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HLA typing provides essential results for stem cell and solid organ transplants, as well as
providing diagnostic benefits for various rheumatology, gastroenterology, neurology, and
infectious diseases. It is becoming increasingly clear that understanding the expression of
patient HLA transcripts can provide additional benefits for many of these same patient
groups. Our study cohort was evaluated using a long-read RNA sequencing methodology
to provide rapid HLA genotyping results and normalized HLA transcript expression. Our
assay used NGSEngine to determine the HLA genotyping result and normalized mRNA
transcript expression using Athlon2. The assay demonstrated an excellent concordance
rate of 99.7%. Similar to previous studies, for the class I loci, patients demonstrated
significantly lower expression of HLA-C than HLA-A and -B (Mann–Whitney U, p value =
0.0065 and p value = 0.0154, respectively). In general, the expression of class II transcripts
was lower than that of class I transcripts. This study demonstrates a rapid high-resolution
HLA typing assay using RNA-Seq that can provide accurate HLA genotyping and HLA
allele-specific transcript expression in 7–8 h, a timeline short enough to perform the assay
for deceased donors.
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INTRODUCTION

The application of next-generation sequencing (NGS) to human leukocyte antigen (HLA) typing has
greatly reduced the costs and time required to achieve high-resolution HLA typing (Lind et al., 2010;
Weimer et al., 2016; Cornaby et al., 2021). Currently, there are twomajor NGS platforms: short- and long-
read sequencing. Short read platforms are characterized by sequencing reads between 50 and 300 bp, while
long-read platforms can sequence reads from 150 to >2Mb (Metzker, 2010; Jain et al., 2018). The
application of long-read technology to HLA typing has been successfully demonstrated by several
laboratories using DNA or RNA (Liu et al., 2018a; Liu, 20212018a; Lang et al., 2018; Montgomery
et al., 2019; De Santis et al., 2020;Mosbruger et al., 2020). Long read technology is beneficial and applicable
for HLA typing due to various advantages of the methodology, including shorter library preparation, real-
time base calling, shorter sequencing times, and potential cost savings. The main focus for rapid HLA
typing has been the development of an assay that yields high-resolution HLA typing in the time necessary
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for deceased donor allocation. Such an assay would enable improved
virtual crossmatching and epitope analysis (Garcia-Sanchez et al.,
2020).

A challenge with Oxford Nanopore Technologies (ONT)
sequencers is the relatively higher error rate compared to
traditional short-read sequencers. Short read platforms obtain
reads with an accuracy approaching 99.99%; however, ONT
sequencers achieve between 88–94% accuracy, depending on
the chemistry and flow cell used (Metzker, 2010; Liu et al.,
2021). One approach to reducing raw sequencing errors with
ONT sequencing is the attachment of random oligomers of DNA
to DNA or RNA before PCR amplification. The incorporation of
unique molecular identifiers (UMIs) in the initial library
preparation has become standard for single-cell analysis (Islam
et al., 2014; Chen et al., 2018). Application of UMI to a library
enables several benefits, including removal of PCR bias (Islam
et al., 2014), quantitation of input molecules (Kivioja et al., 2011;
Islam et al., 2014), and increased consensus read accuracy (Kou
et al., 2016).

There is growing evidence for the importance of HLA
expression in various diseases (Dendrou et al., 2018; Cornaby
& Weimer, 2020; Cornaby et al., 2021) and allele-specific
expression that influences T-cell activation (Gutierrez-Arcelus
et al., 2020). Allele-specific HLA expression has been studied
from single-cell sequencing data (Darby et al., 2020), and
Johansson et al. (Johansson et al., 2021) using short-read
sequencing, found variable allele-specific HLA mRNA
expression. HLA-DPB1 expression has been shown to
influence graft versus host disease (Apps et al., 2013;
Petersdorf et al., 2015). Recently, HLA expression has been
shown to impact solid organ recipient and deceased donor
immunologic compatibility (Badders et al., 2015; Montgomery
et al., 2019). However, there are no current approaches to
assess allele-specific HLA expression, protein, or transcript on
deceased donors before transplantation. With allele-specific
expression of donor antigens, virtual crossmatch predictions
could be more accurate, and patient risk stratification could be
assessed with more granularity.

Here, we describe an assay that provides high-resolution HLA
typing and allele-specific HLA expression within the time
constraints for deceased organ donor allocation. Using RNA and
the application of UMI to quantify the mRNA HLA expression, the
data demonstrate the variability of individual HLA allele groups.

MATERIALS AND METHODS

Samples
Eighteen unique samples were collected in acid citrate
dextrose (ACD) blood tubes from patients undergoing
evaluation for solid organ transplantation and healthy
donors. Patient and donor demographics are characterized
in Table 1. The table describes the patient cohort age, sex,
and race distribution. We had one patient among our cohort
who did not identify with any race and is referred to as race
unknown in Table 1.

DNA Extraction and Quantitation
Genomic DNA (gDNA) was isolated from peripheral blood
using Promega (Madison, WI) Maxwell RSC Whole blood
DNA kits according to the manufacturer’s instructions.
Briefly, 500 µL of the buffy coat or whole blood was added
to the RSC extraction cartridge, and 75 µL of nuclease-free
water (included in the kit) was added to the elution tube. The
cartridge was loaded onto the Maxwell RSC, resulting in
isolated gDNA that was ready for downstream
applications. Genomic DNA did not undergo any
additional purification and was quantitated using the
Quantus Fluorometer and Quantiflour ONE dsDNA system
by Promega (Madison, WI).

RNA Extraction and Purification
Total RNA was isolated from peripheral blood using
Promega (Madison, WI) Maxwell RSC SimplyRNA blood
kits according to the manufacturer’s instructions.
Briefly, 2.5 ml of whole blood was combined with 7.5 ml of
cell lysis solution and then incubated for 10 min at room
temperature. During this process, the red blood cells were
lysed, and the white blood cells remained intact. The solution
was spun for 10 min at 3,000 g, and the supernatant
was discarded. Two hundred microliters of chilled 1-
thioglycerol/homogenization solution, 200 µL of lysis buffer
and 25 µL of Proteinase K were added to the cell pellet,
mixed, and incubated at room temperature for 10 min. Ten
microliters of DNase I solution was added to the RSC
extraction cartridge in one of the chambers, and the cell
lysate was added to another. Fifty microliters of nuclease-
free water (included in the kit) was added to the elution
tube. The resulting total RNA was used for downstream
applications.

Some RNA samples underwent additional purification using
the Promega (Madison, WI) ReliaPrep RNA Cleanup and
Concentration System according to the manufacturer’s
instructions. Membrane binding solution was added to the
RNA at half the volume of the RNA (12.5 µL), and 100%
isopropanol was added at one and a half times the volume of
the RNA (37.5 µL). A series of washes and centrifugations were
performed with the provided column wash solution and RNA
wash solution, resulting in a final elution in 15 µL with nuclease-
free water.

TABLE 1 | Cohort sociodemographic characteristics.

Characteristic Values (N = 18)

Age, Median (Range) 53 (25–67)
Gender, Count (%)
Female 11 (61.1)
Male 7 (39.9)

Race, Count (%)
African American 11 (61.1)
European American 6 (33.3)
Unknown 1 (5.6)
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Measurement of RNA Quality and
Quantitation
RNA fragmentation and quantitation were determined using an
Agilent (Santa Clara, CA) TapeStation 4200 RNA ScreenTape
Assay following the manufacturer’s instructions. Briefly, 1 µL of
RNA was added to 5 µL of sample buffer and loaded into the
TapeStation. TapeStation plots the RNA fragment size (nt)
against the sample intensity (FU) and generates an RNA
integrity number (RIN). The TapeStation RNA ScreenTape
Assay separates, images, and analyzes RNA from 50–6,000 nt.
According to the manufacturer, the assay has a quantitative range
of 25–500 ng/μL and a quantitative precision of 10%CV. The RIN
functional range was 25–500 ng/μL. The RIN algorithm considers
the peak height of the 18S peak to the background signal to
calculate the RIN value for total RNA. RIN is on a scale of 1–10,
where 10 represents highly intact RNA and a low RIN indicates a
strongly degraded RNA sample.

cDNA Synthesis
cDNA synthesis was performed using the SuperScript IV First-
Strand Synthesis System (ThermoScientific, Waltham, MA). One
hundred nanograms of total RNA was combined with 1 µL of
10 mM dNTPs and 1 µL of 50 µM Oligo d(T)20 primer and
incubated for 5 min at 65°C and then placed on ice. A
reaction tube was made consisting of 4 µL 5x SSIV buffer, 1 µL
10 mM DTT, 1 µL Ribonuclease Inhibitor and 1 µL SuperScript
IV Reverse Transcriptase, resulting in reverse transcription (RT)
Reaction Mix. The reverse transcription (RT) reaction mix was
added to anneal RNA and then incubated at 53°C for 10 min
followed by 80°C for 10 min. This resulted in cDNA being used in
downstream applications.

