The Journal of Immunology

Systematic Profiling of Full-Length Ig and TCR Repertoire
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The diversity of Ig and TCR repertoires is a focal point of immunological studies. Rhesus macaques (Macaca mulatta) are key for
modeling human immune responses, placing critical importance on the accurate annotation and quantification of their Ig and
TCR repertoires. However, because of incomplete reference resources, the coverage and accuracy of the traditional targeted
amplification strategies for profiling rhesus Ig and TCR repertoires are largely unknown. In this study, using long read sequenc-
ing, we sequenced four Indian-origin rhesus macaque tissues and obtained high-quality, full-length sequences for over 6000 unique
Ig and TCR transcripts, without the need for sequence assembly. We constructed, to our knowledge, the first complete reference
set for the constant regions of all known isotypes and chain types of rhesus Ig and TCR repertoires. We show that sequence
diversity exists across the entire variable regions of rhesus Ig and TCR transcripts. Consequently, existing strategies using
targeted amplification of rearranged variable regions comprised of V(D)J gene segments miss a significant fraction (27-53%
and 42-49%) of rhesus Ig/TCR diversity. To overcome these limitations, we designed new rhesus-specific assays that remove the
need for primers conventionally targeting variable regions and allow single cell level Ig and TCR repertoire analysis. Our
improved approach will enable future studies to fully capture rhesus Ig and TCR repertoire diversity and is applicable for

improving annotations in any model organism.

hesus macaque (Macaca mulatta) is one of the most
commonly used and best-studied nonhuman primate
(NHP) animal models. NHPs are key to studying human
biology and human diseases because of their close phylogenetic
relationship and similar physiology to humans (1-4). They are
frequently used for vaccine development (5) and to model infec-
tion with human pathogens, such as Mycobacterium tuberculosis
6, 7), HIV (8, 9), influenza A virus (10), and Zika virus (11),
among others (12, 13). Developing complete and accurate NHP
genomic resources, especially for the immune system, is imper-
ative for efficient translational interpretation (14, 15).
Critical for mounting adaptive immune responses, Ig and TCR
repertoires house an enormous amount of diversity responsible for
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recognizing a near limitless array of Ags presented through en-
vironmental exposures. Ig and TCR have two domains: a C region
and a V region, which is comprised of a variable (V), joining (J),
and in some cases, a diversity (D) gene segment. These gene
segments are duplicated in several large loci in the genome, making
their correct assembly a major technical challenge, one that has yet
to be fully resolved in rhesus macaques despite significant im-
provements (16) and the recent release of a new genome assembly,
rheMacl0 (GCA_003339765.3). As demonstrated by a recent
vaccine-related study in rhesus macaque (17), correct assembly of
these complex regions requires much longer sequencing reads.
Standard databases (e.g., the international ImMunoGeneTics
information system [IMGT]) for these diverse sequences also
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remain fairly meager relative to their human counterparts, al-
though there are new tools developed to address these gaps (18).
Because the design of available rhesus-specific assays for profiling
Ig and TCR diversity has heavily relied on these limited rhesus
reference resources, the coverage and accuracy of these assays
still require unbiased assessment, and potentially improved ap-
proaches might be necessary. We begin by briefly summarizing the
complexity of these immune repertoires in general and how this
complexity has constrained the development of resources and
assays for rhesus macaque.

In individual B and T cells, different gene segments of both
variable and constant regions are combined at the DNA level to
encode distinctive functional Ig and TCR genes through a process
known as somatic recombination (reviewed in Ref. 19-21). This
process accounts for the majority of the diversity within the V
region domain, with the number of unique Ig and TCR V region
domains estimated to be on the order of 10" and 108, respec-
tively (22). This diversity is further increased by chain pairing
within Ig and TCR (23) and through somatic hypermutation (24).

The genetic diversity of the Ig and TCR loci present a unique
challenge for accurate measurement. Traditionally, these immune
repertoires are targeted for amplification either by multiplex PCR
(MPCR) (25), RNA capture (26), or 5" RACE (27). For rhesus
macaque, many Ig repertoire sequencing efforts use a MPCR
approach (28, 29), whereas some employ 5 RACE (30). Typi-
cally, such PCR-based approaches are designed for individually
sorted B or T cells (28) and facilitate cloning efforts (31). A more
recent rhesus-specific MPCR design aimed to expand coverage of
the Ig repertoire (32). There were also attempts to improve rhesus
V and J germline gene annotation using 5° RACE sequencing
(RACE-seq) (18, 33). The recently developed IgDiscover tool (18)
now makes it possible to leverage germline databases of related
species to improve those of model organisms, for example using
human germline databases to study Indian- and Chinese-origin
rhesus macaques. Authors from the same laboratory also devel-
oped a strategy for targeting the 5" untranslated region (UTR) of V
genes, often conserved among these gene clusters, thus reducing
the number of primers needed to target the V region in humans
(34). However, rthesus MPCR amplification systems are inherently
biased to the V and J gene segments they target because the pri-
mers are designed based on the consensus of a limited number of
reference sequences (35).

RACE-seq has the advantage of only targeting the C region,
where primer design is significantly easier given the low sequence
variability. 5" RACE in addition to MPCR have also been modified
to incorporate unique molecular identifiers for repertoire se-
quencing (36, 37), mitigating issues arising from PCR bias (38).
However, such protocols are optimized for applications in humans
and mice (39) and have not yet been applied for Ig/TCR analysis
in rhesus macaques. Moreover, even with MPCR or 5" RACE, it is
still difficult to capture complete Ig mRNA transcripts with the
commonly available Illumina high-throughput sequencing instru-
ments like the 2 X 250 bp HiSeq and the 2 X 300 bp MiSeq, in
part because of the large length variability of recombined mole-
cules (40) and the potential for noncanonical recombination events
(41). Library preparation techniques have recently been improved
to support this capability but only in humans (34). Despite these
technical advances, it is still unclear how well these strategies
perform in rhesus macaques, in which the relatively limited re-
sources preclude similar benchmarking efforts previously done for
human Ig repertoires (42) and TCR repertoires (43).

