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Background: Myositis, or idiopathic inflammatory myopathy (IIM), is a group disorders of unknown etiology
characterized by the inflammation of skeletal muscle. The role of T cells and their antigenic targets in [IM ini-
tiation and progression is poorly understood. T cell receptor (TCR) repertoire sequencing is a powerful
approach for characterizing complex T cell responses. However, current TCR sequencing methodologies are
complex, expensive, or both, greatly limiting the scale of feasible studies.
Methods: Here we present Framework Region 3 AmplifiKation sequencing (“FR3AK-seq"), a simplified multi-
plex PCR-based approach for the ultra-efficient and quantitative analysis of TCR complementarity determin-
ing region 3 (CDR3) repertoires. By using minimal primer sets targeting a conserved region immediately
upstream of CDR3, undistorted amplicons are analyzed via short read, single-end sequencing. We also intro-
duce the novel algorithm Inferring Sequences via Efficiency Projection and Primer Incorporation (“ISEPPI”)
for linking CDR3s to their associated variable genes.
Findings: We find that FR3AK-seq is sensitive and quantitative, performing comparably to two different
industry standards. FR3AK-seq and ISEPPI were used to efficiently and inexpensively characterize the T cell
infiltrates of surgical muscle biopsies obtained from 145 patients with [IM and controls. A cluster of closely
related TCRs was identified in samples from patients with sporadic inclusion body myositis (IBM).
Interpretation: The ease and minimal cost of FR3AK-seq removes critical barriers to routine, large-scale TCR
CDR3 repertoire analyses, thereby democratizing the quantitative assessment of human TCR repertoires in
disease-relevant target tissues. Importantly, discovery of closely related TCRs in muscle from patients with
IBM provides evidence for a shared antigen-driven T cell response in this disease of unknown pathogenesis.
Funding: This work was supported by NIH grant U24AI118633 and a Prostate Cancer Foundation Young
Investigator Award.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

(DM), polymyositis (PM), anti-synthetase syndrome (ASyS), immune-
mediated necrotizing myopathy (IMNM), and inclusion body myositis

Myositis collectively refers to a heterogeneous group of disorders
that includes autoimmune and inflammatory muscle disease, com-
monly known as idiopathic inflammatory myopathies (IIMs). While
muscle inflammation and weakness are classic features of these disor-
ders, [IMs are often systemic, commonly involving other organ systems
including the skin, joints, and lungs. The IIMs include dermatomyositis
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(IBM) [1]. The diagnosis of IIM is often complicated by the diversity
within and between its various subgroups, some of which have overlap-
ping clinical and histopathological features [2]. Myositis-specific autoan-
tibodies (MSAs) are detected in 60-70% of patients with IIMs and have
proven useful for delineating distinct IIM subtypes [3,4].

Discrete pathological features are apparent in muscle biopsies
from patients with I[IMs. Perifascicular atrophy of myofibers and peri-
vascular cellular infiltrates including CD4 T cells are characteristic of
DM. ASyS muscle also shows perifascicular atrophy, but may have
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Research in Context

Evidence before this study

T cells are an essential component of the adaptive immune sys-
tem and are characterized by antigen specific receptors formed
by recombination of diverse genetic elements. Sequencing-
based quantification of this receptor population provides
unprecedented insight into human immune responses. Interro-
gation of T cell receptors (TCRs) in the muscle of patients with
[IMs can provide essential insights into disease pathogenesis.
However, the cost and complexity of existing assays have
impeded their use in studies involving large numbers of
samples.

Added value of this study

Added value of this study: Here we present an ultra-efficient
alternative to TCR repertoire sequencing and demonstrate its
utility by characterizing muscle-infiltrating T cells in a large
cohort of patients with [IMs. We found a cluster of closely
related TCR sequences in muscle from patients with sporadic
inclusion body myositis, suggesting the presence of a previ-
ously unknown antigen-driven T cell response at the site of
pathology.

Implications of all the available evidence

Implications of all the available evidence: Our novel approach
democratizes T cell receptor repertoire sequencing-based stud-
ies, as demonstrated by the IIM cohort presented here. This will
enable large-scale analyses of T cell responses in human health
and disease, thereby accelerating the identification and interro-
gation of disease-relevant TCRs in autoimmunity, infectious
disease, transplantation medicine, and cancer.

more necrotic fibers than DM. In contrast, IMNM muscle shows scat-
tered necrotic myofibers with minimal lymphocytic infiltration,
while IBM muscle usually demonstrates endomysial infiltration of
CD8 T cells and rimmed vacuoles within myocytes [1]. Importantly,
the role of muscle-infiltrating CD4 and CD8 T cells in IIM disease initi-
ation and progression is largely unknown [5]. Examination of T cell
receptor (TCR) repertoires within the muscle of patients with 1IM
presents a unique opportunity to elucidate the T cell-mediated
immunopathogenesis of these diseases.

TCR repertoire analysis has emerged as a powerful tool for exam-
ining adaptive immune responses. TCR repertoires, generated by the
process of V(D)] recombination, encompass the T cell clones within a
given individual or sample. The unique TCR of each clone defines its
antigen specificity, and TCRs can be associated with distinct cellular
phenotypes and tissue occupancy. Notably, TCR repertoires encom-
pass dynamic populations of cells that represent past and current
immune exposures and reactivities [6]. Development of next genera-
tion sequencing (NGS)-based technologies over the last decade has
enabled the unprecedented analysis of TCR repertoires [7—10].

