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Abstract

Background: T cell clonality assays in veterinary medicine currently target only the T
cell receptor gamma (TRG) locus. Existing assays have suboptimal sensitivity because
of insufficient primer coverage of all possible rearrangements.

Objective: Develop higher sensitivity clonality assays targeting the TRG, delta (TRD),
and beta (TRB) loci in cats.

Animals: Cats with histopathologically confirmed lymphoma (n = 89), non-lymphoma
(n = 35), and possible hepatic small cell lymphoma (n = 31).

Methods: Molecular clonality assay development utilizing our recently reported
topology and expressed repertoire data of the T cell receptor loci in cats. Determina-
tion of clonality status of lymphoma, non lymphoma, and possible hepatic small cell
lymphoma samples, and calculation of assay sensitivity and specificity.

Results: The new multiplex TRG assay yielded the highest sensitivity (95.5%). All
assays yielded 100% specificity except for the new multiplex TRG assay (97.3%). The
combination of the new TRG and TRB assays yielded sensitivity of 98.9% and speci-
ficity of 97.0%. The new TRG assay detected clonality in 17/31 possible small cell
lymphoma livers, whereas an existing TRG assay detected clonality in 6/31 livers.
Conclusions and Clinical Importance: The assessment of multiple T cell loci compen-
sates for the potential shortcomings of individual assays. Using a combination of
molecular clonality assays will increase the overall sensitivity for the diagnosis of
T-cell lymphoma in cats, especially intestinal, and hepatic small cell lymphoma.
Hepatic small cell lymphomas detected by the new TRG assay utilized rarely
expressed V and J genes not recognized by previous assays, likely indicating unique

biology of hepatic small cell ymphoma in cats.
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1 | INTRODUCTION

Hematopoietic neoplasms account for approximately one-third of all
tumors in cats, and among these, lymphoma is the most common.t
Several studies have shown that the small intestine is a commonly
affected site, and that small cell intestinal lymphoma is predominantly
of T cell lineage.2”> Although histopathology has been regarded as the
gold standard for the diagnosis of lymphoma, microscopic differentia-
tion between lymphoid neoplasia and inflammatory conditions is diffi-
cult in some cases. This is especially true in distinguishing type I
enteropathy-associated (small) T-cell lymphoma (EATL) from inflam-
matory bowel disease (IBD), or hepatic small cell lymphoma from lym-
phocytic cholangiohepatitis.®®

Lymphocyte antigen receptor gene rearrangement analyses
(molecular clonality assays) have been used as adjunctive tests for the
diagnosis of lymphoma in cats when routine morphologic assessment
is equivocal.”1° Using PCR, the complementarity determining region
3 (CDR3) of lymphocyte antigen receptor genes is amplified and PCR
products are size separated to visualize the antigen receptor gene
rearrangement diversity of a lymphocyte population. A reactive lym-
phoid proliferation yields variably-sized amplicons (polyclonal popula-
tion) because of the heterogeneity of T cell receptor (TR) gene
rearrangements, whereas lymphoma results in identically-sized
amplicons (clonal population) that are derived from a single neoplastic
precursor cell.!* The T cell receptor gamma (TRG) locus is widely used
as a target for T cell clonality testing because of its restricted germline
repertoire, which limits the number of PCR primers required, and
because of the presence of TRG gene rearrangements in both off and
¥oT cells.*213 Clonality testing of T cell proliferations targeting the TR
beta (TRB) and delta (TRD) loci in addition to the TRG locus is rou-
tinely performed in human medicine to increase the detection rate of
clonal rearrangements, a principle known as “complementarity of
targets,” especially when the T cell lineage is unknown or the clinical
presentation or histopathology is unusual or ambiguous.** In veteri-
nary medicine, T cell clonality assays targeting loci other than the TRG
locus have not been reported, and previously designed assays some-
times yield false negative results because of insufficient primer cover-
age of rearranged genes or obscuration of a clonal signal by a
polyclonal background.®*>¢ Recently, we reported the topology and
expressed repertoire of the Felis catus T cell receptor loci (TR alpha
[TRA], TRB, TRG, TRD)."” Doing so enabled the design of TR clonality
assays with complete coverage. The complete genomic annotation of
all TR germline genes enables comprehensive candidate primer design.
The expressed repertoire sequencing data informs the selection of
PCR primer combinations which may improve assay performance.