The technical robustness and unique advantages of single cell
RNA sequencing (scRNA-seq) (44, 45) have revolutionized
the analysis of human immune systems (46-50), resulting in an
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increasing number of studies for single cell-based Ig and TCR
repertoire sequencing in human (51-54). Single cell protocols
target repertoire sequences similarly to RACE-seq by only tar-
geting the constant regions of sequences and by incorporating
unique molecular identifiers. Interrogation of Ig/TCR repertoire
and B/T cell transcriptomes in the same single cells has provided
novel insights in humans, such as evaluating T cell clones within
tumors (51), modeling of epitope specificities (52, 53), and as-
sessment of host—microbiome immune homeostasis (54). How-
ever, to the best of our knowledge, for NHP models including
rhesus macaques, equivalent assays for single cell Ig and TCR
repertoire analysis are still not available.

In this study, we sought to address the technical limitations of
existing immune repertoire sequencing protocols in rhesus ma-
caques. To circumvent the highly difficult task of correctly as-
sembling Ig/TCR transcripts from short sequencing reads, we
performed long read transcriptome sequencing of rhesus tissue
samples. We constructed, to our knowledge, the first complete
reference set for the constant regions of all known isotypes and
chain types of rhesus Ig and TCR repertoires from high-quality,
full-length Ig and TCR transcript sequences. Our resource pro-
vides the multiple rhesus Ig and TCR constant regions still
missing in the current IMGT database, avoiding complications due
to incomplete assemblies of their respective genomic loci. Using
this unbiased collection of full-length Ig and TCR transcript se-
quences, we were able to examine the diversities across the entire
variable regions of rhesus Ig and TCR transcripts and the coverage
of available assays for profiling rhesus Ig and TCR repertoires.
Further, we designed new rhesus-specific assays that allow much
broader rhesus Ig and TCR repertoire analysis, both at the single
cell level and using 5" RACE. These results furthermore demon-
strate that immunoprofiling resources and assays can be developed
for other organisms similarly without complete genomic assem-
blies of immune loci.

Materials and Methods

Tissue sample preparation and transcriptome sequencing

To construct cDNA libraries for Pacific Biosciences (PacBio) single
molecule real-time (SMRT) sequencing, we used previously isolated
Indian-origin rhesus macaque RNA from four tissue types: lymph node
(LN), PBMCs, whole blood (WB), and rectal biopsy (RB). To maximize
the coverage of transcript diversity, we pooled RNA from multiple Indian-
origin rhesus macaques. The pooled WB RNA was from six healthy, un-
infected macaques, whereas the pooled LN, PBMC, and RB RNA were
from 18 macaques infected with SIVmac251. The LN RNA came from a
combination of peripheral and proximal mesenteric LNs. Using a Clontech
SMARTer kit, cDNA was produced from each pooled RNA sample fol-
lowed by PCR amplification. The amplified cDNA samples were size se-
lected using BluePippin (Sage Science) into four size fractions: 1-2 kb,
2-3 kb, 3-6 kb, and >6 kb. Libraries were prepared using the SMRTbell
Template Prep Kit 1.0 and sequenced on the PacBio RS II platform with
P6-C4 chemistry and 4-h movie times at the University of Washington
PacBio Sequencing Services site.

Data processing

Raw PacBio sequencing data were first run through the circular consensus
sequence (CCS) protocol in SMRT Analysis 2.3.0 to generate CCS reads.
Each CCS read is the CCS of a single molecule. CCS reads were classified
as non—full length and full length, in which the latter has all of the fol-
lowing detected: polyadenylation tail, 5' cDNA primer, and 3’ cDNA
primer. Full-length CCS sequences were aligned to Ig and TCR databases
using IgBLAST v1.8.0 (55) with an e-value cutoff of 0.001 and IMGT/V-
QUEST annotation release 201948-5 (56, 57). Separate searches were
carried out using either human or rhesus macaque germline V, D, and J
sequences where available (both for Ig, only human for TCR). Full-length
Ig hits were kept for downstream analyses when they were deemed
functional by IgBLAST output, meaning they lacked premature stop co-
dons and were in-frame. When Ig hits had both rhesus and human database
hits, the rhesus annotation was used in all subsequent analyses.
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Generation of consensus C region sequences

To validate the chain types reported by IgBLAST and gather additional
information about rhesus Ig/TCR isotypes and their subclasses, we further
processed full-length Ig and TCR C region sequences as below. Using the J
region reported by IgBLAST, we extracted the C region sequence for each
full-length sequence. Next, we clustered extracted C region sequences
using CD-HIT v4.6.6 (58) with the following parameters: -c 0.97 -G 0 -aL
0.95 -AL 100 -aS 0.99 -AS 30 (https://github.com/Magdoll/cDNA_Cupcake/
wiki/Tutorial:-Collapse-redundant-isoforms-without-genome). Ig and TCR
sequences were clustered separately. We only kept clusters with at least
three constituent sequences for downstream consensus sequence analysis.
For those clusters with at least 10 sequences, we also performed a second
round of more stringent clustering using a 99% identity cutoff (-c 0.99 with
CD-HIT) to separate quality sequences from those with multiple indels and
to identify potential allotypes. From the second round of more stringent
clustering, consensus sequences were generated using only the sequences
from the largest remaining clusters, with the goal of removing low quality
sequences that formed many small clusters. When this second round of
clustering resulted in multiple large clusters of comparable size, a con-
sensus sequence was generated for each cluster. We used the cons tool
from the EMBOSS v6.6.0 suite (59) to generate consensus sequences,
identifying and removing any remaining insertions at predominantly
gapped locations. Protein sequences were derived from the generated
consensus sequences using the EMBOSS transeq tool (59), in which the
frame with the longest protein sequence was kept. We verified their
identities via global alignments of the coding regions of cDNA sequences
to a database of IMGT human C region nucleotide coding regions (60)
using the usearch_global tool in the USEARCH suite (61), considering
only the best alignment. We aligned consensus sequences belonging to the
same chain type (and isotype if applicable) using Clustal Omega (62) and
removed any remaining redundancies in the consensus sequences after
manual visualization and curation in UGENE (63).