HLA Unique Molecular Identifier Assay
A series of PCRs and purifications were utilized to achieve the
final enriched PCR product, which was an HLA-locus specific
UMI amplicon. One microliter of cDNA was combined with
7.5 µL 2x Platinum SuperFi II Green PCR master mix
(ThermoScientific), 0.6 µL each of HLA gene-specific forward
and reverse UMI tagged primers at a concentration of
10 µM(Bettinotti et al., 2003; Lank et al., 2012), 0.5 µL 25 mM
MgCl2 (ThermoScientific) and 4.9 µL of nuclease-free water
(Ambion Inc., Austin, TX). Each sample had an amplification
for HLA-A, HLA-B, HLA-C, HLA-DRB1/3/4/5, HLA-DQA1,
HLA-DQB1, HLA-DPA1, and HLA-DPB1, generating 8
amplicons per sample. PCR was performed with an initial
denaturation at 98°C for 3 min, followed by two cycles of
denaturation at 98°C for 30 s, annealing with a touchdown
from 66°C to 60°C with a ramp rate of 0.2°C/s holding at 60°C
for 60 s, and extension at 72°C for 90 s, with a final extension of
72°C for 5 min. The first PCR was followed by an enzymatic
removal of unincorporated gene-specific UMI primers by adding
1.5 µL of nuclease-free water and 0.75 µL each of thermolabile
exonuclease I (New England Biolabs, Ipswich, MA) and Quick
calf intestinal phosphatase (New England Biolabs) and then
incubated at 37°C for 15 min followed by enzyme inactivation
at 80°C for 2 min. To reduce off-target amplification, cleanup was

performed using a 0.6x ratio of solid-phase reversible
immobilization (SPRI) Select beads (Beckman Coulter, Brea,
CA) and two washes with 80% EtOH. Each amplicon was
eluted off the beads with 18 µL of nuclease-free water
(Ambion Inc.). The eluate was used in the second round of
PCR, where it was combined with 25 µL of 2x Platinum SuperFi II
Green PCR master mix, 0.5 µL each of 10 µM UVP forward and
reverse primers (Resource centre, 2017), 2 µL 25 mM MgCl2 and
4 µL of nuclease-free water. Thermal cycler conditions were initial
denaturation at 98°C for 3 min, followed by five cycles of
denaturation at 98°C for 30 s, annealing with a touchdown
from 70°C to 63°C with a ramp rate of 0.2°C/s holding at 63°C
for 10 s, extension at 72°C for 90 s, five cycles of denaturation at
98°C for 20 s with an extension of 72°C for 2 min and a final
extension at 72°C for 5 min. Another round of SPRI bead cleanup
using a 0.6x ratio and two washes with 80% EtOHwas performed.
The final round of PCR was performed using the eluate and 25 µL
of 2x Platinum SuperFi II Green PCR master mix, 0.5 µL each of
10 µM UVP forward and reverse primers, which was the same
master mix makeup that was used from the second round of
amplification. The PCR conditions were initial denaturation at
98°C for 3 min, 25 cycles of denaturation at 98°C for 20 s with an
extension at 72°C for 90 s, and a final extension at 72°C for 2 min.
A final SPRI bead cleanup, as previously described, was
performed using 80% EtOH washes.

Quantification and Dilution of Amplicons
Each PCR product was analyzed with the QuBit 2.0 fluorometer
(Thermo Fisher, Waltham, MA) dsDNA broad range (BR) assay.
A portion of each PCR product was diluted with nuclease-free
water to an estimated concentration of 20 ng/μL in 20 µL. A
subsequent QuBit analysis was performed with the dsDNA BR
assay to assure accurate concentrations in the library preparation.

Library Preparation
HLA gene-specific amplicons for one sample (8 HLA loci) were
combined into one tube in an equal molar ratio based on their
femtomolar (fmol) concentration. A total of 350–400 fmol was
targeted for each sample, and the volume was brought to 48 µL
with nuclease-free water. Libraries were prepared according to the
Native Barcoding Amplicons protocol using the Ligation
Sequencing kit (SQK-LSK109) and Native Barcoding
Expansion Kits (EXP-NBD104 and EXP-NBD114) from
Oxford Nanopore Technologies (Oxford, United Kingdom) as
follows. For a given sample, the HLA loci were pooled on an
equimolar basis. In a PCR tube, 48 µL of pooled amplicon DNA,
3.5 µL NEB Next FFPE DNA Repair Buffer (New England
Biolabs, Ipswich, MA), 2 µL NEB Next FFPE DNA Repair Mix
(New England Biolabs), 3.5 µL Ultra II End-prep reaction buffer
(New England Biolabs) and 3 µL Ultra II End-prep enzyme mix
(New England Biolabs) were combined. Samples were mixed
gently, spun down, and incubated at 20°C for 5 min and then 65°C
for 5 min. A bead-based cleanup was performed using SPRI Select
beads at a 1:1 ratio, and two washes were performed using 70%
EtOH. Samples were eluted in 25 µL of nuclease-free water and
then quantified using the QuBit dsDNA high sensitivity (HS)
assay (ThermoScientific). Each sample was given a unique
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barcode utilizing the Native Barcoding Expansion Kit. A target of
150–300 fmol in a volume of 22.5 µL for each sample was used
and combined with 2.5 µL of native barcode and 25 µL Blunt/TA
Ligase Master Mix (New England Biolabs) and was mixed by
pipetting and incubated at room temperature for 10 min. A bead-
based cleanup was performed using SPRI Select beads at a 1:1
ratio (50 µL), and two washes were performed using 70% EtOH.
Samples were eluted in 26 µL of nuclease-free water and
quantified using the QuBit dsDNA HS assay. Equimolar
amounts of each barcoded sample were pooled together into a
1.5 ml tube with a target of 350–400 fmol for the pool. The pool
was brought up to 65 µL with nuclease-free water, to which 5 µL
of Adapter Mix, 20 µL 5x NEBNext Quick Ligation Reaction
Buffer (New England Biolabs), and 10 µL Quick T4 DNA Ligase
(New England Biolabs) was added, mixed gently and incubated at
room temperature for 10 min. Fifty microliters of SPRI Select
beads was added to the tube, pipetted, and incubated on a rotator
for 5 min. Tubes were placed on a magnetic rack for the beads to
pellet, and the supernatant was pipetted off. Two washes using
250 µL each of short fragment buffer from the Ligation
Sequencing Kit were performed. Final elution was performed
using 15 µL of elution buffer from the Ligation Sequencing Kit
and incubated for 10 min at room temperature. The final library
was quantified with the QuBit dsDNA HS assay. Then, 100 fmol
of the final library was used for sequencing. Sequencing was
performed using a MinION R10.3 flow cell and loaded on the
MinION Mk1C (Oxford Nanopore Technologies) with firmware
version MinION FPGA 2.3.2 and MinKNOW version 21.02.2
using the high-accuracy basecalling module. Samples were run
individually and in batches containing up to seven pooled
samples.