Our objective was to utilize our recently published comprehen-
sive description of the TR loci in cats to design novel multiplex primer
sets targeting the feline TRG, TRD, and TRB loci. The combination of
multiple gene targets increased the overall sensitivity of the diagnosis
of T cell lymphomas in cats compared to our previous TRG assay. The
new clonality assays proved to be superior for diagnosing small cell
lymphoma in the intestine (EATL type Il) and liver, which are impor-

tant clinical entities in feline medicine.

2 | MATERIAL AND METHODS

21 | Feline lymphoma and non-lymphoma samples
Our retrospective study was conducted on samples from cats
retrieved from the case archive of the Pathology, Microbiology and
Immunology (PMI) diagnostic service, School of Veterinary Medicine,
University of California Davis (UCD) from 2000 to 2018. Cases that
were submitted to the PMI Leukocyte Antigen Biology Laboratory
(LABL) with a confirmed diagnosis of T cell lymphoma also were
Histopathology and CD3
immunohistochemically (IHC)-stained slides from all cases were

included as study samples.
reviewed by 2 pathologists (P.F.M., W.V.) to confirm morphologically
unequivocal T cell lymphoma.2®*® A total of 89 unequivocal T cell
lymphoma samples were collected, consisting of formalin-fixed and
paraffin-embedded (FFPE) biopsy specimens of small intestine
(n = 72), lymph node (n = 4), liver (n = 3), skin (n = 2), eye (n = 1) and
buccal mucosa (n = 1) as well as FFPE specimens from necropsy tis-
sues of thymus (n = 2), liver (n = 2), lymph node (n = 1) and spinal
cord (n = 1) obtained from cats euthanized with disseminated T cell
lymphoma. Biopsies and necropsies were conducted with owner con-
sent as part of the PMI diagnostic service.

A total of 35 non-lymphoma samples were obtained from cats
that were either healthy or had non-lymphoproliferative diseases: (a)
FFPE tissues of thymus (n = 3), mesenteric lymph node (n = 3) and
spleen (n = 3) from 3 specific pathogen-free (SPF) 4-month-old con-
trol cats from an unrelated study that operated under an Institu-
tional Animal Care and Use Committee (IACUC) protocol'® and
(b) FFPE tissues from cats for which owner consented necropsies
had been performed by the UCD diagnostic pathology service during
the years 2003 to 2013. All cats were <5 years of age, were eutha-
nized for nonhematopoietic neoplasia-related causes, and histopa-
thology was done to confirm the absence of lymphoma. Tissues
were lymph nodes diagnosed as reactive hyperplasia (n = 14) and
intestines with infectious enteritis confirmed by histopathology and
PCR (n = 12).

Thirty-one FFPE tissues of liver biopsy samples were obtained
from the LABL archives (2016-2018). The selected livers were mor-
phologically ambiguous for T cell lymphoma vs lymphocytic
cholangiohepatitis and clonality testing was necessary for differentia-
tion. When additional tissue was available, CD3, CD79a, and CD20
IHC were performed. Additional details on age, sex, sampling location,
and clinical diagnosis of T cell lymphoma, non-lymphoma and incon-
clusive T cell lymphoma cases are provided (Tables S1, S2, and S3).
Histopathologically normal FFPE liver samples also were collected
from 10 cats submitted to the PMI diagnostic service for owner-

consented necropsies.

