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Abstract

Advances in high-throughput sequencing have enabled technologies that probe the adaptive
immune system with unprecedented depth. We have developed a multiplex PCR method to
sequence tens of millions of T cell receptors (TCRs) from a single sample in a few days. A method
is presented to test the precision, accuracy, and sensitivity of this assay. T cell clones, each with
one fixed productive TCR rearrangement, are doped into complex blood cell samples. TCRs from
a total of eleven samples are sequenced, with the doped T cell clones ranging from 10% of the
total sample to 0.001% (one cell in 100,000). The assay is able to detect even the rarest clones.
The precision of the assay is demonstrated across five orders of magnitude. The accuracy for each
clone is within an overall factor of three across the 100,000 fold dynamic range. Additionally, the
assay is shown to be highly repeatable.
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1. Introduction

Diversity of the T cell receptor (TCR) repertoire allows the human cellular adaptive immune
system to protect the body against a vast of array of potential pathogens. The TCR is a
heterodimeric receptor, comprised of an a and a B chain, that recognizes antigen presented
by MHC molecules. These chains are somatically rearranged from individual gene segments
to create millions of different surface receptors, with the majority of T cells expressing a
single productively rearranged TCR a and B chain allele. Until recently, the immense size of
the TCR repertoire has prevented measurement of the global state, or profile, of the T cell
clones constituting the cellular adaptive immune system.

Utilizing the power of high-throughput sequencing, we have developed a method to
sequence millions of TCRp chains simultaneously (Robins et al.; Robins et al., 2009). A few
other groups have employed different methods to sequence both TCR and BCR sequences at
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high-throughput (Boyd et al.; Wang et al.; Warren et al.; Boyd et al., 2009; Freeman et al.,
2009; Weinstein et al., 2009). The strategy we employ to accomplish this sequencing at such
high volume is based on a multiplex PCR method. The nucleotide sequence encoding the
TCRp chain is determined by somatic rearrangement of V, D, and J segments along with a
set of non-templated insertions and deletions at the junctions between the V and D, and the
D and J segments. We have designed a pool of primers to all V and J pairs such that they
specifically amplify the complete VVDJ junction region, known as the CDR3 region, as well
as a portion of the J and V segments that is sufficient for identification.

This methodology maximizes throughput for immune profiling because only the minimal
region containing the antigen-specific nucleotide information for each TCRp is amplified
and sequenced. Each TCR{ sequence is identified with one short read (60 nucleotides)
compared with other methodologies that sequence longer reads from each TCRp chain,
which require either lower throughput/longer read technology, or fractionation of each
template and higher coverage (Wang et al.; Freeman et al., 2009). In addition, our assay
applies to both genomic DNA as well as cDNA. Methods using a single pair of primers are
not appropriate for genomic DNA (with presently available sequencing capabilities) due to
the size of the intronic sequence between the J segments and the downstream constant
region. Using genomic DNA as template, our method has the potential to accurately capture
the frequency of individual TCR clonotypes in biologic samples.

In this manuscript we present a direct test of the precision, accuracy, and sensitivity of our
methodology to identify TCRp chains sequenced from genomic DNA. Two independent
laboratories challenged our technology with doped samples. These labs each started with
complex samples of blood cells and spiked in a total of seven different T cell clones of
known TCRP CDR3 sequence at a range of 10 to 100,000 cells in a million. We performed
deep sequencing of the TCRp locus for each sample, comparing the sequencing results from
each complex mix with the independently attained sequences for each spike-in clone. The
full TCRP nucleotide sequence is a nearly unique tag that allows us to identify and track
individual T cell clones. For antigen experienced T cells, each unique beta chain is expected
to pair with only one alpha chain (Arstila et al., 1999). The results show that our TCR
technology is sufficiently sensitive to reliably detect clones at a level of one cell in 100,000.
The precision is within 16% and the overall accuracy has a standard deviation of less than a
factor of three for random clonotypes across a 100,000 fold dynamic range.

In addition, a set of experiments are reported that test the repeatability of the assay. A large
sample of PBMCs was split into parallel arms prior to the three main steps in the sequencing
process; DNA extraction, PCR amplification, and sequencing. Using the TCRp sequences to
tag each clone, the repertoires from each step are compared. The assay is reproducible.

2. Materials & Methods
2.1. Samples

Samples were obtained from two independent sources. Three mixes of CD4+ T cell clones
were prepared using previously described T cell clones specific for GADG5 in the context of
DRB1*0404 (Reijonen et al., 2002). The five CD4+ T cells clones CD4+ 372, CD4+ 339,
CD4+ 303, CD4+ 310, and CD4+ 340 have unique TCRp CDRS3 region sequences
(Supplementary Table 1A). The background cells for these doped samples were CD4+
CD45RA+ naive T cells sorted from fresh PBMC from a control donor obtained with
informed consent. The clones were sorted as CD3+ CD4+ T cells and added to a background
of one million naive CD4+ T cells in the numbers indicated in Supplementary Table 1A
using flow cell counts as a measure of cell number. The doped samples were pelleted and
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DNA prepared using the DNeasy kit (Qiagen Inc., Valencia CA). DNA was also prepared
from separate samples of purified clone cells to validate the TCRp CDR3 sequence.