Next, we used these databases to systematically classify putative Ig and
TCR sequences using all CCS reads from the complete full-length isoform
sequencing (Iso-Seq) dataset as input. CCS reads were separately globally
aligned to the custom databases of consensus Ig and TCR C region se-
quences using the usearch_global tool (61) with a 90% identity threshold
to ascertain chain type and isotype/subclass where appropriate. Sequences
without large gaps (>10 bp) in their alignment were kept in the final as-
signment of Ig and TCR sequences, as it was unclear if those sequences
with large gaps were rare alternatively spliced transcripts or the result of
sequencing errors. We then compared the CCS reads confirmed as Ig/TCR
by our custom databases with the CCS reads identified by the initial
IgBLAST search. Based on these comparisons, the final set of Ig tran-
scripts were filtered to only include CCS reads that were confirmed by the
custom database and also IgBLAST hits deemed functional by rhesus
IMGT annotation (Supplemental Fig. 1B). Further, the final set of TCR
transcripts only required CCS reads to be confirmed by the custom data-
base (Supplemental Fig. 1A), as it was unclear if IMGT functional an-
notation for humans would be informative for rhesus-derived transcripts.
We quantified the rates of insertions and deletions in the constant regions
of confirmed Ig and TCR sequences using the Concise Idiosyncratic
Gapped Alignment Report strings in the global alignments of CCS reads
against this custom constant reference database by usearch_global (61).
Non-Ig/TCR CCS reads of this complete Iso-Seq dataset are being ana-
lyzed in a separate study.

Analysis of V-J usage and V region diversity

The frequencies of V-J combinations were measured using the IMGT
annotation reported by IgBLAST (55, 60) for all final Ig transcript se-
quences ascertained in the above analysis. x* Test for independence based
on V-J combination frequencies was performed in R (64) and by requiring
that at least 50% of elements in each row and column have at least 10
counts. The diversity of the V region sequences was determined by first
removing the C region sequence determined by its alignment to the cor-
responding consensus C region sequences. Separate multiple sequence
alignments of the most common V-J regions were performed using Clustal
Omega (62), and the consensus profiles were visualized in R with ggplot2
(64, 65).

In silico PCR analysis

Common rhesus-specific MPCR assays for amplifying IgH, IgK, and IgL
sequences (28, 29, 32) and TCR o (TCRA) and TCR B (TCRB) sequences
(66, 67) were tested via in silico PCR analysis using the University of
California, Santa Cruz isPcr tool (68). For those primer sets with a nested
design (28, 29), only the inner primers were used for the analysis.

LONG READ TRANSCRIPTOME SEQUENCING OF RHESUS Ig AND TCR

The standard inner and outer reverse primers used for the 10X B cell and
T cell V(D)J assays were also assessed via in silico PCR analysis (68) in
which a dummy adapter sequence was prepended to the 5’ end of se-
quences to enable analysis with the isPcr tool and only test reverse primer
efficiencies. The efficiencies of rhesus-specific MPCR assays (28, 29, 32)
in amplifying the V region (forward primer) and C region (reverse primer)
were similarly tested by either appending or prepending a dummy adapter
sequence, respectively. In all uses of the isPcr tool, default parameters
were used, requiring a perfect match for the first 15 nt on the 3" end of the
primer.

Design of rhesus-specific primers and PCR validation

Ig and TCR C region inner and outer reverse primers were designed using
National Center for Biotechnology Information primerBLAST (69) with
target melting temperatures consistent with current 10X V(D)J assay
forward primers. For those targeting multiple consensus sequences, the
search space was constrained to consensus regions. To validate these 10X
optimized reverse primers, primerBLAST (69) was used to design standard
PCR assays each with a forward primer compatible with its respective 10X
optimized reverse primer and target reference sequence. This was only
done for custom primers in the V(D)J assays, whereas primers adopted
from Sundling et al. (28) were assumed to be efficacious. One hundred
nanomoles HPLC purified DNA oligonucleotides were ordered from In-
tegrated DNA Technologies. Reverse transcription was performed using
QIAGEN QuantiTect Reverse Transcription Kit (catalog no. 205313, Lot
157037104) following the manufacturer’s protocol with 1 pg rhesus ma-
caque LN tissue RNA. The resulting cDNA was then amplified using
Takara Bio Titanium Taq PCR Kit (catalog no. 639210, Lot 1805465A)
following the manufacturer’s protocol (https://www.takarabio.com/assets/
documents/User%20Manual/PT3304-2.pdf), altering the recommended
cycling conditions with 30 cycles and an annealing temperature and time
of 50°C and 1 min. Four hundred nanograms of each PCR was then run on
a 10% TBE polyacrylamide gel alongside Thermo Fisher Scientific 100-bp
GeneRuler to confirm product size from primer pairs.