Examination of TCR repertoires both within and between individ-
uals can be indicative of disease status, prior infections or immuniza-
tions, and individual-specific attributes of epitope selection [11-17].
Clonally expanded or tissue-infiltrating T cell clones can also reveal
the nature of local immune responses, while integrating TCR reper-
toire analyses with phenotypic measurements (e.g. single cell tran-
scriptional profiling [18] or flow cytometric sorting of T cell
subpopulations [19,20]) can further illuminate the nature of T cell
responses (Fig 1a). A variety of methods have been used to generate
TCR libraries for NGS, including multiplex PCR, 5’-RACE, and target
enrichment [7-10,21,22]. Generally, these technologies prioritize

sequencing of the hypervariable complementarity determining
region 3 (CDR3) of the TCR beta (TCRB) chain. The TCRB CDR3 harbors
the greatest amount of sequence diversity, typically confers most of
the antigen specificity to a TCR, and is often used as a surrogate for T
cell clonal identity [23—25]. Despite their utility, however, current
repertoire sequencing approaches remain complex, expensive, or
both. These limitations have greatly hindered the utilization of TCR
repertoire-based analyses, particularly for studies involving large
numbers of samples. To overcome these current barriers to discovery,
we developed a simple and quantitative multiplex PCR-based
approach that prioritizes the ultra-efficient analysis of TCRB CDR3
sequences.

The sequence diversity of the TCRB chain variable domain, which
in humans is encoded by >120 unique TCRB variable (TCRBV) alleles,
necessitates the use of complex primer pools for multiplex PCR
amplification. Primer competition and differential amplification effi-
ciencies distort clonal amplicon abundance, confounding quantifica-
tion using high-throughput DNA sequencing [26]. Sophisticated
techniques have been developed to computationally correct amplifi-
cation bias, such as the use of spike-in library standards or the incor-
poration of unique molecular identifiers (UMIs) [27—29]. Adaptive
Biotechnologies has become an industry leader by offering a spike-in
standard corrected multiplex PCR-based assay. At a current cost of
$500-$1100 per sample, however, the scale of feasible studies using
this assay has been greatly constrained. UMI-based approaches,
including the ArcherDx Immunoverse assay, provide quantitation
while resolving amplification and sequencing errors [28—33]. How-
ever, UMI approaches typically require multi-day protocols, compli-
cated analytical pipelines, and deeper sequencing to obtain sufficient
sampling of distorted libraries [22,34].

By designing maximally compact primer sets and a streamlined
workflow, we have essentially eliminated PCR amplification bias
while maintaining high sequence level accuracy. Lower sequencing
depth requirements, coupled with CDR3 analysis via single-end,
short-read (100 nucleotide) sequencing, dramatically reduces the
cost associated with TCR repertoire analysis. We benchmark this sim-
plified multiplex PCR-based assay, Framework Region 3 AmplifiKa-
tion Sequencing (“FR3AK-seq”), against two different industry
standards for quantitative TCR repertoire sequencing: Adaptive Bio-
technologies’ multiplex PCR-based hsTCRB immunoSEQ assay and
ArcherDX’s UMI-based Immunoverse HS TCR assay. We found that
FR3AK-seq data, which was analyzed using open-source software,
was in excellent agreement with both. Finally, we illustrate the abil-
ity of FR3AK-seq to democratize TCR repertoire sequencing by effi-
ciently characterizing T cell responses within muscle tissue from 145
patients with IIMs and controls. We identified a cluster of related TCR
sequences from patients with sporadic IBM, suggesting the presence
of an antigen-driven T cell response within the muscle of these
donors.

2. Materials and Methods
2.1. FR3 primer design

FR3 sequences from all functional human TCRBV alleles were
downloaded from the IMGT/LIGM-DB reference directory (non-func-
tional and pseudogenes were excluded) [35]. Multiple sequence
alignment (MSA) was performed using MUSCLE. UPGMA
(Unweighted Pair Group Method with Arithmetic Mean) and neigh-
bor-joining phylogenetic trees were generated via the R package msa
[36]. The 3’ 20 nucleotides of the TCRB chain FR3s were subsequently
used to design three sets of primers as described in the text. We auto-
mated design of the IMM and Compact primer sets with an algo-
rithm as outlined in Fig S1 and available on Github (https://github.
com/jmmontagne/FR3AK-seq). Human TCRB primer sequences can
be found in Table S1.
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Fig. 1. Utility of T cell receptor beta (TCRB) chain sequencing and FR3AK-seq multiplex PCR primer design. a. TCRB chain sequencing can be used to (i) identify related CDR3s that
may share antigen specificity, (ii) detect expanded clones, (iii) identify tissue infiltrating clones, and (iv) link CDR3 sequences with T cell phenotypes. b. A schematic of the TCRB
chain. A neighbor joining phylogenetic tree of FR3s extracted from the 128 functional human TCRBV alleles in the IMGT/GENE-DB reference directory and multiple sequence align-
ment from a dominant FR3 sequence cluster (red box on tree) identifies homology within the 3’ ~20 nucleotides (yellow box). c. Clustered heatmaps for the Full, 1MM, and Compact
primer sets showing primer amplification efficiencies calculated using the R package DECIPHER [38] for each primer across each of the 47 unique 3’ 20 nucleotides of the human
TCRBV FR3 region. Inosines were considered exact matches for the Compact set. Y axis: 47 unique TCRBV FR3s. X axis: primers. The order of the primers in each heatmap can be
found in Table S1. The order of unique TCRBV FR3s is identical to the order of the Full primers for all heatmaps.