Two CD4+ T cell clones each displaying a unique TCRbeta CDR3 sequence and
recognizing the tumor-associated NY-ESO-1 antigen were generated as previously described
(Hunder et al., 2008) (Supplementary Table 1B). These clones were doped into 2 million
autologous peripheral blood mononuclear cells at counts of 20, 200, 2 x 10, 2 x 10 clones to
yield titrations of 1:100,000, 1:10,000, 1:1,000 and 1:100, respectively.

2.2. Sequencing of TCRB CDR3 regions

TCRp CDR3 regions were amplified and sequenced using protocols described by Robins et
al. (Robins et al., 2009). Briefly, a multi-plexed PCR method was employed to amplify all
possible rearranged genomic TCRp sequences using 45 forward primers, each specific to a
functional TCR V segment, and 13 reverse primers, each specific to a TCR JB segment.
For clones CD8+ Clonel, CD8+ Clone2, CD4+ 339, CD4+ 303, CD4+ 310, and CD4+ 340,
the same primer set was used. For CD4+ 372, the 13 J primers were moved downstream 10
nucleotides. Reads of length 60bp were obtained using the Illumina GAIl System. Raw GA
sequence data were preprocessed to remove errors in the primary sequence of each read, and
to compress the data. A nearest neighbor algorithm was used to collapse the data into unique
sequences by merging closely related sequences, to remove both PCR and sequencing
errors. The TCR CDR3 region was defined according to the IMGT collaboration (reference),
beginning with the second conserved cysteine encoded by the 3" portion of the VBgene
segment and ending with the conserved phenylalanine encoded by the 5” portion of the JB
gene segment. The number of nucleotides between these codons determines the length and
therefore the frame of the CDR3 region.

2.3. Identification of spiked-in clones

TCR amino acid sequences for each spiked-in clone were either obtained from the supplier
of the clone, or confirmed by direct sequencing using the Adaptive TCR Immunoseq assay.
The copy count of sequences in each mix matching at the amino acid level was obtained
from the processed sequence data. These counts were used to calculate the frequency of each
clone in each mix. Doping levels were used to estimate the expected frequencies of each
clone for each mix.

2.4. Characterization of TCRB J deletion length

In order to establish a distribution of the observed number of TCRB J deletions, TCR
sequencing results from 14 samples, consisting of CD8+ naive and memory populations
from seven individuals (Robins et al. 2010), were combined and the length of the J deletion
for each distinct TCR sequence was determined. A total of 2,632,129 TCR CDR3 sequences
were analyzed with J deletions ranging in length from 0 to 15 nucleotides, with a median
deletion length of 3 nucleotides.

3. Results

3.1. Precise and sensitive detection of T cell clones spiked into complex cell mixtures

Two separate sets of doped samples were generated to test the accuracy and sensitivity of
our TCRP sequencing technology. The first experiment consisted of three background
samples and five CD4+ T cell clones that recognize GADG5 in the context of DRB1*0404
(ref Reijonen). The background samples were fresh CD4+ CD45RA+ naive T cells sorted
from a DRB1*0404 control donor, with a million T cells in each of the three samples. The
five clones were spiked into the three samples at different levels, with one sample (Mix 2)
consisting of each clone at equal concentration and the other two samples (Mixes 1 and 3)
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consisting of clones present in a dynamic range of 10 to 100,000 clone cells in a million
naive CD4+ T cells (Supplementary Table 1A). The second experiment consisted of eight
samples, each of which had a background of two million PBMCs. A single CD8+ T cell
clone was spiked into each sample at 10 to 10,000 clone cells per million PBMC
(Supplementary Table 1B).

Genomic DNA was prepared from the doped samples and a TCRp chain CDR3 library was
generated by PCR using one or two million genomes of DNA. We amplified a 200 bp
fragment encompassing the CDR3 regions of TCRp chains using 45 V primers and 13 J
primers which anneal with similar binding characteristics to all 54 Vs and 13 Js in the TCRf
chain locus (Supplementary Figure 1A) (Robins et al., 2009). The PCR library was then
sequenced on an Illumina system, starting from the J side, generating 60 bp reads. The
sequencing primers capture all TCRp chains with J deletions less than 14 nucleotides in
length. This strategy is designed to capture over 99% of rearranged TCRp’s in humans. The
distribution of J deletions compiled from millions of TCRp chains sequenced from human
blood is presented in Supplementary Figure 1B.