Results
Generation of a complete reference collection for rhesus
macaque Ig and TCR constant regions

Using PacBio transcriptome sequencing (the Iso-Seq method), we
obtained over 2.8 million CCS reads from four different rhesus
macaque tissues (Supplemental Table I). Each CCS read is the
CCS of a single transcript molecule (70). About 33% of these CCS
reads were full length (i.e., contained the 5' ¢cDNA primer, 3’
c¢DNA primer, and polyadenylation tail) (Supplemental Table I).
Using the available IMGT annotation of the variable regions of Ig
(human and rhesus) and TCR (human) germline sequences (60)
and IgBLAST (55), we recovered 13,118 Ig and 2534 TCR pu-
tative transcript sequences, respectively, accounting for 1.4 and 0.
28% of the total number of full-length CCS reads (Supplemental
Table I). Only functional Ig transcripts (i.e., those in-frame and
without premature stop codons according to IMGT germline an-
notation) were used in downstream analyses (5666/13,118 or 43%
of full-length Ig transcripts). We kept all full-length TCR tran-
scripts at this step as it was unclear if their functionalities could be
correctly determined with the use of human germline TCR ref-
erence sequences.

We first sought to characterize the constant regions of these full-
length Ig and TCR transcript sequences. Because constant regions
are significantly less variable, this would allow us to compile a
complete reference set and accurately classify the different chain
types and isotypes. Using the V(D)J annotation provided by IMGT
(60), we extracted constant regions from the full-length Ig and
TCR transcript sequences. We then clustered and curated these
sequences to generate complete cDNA and coding sequences
(Materials and Methods). Complete cDNA sequences represent
the entire C region consensus (i.e., including the 3’ UTR), al-
though the coding regions were generated at both the cDNA and
protein level. We obtained the complete consensus sequences for
the following chain types and isotypes with multiple references
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Table I. Number of unique full-length rhesus Ig transcript sequences identified in each tissue

RB WB PBMC LN Total
IgHA*01 1411 (8) 67 (0) 21 (2) 224 (0) 1723 (10)
IgHA*02 705 (4) 7 (0) 21 (1) 275 (6) 1008 (11)
IgHA*03 101 0 5 9 115
IgHD 0 12 4 3 19
IgHE 1 1 0 4 6
IgHG1 78 21 21 1030 1150
IgHG2 9 9 4 311 333
IgHG3 0 1 0 30 31
IgHG4 1 0 0 13 14
IgHM 129 (3) 20 (21) 18 (14) 169 (8) 336 (46)
IgK 97 30 12 155 294
IgL 100 30 18 140 288
Total 2632 (15) 198 (21) 124 (17) 2363 (14) 5317 (67)

Counts for secreted H chain Ig sequences (IgH A, D, E, G1-4, and M) are shown with membrane-bound counts in parentheses where applicable. IgHA is further classified by

allotype, conventionally denoted by an asterisk followed by a number.

noted in parentheses: IgHA (5), IgHD, IgHE, IgHGI1, IgHG2,
IgHG3, IgHG4, IgHM (2), IgLC, IgKC, TCRAC, TCRBCI,
TCRBC2, TCRDC, TCRGC1, and TCRGC2. We thus recovered
complete reference sequences for all known secreted IgH isotypes
and additionally two IgHA and one IgHM membrane-bound ref-
erence sequences. We numbered membrane-bound rhesus Ig ref-
erence sequences to be consistent with their corresponding secreted
forms.

We identified three unique IgHA consensus sequences: two in
both secreted and bound form and one in only secreted form. Much
of the variation among these sequences was confined to the hinge
region, which has previously been reported to be highly hetero-
geneous among rhesus macaques (71). In fact, we recovered three
of the eight unique hinge regions previously identified by (72)
(data not shown). We numbered these unique IgHA sequences
based on the relative abundances we later determined within our
samples (i.e., IgHA*01 was the most abundant), following con-
ventional naming for allelic variants.

We also identified all known subclasses of IgHG, TCRBC, and
TCRGC. We aligned the four IgHG cDNA coding sequences we
recovered to the available rhesus IgHG genomic DNA in IMGT to
determine their subclasses. Each cDNA coding sequence reference
corresponded to one of the four IgHG subclasses with high se-
quence identities (98.6-99.9%). To properly classify the TCRBC
subclasses, we aligned the two TCRBC protein sequences to the
two reference open reading frames available in IMGT, yielding
perfect matches (data not shown). We leveraged the available hu-
man open reading frames in IMGT to determine subclasses of
TCRGC as reference sequences were not available for rhesus ma-
caques. Using a multiple sequence alignment, we assigned orthol-
ogous subclass naming to the rhesus references based on the human
reference with the highest structural similarity (data not shown).

Interestingly, 39% (979 of 2534) of putative TCR transcript
sequences identified by the initial [gBLAST search were in fact Ig
transcripts, evidenced by recapitulation of several Ig consensus
sequences among the set of TCR clusters and by successful
alignment of such sequences to the set of Ig reference sequences
(Supplemental Fig. 1A). Although this did not prevent our com-
plete recovery of TCR consensus sequences, it suggests that
commonly used human reference—based IgBLAST searches could
be inaccurate for rhesus TCR repertoire analysis.

Classification of rhesus Ig and TCR transcript sequences

Next, we used these consensus sequences of rhesus constant re-
gions to classify the full-length rhesus Ig and TCR transcript se-
quences. When we aligned the constant regions of full-length

functional Ig transcripts to this newly constructed database of
rhesus Ig cDNA consensus sequences, we obtained successful
assignments for 96% (5415/5666) of these full-length Ig transcript
sequences. Those transcript sequences that failed to align tended to
be other molecules from the Ig superfamily that contain V-set
domains (i.e., a V region), representing false positives from our
initial [gBLAST screen (data not shown). Among those aligned, a
small fraction (1%) of sequences had large structural differences,
indicating infrequent alternative splicing events (data not shown).
To simplify the downstream analysis, we removed these transcripts
from further processing, yielding a final set of 5384 full-length Ig
transcript sequences (Table I). Among four tissue samples se-
quenced in this study, the RB and LN had the largest number of
unique Ig transcript sequences overall. Secreted IgHA and IgHG
transcripts had the highest relative abundance and were most
prevalent in the RB and LN samples. IgK and IgL. sequences were
significantly less abundant than IgH isotypes in general, but they
were still detected across each tissue.