Reference HLA Genotyping
Isolated gDNAwas HLA genotyped using the AlloSeq Tx17 assay
(Care Dx, Brisbane, CA). Ten microliters of gDNA with a
concentration of at least 10 ng/μL was utilized, and samples
were prepared following the manufacturer’s instructions. First,
a tagmentation step is performed on the gDNA, followed
immediately by indexing PCR, which barcodes each sample.
Double-tailed size selection and purification with SPRI beads
(CareDx) were performed to target only the fragments of DNA of
appropriate size. Samples were then combined (pooled) with up
to 12 samples per pool. Pools were hybridized with the AlloSeq
Tx17 probe panel with a slow ramp down from 98°C to 62°C
ending with incubation at 62°C for at least 90 min and up to
overnight. The 17 probes included in the AlloSeq Tx17 are
designed to hybridize to the HLA-A, -B, -C, -E, -F, G, -H,
-DRB1, -DRB3, -DRB4, -DRB5, -DQA1, -DQB1, -DPA1,
-DPB1, MICA, and MICB loci. While the kit contains probes
for these 17 loci, the 11 classical HLA loci were used for
comparative analysis. A series of stringent washes with
suppled buffers were performed post hybridization to capture
the targets correctly. This was followed by a short enrichment
PCR and postamplification cleanup per the manufacturer’s
instructions using provided SPRI beads and 80% EtOH.
Libraries were quantitated via Qubit dsDNA BR Assay.
Sequencing was performed using the MiSeq platform

(Illumina, San Diego, CA) with libraries denatured and diluted
to 20 pM, and a 1% concentration of PhiX was added. A MiSeq
cartridge with v2 chemistry and a microflow cell were utilized
with 2 × 150 sequencing.

Bioinformatics
All sequencing files for a patient were combined and used to
generate consensus sequences based on the minimum number of
reads grouped by UMI. Experiments used a minimum read of 1
per UMI (min1) or 10 (min10), which is a UMI group.
Additionally, using a UMI group of 1 enables PCR
deduplication. Adapters, primer sequences, and sample
barcodes were removed using porechop (Wick et al., 2018;
Hughes et al., 2020). UMI grouping was performed using
vsearch (Rognes et al., 2016), and consensus sequences were
generated using Medaka (version 1.1.3) (Xu et al., 2020).
Consensus sequences generated were used for subsequent
downstream analysis. The consensus sequence generation code
is available at https://github.com/nanoporetech/pipeline-umi-
amplicon/tree/cdna-no-mapping.

RNA-Seq HLA Typing and Allele-Specific
Transcript Quantitation
HLA typing was performed using (Liu et al., 2018b; Liu & Berry,
2020) a modified version of NGSEngine enabling cDNA as the
input sequence (GenDx, Chicago, IL). When performing the
assay, both pipelines were used to complement each other to
achieve the genotyping results that were generated using
NGSEngine without manual adjustments. The UMI count for
each HLA allele was generated from the number of consensus
reads, each associated with a unique UMI, which aligned to an
allele using the Athlon2 pipeline (Liu, 2021). The alignment was
implemented using minimap2 version 2.17 (Li, 2018) and cDNA
sequences from the IPD-IMGT/HLA database v3.38. The
accuracy of consensus reads from different UMI group sizes
(i.e., min1 versus min10) was calculated as a percentage of the
number of matching bases over the length of the alignment
region.

Normalization of Unique Molecular
Identifier Counts and mRNA Transcripts
To normalize UMI counts across patients, as previously described
in Johansson et al. (Johansson et al., 2021). Briefly, the sum of
each HLA gene-specific UMI count was divided by the allele-
specific UMI count, multiplied by the total UMI count for the
patient, and scaled to 1 million reads. The output was then
transformed using log base 2.

Statistical Analysis
Statistical analysis was performed using R (version 4.1.1) and
GraphPad Prism (version 9.3.1). One-way analysis of variance
using Geisser-Greenhouse correction, followed by the Tukey
multiple-comparisons test. Linear regression was used to
evaluate correlation with R2 values derived from the
Pearson correlation coefficient. The Kruskal–Wallis test,
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paired t test, independent t test, and Mann–Whitney U t test
were utilized to determine statistical significance as
appropriate. p values that were <0.05 were considered
statistically significant.

4 RESULTS

Our main study objective was to further evaluate whether long-
read RNA sequencing could be utilized for rapid HLA
genotyping and HLA RNA transcript expression. The overall
assay schematic is shown in Figure 1. In short, total RNA was
isolated from peripheral blood, and a portion of the total RNA
was purified. RNA fragmentation and quantitation were

determined, and an RNA integrity number (RIN) was
calculated for each sample based on RNA fragment size and
sample band intensity. The RIN value is on a scale of 1–10,
where 10 represents highly intact RNA and a low RIN indicates a
more fragmented RNA sample. cDNA synthesis was then
performed, after which PCR amplification and purification
were utilized to achieve the final enriched HLA-locus specific
UMI tagged amplicon. The HLA gene-specific amplicons for
each patient were then used for library preparation and
barcoding for use on the Oxford Nanopore Technologies
(ONT) platform. The final library with a target of 100 fmol
was used for sequencing, which was performed using the
MinION R10.3 Flow Cell and loaded on the MinION Mk1C
using the high-accuracy base calling module.

FIGURE 1 | Patient sample workflow for RNA isolation, library preparation, and resultant HLA typing as described based on consensus sequence generation. In
short, total RNA was isolated from peripheral blood, and a portion of the total RNA was purified. RNA fragmentation and quantitation were determined, and an RNA
integrity number (RIN) was calculated for each sample. cDNA synthesis was then performed, after which PCR amplification and purification were utilized to achieve the
final enriched HLA-locus specific UMI tagged amplicon. The HLA gene-specific amplicons for each patient were then used for library preparation and bar coding
with the Oxford Nanopore Technologies (ONT) platform. Sequencing was performed using the MinION R10.3 Flow Cell and loaded on the MinION Mk1C using the high-
accuracy base calling module. The NGSengine bioinformatics pipeline was then utilized to provide HLA typing and Athlon2 was used to generate HLA allele-specific UMI
counts.
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In our cohort of 18 patients, the count of different alleles was
as follows: 12 (HLA-A), 17 (HLA-B), 12 (HLA-C), 3 (HLA-DPA1),
12 (HLA-DPB1), 5 (HLA-DQA1), 5 (HLA-DQB1), 11 (HLA-
DRB1), 3 (HLA-DRB3), 1 (HLA-DRB4), and 1 (HLA-DRB5).
Our patient median age was 53 years old, with ages ranging
from 25 to 67 years of age. Of our patients, 61.1% were female
(Table 1). Our cohort included patients of African American and
European American ethnicities, with the majority of our patients
being of African American ethnicity or descent (61.1%).

Metrics for cDNA-Based HLA Typing on the
ONT Platform
To better assess the quality of RNA samples obtained from our
patient samples, isolated RNA from each patient was measured by
the TapeStation 4200 (Agilent), and an RNA Integrity Number
(RIN) was calculated from the band density and sample
fragmentation (Figure 2A). Our patient samples displayed a
heterogeneous distribution of RIN values ranging from 3.0 to
8.1, with a median RIN value of 4.9. We also wanted to assess the
efficiency of UMI tagging in the assay. To this end, the total reads
for each patient were quantified, and the proportion of those
reads that contained a UMI was determined (Figure 2B). Samples
with higher total reads tended to have a higher proportion of
UMI. More importantly, all patient sample sequences
demonstrated that the majority of reads acquired were UMI

labeled, with the proportion of reads that were UMI tagged
ranging from 57.2% to 75.0% (Figure 2B).

To investigate and assess the collection of reads obtained from the
classical HLA loci, we investigated the proportion of reads mapped
to each of the classical HLA loci of the total reads sequenced
(Figure 2C). Most samples exhibited the highest proportion of
reads from the class I HLA loci HLA-A, -B, and -C, with class II
HLA loci displaying a much lower proportion of total reads on
average. To determine if sample RIN influenced the proportion of
reads obtained across the classical HLA loci, the distribution of reads
across the HLA loci was compared with the RIN value for each
patient sample (Figure 2D). The data are heterogeneous. Nearly all
samples, those with lower and higher RIN values, shared similar
distributions of sequencing reads across the HLA loci, with a higher
proportion of class I HLA loci compared to class II HLA loci.