2.2 | DNA extraction and quality control

Genomic DNA (gDNA) was isolated from FFPE sections mounted on

glass slides using a commercial kit (DNeasy blood and tissue kit,
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Qiagen, CA). The DNA quality was assessed using an Ultraspec 2100
Pro spectrophotometer (Biochrom US, Harvard Bioscience Inc, MA). A
566 bp portion of the feline glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) gene was amplified by PCR to ensure adequate DNA
integrity. Samples that did not yield the 566 bp PCR product were not
included in the study to avoid false negativity. A reaction volume of
50 pL included 100 ng of gDNA, 10 pmol of each primer (forward
primer sequence: 5-AGCAATGCCTCCTGCACCACC-3' and reverse
primer sequence: 5-TACTCCTTGGAGGCCATGTGG-3'), 1.25 units
Taqg enzyme (HotStarTaq, Qiagen, CA), 10x PCR buffer, 2 mM MgCl,
400 pM dNTP and PCR cycles as follows: 94°C for 1 minute;
35 cycles of 98°C for 10 seconds, 64°C for 15 seconds, 68°C for
30 seconds; 72°C for 3 minutes. The PCR products were visualized by
capillary gel electrophoresis (eGene HDA-GT12 analyzer, eGene Inc,
Irvine, CA) equipped with BioCalculator software (Qiagen, CA) and
using a High-Resolution Cartridge (Qiaxcel, Qiagen, CA).

2.3 | Primer design for multiplex PCR

The design and optimization of PCR primers and protocols for antigen
receptor gene rearrangement analyses recommended by the
EuroClonality/BIOMED-2 consortium were applied to multiplex primer
design and protocol optimization in our study.*?> Clonality assays
targeting the TRG, TRD and TRB loci were established in separate reac-
tions. The primer design aimed to balance a minimum number of primers
per reaction with maximum coverage of relevant genes. Genes that
were excluded from primer design were pseudogenes or genes that
were found to be expressed at very low frequency in a previous study
(<2% of TRG, 2% of TRD, and 0.5% of TRB repertoires).}” Candidate
genes were aligned, and forward and reverse primers were designed for
variable (V) and joining (J) regions, respectively, using Geneious software
(9.1.7; Biomatters Inc, San Diego, CA). Consensus primers had <2 nucle-
otide mismatches with any of the genes they covered, and any mis-
matches always were located at least 5 nucleotides away from the 3’
end of the primer. Primers were placed at least 12 nucleotides distant
from the junctional region to avoid improper annealing because of
nucleotide deletion or addition from the germline sequence. Expected
product sizes were kept <200 bp to allow the routine use of FFPE
material, which generally has some degree of compromised DNA
integrity compared to other sample types. The software OLIGO v7.6
(Molecular Biology Insight Inc, Cascade, CO) was used for primer
design and in silico multiplexing.2° Primer combinations and PCR con-
ditions for each clonality assay were optimized using polyclonal DNA
from normal lymphoid tissues of SPF cats. All forward primers were
tested individually using multiplexed reverse primers in a gradient
PCR. If a forward primer produced a strong polyclonal signal without
dimer formation, it was multiplexed with other forward primers.
Annealing temperatures were chosen to accommodate optimal effi-
ciency for all primers in the mix. Various primer combinations and
PCR conditions were tested until the final selections met all criteria

stated previously.
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24 | Assay testing and interpretation

The performance of the new multiplex assays was compared against a
TRG clonality assay (TRG1) established previously.?* The 3 new multi-
plex assays and the previous TRG1 assay were tested on the 89 lym-
phoma and 35 non-lymphoma samples. Each reaction was run in
triplicate, along with absent DNA template and polyclonal DNA con-
trols. The PCR products were visualized using capillary electrophoresis
as described previously.