Similarly, we identified rhesus TCR transcript sequences by
aligning raw full-length CCS reads directly to this custom col-
lection of rhesus TCR cDNA consensus sequences. This precluded
any bias against rhesus TCR transcript sequences that contained V,
D, and J genes with low similarity to those in the human IMGT
reference. In total, we assigned 741 full-length CCS reads as rhesus
TCR transcript sequences (Table II), 50 of which (7%) we did not
originally recover using the human IMGT reference database
(Supplemental Fig. 1A). This suggests there was a significant
divergence between human and rhesus TCR germline V(D)J
genes, indicating that a species-specific germline database is
necessary for complete repertoire recovery. We detected the
fewest TCR transcript sequences in the RB sample, whereas the
WB, PBMC, and LN samples each had larger recoveries of all
TCR isotypes (Table II). TCRA was the most abundant in each

Table II. Number of unique full-length rhesus TCR transcript
sequences identified in each tissue

RB WB PBMC LN Total
TCRA 14 71 103 267 455
TCRB1 1 9 11 26 47
TCRB2 0 13 16 44 73
TCRD 1 1 27 10 39
TCRG1 2 3 6 5 16
TCRG2 3 11 75 22 111
Total 21 108 238 374 741
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tissue, representing 61% of all sequences recovered (455/741).
TCR v (TCRG) 2 had the second highest abundance with its
strongest representation in PBMCs (Table II).

We then assessed the sequence quality of these Ig and TCR
transcripts by quantifying insertion and deletion events within the
alignments of their C region sequences and the corresponding
reference cDNA sequences. We elected not to evaluate the rate of
substitutions as they are difficult to discern from allelic variation
given our sequencing depth and are generally less common than
insertions and deletions in CCS reads (33). The rate of insertions in
Ig C region sequences was very low, with a mean of 0.11% and
median of 0.06%. The mean and median deletion rates were
slightly lower at 0.04 and 0%, respectively. Error rates within the
TCR constant regions were comparable to those of Ig constant
regions, with mean insertion and deletion rates of 0.15 and 0.07%
and median rates of 0.07 and 0%, respectively. These low error
rates reflected the high quality of the final set of full-length rhesus
Ig and TCR transcript sequences we obtained in this study.

We found the recovery of TCR transcripts to be significantly
more accurate and marginally more sensitive when using our
custom TCR C region database for identification instead of the
traditional IgBLAST approach with human germline annotation
(Supplemental Fig. 1A). We thus elected to align CCS reads di-
rectly to our custom Ig C region database to make a similar
comparison. We recovered 11,451 Ig transcripts using this strat-
egy; of these, 5384 (47%) were functional IgBLAST hits (see
Table I), 5858 (51%) were nonfunctional IgBLAST hits, and 209
(2%) were not detected by IgBLAST (Supplemental Fig. 1B).
B cells that contain nonfunctional receptor sequences are known
to apoptose early in their development; therefore, the proportion
of nonfunctional IgBLAST hits observed in this study may be a

reflection of the B cell population captured with these full-length
transcripts. Many of the full-length Ig transcripts that eluded
IgBLAST detection had enough sequence upstream of the C region
to harbor a complete V region (127 or 1% overall) (Supplemental
Fig. 1B), indicating that some V region genes may be significantly
diverged from those annotated in IMGT.

Usage of known V, D, and J genes in Ig transcripts indicates
broad coverage of rhesus Ig repertoire

To assess our overall coverage of the rhesus Ig repertoire, we
examined the usage of individual V, D, and J genes among these
full-length rhesus Ig sequences based on the alignment of their
variable regions to rhesus Ig germline annotations in IMGT (60).
We detected all known gene families of rhesus IgHV, IgHD, and
IgHJ genes among the four tissue samples (Fig. 1). The majority
of IgHV and IgHJ genes detected were from the [gHV4 and IgHJ4
families, respectively, although there was broad coverage of IgHD
gene families. Among L chain gene families, IgKV1 and 2 as well
as IgLV1, 2, and 3 were the most frequent. IgKJ families were
relatively less skewed in frequency, although IglJ1 was in a
slightly higher frequency than other IgLJ families. The only
known gene families we did not detect in these tissue samples
were IgKV5, IgllJ4, and IgLJ5, likely because of the overall lower
abundance of L chain Ig sequences we observed (Table I). Inter-
estingly, relative frequencies of these different gene families were
highly consistent across the four tissues analyzed in this study
(Supplemental Fig. 2), despite drastically different sampling depth
(Fig. 1). Only L chain gene families within PBMCs and WB de-
viated from this trend. Because we had significantly less detection
of IgK and IgL sequences in these tissues (Table I), their observed
deviations require further investigation.
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transcript sequences. The gene segments are conventionally named
according to gene family (e.g., IgHV1) followed by the specific gene
segment number. Gene segments simply have the family gene name (e.g.,
IgHJ1) when there is only one known gene segment in the family.