To further evaluate whether relative amounts of RNA input
might influence the alignment ability of the assay, we compared the
TapeStation band density as measured by sample fluorescent
intensity to the percentage of reads that were UMI identified and
able to be mapped to HLA loci. All of the HLA loci demonstrated a
similar trend with samples that had a higher band density also
displaying a greater proportion of reads that were able to be aligned
for class I (Figure 2E) and class II (Figure 2F). Since the band
density demonstrated this trend, we wanted to ascertain if sample
fragmentation influenced the mapping of reads to specific HLA loci.
To do this, we investigated the percentage of reads that were aligned

FIGURE 2 | Metrics for HLA typing using unique molecular identifier-tagged RNA demonstrates that as fragmentation decreases, more reads are obtained for
sequencing, and a greater proportion of reads can be mapped to HLA loci of interest. (A) Calculated RNA integrity numbers for each patient sample with their measured
band density post isolation and clean-up. (B) Sample sequencing reads acquired and the proportion of the reads that contain recognized UMI barcodes. (C) The
proportion of reads per classical HLA locus per patient sample as counted using UMI reads. (D) The proportion of reads for each HLA locus compared to the
calculated RNA integrity number for each patient sample. (E) The percentage of cDNA reads obtained that could be mapped to the HLA loci obtained during sequencing
and their respective calculated sample RNA integrity numbers. (F) Read accuracy calculated for the minimum number of UMIs required for each HLA locus and sample
after concatenation of cDNA reads to consensus sequences. The percentage of (G) class I and (H) class II HLA-specific reads mapped compared to input isolated RNA
measured band density (****p value <0.001).
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to HLA loci and compared those values to the patient sample RIN
value (Figure 2G). Our samples showed a wide range of reads that
could be mapped to HLA loci, ranging from 49% to 92%. While the
R2 value derived from comparing the RIN value to the percentage of

UMI tagged reads that are mapped to HLA loci is rather poor
(Pearson r, R2 = 0.075), there does appear to be a trend that is
noticeable when examining the results (Pearson r, p value = 0.0001).
This comparison demonstrates that there could be a correlation

FIGURE 3 | RNA expression of the patient cohort as counted by unique molecular identifier. (A) The normalized UMI count distribution for each patient sample
corresponding to the calculated RNA integrity number. (B) The distribution of the normalized UMI counts across several representative patient HLA alleles and their
corresponding calculated RNA integrity numbers. All nine of these patient samples were used to evaluate interassay precision, and these data are reflected on the
respective patient plots. (C) Normalized UMI counts at each of the classical HLA loci (*p value <0.05, **p value <0.01). (D) The distribution of the UMI counts
obtained for each HLA allele typed for the classical HLA loci for the study patient cohort.
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between the fragmentation of samples and the ability of the samples
to be successfully aligned to HLA loci. This trend implies that HLA
loci from patient samples with a higher RIN result in a greater
proportion of reads that can be successfully mapped.

HLA Genotyping
As described in the Methods section and similar to other NGS
sequencing assays, this assay utilizes UMIs to tag unique transcripts
to quantity them and generate a consensus sequence of each unique
transcript. The consensus sequences are generated by grouping
sequences tagged with the same UMI. The number of reads
within a specific UMI is used to set the minimum number of
reads required to create the consensus sequence. To evaluate the
accuracy of different UMI group thresholds, the accuracy of patient
HLA typing using a minimum UMI read count of 1 (min1) and a
minimum UMI read count of 10 (min10) were evaluated
(Figure 2H). Not unexpectedly, the output consequence accuracy
was significantly higher (p < 0.0001) for a min10 (98.7%) than for a
min1 (95.9%) (Figure 2H).

To evaluate the typing concordance of our assay, we compared
the resultant HLA genotype using the NGSengine bioinformatics
pipeline to each patient’s reference typing results (Table 2). In our
study, 18 unique patient samples, each of which was typed for 8 to
9 HLA loci per patient, provided a total typing of 314 HLA alleles.
Overall, the accuracy was 99.68% (313/314), excluding the
genotyping of a DRB5 null allele. The only discrepant typing
was one at DQA1, with the reference typing being a DQA1*05:05:
01 and the assay resulting the allele as a DQA1*01:01:01.

Expression of RNA Transcripts at Classical
HLA Class I and Class II Loci
Previous studies have evaluated using RNA-Seq to provide HLA
typing. This study evaluated both the ability to provide HLA typing
and HLA allele-specific expression using RNA-Seq. The expression
of HLA transcripts was determined by counting the UMI-tagged
HLA-specific reads and is described in detail in the methods section.
This method was based on Johansson et al.(Johansson et al., 2021)
and other allele-specific RNA-Seq expression studies. In this way, the
UMI count for all patient samples was normalized for each HLA
locus and read depth (Figure 3), the distribution of which was
examined for each patient in our cohort (Figure 3A).

When comparing the expression of transcripts, higher transcript
levels were associated with class I transcripts compared to class II
transcripts (Figure 3B). This trend appears to be independent of
sample RIN values, as samples with both high RIN and low RIN
values exhibit this pattern of expression. Figure 3B also displays the
interassay precision analysis. To this end, 16 of the 18 samples were
repeatedly tested using the same input RNA as previously utilized for
the primary patient runs. Identical typing results were obtained for
the 16 patients, and no discrepancies were noted in the second field
of HLA typing resolution. Evaluating the precision comparing the
first and subsequent RNA-Seq HLA locus expression results, it was
found that they were fairly similar for the class I loci, with the
variation being only 7.37%, 6.48%, and 7.28% at theHLA-A, -B, and
-C loci, respectively. There was more variation observed in the class

II loci, with the lowest coefficient of variation of 24.27% noted for the
DRB1 locus. The expression of the other class II loci showed
variation ranging from 34.32% at DPB1 to 56.93% at the
DQA1 locus.

Of the class II loci, varying degrees of expression were observed.
DRB1 alleles demonstrated consistently high levels of transcripts and
were significantly higher than DQB1, DQA1, and DRB3/4/5
transcripts (Mann–Whitney U, p value = 0.0139, p value =
0.0054, and p value <0.0001, respectively) but did not have
significantly different transcript levels compared to DPA1 and
DPB1 alleles. Of interest, there was some heterogeneity in HLA
expression observed among patients in our cohort for class I and
class II (Figure 3C). For example, patient cDNA062 demonstrated
higher expression ofDPB1, DQB1, and DQA1 transcripts compared
to all other loci, includingHLA-A, -B, andDRB1 loci. A patient who
exhibited expression patterns that were abnormal from the pattern of
expression exhibited by the other patients was cDNA071. This
patient had DRB1, DPB1, and DPA1 transcript levels that were
equally as high as the HLA-A and -B transcripts by UMI count.

We also wanted to examine the variability of expression
between HLA alleles of the different loci (Figure 3D). It was
noted that there was greater variance observed in class II loci for
our cohort of patients compared to class I loci (Mann–Whitney
U, p value = 0.0238), with class I loci demonstrating an average
variation of 8.22% contrasted by the class II loci, which had an
average expression variation of nearly 50.59%. Of the class II loci,
the DRB1 alleles demonstrated the least amount of variance,
30.12%, and DRB3/4/5, DQB1, and DQA1 exhibited the greatest
amount of variance at 59.40%, 51.51%, and 71.63%, respectively.

To investigate whether lower input amounts of cDNA might
be responsible for the desperate variance observed between class I
and class II, 9 of the 18 samples were repeated using twice the
volume, doubling the amount of cDNA used initially. While the
doubling of input cDNA did increase the UMI count of some of
the class II transcripts, the increase was not significantly different
for any of class I or class II HLA loci except for the DPA1 locus
(Supplementary Figure S1). Transcripts at theDPA1 locus where
transcript expression significantly increased by 18.96% on
average (paired t test, p value = 0.034).