Electrophoresis patterns were classified as follows: samples
that yielded reproducible identical discrete, sharp peaks of the
expected size (3/3 triplicate reactions) were defined as “clonal,”
samples that yielded a Gaussian curve were defined as “polyclonal,”
samples that yielded a discrete, sharp peak within a Gaussian curve,
and in which the peak height of the dominant clone was at least
twice the height of the polyclonal background were defined as
“clonal in a polyclonal background,” samples that yielded different-
sized, and hence nonreproducible peaks in triplicate reactions were
defined as “pseudoclonal” and samples that yielded neither a peak
or a Gaussian curve were defined as “no amplification.”® Definitive
classification of “clonal in a polyclonal background” rearrangement
patterns required at least 2 out of 3 (triplicate) results for that sam-
ple having completely concordant discrete sharp peaks at least
twice the height of the polyclonal background in their electrophore-
sis profiles.

2.5 | Data analysis and statistical evaluation
Electrophoresis profiles classified as “clonal” or “clonal in a poly-
clonal background” were considered “test positive.” Electrophore-

«

sis profiles classified as “polyclonal,” “pseudoclonal,” or “no
amplification” were considered “test negative.” Using unequivocal
histopathology as the gold standard, true positives, true nega-
tives, false positives, and false negatives were assigned in a 2 x 2
contingency table and test sensitivity and specificity including
95% confidence intervals (Cl) were calculated.?? In human medi-
cal hematopathology, testing TRG + TRB and TRG + TRD in par-
allel improves diagnostic sensitivity.'* Therefore, in our study,
sensitivity and specificity were determined for assays individually
and for the assay combinations TRG + TRD and TRG + TRB done

in parallel.®

2.6 | TRG clonality testing on morphologically
ambiguous hepatic small T cell ymphoma

The new multiplex TRG assay (TRG2) and the previous TRG assay
(TRG1) were tested on 31 liver biopsy samples that were histopath-
ologically ambiguous for T cell lymphoma vs lymphocytic
cholangiohepatitis, using a similar workflow and interpretation as

above.
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3 | RESULTS

3.1 | Primerdesign and PCR conditions

For each locus, all primers were successfully multiplexed in a single
tube. All assays were tested with normal thymic DNA and produced a
Gaussian curve without primer dimers larger than 50 bp. The reac-
tions were established for a final reaction volume of 50 pL and 100 ng
of gDNA template. Reaction conditions (Table 1) and cycling condi-
tions (Table 2) were optimized for each TR locus individually.

Six TRG primers were multiplexed to detect 5 V genes and 6 J
genes, resulting in an expected product size of approximately
75-135 bp. The multiplex primers are anticipated to detect at least
98% of known TRG rearrangements based on large-scale expressed
repertoire data.l” The TRG multiplex primer set developed in our
study (TRG2) covers TRGV7-1, TRGJ5-1, and TRGJ6-1, which are not
covered by the previously used TRG1 assay (Figure 1A). Although the
TRGV5-3 gene is rearranged, the primer specific to the TRGV5-3 gene
was omitted because, during preliminary testing, an invariant
rearrangement with the TRGJ5-1 gene produced a reproducible and
recurrent distinct 98 bp spike, mimicking a clonal rearrangement in
both inflamed and 10 normal liver samples (Figure S1).

For the TRD assay, 3 forward and 2 reverse primers were
designed to detect 7 rearranged V genes and 2 rearranged J genes,
respectively (Figure 1B). The expected product size range was

TABLE 1 Optimized master mix conditions of the TRG2, TRD,
and TRB multiplex PCR
TRG2 TRD TRB
Primer® 6 pmol 5 pmol 10 pmol
Taq? 1.25 units 1.25 units 2 units
MgCl,? 2mM 3mM 2mM
dNTP? 0.4 mM 0.6 mM 0.6 mM

Note: The master mix was optimized in a 50 pL reaction. 10x PCR buffer
was used following the HotStartTag DNA polymerase manufacturer's
protocol.

2Amount of individual primer irrespective of total numbers of primers in
each multiplex PCR tube.

BFinal concentration in 50 pL reaction.

Step Temperature Time
Preactivation 95°C 15 min
Denaturation 94°C 30s
Annealing 65°C?/61°CP/64°C* 60s
Extension 72°C 60s
Final extension 72°C 7 min

Note: Number of PCR cycles of all assays is 35.
2TRG2 multiplex primers.

bTRD multiplex primers.