Given the sufficient depth of coverage observed for IgH V, D, and
J gene families, we calculated the combination frequencies of these
Vand J genes. Consistent with Vand J gene frequencies observed in
Fig. 1, the majority of V-J combination events contained IgHV4-2
and/or IgHJ4 (Fig. 2). Using the most abundant V and J genes, we
tested the independence of V-J recombination events. We ob-
served a significant nonrandom distribution of V-J recombination
frequencies (x> = 77.6, df = 15, p = 1.9e—10). Furthermore, we
discovered a strong positive correlation between the V-J recom-
bination rates in the LN and RB samples (Pearson correlation =
0.86). Because these two samples had highly different composi-
tions of IgH isotypes (Table I), we also reasoned that there might
be no discernable association between the variable regions and
constant regions in general.

Sequence diversity existing across the entire V region shows
that MPCR amplification of rhesus immune repertoires is
inherently biased

The collection of unbiased full-length Ig and TCR transcript se-
quences also provided a unique opportunity for exploring the se-
quence diversity across the entire V region, the target of current
repertoire amplification efforts. We assessed the efficiencies of three
commonly used rhesus-specific Ig MPCR strategies (28, 29, 32)
by examining the sites targeted by their primers in the context of
their respective Ig V genes. We selected the three most abundant
IgHV genes represented among the unique Ig transcripts: IgHV4-2
(1383 sequences), IgHV1-1 (163 sequences), and IgHV3-9 (128
sequences) and generated consensus profiles for each. We discovered
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FIGURE 3. Consensus profiles of the most abundant IgHV genes de-
tected. Panels (A—C) respectively show the percentage of nucleotides at
each position that match the consensus (most abundant) nucleotide for
IgHV4-2, 1gHV1-1, and IgHV3-9. The IgHV4-2 consensus was con-
structed from 1383 sequences, whereas IgHV1-1 was from 163 sequences
and IgHV3-9 was from 128 sequences. The regions targeted by primers
from Sundling et al. (28), Wiehe et al. (29), and Rosenfeld et al. (32),
respectively, have either a yellow, red, or green bar above.

that the rhesus primers designed to target these genes all locate in
regions rich in sequence diversity (Fig. 3). For example, Sundling
et al. (28) targeted well-conserved regions of IgHV4-1 and
IgHV1-1 (Fig. 3A, 3B) yet appeared to target a region in IgHV3-9
that had a low percentage of sequences sharing the same con-
sensus nucleotides (Fig. 3C). The low consensus observed in all
three profiles at the 5" end of the cDNA sequence (left side of
profiles) was likely a result of the lack of guaranteed 5’ capture
among CCS reads. However, it was confined to regions upstream
of the primer target sites (Fig. 3A-C) and thus did not affect our
assessment of available primers.

To illustrate the limitation that the observed diversity could
reduce the overall coverage of these MPCR approaches, we
evaluated these primer sets via in silico PCR analysis with the full-
length Ig transcript sequences as the source of potential template
transcripts (Fig. 4). Similarly, we also leveraged known rhesus-
specific MPCR strategies for TCR (66, 67) in this analysis (Fig. 4).
We first tested only the forward (V gene) primers from these Ig
and TCR primer sets (28, 29, 32, 66, 67) and found that IgH, IgK,
and IgL amplification rates did not exceed 87% and were as low as
45% (Fig. 4A). Amplification rates for TCRA and TCRB were
similar, ranging from 53 to 73% (Fig. 4A). The Ig primer set
designed earliest by Sundling et al. (28) in 2012 had the highest
recovery of IgH sequences (76%), whereas the most recent Ig
primer set designed by Rosenfeld et al. (32) in 2019 had the
highest recovery of IgK (87%) and IgL (71%). The TCRB-specific
primers designed by Li et al. (67) recovered 73% of the TCRB
sequences, whereas Chen et al. (66) recovered 53% of TCRA
sequences.
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In silico PCR analysis of rhesus-specific primers from Sundling et al. (S) (28), Wiehe et al. (W) (29), Rosenfeld et al. (R) (32), Chen et al. (C)

(66), and Li et al. (L) (67) as well as human 10X B and T cell V(D)J reverse primers (68). Only the inner primers were tested for S and W, whereas both
inner and outer 10X primers were tested. The primers from C target both TCRA and TCRB, whereas those from L only target TCRB as indicated by the
bars shown in (A—C). The percentage of transcripts amplified in silico are shown as bars for different primer sets and types of transcripts. (A) Amplification
in which only primers targeting the V gene segment within the V region from S, W, R, C, and L are tested with the total number of primers (after
enumerating primers with degenerate nucleotides) shown above the bars. (B) Amplification using forward (V gene) and reverse (J gene segment or C region)
primers from S, W, R, C, and L. (C) Amplification in which only primers targeting the C region from S, W, and C are tested with the total number of primers
(after enumerating primers with degenerate nucleotides) shown above the bars. R and L are not shown here as their reverse primers target J gene segments.
(D) Analysis of 10X B and T cell V(D)J inner and outer reverse primers. The different groups of transcripts (Ig and TCR) are noted below the bar plot.

As expected, when we assessed both forward and reverse primers
together, the low percentages of sequences amplified largely
remained the same (Fig. 4B). Notably, the percentages for Rose-
nfeld et al. (32) and the percentage for Li et al. (67) were even
lower, as their reverse primers targeted J gene segments instead of
the C region. Indeed, when we tested the C region primers alone
(Fig. 4C), we found that Sundling et al. (28), Wiehe et al. (29), and
Chen et al. (66) had near perfect amplification rates, which was
expected.