DISCUSSION

Our study presents an RNA-Seq assay approach that can provide
HLA genotyping and mRNA expression levels of the classical HLA
loci as calculated by UMI counting of the HLA loci reads, which has
been demonstrated to be effective in other studies (Johansson et al.,
2021). This method displays excellent accuracy and concordance
with the NGS reference typing obtained using Illumina sequencing.
The high accuracy is in part a result of setting a minimum threshold
to ensure that a high enough number of unique UMIs are utilized to
create the allele consensus sequence that is then used to derive the
HLA genotyping. The assay had an overall HLA typing accuracy of
99.68% with one discrepant typing. Our discrepant typing was a
DQA1*05:05:01 that was called a DQA1*01:01:01. Other samples
with the same DQA1 allele were typed using our RNA-Seq method.
Upon investigation, we concluded that the discrepant typing results
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were likely related to sample collection, as repeat testing did not
resolve this particular discrepancy. There was a second typing;
however, it is not considered to be discrepant by this technique.
This typing was a DRB5*01:08:01N where no transcripts were
identified by RNA-Seq, even after repeat testing was performed.
While mRNA transcripts of this null allele are likely produced,
transcript levels were likely extremely low, possibly due to
intracellular degradation as a result of its early transcript
termination (Voorter et al., 1997; Barsakis et al., 2019). This is a
limitation for any RNA-based HLA typing method compared to a
genomic DNA NGS typing method. It is possible that null alleles
with highly degraded or nomRNA expression would fail to be typed
due to the nature of the typingmethodology. This would have low to
no clinical impact as null alleles do not demonstrate surface
expression on donor tissue. As this is the case, not providing
typing for null alleles would not impact clinical practice or
patient outcomes in any way. However, the assay does perform
well with relatively low transcript levels. Deceased donor typing or
smaller batched runs should have less difficulty with low transcript
levels as more reads can be acquired, increasing the depth of
coverage, which should ameliorate this problem. We also had
several samples where one allele portion was extremely low,
ranging between 8.1% and 18.9% of all reads aligned to the locus.
Eight of the nine (88.9%) samples where this low allele proportion
was observed occurred at the DQA1 locus with the remnant one at
the HLA-B locus.

As we have observed in our patient cohort and from other
studies investigating the expression of HLA loci, DQA1 is one of
the classical HLA loci with the lowest amount of mRNA
expression (Johansson et al., 2021). As a result, it is not
surprising that this HLA locus resulted in a discrepancy and
that this was also the HLA locus that demonstrated the most
allelic imbalance for several samples. Additionally, this could be
the result of batching many patients per run using this method. If
this method were performed for just one or two donors per ONT
run, as would normally be performed for deceased donor typing
by other methods, more reads could be obtained per patient
sample, and the likelihood of dropout, allelic imbalance, or
mistyping as a result of low transcript levels could be mitigated.

Aside from HLA genotyping, this RNA-Seq method also
provides HLA allele mRNA transcript expression. Nearly all of
our patient samples had a greater amount of UMI-counted reads
from the class I HLA loci HLA-A, -B, and -C, with class II HLA
loci displaying a lower proportion of total reads on average. These
findings are consistent with what we would expect given the
difference in the proportion of cells in the peripheral blood. We
would expect that since our RNA was extracted from peripheral
blood, there should be more class I mRNA transcripts than class
II transcripts given the larger proportion of class I-expressing
cells compared to class II-expressing cells. Our experimental
results are similar to those of Johansson et al., who also
utilized an RNA-Seq method to investigate HLA transcript
levels (Johansson et al., 2021). As in their study, we found that
class I locus transcripts were more abundantly expressed than
class II transcripts. However, in our cohort of patients, we found
that of our class I alleles, both the HLA-A and -B loci have higher
expression than HLA-C. Their study cohort demonstrated lower

transcripts of HLA-A, with HLA-C having the highest amount of
transcripts of all the HLA loci that they evaluated. This difference
is likely due to the population demographic differences between
the studies. There is evidence that the HLA haplotype is more
associated with HLA-C mRNA expression than with allotype or
polymorphisms (Bettens et al., 2014). Additionally, it has been
demonstrated that age likely influences HLA mRNA transcript
levels for HLA class I loci (le Morvan et al., 2001).

This could also be related to the difference in methodology
utilized between the studies. The method utilized by Johansson
et al. uses a UMI that is attached to the 5′ end of the RNA
transcripts using a template-switching oligo (TSO) during first-
strand synthesis. This is then followed by amplification of the full-
length cDNA. Our method performs cDNA synthesis as usual per
the manufacturer’s instructions and then attaches the UMI to the
5′ end of the transcript after cDNA is synthesized and during
PCR enrichment instead. We found that by attaching the UMI
during the PCR enrichment step rather than during cDNA
synthesis, we were able to obtain a higher UMI labeling
efficiency. However, this difference in protocol might explain,
at least in part, the different class I mRNA expression results
observed in our patient samples.

However, the class II findings between this study and that of
Johansson et al. are extremely similar. Our study provides mRNA
expression data for the DRB3/4/5 loci. While the expression of
mRNA transcripts at the DRB5 locus is fairly heterogeneous, the
DRB3 and DRB4 loci demonstrate much less variance of expression.
However, for most patients, these transcripts are some of the least
abundant measured HLA loci examined. These results are
concordant with studies that have investigated the expression of
DRB3/4/5 and compared it to the expression of mRNA transcripts at
DRB1, mainly showing that DRB1 transcripts are typically more
abundant in lymphocytes than DRB3/4/5 transcripts (Emery et al.,
1993; Faner et al., 2010).

This assay does display increased variance between patient
samples at the DPB1, DPA1, DQB1, and DQA1 loci. This
variance is likely a consequence of two factors. First, it is
known that these loci exhibit lower expression than other HLA
loci in certain patients and could also be due to allele-specific
transcript expression, resulting in higher variance between
patient samples. Second, these class II loci transcripts are
only expressed by antigen presenting cells, which likely
represent the minority of cells from which RNA was
harvested. The proportion of these cells in the peripheral
blood could also be different between patients, resulting in
the high variance observed between patient samples that share
the same DP and DQ alleles.

The mRNA expression obtained with this type of assay can
contribute in several areas of transplant medicine. Quantification,
or even just relative quantitation, of mRNA transcripts for each
locus of a patient can assist in improving the evaluation for donor
organ rejection based on the immunologic risk profile of the
selected recipient. While elevated mRNA transcript levels do not
always ensure elevated protein levels, there is an association that
most elevated transcript levels result in elevated translation of
transcripts into protein. As a result, understanding which
transcripts are highly elevated can help predict which proteins
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would most likely be most prevalent on the surface of donor cells.
As an example, in general, we expect thatHLA-C is less expressed
on the cell surface and is also typically less immunogenic;
however, one of our patients displayed the highest count of
mRNA transcripts for one of the HLA-C alleles compared to
all other loci. These findings could suggest that theHLA-C loci for
this patient might be more immunogenic due to the probably
elevated amounts of allelicHLA-C expressed for the donor or that
it might be more prudent to identify a matching donor at the
HLA-C locus to alleviate potentially more risk at this HLA locus.
This same principle could apply to any of the HLA loci where
elevated levels of mRNA transcription might suggest an increased
immunologic risk for donor-recipient pairs.

These assay results are extremely encouraging considering
that both highly accurate HLA genotyping and RNA expression
were able to be derived from samples that showed both low and
high RIN values. Sometimes obtaining samples or utilizing
different sample types for DNA- or RNA-based assays can be
rather challenging. Understanding that this assay can provide
reliable results even from highly fragmented RNA samples
allows for the possibility that this assay could be used to
provide HLA typing and gene expression on alternate sample
types where RNA yield is very fragmented, such as in the case of
RNA isolation from formalin-fixed paraffin-embedded (FFPE)
tissue samples (Levin et al., 2020; Shi et al., 2021). This would
allow laboratories to obtain HLA typing and transcript
expression from tissue biopsy samples if there were the need
to investigate patient physical crossmatch and HLA antibody
test results. While our most fragmented samples with RIN
values of 3 were able to achieve accurate HLA typing results,
it is likely that samples with lower RIN values, exhibiting even
more fragmentation, have an increased risk of HLA typing
failure.