2.2. PBMC preparation, T cell purification, RNA extraction, and cDNA enrichment kit (STEMCELL Technologies). RNA was extracted from
synthesis purified human T cells using the RNeasy Plus Minikit (Qiagen). 0.5 ug
Donor B RNA was mixed with 4.5 g Donor A RNA to create sample C

PBMCs from Donors A and B were isolated by Ficoll-Paque (GE for quantitation experiments. 4 ug each of Donor A, Donor B, and
Healthcare) gradient centrifugation and cryopreserved. T cells were sample C RNA was reverse transcribed using a TCRB chain constant
purified from thawed PBMCs using the EasySep Human T cell region reverse primer with Superscript III First-Strand Synthesis



4 J-M. Montagne et al. / EBioMedicine 59 (2020) 102972

System (Invitrogen). cDNA was column purified with the Oligo Clean
and Concentrator Kit (Zymo Research). 100 ng of purified cDNA from
each sample was sent to Adaptive Biotechnologies for the immuno-
SEQ hsTCRb Deep sequencing service or used for FR3AK-seq PCR. For
the ArcherDx Immunoverse analysis, RNA was extracted from
matched Donor A and B PBMCs and mixed at the same 9:1 ratio to
create sample C. 800 ng of RNA from each sample was input into the
Immunoverse assay. The concordance between FR3AK-seq and
Immunoverse remained high despite the use of PBMC RNA rather
than T cell RNA in the Immunoverse assay. Primer sequences are pro-
vided in Table S1.

2.3. Polymerase Chain Reaction (PCR) and sequencing library
preparation

100 ng of TCRB chain cDNA was used as template for PCR with
KAPA2G Fast Multiplex Mix (Roche). Forward TCRB FR3 primers from
the Full, T MM, or Compact primer sets were used with a single
nested TCRB constant region reverse primer at 0.2 @M per primer.
Samples underwent 30 cycles of PCR for visualization by agarose gel
electrophoresis, or 20 cycles for NGS library preparation (“PCR1")
using the following cycling conditions: 1) 3 min at 95°C, 2) 15 s at
95°C, 3) 30 s at 52°C (Full) or 47°C (1 MM) or 42°C (Compact), 4) 30 s
at 72°C, 5) Back to step 2 x 20 or 30 total cycles (as noted), 6) 1 min
at 72°C, 7) Hold at 4°C.

A range of acceptable annealing temperatures that maximizes the
number of clones detected was found for each primer set, and we
selected an annealing temperature from these ranges. For the Full
set, we detected 129251, 130486, and 129026 clones at annealing
temperatures of 53.9°C, 47.3°C, and 45.2°C, respectively. Using the
1MM set we detected 126164, 127399, and 125948 clones at 50.3°C,
47.3°C, and 45.2°C, respectively. For the Compact set, we detected
112609, 112048, and 111546 clones at 45.8°C, 42.3°C, and 37.2°C,
respectively. Other annealing temperatures within these ranges are
therefore also acceptable. We also compared the performance of Her-
culase Il Fusion DNA polymerase (Agilent) and KAPA2G Fast Multi-
plex Mix for PCR1 and found that both enzymes perform comparably
(p = 0.966, Fig S2). Herculase II is therefore an acceptable enzyme
alternative for PCR1 if desired.

20 cycles of PCR2 were performed on PCR1 product (2 uL of PCR1
added to 18 L of PCR2 master mix, which contained 0.25 M each
i5 and i7 sample barcoding primers) to incorporate sample barcodes
and Illumina sequencing adaptors using Herculase II Fusion DNA
Polymerase (Agilent) and the following cycling conditions: 1) 2 min
at 95°C, 2) 20 s at 95°C, 3) 20 s at 58°C, 4) 30 s at 72°C, 5) Back to
2 x 20 total cycles, 6) 3 min at 72°C, 7) Hold at 4°C. Equal volumes of
barcoded PCR2 products (5 uL each) were pooled and PCR column
purified using QIAquick PCR Purification Kit (Qiagen). Libraries were
quantified using KAPA Library Quantification Kit for Illumina Plat-
forms (Roche). Barcoding primer sequences can be found in Supple-
mentary File 1. See Fig S3 for a schematic of our sequencing strategy.

2.4. Sequencing and CDR3 analysis

Sequencing was performed on an Illumina NextSeq 500 (immuno-
SEQ benchmarking comparisons), MiSeq (Immunoverse samples), or
HiSeq 2500 (IBM muscle biopsy analysis). CDR3s were identified and
quantified using MiXCR v2.1.11 software [37] with default parameters
except as noted in Table S2. Data obtained from Adaptive Biotechnolo-
gies’ immunoSEQ assay were re-analyzed using MiXCR v2.1.11 and
identical parameters for comparison to our own data. For reanalysis,
full nucleotide sequences for each CDR3 from the Adaptive Biotech-
nologies ImmunoSEQ dataset were expanded to repeat as many times
as indicated by the corresponding “count” column. This file, with each
clonal nucleotide sequence represented as many times as its “count”
column, was converted to FASTA format for compatibility with MiXCR.

The sequences obtained from ArcherDX’s Immunoverse assay were
expanded to repeat as many times as their pre-deduplicated clone
counts and then matched back to their deduplicated clone counts
after reanalysis with MiXCR v2.1.11. Clone count cutoffs for each anal-
ysis are as described in the figure legends and refer to the pre-dedu-
plicated counts for the Immunoverse assay (Note: deduplicated clone
counts were used for all comparisons, while pre-deduplicated counts
were only used to filter the dataset to > 10 counts). Information
regarding the total number of clones, the number of singletons, and
the number of clones occurring at >10 counts for FR3AK-seq, immu-
noSEQ, and Immunoverse can be found in Table S3.