Design of rhesus-specific B and T cell V(D)J assays for single
cell analysis

Both our consensus profiling (Fig. 3) and in silico PCR analysis
(Fig. 4A—C) showed that primers targeting variable regions are the
source of bias in targeted amplification of rhesus Ig and TCR
repertoires. Other methods, particularly RACE-seq and those us-
ing scRNA-seq, avoid this problem by only using primers tar-
geting the C region. Because there are no known single cell
repertoire analysis assays for rhesus macaques, we first checked
the efficiency of human B and T cell V(D)J assays developed
by 10X Genomics (68) against our collection of Ig and TCR

transcript sequences. We found that neither assay was able to fully
capture this set of rhesus Ig and TCR transcript sequences (Fig. 4D).
The human inner primers successfully amplified IgHD (100%),
IgHE (83%), IgHG1 (99%), IgHG2 (98%), IgHG3 (97%), IgHG4
(100%), TCRA (94%), TCRB1 (100%), and TCRB2 (93%).
Meanwhile, the outer primers only amplified IgHG1 (99%), IgHG2
(97%), 1gHG3 (97%), 1gHG4 (100%), and IgL (99%). Notably,
TCR & (TCRD), TCRGI, and TCRG2 were not included in this
analysis as 10X Genomics assays do not cover these transcripts.
We further assessed sequence homology between human and
rhesus reference sequences for the constant regions. For each Ig and
TCR isotype, we aligned our reference cDNA coding sequences for
rhesus macaque with those available for humans and evaluated the
compatibility of their respective 10X human primers where rele-
vant. For example, we aligned human IgHA1 and IgHA2 to the
five rhesus IgHA consensus sequences (three secreted, two
membrane bound) and examined the regions targeted by 10X
human primers (Fig. 5A). Overall, the two human cDNA coding
sequences had a high similarity to the rhesus consensus sequences,
averaging 89.7% identity. However, multiple nucleotide differ-
ences existed in the regions of rhesus reference sequences targeted
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by the 10X human outer and inner primers (Fig. 5A-C). These
primer inconsistencies were not specific to IgHA as all other hu-
man primers with the exception of the IgHG outer primer had
mismatches with at least one of its corresponding rhesus reference
sequences (data not shown). These results clearly indicated that
rhesus-specific primers are necessary to perform comparable sin-
gle cell analysis for rhesus macaques.

To properly design rhesus-specific Ig and TCR C region primers
that are compatible with respective 10X human V(D)J assay de-
signs, we first selected existing primers that were free of mis-
matches, which included the 10X human IgHG outer primer and
rhesus primers designed by Sundling et al. (28) (Supplemental
Table II). Notably, some primers that successfully in silico PCR
amplified Ig/TCR transcripts contained one or more mismatches,
thus requiring updated designs (Materials and Methods). For
isotypes that lacked an inner and/or outer primer, we designed new
primers with melting temperatures compatible with that of the
10X forward primer (Supplemental Table II). Similar to the Ig
primers, 10X human TCR primers were also largely incompatible
with the rhesus consensus sequences. We found that only the inner
primer for TCRB had a perfect match and thus designed all other
primers for rhesus macaques (Supplemental Table II). We also
included primers that target TCRD and TCRG in the final set of
our rhesus-specific T cell V(D)J primers, which are not included
in the human 10X assays (68).

To ensure that these newly designed primers can amplify rhesus
transcripts experimentally, for each of them, we designed a cor-
responding forward primer that was upstream but still within the C
region (Supplemental Table II). Then, we tested all these custom
inner and outer primers by pairing with their forward primers via
PCR (Materials and Methods). We obtained the desired product
size for each assay (Supplemental Fig. 3), confirming that these
rhesus-specific primers newly designed for single cell-based V(D)
J assays targeted rhesus Ig/TCR transcripts as expected. In some
assays, we also observed additional bands, but the desired bands
tended to be visibly the most prominent (seven of eight outer pri-
mers and two of five inner primers tested). Many of those additional
bands were larger than the desired product size (Supplemental Fig.
3), suggesting some forward primers might have shared certain

sequence similarities with the highly diverse upstream variable re-
gions. The actual single cell assays use nested template switch PCR;
therefore, these forward primers are not needed, and such off-target
amplification would not be a concern. Together, these results indi-
cate that the primers we designed will be useful for single cell
assays and compatible with the 10X Genomics platform.

Discussion
In this study, we profiled Ig and TCR repertoires using long read
transcript sequencing of tissues collected from Indian-origin rhesus
macaques, one of the most widely used NHP models. Because we
obtained high-quality, full-length sequences for individual Ig and
TCR transcripts, no sequence assembly was necessary. This un-
biased profiling analysis allowed us to compile, to our knowledge,
the first complete reference set for the constant regions of all
expected rhesus Ig and TCR isotypes and chain types based on
homology with humans, including three newly identified reference
sequences. Whereas most of publicly available rhesus Ig and TCR
C region sequences were computationally predicted from genomic
sequences and/or partial sequences, our reference sequences were
from directly sequenced transcripts and full length. We were able to
define the coding regions for these constant regions, yielding full
coding sequences as well as cDNA sequences containing 3' UTRs.
An immediate benefit of having this complete C region reference
is improved accuracy of rhesus Ig/TCR transcripts identification.
For example, we found that ~39% of rhesus TCR transcripts that
we initially identified by the commonly used combination of
IgBLAST and IMGT databases were actually Ig transcripts, based
on the alignment of their C region portion against these reference
sequences. This misassignment could be because of several rea-
sons. First, the current IMGT database has a limited number of
TCR V region germline sequences for rhesus macaques. Second,
the alignment of rhesus Ig/TCR transcripts to the human V region
reference is not sufficiently reliable. The incomplete 5’ end of
some rhesus Ig/TCR transcript sequences was also a contributing
factor. In the future, we expect that our reference sequences will
improve identification of novel germline variable genes extracted
from recombined Ig and TCR sequences in rhesus macaques as the
number of false positives will be substantially abrogated.
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These full-length Ig/TCR transcript sequences offered insights
into the rhesus immune system. For the Ig constant regions, we
identified both cell membrane-bound and secreted forms that we
differentiated by distinct 3’ end splicing. This demonstrates our
ability to detect the alternative splicing events among these mul-
tiexonic regions. As the genomic assembly and annotation of these
C region loci improves, long read sequencing may enable the
discovery of similar alternative exon usage as described for human
IgH C region genes (73). In addition, we recovered three different
allotypes for IgHA with significant variation in the hinge region.
When this hinge region is longer, the avidity for Ag interactions is
increased at the expense of increased susceptibility to pathogen-
derived proteases known to target the hinge region (74). We sus-
pect that our ability to identify hinge region variation was driven
by the high heterogeneity of the a C region (71) as well as its
highest frequency among the Ig isotypes we recovered. Given the
interspecies variability of IgHG between macaques and humans
(75) and the heterogeneity of rhesus IgHC genes in general (16), it
is imperative that future rhesus Ig gene analyses also consider this
allotypic diversity to improve the translatability of NHP models.