“TRB multiplex primers.

approximately 95-170 bp and primer dimerization occasionally was
seen outside of the expected size range (approximately 45 bp) when a
sample contained low target T cell DNA.

Because of the extensive combinatorial repertoire and low nucle-
otide homology of feline TRB genes, 17 forward primers were
designed to detect 20 rearranged V genes and 10 reverse primers
were designed for each of the rearranged TRBJ genes except
TRBJ2-5 because it is a pseudogene with very low usage (Figure 1C).
In total, 27 primers were multiplexed to yield an expected product

size of approximately 125-200 bp with minimal primer dimerization.

3.2 | Testing of new multiplex assays in lymphoma
and non-lymphoma samples

The new, optimized TRG2, TRD and TRB multiplex assays and the
original TRG1 assay developed previously were tested on a series of
lymphoma and nonlymphoma samples. The electrophoresis profiles of
the TRG1 and the new multiplex TRG2 assays yielded various pat-
terns including “clonal,” “clonal with polyclonal background,” and
“polyclonal.” Both TRG assays frequently showed multiple clonal
rearrangements in lymphoma samples, and up to 6 clonal
rearrangements were observed with the new multiplex TRG2 assay,
consistent with the multicassette structure of the feline TRG locus.*”
The multiplex TRG2 assay produced clonal results in 85/89 (95.5%)
lymphomas whereas the previously used TRG1 assay was clonal in
79/89 (88.8%) lymphomas. The TRG assays were concordant in
81/89 (91.0%) of cases. The new multiplex TRG2 assay yielded clonal
results in 7/89 (8%) lymphomas whereas the original TRG1 assay did
not (Figure 2). The multiplex TRG2 assay yielded a negative test result
in 1 lymphoma when the original TRG1 assay was positive (Table S1).
The original TRG1 assay produced a polyclonal result in all non-
lymphoma cases (0/35) whereas the multiplex TRG2 assay produced a
clonal rearrangement in a single non-lymphoma case (1/35);
(Table S2).

The multiplex TRD assay produced a clonal result in 56/89
(62.9%) lymphomas. The TRD assay produced a clonal result in 1 case
of hepatic lymphoma that failed to produce a clonal result with all of
the other clonality assays (Figure 3). More than 1 clonal

rearrangement frequently was observed with the TRD assay. Negative

TABLE 2 PCR for cycling conditions
of CDR3 amplification of TRG, TRD, and
1 TRB loci

Number of cycles

35



RADTANAKATIKANON ET AL.

FIGURE 1 Feline T cell receptor
locus representation and primer
sequences. (A) Feline TRG locus.

(B) Feline TRD locus. (C) Feline TRB
locus. Rearranged V genes and J
genes that are detected by a primer
are depicted in green and yellow
boxes, respectively. V and J genes
that are not covered by any primer
in an assay are depicted in empty
boxes. Genes not related to the
assay are depicted in black boxes.
Gray arrows indicate genes that are
detected by the previously used
TRG1 PCR assay (A). Black arrow
indicates inverse orientation of
genes on the chromosome. Box size
is not to-scale. Primer sequences
are shown next to their detected
genes. The relative position of the V
and J primers is indicated according
to their most 5’ nucleotide
upstream (—) or downstream (+) of
the involved recombination signal
sequences. Schematic locus
representations adopted from www.
IMGT.org

(A) TRG locus:

Chromosome A2

Journal of Veterinary Internal Medicine AC\:#/IM | 2869

American College of
Veterinary Internal Medicine

> < > <« > <«
& T Q 29 o 2 i w Tal
& O & ddid & R 3 @
> L 16} > (6} > >>55 0 o 22>
G 338 © s 3383 & ] 56338 @ 3 865
s H— = {HHHE i I HHHE BHHC
> <«
QT o 3 I
8 g4 2 & ¢ g gge 8
$) 33 & & & g} 633 o