2.5. Inferring Sequences via Efficiency Projection and Primer
Incorporation (ISEPPI)

Primer amplification efficiencies for ISEPPI analysis were calcu-
lated for the 47 unique FR3 20-mers for the 1MM and Full primer
sets using the R package DECIPHER and its CalculateEfficiencyPCR
function [38]. For primer usage vectors, we searched for each relevant
read associated with a given CDR3 nucleotide sequence obtained
from MiXCR within the FASTQ sequencing file and extracted the first
20 nucleotides from each matching read. These sequences were then
compared to the corresponding primer sequences and use of each
primer was tabulated to generate a vector of length N, where N
equals the number of primers used for amplification (1 MM: N = 34,
Full: N = 47). Sequences that were not an exact match to a primer
sequence were presumed sequencing errors and excluded from anal-
ysis. All vectors were converted to unit vectors prior to distance
measurements. Each CDR3 was assigned to the FR3 that had a unit
efficiency vector nearest (minimum Euclidean distance) to the primer
usage unit vector. For assessment of FR3-assignment accuracy using
the immunoSEQ data as ground truth, we extracted all sequences
upstream of CDR3, including the first 3 nucleotides of CDR3 (which is
included as FR3 in our primer design), from the immunoSEQ dataset.
We then trimmed this FR3 sequence to the 3’ 20 nucleotides and
assigned its corresponding IMGT reported FR3 20-mer as ground
truth. For this analysis, we only considered CDR3s with clone counts
of >10 in both data sets. The code for ISEPPI is available on Github
(https://github.com/jmmontagne/ISEPPI-1.0).

2.6. 1IM muscle biopsy cohort

Muscle biopsies were obtained from 145 patients with 1IMs (124)
as well as healthy controls [9] and non-IIM controls [12]. One non-IIM
control muscle biopsy was sequenced in duplicate, making the total
number of samples 146. IIM patients included those with dermatomy-
ositis (DM, 40), immune-mediated necrotizing myopathy (IMNM, 49),
sporadic inclusion body myositis (IBM, 14), and anti-synthetase syn-
drome (ASyS, 21) (Table S4). All patients provided informed consent
and were not selected to be naive to treatment [39]. All subjects were
enrolled in institutional review board (IRB)-approved longitudinal
cohorts from the National Institutes of Health (IRB number 91-AR-
0196), the Johns Hopkins Myositis Center (IRB number NA_00007454),
the Clinic Hospital (Barcelona; IRB number HCB/2015/0479), and the
Vall d’'Hebron Hospital (Barcelona; IRB number PR (AG) 68/2008).

2.7. Repertoire analysis using muscle biopsies from patients with
idiopathic inflammatory myopathies (lIMs)

RNA isolated from muscle biopsies taken from 145 IIM patients or
controls was reverse transcribed, PCR amplified, sequenced, and ana-
lyzed as described above. Healthy control muscle biopsies were
obtained from healthy volunteers at the Skeletal Muscle Biobank of
the University of Kentucky, while non-IIM controls were obtained for
clinical purposes from the Johns Hopkins Neuromuscular Pathology
Laboratory and were normal after pathologic evaluation. We added
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1,000 cell equivalents of RNA from a clonal tumor infiltrating T cell
line as a spike-in to each sample [40]. Sequencing of 6 spike-in only
samples provided the CDR3 sequences to remove from downstream
analyses of samples containing muscle biopsy RNA. The spike-in
counts were used for cell number quantification within patient sam-
ples, which distinguished ‘bystander’ versus ‘non-bystander’ T cell
clones as described in the text. Using the spike-in also provides tem-
plate to ensure generation of PCR products in samples with few infil-
trating T cells and thus few TCR RNA templates. This approach
enabled the detection of a single T cell clone in one of these samples.
Supplementary File 2 summarizes the number of reads, T cell clones,
estimated number of T cells, and clonality for each sample. Clonality
was calculated as (1-Shannon’s equitability ), computed as:

1 TXiaPiloge(p)
log, (n)

where p; is the proportion of the ith clone from a repertoire of n
clones [41]. Clonality values range from 0-1, with 0 indicating equal
representation of clones within a sample (lower clonality).

CDR3 sequences obtained from these samples were analyzed for
disease-specific clusters using the GLIPH 1.0 group discovery algo-
rithm (see Table S2 for parameters) [15]. To determine the statistical
significance of each cluster, we performed a chi-square tests on all
clusters with at least three contributing individuals, followed by Ben-
jamini-Hochberg multiple comparison correction. This analysis was
performed for both the number of sequences contributed by each dis-
ease subgroup to each cluster, as well as the number of patients in
each disease group represented within each cluster. p-values < 0.05
after multiple test correction were considered statistically significant.

2.8. Statistical analysis

Statistical analyses were performed using R software (www.r-proj
ect.org). For comparisons of TCR repertoires, Lin’s concordance corre-
lation coefficients[42] were computed as:

20(X.Y)
2 2 _ 2
og + 0y + (Mx— Hy)

where ftx and py are the means, 0% and 0% are the variances, and
p(X, Y) is the Pearson correlation coefficient for the variables X and Y.
Coefficients of variation were calculated across triplicates for the
Jurkat spike-in experiments. Kruskal-Wallis p-values were calculated
to compare absolute T cell number and clonal diversity between IIM
subgroups. To test the statistical significance of GLIPH clusters, chi-
square analysis with Benjamini-Hochberg multiple comparison cor-
rection was performed on clusters with sequences contributed by at
least three individuals. A Mann-Whitney p-value was calculated to
compare GLIPH clustered to unclustered CDR3s.

pcX,Y) =

2.9. Role of funding sources

This work was supported by NIH grant U24AI118633 and a Pros-
tate Cancer Foundation Young Investigator Award. The funders had
no role in the design of this study, data collection, data analyses, data
interpretation, or writing of this manuscript.