Because we did not use any targeted experimental approaches to
obtain these full-length Ig/TCR transcripts, we were able to ex-
amine the diversities of rhesus Ig/TCR variable regions in an
unbiased manner. We found that large diversities existed across the
entire variable regions of rhesus Ig and TCR transcripts. This is
especially relevant because available assays for profiling rhesus
Ig/TCR repertoires have relied on the consensus primers derived
from a limited number of available rhesus V region sequences.
Previous benchmarking analyses for targeted repertoire sequencing
in humans used either spiked-in samples (43) or samples of un-
known composition (42), motivating us to leverage our collected
sequences for a truly unbiased assessment of conventional rhesus-
specific MPCR designs for Ig (28, 29, 32) and TCR (66, 67).
MPCR targets specific V gene segments (forward primer) and
either specific J gene segments or constant regions (reverse
primer) to generate amplicon libraries. Not surprisingly, we found
that all of these assays failed to cover a significant percentage of
these rhesus Ig/TCR transcripts. We do not contend that this
method be avoided altogether moving forward, but additional
improvements will be necessary. For example, databases of V
region gene segments can be improved using the IgDiscover tool
(18). Targeting the more conserved 5" UTR of V genes may re-
duce the amount of primers needed in MPCR designs and yield
amplicons covering the entire V region but still need to be
designed for rhesus macaque (34). New algorithms such as the
recently described version of the tool for Ig Genotype Elucidation
via repertoire sequencing (TIgGER) for identifying human Ig (76)
can also improve germline allele assignment if adapted for rhesus
macaque.

Alternatively, scRNA-seq and RACE-seq only use primers that
target the constant regions of these Ig/TCR transcripts. In partic-
ular, scRNA-seq combines repertoire analysis and transcriptome
profiling in single B and T cells (51-54), and it can identify chain
pairs within single cells (77). Our analysis showed that human-
specific C region primers from commercially available assays
were not compatible for use in rhesus macaques. For these rea-
sons, we elected to design the first single cell-based B and T cell
V(D)J assays for rhesus macaques. We leveraged the complete set
of rhesus C region reference sequences compiled in this study to
ensure a broad coverage of rhesus Ig/TCR diversity and experi-
mentally validated the newly designed rhesus-specific primers.
Our assays are fully compatible with the standard protocols
from 10X Genomics, currently a popular platform for single
cell analysis. These primers can also be used or modified for

RACE-seq applications, considering similar library preparation
techniques.

More broadly, this study also demonstrated an accessible strategy
for developing immune repertoire resources and assays for less
studied organisms. Traditionally, the development of Ig/TCR re-
sources would start with collecting large numbers of species-
specific transcript and germline sequences. Because Ig/TCR loci
are among the most complex regions in the genome because of their
duplicated and polymorphic nature, proper sequencing and as-
sembly of these genomic regions requires sophisticated efforts (78).
Consequently, complete assemblies are only available for selected
model organisms such as humans and mice; meanwhile, these loci
still do not have complete assemblies for rhesus macaques despite
recent efforts (16). The PacBio Iso-Seq approach we used in this
study sequences full-length Ig/TCR transcripts directly and in a
high-throughput manner, bypassing transcript assembly issues.
The performance of this strategy could be further improved as
well. For example, compared with the whole tissue sample used in
this study, use of isolated B and T cells may significantly improve
the recovery of these repertoire sequences. In this study, we did
not infer germline alleles because of both the insufficient se-
quencing depth and the additional genotypic diversity introduced
due to having each tissue sample pooled from multiple animals.
However, we anticipate that future Iso-Seq studies tailored for
immune repertoire analysis will be able to support the application
of allele discovery tools, such as IgDiscover (18) and TIgGER
(76). The custom computational solution we developed and de-
scribe in this study can be modified for other species by replacing
C region references from a related species to identify putative
species-specific Ig/TCR transcript sequences. However, additional
information like Ig/TCR germline allele assignment, the genomic
order of individual genes, and copy number variations will still
require complete genomic sequencing and assembly.

In this study, we systematically profiled the diversity of rhesus Ig
and TCR genes using full-length transcriptome sequencing. We
performed benchmark analysis of common MPCR-based targeted
sequencing strategies for rhesus macaque and demonstrated that
available MPCR assays do not cover the rhesus repertoire diversity
adequately. Our construction of a complete reference set for rhesus
macaque Ig/TCR constant regions enabled the design, to our
knowledge, of the first rhesus-specific single cell-based V(D)J
assays, addressing many of the current technical limitations of
rhesus macaque repertoire analysis. Furthermore, our approach
circumvents the computational challenges concomitant with the
genomic assembly of these complex immune genes by combining
long read sequencing and new computational solutions. This study
thus represents a new direction for developing nascent immune
resources.
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