—a&—H{——8—HH-

Detected V genes

5

TRGV2-1 (-50)
TRGV2-2 (-43)
TRGV2-3 (-43) GAAGAGCGACGAGGGCGTG
TRGV2-4 (-43)
TRGV7-1 (-47)

(B) TRD locus: Chromosome B3

AvV40
AV41
DV5-1

s
a

s {147/

Dv2-1
AV26
DV5-2
DV5-3

i

[] pvs-4

275 kb

Forward primer sequences

3

GCGAAGAGCGATGAGGGAGTG

AGCAAGAAGATGAGGCCGTGT

DV5-5

50 kb 75kb 35kb

Detected V genes  Forward primer sequences
5
TRDV2-1 (-54) CTCTCTCGTACAACTGGCAGAC
TRDV5-1 (-51)
TRDV5-2 (-51)
TRDVS-3 (-51) GCTTGATGCCTACAGACTCAGG
TRDV5-5 (-51)
TRDV5-6 (~50)
TRDV3  (-55) GGTGATCTCGGTGGAGCCT

(C) TRB locus: Chromosome A2

BV1
BV4-1
BV2
BV3
BV4-2
BV5-1
BV5-2
BV6

BV7-1
BV8
BV5-3

BV7-2

BV5-4

BV10

3

BV11

BV12-1

DV5-6

37kb

BV12-2

Dv46

DV4

Detected J genes

TRGJ1-2
TRGJ2-2
TRGJ3-2
TRGJE-2

TRGJ5-1
TRGJ6-1

(+46)
(+52)
(+52)
(+61)
(+56)

(+56)

Reverse primer sequences
5 3

TGTGCCAGGACCGAACACTTTG

GGAGTTACTATGAGCTTAGTTCCTTCTG

GGGAGTTACGATGACCTTAGTTCCTTC

DD1

Detected J genes

TRDJ2

TRDJ3

BV15
BV16
BV17
BV18

(+59)

(+42)

BV19

5

BV20

1 H—HH—-T—— 3 sk

Reverse primer sequences

3

ACGAGTCGAGTCCCTGCTC

GTGGTTCCACGAGGAGTTTGG

BvV21
BvV22
Bv23
BV24
BV25
BV26
BvV27
BV28

30kb

BJ1-1to BJ1-5

BV29

BD1

BC1

BD2

BJ2-1to BJ2-6
BC2

BV30

T s 2500

=
Detected V genes Forward primer sequences

5 3
TRBVA-1 (~197) TCACACCCGAGTGCTCAGACA
TRBV4-2 (-197)
TRBV3  (~115) TGAAACAGTTCCAAGTCGTTTCTCACC
TRBVS-2 (~118) AAAGGAAACTTCCCGGAACGATTCTC
TRBVS-3 (~119)
TRBVS-4 (-111) CCTCCCCAGTCACTTCTCCGTTG
TRBV6  (-132) TGGTACCACCGAGAGAGGAGAAATC
TRBV7-1 (-126)
TRBV7-2 (~126) CTCCTCAGGGATGCCCAGCAA
TRBV10 (-116) GGAGATGTCCCCGATGGGTACG
TRBV12-1 (~116) GGAATGCCCAGTGACCGCTTC
TRBV15 (-101) AACTTCAAAGCCAGCCGGGATAAC
TRBV18 (-123) TGACTCCGGAATGCCGACAAAAC
TRBV20 (~103) AGACCGAGTTTTCCATTAGCCATCCA
TRBV21 (~100) AGTTTTCGGCTCAATGCCCCA
TRBV24  (~107) CCAATGGGTACAGTGCCTCTCGAA
TRBV25  (-107) TCCTCCGGATCAACCGTCTCTAGAA
TRBV26  (~107) CCTGAGGGGTATCACGTCTCTCAA
TRBV29 (~107) ACCAAGGACAAGTTTCCCATCAGC
TRBV30 (-104) CCACGGAACTTCACAGCCTCCA

results with the TRD assay in the lymphoma group were frequently

“no amplification” rather than “polyclonal” electrophoresis patterns
(Table S1). The TRD assay was negative in all non-lymphoma samples

(0/35), 25 cases being “polyclonal” and 10 cases resulting in no ampli-

fication (Table S2).