3. Results

3.1. Minimal primer sets targeting the TCRB framework region 3 (FR3)
efficiently amplify CDR3 sequences

We hypothesized that minimizing the number of potentially com-
peting variable (V) gene primers, while also minimizing amplicon
length, would maximize the efficiency of TCRB CDR3 region amplifi-
cation. To identify candidate primer binding sequences upstream and

proximal to CDR3, we constructed a phylogenetic tree of all func-
tional TCRB FR3 regions available from the Immunogenetics (IMGT/
GENE-DB) reference directory [35]. This revealed a high degree of
sequence conservation within the 3’ terminus of FR3 (Fig 1b). This
homology may reflect a critical role for these sequences in the opti-
mal presentation of the CDR3 loop. The 3’ 20 nucleotides of these
IMGT FR3s were therefore extracted and used as target primer bind-
ing sequences. Remarkably, the 128 functional TCRBV alleles reported
by IMGT are represented by only 47 distinct 3’-terminal 20-mers.
Beyond their sequence homology, additional advantages of targeting
these sequences include minimal CDR3 amplicon length (and in turn
optimal amplification efficiency) and the ability to sequence using
short (100 nucleotide) single end reads initiated proximal and
upstream of CDR3. We refer to this approach to TCRB CDR3 analysis
as FR3 AmplifiKation sequencing, or “FR3AK-seq".

We developed a greedy algorithm to automate the design of three
candidate sets of primers, each targeting the 47 distinct TCRB FR3 3’
20-mers (Fig S1): one primer set lacks any universal bases or mis-
matches ("Full" set), one primer set lacks universal bases but allows a
single mismatch to occur ("IMM" set), and one primer set contains
parsimonious incorporation of up to 3 universal (inosine) bases and
allows one mismatch ("Compact" set). No mismatches were permit-
ted within the five nucleotides of the 3’ end of the primers, as a pre-
caution to minimize interference with polymerase extension
[38,43,44]. The Full set consists of 47 primers (equal to the number of
unique FR3 3’ 20-mers), the 1IMM set consists of 34 primers, and the
Compact set consists of 20 primers (Table S1). We calculated the
expected efficiency for each primer to amplify each FR3 sequence;
these efficiencies are visualized in the form of a clustered heatmap
(Fig 1c) and are used later for inference of FR3 utilization.

Using DNA as a template for repertoire sequencing is appealing
because of its stability, and also because it allows for precise quantifi-
cation of T cell clones as exactly one functionally rearranged template
should be present per cell. However, we found using RNA as starting
material was more advantageous than DNA for several reasons. First,
RNA is more abundant than genomic DNA and thus requires less
input material. Additionally, one copy of the TCRB chain will be non-
functional at the DNA level, while the RNA products from this tem-
plate are less likely to be sampled because of nonsense-mediated
decay or allelic exclusion. Furthermore, a single TCRB chain reverse
primer can be used to amplify all CDR3 regions from cDNA, reducing
the number of primers required versus DNA (which requires multi-
plexed joining (J) region priming). Although RNA expression will
vary between clones based on their phenotype and activation state,
we can infer that the more abundant and activated T cells will con-
tribute more RNA transcripts than rare, less activated clones [22].
Additionally, it has been shown that the number of TCRB RNA mole-
cules per cell is equivalent between naive, activated, and memory
CD8 T cells [45], and therefore RNA may potentially be used as a sur-
rogate for cellular abundance.

3.2. TCRB FR3 primers amplify CDR3 sequences with minimal bias

Each primer was tested separately and within its set for the ability
to produce amplicon from peripheral blood mononuclear cell (PBMC)
cDNA. Agarose gel electrophoresis revealed a PCR product at the
expected size of ~220 base pairs (Fig S4a). Importantly, incorporation
of the inosine base did not prevent amplification by the KAPA Fast
HotStart Tag DNA Polymerase. While lower PCR primer annealing
temperature might increase off-target priming, it may also reduce
unwanted bias in amplification from primers containing a single
nucleotide mismatch[46]. We therefore utilized gradient PCR to
assess the effect of annealing temperature on the number of unique
CDR3 sequences detected using the Compact primer set. As expected,
more unique CDR3 clones were recovered at lower annealing tem-
peratures (Fig S4b), and a similar trend was observed for the 1TMM
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primer set. A range of amenable annealing temperatures was
detected for each primer set, and we selected the following for each
from these ranges: Compact: 42°C, IMM: 47°C, Full: 52°C. Use of a
hemi-nested RT-PCR strategy (Fig S3) resulted in minimal amplifica-
tion of non-TCRB sequences.

We next quantified PCR amplification bias inherent to the three
primer sets. cDNA first underwent 20 cycles of PCR using each primer
set separately. An aliquot of this product was diluted 2'°-fold and
then subjected to 10 more cycles of PCR; sequencing was then per-
formed on both amplicons and the resulting data sets compared to
each other. In this experiment, significant per-cycle amplification
bias would manifest as discordance. However, the concordance cor-
relation coefficient remains high for all three primer sets, suggesting
that FR3AK-seq primers negligibly bias the CDR3 repertoire during
cycles of PCR amplification (o = 0.997 for the Full primer set and
p =0.998 for the 1 MM primer set, Fig 2a; p = 0.997 for the Compact
primer set, Fig S4c).