For the doped samples in Supplementary Table 1A, we sequenced each of the three samples
particularly deep, with an average of 28.4 million TCRp sequence reads per sample
(Supplementary Table 1C). Four of the five clones were detected in each of the three
samples at levels comparable to the expected frequency (Supplementary Table 1D, Figure
1). The fifth clone was not detected in any of the three samples, so we hypothesized that this
clone must have an anomalously long J deletion. To test this hypothesis, we designed a new
set of J primers located 20 bases further away from the beginning of each of the J segments.
Although the PCR and sequencing protocols have not been optimized for this set of primers,
we were readily able to detect the missing clone. It did indeed have a 16 nucleotide deletion
(Supplementary Figure 1B).

The second set of eight doped samples consisted of four samples for each of the two spiked-
in CD8+ T cell clones. For these samples, we sequenced between three and five million
reads per sample (Supplementary Table 1E). The appropriate spiked-in clone was detected
in all eight samples. Since the background of this second set of samples was PBMCs, we
determined the percentage of these cells which are T cells by sorting on the surface marker
CD3 (Supplementary Figure 1C). Using these numbers, we calculated the fraction of T cells
represented by each spiked in clone. These results are compared to the expected doped
quantities in Figure 1 and Supplementary Table 1.

Considering both of the experiments together, three different clones were spiked in at one
part in 100,000. These were all detected. For the CD4+ spike-in experiment, we found 10
clone cells in a background of one million and in the CD8+ spike in experiment, we found
both sets of 20 clone cells in backgrounds of two million. These results illustrate the ability
of the method to track low frequency clones.

The precision of the assay is assessed by comparison of the measured clone values across
the different doped levels. The variation of the ratios of the measured clone values compared
to the expected clone value was computed for all clone sequences and values, excluding the
1/100,000 levels where we expect significant statistical fluctuations. The standard deviation
of the percent difference from the expected ratios is 16%, so the assay is very precise.

The accuracy of the assay was also assessed. The six doped clones accounted for five of the
54 V segments and four of the 13 J segments. The methodology tracked each of these clones
with standard deviation 196%. The spiked in samples were created by independent
laboratories, so the particular VJ pairs can be considered random tests of our technology.
Since there are a total of 13*54 = 702 possible VVJ combinations, testing all combinations is
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not feasible in one set of experiments. However, we expect to measure over half the VVJ pairs
within a factor of two.

The two clones, B and F in Figure 1, were over amplified by a consistent fraction for all six
spiked in quantities. Both of these clones have the same J gene, Jg2-7, and therefore are
amplified by the same J primer. A feasible solution to this issue is scaling back the quantity
of this particular primer in our pool to bring these values back to the true underlying values.
This exemplifies both the difficulty and, yet, feasibility of getting accurate amplification
from multiplex PCR assays. The difficulty is that it requires a series of iterations to fine tune
the individual primers. However, these iterations are possible because amplification bias
from any particular J (or V) gene primer affects the full set of opposing V (or J) primers
nearly equivalently. In the case of sample B and F, Jg2-7 is over amplified, but the amount
of over amplification is similar for the six spike in values despite clones B and F utilizing
two different VV genes, V6.7 and Vg7.2 respectively.

3.2 Assessment of reproducibility through repetition experiments

We have assessed the sensitivity, precision, and accuracy of the assay. To show that it is also
repeatable, we carried out an additional set of experiments outlined in the schematic in
Figure 2A. Beginning with a blood draw, the sample preparation process involves two steps:
DNA extraction and PCR amplification. We designed an experiment that splits our samples
at each step, completes the preparation and sequencing, then compares the results. The total
amount of DNA added to the PCR reaction at each step was 3g, which is equivalent to
approximately one million haploid genomes. The initial blood sample contained tens of
millions of T cells. The comparisons of the repeats at the different steps in the sample
preparation are presented in Figure 2. We generated 9,817,529 reads on average for each
TCRp molecule in our starting template. As expected, the results from the same PCR library
(Figure 2B) have little variation across the full dynamic range in the log-log plot. A total of
97.5% of all sequencing reads obtained for SeqAla were derived from a total of 150,612
distinct TCR sequences that were common to both replicates, while 97.4% of all reads
obtained for SeqAlb were derived from common sequences. The comparisons between split
samples from both DNA extraction (Figure 2C) and cells (Figure 2D) produce comparable
results. For DNA extraction replicates, 54.9% of all reads obtained from sample Ala were
from 25,673 distinct TCR sequences shared with sample A2. For sample A2, 55.9% of all
reads obtained were derived from shared sequences. For replicates where the blood draw
was split in half and extracted, 55% and 54.5% of all reads obtained for samples Ala and B1
were derived from shared TCR sequences, respectively. Since the blood draw is a small
subset of the total cells in the blood, we expect variation due to finite sampling. However,
for greatly expanded clones, we expect the ratio in both samples to converge.