Detected J genes

TRBJ1-1
TRBJ1-2
TRBJ1-3
TRBJ1-4
TRBJ1-5
TRBJ2-1
TRBJ2-2
TRBJ2-3
TRBJ2-4
TRBJ2-6

(+35)
(+28)
(+37)
(+37)
(+42)
(+36)
(+40)
(+37)
(+32)
(+34)

Reverse primer sequences
5 3
CCTGGTGCCTGCTCCAAAGAA
GGTCCCTGGGCCGAAGGTATAATC
CCGGCTCCCTTCCCCAAAATAG
AGAGCTTGGCTCCACTTGTGAAAAAT
AGCCTGGTGCCCATCCCAAA
CGGGTCCCTGGCCCAAAGT
AGCTTGGAACCAGCCCCAAAATAC
GCCGGGTACCTGTGCCGAAATA
GGGTTCCGGGGCCGAAGTA
TGGTGCCGGGGCCGAAATA

The TRB assay was clonal in 71/89 (79.8%) lymphomas. Biclonal
rearrangements and multiple clonal rearrangements were observed
frequently in the samples that also yielded multiple rearrangements

with the TRD assay. Additional PCR products at approximately

350-400 bp occasionally were detected, presumably because of
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FIGURE 2 Anintestinal small
T-cell ymphoma that is not clonal
with the previous TRG1 assay but
clearly clonal with the new
multiplex TRG2 assay. HE stain
left panel. CD3
immunoperoxidase stain; Vector
NovaRed substrate; right panel.
Bar = 50 pm. Molecular clonality
PCR electropherograms insets—
all PCR assays were performed in
triplicate

FIGURE 3 Alarge T-cell
lymphoma confirmed by a clonal
TRD result that is not clonal with
the TRG1, TRG2, or TRB assays.
HE base image. Bar = 40 um.
Molecular clonality PCR
electropherograms insets—all
PCR assays were performed in
triplicate
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TABLE 3 Clonality testing results of the TRG1 clonality assay and 3 novel multiplex clonality assays targeting the TRG, TRD, and TRB loci

using lymphoma and non-lymphoma cases

TRG1 TRG2 TRD TRB
Total ve+ ve— ve+ ve— ve+ ve— ve+ ve— TRG2 + TRD TRG2 + TRB
Lymphoma 89 79 10 85 4 56 33 71 18
Nonlymphoma 35 0 35 1 34 0 35 0 35
Sensitivity 88.8% 95.5% 62.9% 79.8% 98.3% 99.1%
(80.3-94.5%)? (88.9-98.8%) (52.0-72.9%) (69.9-87.5%)
Specificity 100% (90.0-100%)*  97.1% 100% (90.0-100%)  100% (90.0-100%)  97.1% 97.1%

(85.0-99.9%)

Note: Test ve+: electrophoresis profiles had a clonal rearrangement or a clonal rearrangement with a polyclonal background. Test ve—: electrophoresis
profiles had a polyclonal rearrangement, a pseudoclonal rearrangement or no amplification. Sensitivity = true positive/ (true positive + false negative).

Specificity = true negative/(true negative + false positive).
Abbreviations: TRG1, original TRG assay; TRG2, new multiplex TRG assay.
295% confidence interval.

FIGURE 4 A hepatic small T-cell lymphoma that is not clonal with the previous TRG1 assay but clearly clonal with the new multiplex TRG2
assay. HE base image. Bar = 100 pm. Molecular clonality PCR electropherograms insets—all PCR assays were performed in triplicate

concurrent priming of a downstream TRBJ gene. Most negative test
results in the lymphoma group were classified as “polyclonal”
(Table S1). All non-lymphoma samples produced negative results
(0/35). Of those, 32 cases had polyclonal rearrangements and 3 cases
showed no amplification (Table S2).