These results could assist in providing more accuracy and
sensitivity for virtual crossmatch determinations (Garcia-Sanchez
et al., 2020). By understanding the relative transcript levels or
proportion of HLA allele transcript counts, centers would have
the ability to use preexisting HLA antibody testing data to better
identify which donor antigens are likely to result in a positive
physical crossmatch given levels of mRNA expression
(Montgomery et al., 2019; Weimer & Newhall, 2019). If a
donor has relatively low amounts so mRNA transcripts of a
given allele(s) that would otherwise have been assumed to be
higher, a negative crossmatch determination could be made with
higher confidence. The inverse of this would also be likely true as
well, with abnormally increased mRNA transcripts observed, a
positive crossmatch could be predicted with a higher level of
confidence. This assay is a tool for enabling a better
understanding of how allele-specific HLA transcript expression
impacts transplant compatibility and outcomes. More studies are
needed to elicit the exact nature of how HLA transcript levels
impact immunologic compatibility.

A final advantage to utilizing this assay for clinical typing in
the future is the advantage of turnaround times. Using the ONT
platform, the assay has a turnaround time of 7–8 h from receipt of
the sample in the laboratory to evaluation of final HLA typing
results and HLAmRNA expression levels. This is shorter than the

time required for current NGS methods used in the clinical
transplant medicine laboratory, which normally requires
approximately 18–24 h based on the NGS method utilized.
Compared with AlloSeq hybrid capture NGS HLA typing, this
assay is quite rapid (Figure 1), providing complete HLA typing
and transcript expression in 6.5–7 h. Compared to the most rapid
methods of obtaining deceased donor typing using real-time
polymerase chain reaction (RT–PCR) or sequence-specific
oligonucleotide (SSO), this assay is slightly more time
consuming by several hours. However, the additional
information gained, high resolution typing and donor HLA
transcript expression would be beneficial and worth the
additional assay time. With this RNA-Seq workflow timeline, a
deceased donor could be typed, and HLA mRNA expression
levels could be calculated to provide this additional information
to better help transplant centers assess the immunologic risk of a
donor-recipient pair. Additionally, donor transcript expression in
conjunction with recipient anti-HLA antibody status could be
utilized together to provide better virtual crossmatch predictions
(Montgomery et al., 2019). The assay could also be utilized for
typing living donors. Our patients were typed using batches of up
to seven patients. However, the assay has the potential to be scaled
up to accommodate a higher number of patient batches if
necessary.

n this study, we describe a novel assay that provides high-
resolution HLA typing and allele-specific HLA expression
within the time constraints for deceased organ donor
allocation. While the assay may not provide immediate
benefits for the current organ allocation scheme, it would
provide additional important information for transplant
centers to utilize when deciding if an organ donor would be
appropriate for their recipient. Currently, the United States
United Network for Organ Sharing (UNOS) instructs that six
antigen-matched organs be given elevated priority. While only a
small portion of deceased donor kidneys are well matched, this
assay would help provide additional information about the
patient typing and potential protein expression that will
allow individual centers to risk stratify their candidates for
the organ offer with this additional information. The assay
demonstrates reliable HLA typing performance even with
samples that exhibit a high degree of fragmentation. This has
major implications for the transplant laboratory, which often
receives patient samples that are not of the highest quality but
must be utilized due to time constraints or a lack of better
patient samples. Additionally, using this method, it might be
possible to provide typing for donors from FFPE slides or tissue
samples that display a high degree of fragmentation. Utilizing
RNA and the application of UMI counting to quantify the
mRNA HLA expression, the data demonstrate the variability
of individual HLA allele groups among individuals. The assay
results may be essential in both solid organ and hematopoietic
stem cell transplants as well other areas of medicine in providing
additional information to further evaluate and risk-stratify
donor and recipient pairs.

Our study is limited in that it used peripheral blood cells for
HLA transcript expression. As described earlier in the article, this
is likely why there is an increased amount of class I mRNA
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transcripts compared to class II transcripts. There is no way to
adequately predict how the cellular components of each patient
influenced the mRNA transcript levels calculated, but this likely
influenced the transcript expression of each patient. A final
limitation was that our study was restricted to only a small
cohort of patients.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because
aspects of the data are under pending patent approval. Requests to
access the datasets should be directed to eric_weimer@med.unc.edu.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the University of North Carolina internal review
board (IRB# 18-0691). Written informed consent for
participation was not required for this study in accordance with
the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

EW was the primary investigator responsible for experimental
design and funding, oversight, data review, data analysis,

manuscript composition, and manuscript review. MM was
responsible for sample procurement, data collection, data.
CC was responsible for figures and manuscript composition
and review. CL was responsible for Athlon2 bioinformatic
analysis of sequence data, review, and drafting of the
manuscript. CC provided data review, data analysis,
drafting of the manuscript, and revisions of the manuscript.
CL was responsible for the bioinformatic analysis and
technical consultation.

FUNDING

Internal institutional funding was used to fund EW and CC. CL
has NIH NIAID award number R41 AI42919-01.

ACKNOWLEDGMENTS

We would like to thank the staff at the HLA McLendon
laboratories, UNC Hospital for their assistance.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.901377/
full#supplementary-material

REFERENCES

Apps, R., Qi, Y., Carlson, J. M., Chen, H., Gao, X., Thomas, R., et al. (2013).
Influence of HLA-C Expression Level on HIV Control. Science 340 (6128),
87–91. doi:10.1126/SCIENCE.1232685/SUPPL_FILE/APPS_SM.PDF

Badders, J. L., Jones, J. A., Jeresano, M. E., Schillinger, K. P., and Jackson, A. M.
(2015). Variable HLA Expression on Deceased Donor Lymphocytes: Not All
Crossmatches Are Created Equal. Hum. Immunol. 76 (11), 795–800. doi:10.
1016/j.humimm.2015.09.029

Barsakis, K., Babrzadeh, F., Chi, A., Mallempati, K., Pickle, W., Mindrinos, M.,
et al. (2019). Complete Nucleotide Sequence Characterization of DRB5
Alleles Reveals a Homogeneous Allele Group that Is Distinct from Other
DRB Genes. Hum. Immunol. 80 (7), 437–448. doi:10.1016/J.HUMIMM.
2019.04.001

Bettens, F., Brunet, L., and Tiercy, J. M. (2014). High-allelic Variability in HLA-C
mRNA Expression: Association with HLA-Extended Haplotypes. Genes &
Immun. 15 (33), 176–181. doi:10.1038/gene.2014.1

Bettinotti, M. P., Hadzikadic, L., Ruppe, E., Dhillon, G., Stroncek, D. S., and
Marincola, F. M. (2003). New HLA-A, -B, and -C Locus-specific Primers for
PCR Amplification from cDNA: Application in Clinical Immunology.
J. Immunol. Methods 279 (1–2), 143–148. doi:10.1016/S0022-1759(03)00233-3

Chen, W., Li, Y., Easton, J., Finkelstein, D., Wu, G., and Chen, X. (2018). UMI-
count Modeling and Differential Expression Analysis for Single-Cell RNA
Sequencing. Genome Biol. 19 (11), 1–17. doi:10.1186/S13059-018-1438-9

Cornaby, C., Schmitz, J. L., and Weimer, E. T. (2021). Next-generation Sequencing
and Clinical Histocompatibility Testing. Hum. Immunol. 82 (11), 829–837.
doi:10.1016/J.HUMIMM.2021.08.009

Cornaby, C., and Weimer, E. T. (2020). HLA Typing by Next-Generation
Sequencing. Adv. Mol. Pathology 3, 199–205. doi:10.1016/j.yamp.2020.07.015