The similar results from splitting the sample after the blood draw and after the DNA
extraction is expected. We began with a large number of T cells from the blood draw. So,
the total amount of extracted DNA from each sample was much larger than the 3u.g we
amplified. For both cases, we sampled a small subset of the total pool of T cells or DNA, so
the overlap in both cases is expected to be driven by the number of template genomes
amplified, which is the same in both cases. The overlap of ~55% is determined by the
distribution of T cells clones in the peripheral blood. We do not know the form of the full
distribution of clonotypes in blood. However, the total diversity of both naive and memory T
cells have been estimated, with 2—4 million unique naive T cells and 100K-400K memory T
cells (Arstila et al., 1999; Robins et al., 2009). Roughly, we expect to find a majority of the
memory T cells overlapping in our experiment and a small fraction of naives as we use 3u.g
of DNA which corresponds to 1 million haploid genomes or DNA from 500,000 cells. So, a
rough estimate of the expected overlap between repeated sampling of 500,000 T cells from
blood should approximate the ratio of memory to naive T cells, which is ~60% in our donor.

J Immunol Methods. Author manuscript; available in PMC 2013 July 24.
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4. Discussion

The sensitivity of this adaptive immune receptor sequencing method has multiple near term
clinical applications. This assay’s ability to repeatedly measure T cell clones at a level of
one cell in a 100,000 has the potential to outperform the present technology for monitoring
minimal residual (MRD) in T cell leukemia and lymphoma patients (and the strategy can be
readily extended to IgH receptors in B cells to monitor B cell leukemia and lymphoma).
There are currently two competing assays for monitoring MRD; one utilizes a flow cell
procedure and the other involves designing specific primers for an individual patient’s tumor
clone (Ladetto et al., 2000; Rawstron et al., 2007; Sayala et al., 2007). The commonly
utilized flow sort technology is sensitive to a detection level of approximately one cell in
10,000, while the specific primer design technique is labor intensive and very costly. At this
point, our high-throughput assay is at least ten times more sensitive than the flow strategy,
yet can be performed at a competitive cost. In fact, the results presented were not designed
to test the true depth of our sensitivity. We are currently able to sequence 70 million TCR
sequences per flow cell lane using the Illumina HiSeq machine. With 16 lanes available, we
are able to sequence over a billion TCR sequences in a few days on a single machine. We
use redundancy for error correction and require a five-fold coverage, which means we are
presently able to sequence every rearranged T cell in over 100 million T cells on each run of
a single machine. So, our true potential sensitivity is greater than one T cell in 100 million.
However, this sequencing depth would add expense. The presentation in this manuscript is
designed to be readily transportable to the new faster, cheaper, and lower throughput
sequencing machines that would be clinically viable. For example, the Illumina MiSeq is
reported to deliver nearly 5 million reads of length 60 nucleotides in less than eight hours.

Further, this procedure can be used to track with high precision the population of transferred
T cells in patients receiving adoptive cellular therapy. The use of ex vivo expanded tumor-
infiltrating T lymphocytes (TIL) in combination with a pre-infusion conditioning regimen is
effective treatment for patients with advanced refractory melanoma (Weber et al.); efficacy
is directly related to the capacity of transferred cells to persist long term (Robbins et al.,
2004). An accurate measure of the /n vivo persistence of a polyclonal T cell product such as
a TIL infusion requires that every individual and unique TCR be sequenced and quantified,
a feat possible only with the massively parallel sequencing capabilities of this assay. As
these and other forms of adoptive cellular therapy become increasingly accepted treatment
modalities, a routine means to reliably monitor transferred T cells will be essential
(Jorritsma et al.; Yee; Rosenberg and Dudley, 2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expected versus observed frequenciesfor 6 spiked-in clonesin multiple mixes

Four CD4+ clones (A, B, C, D) and two CD8+ clones (E & F) and were spiked into either
complex PBMC or sorted CD4+ T cell populations at concentrations spanning five orders of
magnitude. Results show concordance between expected and observed clone frequencies.
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Figure 2. Experimental design and results of repeatability experiment

A) Schematic of experimental design. B) Sequence copy counts of TCRB clones obtained

by sequencing the same PCR library on two different lanes of a flow cell. Each point
represents a unique clone in this log-log scatter plot. The points in red are found in both
repetitions, while those in blue where only found in the one lane. The total number of
overlapping clones plotted on this graph is 122,000, with 20,000 clones sequenced that were
unique to each lane. C) Sequence copy counts obtained by sequencing two separate PCR
reactions performed using template from the same DNA extraction. D) Sequence copy
counts obtained by sequencing two different DNA extractions from the same blood draw.
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