, A.R. cyvcf2: Fast, flexible variant analysis with Python. Bioinformatics 2017, 33, 1867–1869. [CrossRef]
45. PharmCAT GitHub. Available online: https://github.com/PharmGKB/PharmCAT (accessed on 8 December 2020).
46. Robinson, J.; Barker, D.J.; Georgiou, X.; Cooper, M.A.; Flicek, P.; Marsh, S.G.E. IPD-IMGT/HLA Database. Nucleic Acids Res. 2020,

48, D948–D955. [CrossRef] [PubMed]
47. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence

Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
48. Jun, G.; Wing, M.K.; Abecasis, G.R.; Kang, H.M. An efficient and scalable analysis framework for variant extraction and refinement

from population-scale DNA sequence data. Genome Res. 2015, 25, 918–925. [CrossRef]
49. US FDA Table of Pharmacogenomic Biomarkers in Drug Labeling. Available online: https://www.fda.gov/drugs/science-and-

research-drugs/table-pharmacogenomic-biomarkers-drug-labeling (accessed on 20 February 2020).
50. Gamazon, E.R.; Skol, A.D.; Perera, M.A. The limits of genome-wide methods for pharmacogenomic testing. Pharmacogenet.

Genom. 2012, 22, 261–272. [CrossRef]
51. iPLEX PGx Pro Panel. Available online: https://agenabio.com/wp-content/uploads/2016/03/51-20037R3.0_iPLEX-PGx-Pro-

Panel-Flyer_HIGH-WEB.pdf (accessed on 20 February 2020).
52. TruGenome Pharmacogenomics Screen Test. Available online: https://www.tst-web.illumina.com/content/dam/illumina-

marketing/documents/clinical/trugenome-intended-use-pharmacogenomics-screen.pdf (accessed on 20 February 2020).
53. Karolchik, D.; Hinrichs, A.S.; Furey, T.S.; Roskin, K.M.; Sugnet, C.W.; Haussler, D.; Kent, W.J. The UCSC Table Browser data

retrieval tool. Nucleic Acids Res. 2004, 32, D493. [CrossRef] [PubMed]
54. Li, H. Tabix: Fast retrieval of sequence features from generic TAB-delimited files. Bioinformatics 2011, 27, 718–719. [CrossRef]

[PubMed]
55. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect

Predictor. Genome Biol. 2016, 17, 122. [CrossRef]
56. Lolliplot GitHub. Available online: https://github.com/oncojs/lolliplot (accessed on 30 November 2019).
57. Prasad, T.S.K.; Goel, R.; Kandasamy, K.; Keerthikumar, S.; Kumar, S.; Mathivanan, S.; Telikicherla, D.; Raju, R.; Shafreen, B.;

Venugopal, A.; et al. Human Protein Reference Database–2009 update. Nucleic Acids Res. 2009, 37, D767–D772. [CrossRef]
58. Peri, S.; Navarro, J.D.; Amanchy, R.; Kristiansen, T.Z.; Jonnalagadda, C.K.; Surendranath, V.; Niranjan, V.; Muthusamy, B.; Gandhi,

T.K.B.; Gronborg, M.; et al. Development of Human Protein Reference Database as an Initial Platform for Approaching Systems
Biology in Humans. Genome Res. 2003, 13, 2363–2371. [CrossRef]

59. Genomes 30x on GRCh38 Data Portal. Available online: https://www.internationalgenome.org/data-portal/data-collection/30
x-grch38 (accessed on 7 October 2021).

60. Poplin, R.; Ruano-Rubio, V.; DePristo, M.A.; Fennell, T.J.; Carneiro, M.O.; Van der Auwera, G.A.; Kling, D.E.; Gauthier, L.D.;
Levy-Moonshine, A.; Roazen, D.; et al. Scaling accurate genetic variant discovery to tens of thousands of samples. bioRxiv 2017.
[CrossRef]

http://doi.org/10.1093/database/baw069
http://www.ncbi.nlm.nih.gov/pubmed/27189608
http://doi.org/10.1101/2021.02.06.430068
http://doi.org/10.1016/j.jmoldx.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26621101
http://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://doi.org/10.1038/ng.806
http://doi.org/10.1038/nmeth.3505
http://www.ncbi.nlm.nih.gov/pubmed/26258291
http://doi.org/10.1101/092890
https://github.com/PharmGKB/PharmCAT/releases/tag/v0.6.0
https://www.pharmgkb.org/page/pgxGeneRef
http://www.pharmcat.org
http://doi.org/10.1093/bioinformatics/btx057
https://github.com/PharmGKB/PharmCAT
http://doi.org/10.1093/nar/gkz950
http://www.ncbi.nlm.nih.gov/pubmed/31667505
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1101/gr.176552.114
https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling
https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling
http://doi.org/10.1097/FPC.0b013e328350ca5f
https://agenabio.com/wp-content/uploads/2016/03/51-20037R3.0_iPLEX-PGx-Pro-Panel-Flyer_HIGH-WEB.pdf
https://agenabio.com/wp-content/uploads/2016/03/51-20037R3.0_iPLEX-PGx-Pro-Panel-Flyer_HIGH-WEB.pdf
https://www.tst-web.illumina.com/content/dam/illumina-marketing/documents/clinical/trugenome-intended-use-pharmacogenomics-screen.pdf
https://www.tst-web.illumina.com/content/dam/illumina-marketing/documents/clinical/trugenome-intended-use-pharmacogenomics-screen.pdf
http://doi.org/10.1093/nar/gkh103
http://www.ncbi.nlm.nih.gov/pubmed/14681465
http://doi.org/10.1093/bioinformatics/btq671
http://www.ncbi.nlm.nih.gov/pubmed/21208982
http://doi.org/10.1186/s13059-016-0974-4
https://github.com/oncojs/lolliplot
http://doi.org/10.1093/nar/gkn892
http://doi.org/10.1101/gr.1680803
https://www.internationalgenome.org/data-portal/data-collection/30x-grch38
https://www.internationalgenome.org/data-portal/data-collection/30x-grch38
http://doi.org/10.1101/201178

	Introduction 
	Results and Discussion 
	Starting a Project 
	Guideline Module 
	HLA Module 
	Pharmacogenes Module 
	Output Report 
	Summary Report 
	Full Report 

	Post-Analysis Output Filtering 
	Running Time 
	PharmVIP Performance on Diplotype Assignment 
	Feature Summary 
	Future Development 

	Materials and Methods 
	Guideline Module 
	Input Data Preprocessing 
	Allele Matching 
	CPIC Dosing Guideline Assignment 

	HLA Module 
	Pharmacogenes Module 
	System Design and Implementation 
	Data Management 
	Evaluation of PharmVIP Performance on Diplotype Assignment 

	Conclusions 
	References