We then performed rarefaction analysis to determine the rela-
tionship between RNA input amount, sequencing depth, and the
number of unique clones detected using FR3AK-seq. We found that
diversity discovery is saturated at ~1 x 10° reads for 100 ng of puri-
fied peripheral blood T cell RNA (Fig 2b), providing the rationale for
RNA input amounts and sequencing depths used in subsequent anal-
yses. We also assessed the sensitivity of FR3AK-seq to detect rare
clones by spiking varying amounts of monoclonal Jurkat RNA (from 1
up to 10,000 cellular equivalents) into a background of 400 ng PBMC
RNA (~20% T cells). We found that FR3AK-seq detected the Jurkat
CDR3 sequence at all input amounts at the expected abundances,

while the abundance of the top three PBMC T cell clones remained
constant across the dilution series (Fig 2c). These Jurkat sequences
were used to calculate cellular equivalents for the top three PBMC
clones in each sample. Notably, the coefficient of variation for these
cellular equivalents was below 1% in the 1,000 Jurkat cell equivalent
spike-in samples (CV = 0.897%). This provided the basis for the subse-
quent use of 1,000 cellular equivalents of spike-in cells.

3.3. FR3AK-seq performs comparably to a multiplex PCR-based industry
standard

T cell RNA from two donors, A and B, as well as a third sample
comprised of 90% Donor A RNA and 10% Donor B RNA (sample “C”),
were used to generate cDNA for benchmarking studies against the
current multiplex PCR-based industry standard, the immunoSEQ
hsTCRB “Deep Resolution” sequencing service offered by Adaptive
Biotechnologies. Separate cDNA aliquots were also subjected to
FR3AK-seq analysis using each of the three primer sets. The open
source software MiXCR v2.1.11 was used to define and quantify CDR3
sequences from both assays for direct comparison [37]. The technical
reproducibility of the immunoSEQ assay was quantified by compar-
ing the abundances of Donor A’s unique CDR3 sequences against their
corresponding abundances in sample C (concordance correlation
coefficient, p = 0.989, left panel Fig 3a). The same analysis was
applied to the FR3AK-seq data sets, which were generated using each
of the three FR3 primer sets. Equally high measures of internal con-
cordance were observed (p = 0.990 for the 1 MM primer set, right
panel Fig 3a; p = 0.990 for the Full primer set and p = 0.987 for the
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Compact primer set, Fig S5a). Importantly, the concordance between
immunoSEQ and FR3AK-seq measurements of CDR3 abundance was
also very high (p = 0.975, Fig 3b, Fig S5b), providing further evidence
that FR3AK-seq amplifies CDR3s with negligible bias. The majority of
even moderately abundant immunoSEQ-defined CDR3 sequences
were also detected using any of the three FR3 primer sets, although
the Compact set detected ~15% fewer CDR3s as compared to the rest
(Fig 3c). Additionally, the 9:1 mixture composed of cells from Donor A
and Donor B (sample C) was used to determine quantification accuracy
of the FR3 primer sets relative to the immunoSEQ assay (Fig 3d,

Fig S5c). These data indicate that the full and 1MM FR3 primer sets
provide CDR3 quantification comparable to the industry standard
immunoSEQ assay, with the TMM primer set performing most accu-
rately.

3.4. FR3AK-seq performs comparably to a unique molecular identifier
(UMI)-based industry standard

To assess whether FR3AK-seq achieves results comparable to
UMI-based methodologies, we compared the FR3AK-seq 1TMM and
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immunoSEQ datasets to one obtained using ArcherDX’s UMI-based
Immunoverse HS TCR assay. PBMC RNA from the same samples A, B,
and C described above were subjected to Immunoverse analysis for
comparison with the FR3AK-seq and immunoSEQ datasets. The tech-
nical reproducibility of the Immunoverse assay was similar to that of
both immunoSEQ and FR3AK-seq (p = 0.967, Fig 4a). Additionally,
concordance between FR3AK-seq and Immunoverse was high
(p =0.900, upper panel Fig 4b). Relatively high concordance was also
observed when comparing immunoSEQ to Immunoverse (p = 0.886,
lower panel Fig 4b). Crucially, the majority of clones detected by the
Immunoverse assay were also detected by both immunoSEQ and
FR3AK-seq (Fig 4c). These data demonstrate that FR3AK-seq has a
high sensitivity for detecting clones of the correct sequence (4352/
4403, 98.8% of total clones detected by Immunoverse).

Strikingly, a large number (2803) of clones were detected by both
immunoSEQ and FR3AK-seq but not Immunoverse. Rarefaction anal-
ysis of the FR3AK-seq and Immunoverse datasets explained this dif-
ference in clonal detection sensitivity, in that FR3AK-seq sampled
more clones at all sequencing depths (Fig 4d). Although FR3AK-seq
achieves better coverage of the repertoire than Immunoverse across
sequencing depths, we wanted to quantify how many of the FR3AK-
seq detected clones may be the result of false discovery. To address
this question, we performed FR3AK-seq 1MM analysis of 1,000 cellu-
lar equivalents of Jurkat cell RNA in triplicate. Since the Jurkat cell
line is monoclonal, the frequencies of subdominant clones, presum-
ably generated by PCR or sequencing errors, can be used to assess the
rate of false positive discovery. 99.98% of MiXCR-defined CDR3s
mapped to the correct reported Jurkat TCRB sequence in each sample.
We found an average of 50 non-Jurkat clones across triplicates, of
which only one was moderately abundant (>10 clone counts) in
each. This secondary clone was the same between replicates and rep-
resented on average 0.0067% of total MiXCR-defined CDR3s. Using
default MiXCR settings, FR3AK-seq analysis is therefore associated
with a very low rate of false discovery due to PCR or sequencing
errors. Modification of MiXCR thresholds can be used to adjust the
stringency with which these subdominant clones are grouped. We
also compared the lengths of CDR3 clones detected using each
sequencing platform and found that FR3AK-seq’s short (100 nucleo-
tide) reads did not bias the distribution of CDR3 lengths recovered
(Fig 4e).