Darby, C. A., Stubbington, M. J. T., Marks, P. J., Martínez Barrio, Á., and Fiddes, I.
T. (2020). scHLAcount: Allele-specific HLA Expression from Single-Cell Gene

Expression Data. Bioinformatics 36 (12), 3905–3906. doi:10.1093/
BIOINFORMATICS/BTAA264

De Santis, D., Truong, L., Martinez, P., and D’Orsogna, L. (2020). Rapid High-
resolution HLA Genotyping by MinION Oxford Nanopore Sequencing for
Deceased Donor Organ Allocation. HLA 96 (2), 141–162. doi:10.1111/tan.
13901

Dendrou, C. A., Petersen, J., Rossjohn, J., and Fugger, L. (2018). HLAVariation and
Disease. Nat. Rev. Immunol. 18 (55), 325–339. doi:10.1038/nri.2017.143

Emery, P., Mach, B., and Reith, W. (1993). The Different Level of Expression of
HLA-DRB1 and -DRB3 Genes Is Controlled by Conserved Isotypic Differences
in Promoter Sequence. Hum. Immunol. 38 (2), 137–147. doi:10.1016/0198-
8859(93)90531-5

Faner, R., James, E., Huston, L., Pujol-Borrel, R., Kwok, W. W., and Juan, M.
(2010). Reassessing the Role of HLA-DRB3 T-Cell Responses: Evidence for
Significant Expression and Complementary Antigen Presentation. Eur.
J. Immunol. 40 (1), 91–102. doi:10.1002/EJI.200939225

Garcia-Sanchez, C., Usenko, C. Y., Herrera, N. D., and Tambur, A. R. (2020). The
Shared Epitope Phenomenon-A Potential Impediment to Virtual Crossmatch
Accuracy. Clin. Transplant. 34 (8), e13906. doi:10.1111/CTR.13906

Gutierrez-Arcelus, M., Baglaenko, Y., Arora, J., Hannes, S., Luo, Y., Amariuta, T.,
et al. (2020). Allele-specific Expression Changes Dynamically during T-Cell
Activation in HLA andOther Autoimmune Loci.Nat. Genet. 52 (3), 247. doi:10.
1038/S41588-020-0579-4

Hughes, A. E. O., Montgomery, M. C., Liu, C., and Weimer, E. T. (2020).
Quantification of Allele-specific HLA Expression with Nanopore Long-Read
Sequencing. Blood 136 (Suppl. 1), 42–43. doi:10.1182/BLOOD-2020-140902

Islam, S., Zeisel, A., Joost, S., La Manno, G., Zajac, P., Kasper, M., et al. (2014).
Quantitative Single-Cell RNA-Seq with Unique Molecular Identifiers. Nat.
Methods 11 (2), 163–166. doi:10.1038/nmeth.2772

Jain, M., Koren, S., Miga, K. H., Quick, J., Rand, A. C., Sasani, T. A., et al. (2018).
Nanopore Sequencing and Assembly of a Human Genome with Ultra-long
Reads. Nat. Biotechnol. 3636 (44), 338–345. doi:10.1038/nbt.4060

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 90137712

Cornaby et al. HLA Genotyping and Expression by Nanopore

http://eric_weimer@med.unc.edu
https://www.frontiersin.org/articles/10.3389/fgene.2022.901377/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.901377/full#supplementary-material
https://doi.org/10.1126/SCIENCE.1232685/SUPPL_FILE/APPS_SM.PDF
https://doi.org/10.1016/j.humimm.2015.09.029
https://doi.org/10.1016/j.humimm.2015.09.029
https://doi.org/10.1016/J.HUMIMM.2019.04.001
https://doi.org/10.1016/J.HUMIMM.2019.04.001
https://doi.org/10.1038/gene.2014.1
https://doi.org/10.1016/S0022-1759(03)00233-3
https://doi.org/10.1186/S13059-018-1438-9
https://doi.org/10.1016/J.HUMIMM.2021.08.009
https://doi.org/10.1016/j.yamp.2020.07.015
https://doi.org/10.1093/BIOINFORMATICS/BTAA264
https://doi.org/10.1093/BIOINFORMATICS/BTAA264
https://doi.org/10.1111/tan.13901
https://doi.org/10.1111/tan.13901
https://doi.org/10.1038/nri.2017.143
https://doi.org/10.1016/0198-8859(93)90531-5
https://doi.org/10.1016/0198-8859(93)90531-5
https://doi.org/10.1002/EJI.200939225
https://doi.org/10.1111/CTR.13906
https://doi.org/10.1038/S41588-020-0579-4
https://doi.org/10.1038/S41588-020-0579-4
https://doi.org/10.1182/BLOOD-2020-140902
https://doi.org/10.1038/nmeth.2772
https://doi.org/10.1038/nbt.4060
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Johansson, T., Yohannes, D. A., Koskela, S., Partanen, J., and Saavalainen, P.
(2021). HLA RNA Sequencing with Unique Molecular Identifiers Reveals High
Allele-specific Variability in mRNA Expression. Front. Immunol. 12, 217.
doi:10.3389/FIMMU.2021.629059/BIBTEX

Kivioja, T., Vaharautio, A., Karlsson, K., Bonke, M., Enge, M., Linnarsson, S., et al.
(2011). Counting Absolute Numbers of Molecules Using Unique Molecular
Identifiers. Nat. Methods 9 (1), 72–74. doi:10.1038/nmeth.1778

Kou, R., Lam, H., Duan, H., Ye, L., Jongkam, N., Chen, W., et al. (2016). Benefits
and Challenges with Applying UniqueMolecular Identifiers in Next Generation
Sequencing to Detect Low Frequency Mutations. PLOS ONE 11 (1), e0146638.
doi:10.1371/journal.pone.0146638

Lang, K., Surendranath, V., Quenzel, P., Schofl, G., Schmidt, A.H., and Lange, V. (2018).
Full-Length HLA Class I Genotyping with the MinION Nanopore Sequencer.
Methods Mol. Biol. 1802, 155–162. doi:10.1007/978-1-4939-8546-3_10

Lank, S. M., Golbach, B. A., Creager, H. M., Wiseman, R. W., Keskin, D. B.,
Reinherz, E. L., et al. (2012). Ultra-high Resolution HLA Genotyping and Allele
Discovery by Highly Multiplexed cDNA Amplicon Pyrosequencing. BMC
Genomics 13, 378. doi:10.1186/1471-2164-13-378

le Morvan, C., Cogné, M., and Drouet, M. (2001). HLA-A and HLA-B
Transcription Decrease with Ageing in Peripheral Blood Leucocytes. Clin.
Exp. Immunol. 125 (2), 245–250. doi:10.1046/J.1365-2249.2001.01610.X

Levin, Y., Talsania, K., Tran, B., Shetty, J., Zhao, Y., and Mehta, M. (2020).
Optimization for Sequencing and Analysis of Degraded FFPE-RNA Samples.
JoVE J. Vis. Exp. 2020 (160), e61060. doi:10.3791/61060

Li, H. (2018). Minimap2: Pairwise Alignment for Nucleotide Sequences.
Bioinformatics 34 (18), 3094–3100. doi:10.1093/BIOINFORMATICS/BTY191

Lind, C., Ferriola, D., Mackiewicz, K., Heron, S., Rogers, M., Slavich, L., et al.
(2010). Next-generation Sequencing: the Solution for High-Resolution,
Unambiguous Human Leukocyte Antigen Typing. Hum. Immunol. 71 (10),
1033–1042. doi:10.1016/j.humimm.2010.06.016

Liu, C. (2021). A Long Road/read to Rapid High-Resolution HLA Typing: The
Nanopore Perspective. Hum. Immunol. 82 (7), 488–495. doi:10.1016/J.
HUMIMM.2020.04.009

Liu, C., and Berry, R. (2020). Rapid High-Resolution Typing of Class I HLA Genes
by Nanopore Sequencing. Methods Mol. Biol. 2120, 93–99. doi:10.1007/978-1-
0716-0327-7_6

Liu, C., Xiao, F., Hoisington-Lopez, J., Lang, K., Quenzel, P., Duffy, B., et al.
(2018a). Accurate Typing of Human Leukocyte Antigen Class I Genes by
Oxford Nanopore Sequencing. J. Mol. Diagn 20 (4), 428–435. doi:10.1016/j.
jmoldx.2018.02.006

Liu, C., Xiao, F., Hoisington-Lopez, J., Lang, K., Quenzel, P., Duffy, B., et al.
(2018b). Accurate Typing of Human Leukocyte Antigen Class I Genes by
Oxford Nanopore Sequencing. J. Mol. Diagnostics 20 (4), 428–435. doi:10.1016/
J.JMOLDX.2018.02.006

Liu, C., Yang, X., Duffy, B. F., Hoisington-Lopez, J., Crosby, M., Porche-Sorbet, R.,
et al. (2021). High-resolution HLA Typing by Long Reads from the R10.3
Oxford Nanopore Flow Cells. Hum. Immunol. 82 (4), 288–295. doi:10.1016/j.
humimm.2021.02.005

Metzker, M. L. (2010). Sequencing Technologies - the Next Generation. Nat. Rev.
Genet. 11 (1), 31–46. doi:10.1038/nrg2626

Montgomery, M. C., Liu, C., Petraroia, R., and Weimer, E. T. (2019). Using
Nanopore Whole-Transcriptome Sequencing for Human Leukocyte Antigen
Genotyping and Correlating Donor Human Leukocyte Antigen Expression
with Flow Cytometric Crossmatch Results. J. Mol. Diagnostics 22 (1), 101–110.
doi:10.1016/j.jmoldx.2019.09.005

Mosbruger, T. L., Dinou, A., Duke, J. L., Ferriola, D., Mehler, H., Pagkrati, I., et al.
(2020). Utilizing Nanopore Sequencing Technology for the Rapid and

Comprehensive Characterization of Eleven HLA Loci; Addressing the Need
for Deceased Donor Expedited HLA Typing. Hum. Immunol. 81, 413–422.
doi:10.1016/j.humimm.2020.06.004

Petersdorf, E. W., Malkki, M., O’HUigin, C., Carrington, M., Gooley, T.,
Haagenson, M. D., et al. (2015). High HLA-DP Expression and Graft-
Versus-Host Disease. N. Engl. J. Med. 373 (7), 599–609. doi:10.1056/
NEJMoa1500140

Resource centre (2017). Resource Centre [WWW Document], n.d. Oxford, UK:
Oxford Nanopore Technologies. Available at: http://londoncallingconf.co.uk/
resource-centre (accessed 22 4, 22).

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: A
Versatile Open Source Tool for Metagenomics. PeerJ 4 (10), e2584. doi:10.7717/
PEERJ.2584/FIG-7

Shi, H., Zhou, Y., Jia, E., Pan, M., Bai, Y., and Ge, Q. (2021). Bias in RNA-Seq
Library Preparation: Current Challenges and Solutions. BioMed Res. Int. 2021,
6647597. doi:10.1155/2021/6647597

Voorter, C. E. M., Roeffaers, H. E. T., du Toit, E. D., and van den Berg-Loonen, E.
M. (1997). The Absence of DR51 in a DRB5-Positive Individual DR2ES Is
Caused by a Null Allele (DRB5*0108N). Tissue Antigens 50 (4), 326–333. doi:10.
1111/J.1399-0039.1997.TB02882.X

Weimer, E. T., Montgomery, M., Petraroia, R., Crawford, J., and Schmitz, J. L.
(2016). Performance Characteristics and Validation of Next-Generation
Sequencing for Human Leucocyte Antigen Typing. J. Mol. Diagnostics 18
(5), 668–675. doi:10.1016/j.jmoldx.2016.03.009

Weimer, E. T., and Newhall, K. A. (2019). Development of Data-Driven Models for
the Flow Cytometric Crossmatch. Hum. Immunol. 80 (12), 983–989. doi:10.
1016/j.humimm.2019.09.004

Wick, R. R., Judd, L. M., and Holt, K. E. (2018). Deepbinner: Demultiplexing
Barcoded Oxford Nanopore Reads with Deep Convolutional Neural Networks.
PLOS Comput. Biol. 14 (11), e1006583. doi:10.1371/JOURNAL.PCBI.1006583

Xu, Y., Yang-Turner, F., Volk, D., and Crook, D. (2020). NanoSPC: a Scalable,
Portable, Cloud Compatible Viral Nanopore Metagenomic Data Processing
Pipeline. Nucleic Acids Res. 48 (W1), W366–W371. doi:10.1093/NAR/
GKAA413

Conflict of Interest: EW reports personal fees and nonfinancial support from
CareDx and non-financial support from Oxford Nanopore Technologies during
the conduct of the study. In addition, EW and MM have a patent-pending
regarding aspects of this manuscript.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Cornaby, Montgomery, Liu and Weimer. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 90137713

Cornaby et al. HLA Genotyping and Expression by Nanopore

https://doi.org/10.3389/FIMMU.2021.629059/BIBTEX
https://doi.org/10.1038/nmeth.1778
https://doi.org/10.1371/journal.pone.0146638
https://doi.org/10.1007/978-1-4939-8546-3_10
https://doi.org/10.1186/1471-2164-13-378
https://doi.org/10.1046/J.1365-2249.2001.01610.X
https://doi.org/10.3791/61060
https://doi.org/10.1093/BIOINFORMATICS/BTY191
https://doi.org/10.1016/j.humimm.2010.06.016
https://doi.org/10.1016/J.HUMIMM.2020.04.009
https://doi.org/10.1016/J.HUMIMM.2020.04.009
https://doi.org/10.1007/978-1-0716-0327-7_6
https://doi.org/10.1007/978-1-0716-0327-7_6
https://doi.org/10.1016/j.jmoldx.2018.02.006
https://doi.org/10.1016/j.jmoldx.2018.02.006
https://doi.org/10.1016/J.JMOLDX.2018.02.006
https://doi.org/10.1016/J.JMOLDX.2018.02.006
https://doi.org/10.1016/j.humimm.2021.02.005
https://doi.org/10.1016/j.humimm.2021.02.005
https://doi.org/10.1038/nrg2626
https://doi.org/10.1016/j.jmoldx.2019.09.005
https://doi.org/10.1016/j.humimm.2020.06.004
https://doi.org/10.1056/NEJMoa1500140
https://doi.org/10.1056/NEJMoa1500140
http://londoncallingconf.co.uk/resource-centre
http://londoncallingconf.co.uk/resource-centre
https://doi.org/10.7717/PEERJ.2584/FIG-7
https://doi.org/10.7717/PEERJ.2584/FIG-7
https://doi.org/10.1155/2021/6647597
https://doi.org/10.1111/J.1399-0039.1997.TB02882.X
https://doi.org/10.1111/J.1399-0039.1997.TB02882.X
https://doi.org/10.1016/j.jmoldx.2016.03.009
https://doi.org/10.1016/j.humimm.2019.09.004
https://doi.org/10.1016/j.humimm.2019.09.004
https://doi.org/10.1371/JOURNAL.PCBI.1006583
https://doi.org/10.1093/NAR/GKAA413
https://doi.org/10.1093/NAR/GKAA413
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Unique Molecular Identifier-Based High-Resolution HLA Typing and Transcript Quantitation Using Long-Read Sequencing
	Introduction
	Materials and Methods
	Samples
	DNA Extraction and Quantitation
	RNA Extraction and Purification
	Measurement of RNA Quality and Quantitation
	cDNA Synthesis
	HLA Unique Molecular Identifier Assay
	Quantification and Dilution of Amplicons
	Library Preparation
	Reference HLA Genotyping
	Bioinformatics
	RNA-Seq HLA Typing and Allele-Specific Transcript Quantitation
	Normalization of Unique Molecular Identifier Counts and mRNA Transcripts
	Statistical Analysis

	4 Results
	Metrics for cDNA-Based HLA Typing on the ONT Platform
	HLA Genotyping
	Expression of RNA Transcripts at Classical HLA Class I and Class II Loci

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