3.5. Inference of FR3 from primer usage patterns

V gene usage is often of interest, for example to detect usage
skewing and for functional studies involving TCR cloning. FR3AK-seq
prioritizes small amplicons to reduce both PCR bias and cost. There-
fore, by design, amplicons do not contain easily recoverable V gene
sequence information. Each of the 47 unique 3’ FR3 20-mers, how-
ever, is associated with a specific subset of V alleles. Therefore, we
wondered how accurately we could assign a unique FR3 sequence
(linked to a subset of V alleles) to each FR3AK-seq generated CDR3
sequence.

As visualized in Fig 1¢, some primers can efficiently amplify multi-
ple unique FR3 sequences. Based on this, we hypothesized that spe-
cific patterns of FR3AK-seq primer usage would indicate which of the
underlying FR3 20-mers was associated with each CDR3 sequence.
We first tabulated the proportional usage of each primer (determined
using the first 20 nucleotides of each sequencing read) by each CDR3.
Primer usage can be represented as a “usage vector” in N-dimen-
sional space (“primer space”), where N is equal to the total number of
primers contained in the primer set. Each primer usage vector can
then be compared against 47 “efficiency vectors”, which are defined
by calculating the efficiency with which each primer will amplify
each FR3 20-mer. Under the assumption that for a given CDR3, its
primer usage vector should be most closely aligned with its corre-
sponding efficiency vector, we developed the Inferring Sequences via

Efficiency Projection and Primer Incorporation (“ISEPPI”) procedure
to link CDR3s with their most likely associated FR3 20-mer (Fig 5a).
ISEPPI was performed for Donor A’s CDR3-associated 1TMM primer
usage vectors and compared to the immunoSEQ-defined FR3 20-mer,
which we considered ground truth (Fig 5b, Full primer set Fig S6a).
For moderately abundant CDR3 sequences (>10 clone counts), ISEPPI
correctly assigned 62.9% of the CDR3 clone counts to the correct FR3
20-mer (Fig 5c¢). For clones with a higher abundance of >50 counts or
>100 counts, 66.1% and 67.9%, respectively were assigned to the
same FR3 20-mer as in the immunoSEQ data set. The accuracy of
ISEPPI was slightly improved with use of the Full primer set: >10:
67.7%, >50: 71.4%, >100: 72.4% (Fig S6b). Interestingly, ~25% of abun-
dant (>10 clone counts) unique CDR3s were associated with more
than one FR3 20-mer in the immunoSEQ dataset. We found that this
reduced the accuracy of ISEPPI in our dataset, as this obscures primer
usage patterns and FR3 assignment for these CDR3s.

3.6. FR3AK-seq enables inexpensive cohort-scale repertoire studies and
identifies shared T cell responses in muscle from patients with IIM

Infiltrating and perivascular T cells are common features in mus-
cle from patients with IIMs. However, the precise role of T cells in the
initiation and progression of IIMs is unclear[5]. Sequencing the TCR
repertoires within muscle enables the discovery of [IM-relevant T cell
responses but requires the analysis of many samples with associated
clinical and histopathological data. Therefore, muscle biopsies from
145 patients with IIMs (124) as well as healthy controls[9] and non-
IIM controls [12] were analyzed using the FR3AK-seq 1MM primer
set at a total cost of ~$20 per sample (Tables S4, S5).

We anticipated that these biopsies would have varying numbers of
infiltrating T cells, and potentially very few. To address this, 1000 cell
equivalents of RNA derived from a clonal T cell line[40] were spiked
into each sample after RNA purification. This enabled the absolute
estimation of T cells in each sample, while also providing RNA tem-
plates to ensure PCR product generation in samples with few or no
infiltrating T cells. Aggregated CD4 and CD8 sequencing reads from
RNA-seq analysis [39] of the same samples tightly correlated with a
FR3AK-seq based estimate of cellular equivalents (Fig 6a). In subse-
quent analyses, CDR3 sequences present at levels at or below one cell
equivalent per biopsy were considered ‘bystander’ T cell clones,
unlikely to be involved in the disease process. By this metric, the num-
ber of non-bystander T cells were elevated in each disease subgroup
versus the controls (Fig 6b). In agreement with previous immunohis-
tochemical analyses, most IBM biopsies contained particularly high
levels of T cell infiltrates [47—49]. We determined this to be the case
both in terms of absolute T cell number and clonal diversity (Fig S7a).
No distinct patterns of FR3 or ] gene usage were found among patient
subgroups (Fig S8a-b), and CDR3 hydrophobicity and lengths were
similar between patient subgroups (Fig S8c-d).

Assessing muscle-resident T cell responses across patients with [IM
is crucial for understanding disease pathogenesis and progression. Pub-
lic T cell clones, defined as clones with identical amino acid CDR3
sequences present in two or more individuals, indicate responses to
shared antigenic targets [25]. We therefore summarized the presence of
public T cell clones within the aggregated set of non-bystander CDR3s
from the IIM cohort. We found 80 public clones, of which 76 were
shared by only two individuals (Supplementary File 3). The remaining
four public clones were shared by either 3 or 4 individuals, suggesting
that most muscle-resident T cell clones in this cohort are private.

It has recently been shown that TCR sequence features can be
used to define clusters of related TCRs predicted to bind the same
antigen [15,16,50]. The open source software GLIPH (grouping of
lymphocyte interactions by paratope hotspots) [15] was therefore
used to extend our analysis beyond public clones to search for clus-
ters of related CDR3 sequences within the aggregated set of non-
bystander CDR3s (Table S6). 143 clusters composed of sequences
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contributed by at least 3 individuals were identified. We first exam-
ined clusters that had a disproportionate number of sequences con-
tributed by a single individual. Fig 6¢ provides an example of a
cluster dominated by related CDR3 sequences contributed by a single
ASyS patient. Compared to CDR3 sequences from the same patient
which were not in any cluster, the clonal abundances of these CDR3s
were significantly increased, suggestive of a polyclonal, shared anti-
gen-driven expansion. These results demonstrate that GLIPH is likely
able to cluster functionally related CDR3 sequences that have been
detected and quantified using FR3AK-seq.

We next determined whether any of the GLIPH clusters were
composed of sequences contributed disproportionately by

individuals from one of the [IM subgroups. Indeed, we found a GLIPH
cluster that was composed exclusively of sequences contributed by
IBM patients. Specifically, 5 of the 12 IBM patients with non-
bystander T cells contributed at least one sequence to this cluster
(p = 1.4 x 107® [chi-square test with Benjamini-Hochberg multiple
comparison correction], Fig 6d). ISEPPI analysis revealed related FR3
usage within this cluster, as visualized in the sequence logo. Remark-
ably, all CDR3 sequences in this IBM cluster are linked to a single J-
chain (TRBJ2-2*01), providing additional support for shared antigen
recognition. Taken together, this study demonstrates the biomedical
utility of FR3AK-seq and ISEPPI in probing patients’ T cell responses
within large cohorts.
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4. Discussion

Although the utility of TCR repertoire sequencing to characterize T
cell responses has been well established, the lack of a streamlined,
quantitative, inexpensive, and non-proprietary assay has limited the
scope and scale of feasible studies. By rationally designing minimal
sets of primers that target the 3’ terminus of FR3, we have developed
a multiplex PCR-based approach for ultra-efficient library prepara-
tion and sequencing of TCRB CDR3 repertoires. By minimizing ampli-
fication bias (via reduction of primer number and amplicon length),
the resulting sequencing libraries quantitatively capture clonal abun-
dance distributions with similar accuracy as multiplex PCR-based
and UMI-based industry standards. While the library preparation and
sequencing strategy presented here already bring the per-sample
cost to ~$20 (Table S5), we expect that alternative approaches to
library preparation, reduced sequencing depth, and declining
sequencing costs will likely enable another ~10-fold reduction in per-
sample cost. In addition to reducing the overall cost of obtaining
CDR3 sequences, we have developed the FR3AK-seq workflow to
require minimal expertise, effort, and time. Quantitative sequencing
libraries can be readily prepared within a single day. Comparisons of
protocols and cost between FR3AK-seq, immunoSEQ, and Immuno-
verse are summarized in Table S7.

Our approach to TCRB repertoire analysis should be generalizable
to additional immune receptor types, as well as to those of non-
human species (see Table S8 for Mus musculus TCRB primers).
Although these mouse primers have not been as extensively vali-
dated as the human set, they have been confirmed to efficiently
amplify CDR3 sequences from mouse tissues. We have additionally
used the same FR3 primer design and analysis principles to target
human TCR alpha, gamma, and delta repertoires, although these pri-
mers have not yet been validated (Table S9). We have also designed a
set of TCRB ] region reverse primers (Table S10) that perform compa-
rably to our constant region reverse primer using cDNA templates
(p=0.949, Fig S9). These will be potentially useful for analysis of DNA
from FFPE samples which suffer from extensive RNA degradation.
Interestingly, during the preparation of this manuscript, the Euro-
clonality Group (creators of the BIOMED2 primer set[51]) published a
new set of TCR primers for next-generation sequencing, including
some that are designed in the 5’ portion of FR3[52], providing addi-
tional validation of an FR3-targeted approach to TCR repertoire
sequencing.

It is possible to make inferences on each CDR3’s associated V
genes based on the pattern of FR3 primer usage, as demonstrated
with the ISEPPI procedure presented here. ISEPPI is based on simple
Euclidean distances measured in primer space, and successfully
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assigns up to 72.4% of T cell clone counts to their correct FR3 20-mer
sequence. Future iterations of ISEPPI will be enhanced by incorporat-
ing more sophisticated classification strategies. In addition, it is likely
that the ISEPPI principle may find applications beyond TCR repertoire
studies, in settings where deconvolution of multiplex PCR primer
usage is important. When comprehensive analysis of V gene usage is
desired, complementary techniques (e.g. 5’RACE) can be parsimoni-
ously utilized to capture this information. One may use FR3AK-seq to
track unique CDR3 sequences of interest over time, across tissues,
and/or after FACS analysis — these FR3AK-seq detected CDR3 sequen-
ces can then be readily associated with a V gene by merging data
sets.

Large-scale TCR repertoire studies enable the interrogation of the
complex role of T cells in human disease. To demonstrate the utility
of FR3AK-seq for efficient large-scale analysis of TCRB CDR3 reper-
toires, we characterized the muscle-infiltrating T cells present within
biopsies obtained from 145 inflammatory muscle disease patients
and controls. TCRB CDR3 sequence clustering indicated both donor
and disease specific antigen-driven T cell responses. Importantly, the
majority of T cell clones detected in IBM muscle biopsies were not

hyperexpanded, in contrast to the hypothesis that infiltrating IBM T
cells originate from a clonal T cell large granular lymphocytic leuke-
mia (T-LGL) (Fig S7b) [53,54]. Future studies will utilize FR3AK-seq in
combination with in vitro stimulation to characterize the antigenic
determinants of these clonal clusters. Further comparisons will be
made to TCRs with known antigen specificities within public data-
bases including VDJ]db [55,56] and McPAS-TCR [57]. Presence of dis-
ease relevant antigen-specific clones in the periphery will also be
explored, as this could be valuable for diagnostics and disease stratifi-
cation of IIM.
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