3.3 | Evaluation of clonality assay performance
characteristics

True positive, true negative, false positive and false negative percent-

ages were calculated for each assay, along with diagnostic sensitivity



2872 | Journal of Veterinary Internal Medicine AC\?' M

RADTANAKATIKANON ET AL.

American College of
Medi

Veterinar ternal Medicine

and specificity and their 95% Cl (Table 3). The new multiplex TRG2
assay yielded the highest sensitivity (95.5%) and the multiplex TRD
assay yielded the lowest sensitivity (62.9%). The multiplex TRB assay
had an intermediate sensitivity (79.8%). All assays yielded 100% speci-
ficity except for the multiplex TRG2 assay (97.3%). The sensitivity and
specificity of the combined multiplex TRG2 assay and the TRB assay
were 99.1% and 97.1%, respectively. The combination of the multi-
plex TRG2 assay and the TRD assay yielded a sensitivity of 98.3% and
a specificity of 97.1%.

3.4 | TRG clonality analysis of morphologically
ambiguous hepatic small T cell ymphoma samples

The multiplex TRG2 assay detected clonality in 17/31 (54.8%) livers
with a diagnosis of possible small cell ymphoma based on histopathol-
ogy, whereas the original TRG1 assay detected clonality in 6/31
(19.3%) livers (Figure 4 and Table S3).

4 | DISCUSSION

The first PCR-based T cell clonality assay for cats was developed
based on Sanger sequencing data of TRG transcripts from normal lym-
phoid tissues nearly 2 decades ago, and utilized 1 pair of degenerate
consensus primers.2! After additional V and J genes of the feline TRG
locus had been identified, clonality assays using more complex primer
mixtures were developed to expand the number of rearranged genes
detected.?*?> Nevertheless, the development of earlier clonality
assays for cats was hindered because of the knowledge gaps in high-
quality genome assembly and high-throughput sequencing data in the
cat. Recently, we reported a comprehensive description of all T cell
receptor loci in cats and a high-throughput dataset of expressed anti-
gen receptor gene sequences.'” Knowledge of the locus structure and
expressed repertoire facilitates primer design and aids in the interpre-
tation of clonality results. Given the large number of antigen receptor
genes in some loci, knowledge of V/J usage helps limit primer design
to genes that are rearranged at an appreciable rate, which in turn min-
imizes the complexity of the PCR mixture and improves assay robust-
ness.” In human medicine, T cell clonality testing initially was
confounded by false negative results because laboratories originally
targeted only the TRG locus because of its rearrangement in both
major T cell lineages and its restricted germline repertoire that simpli-
fied primer design. Increased detection rates of neoplastic clones
were accomplished not only by optimized primer design, but also by
incorporation of additional gene targets.'* The combination of 2 inde-
pendent clonality assays has been shown to significantly improve
overall test accuracy.?®?” In our study, we successfully developed
multiplex PCR assays targeting the TRG, TRD and TRB loci in cats that
are based on the knowledge of the expressed V/J repertoire and also
gene topology. The assessment of multiple T cell loci can compensate
for the potential shortcomings of individual assays and increase the

overall sensitivity of diagnostic testing for T cell lymphoma in cats.

Our multiplex assays can be used with a variety of sample types,
including FFPE tissues, which are the lowest quality routine samples
for performing PCR.

Unlike TR clonality assays in humans where multiple clonal
rearrangements frequently are detected only in TRB clonality assays,
the TR clonality assays for cats frequently amplified multiple clonal
rearrangements in all 3 target loci in a given T cell lymphoma.?® The
fact that more clonal rearrangements per case were seen with the
TRG primer set than with the TRB or TRD primer sets can be
explained by the multicassette structure of the feline TRG locus.r” A
similar situation exists in the dog, where the TRG locus topology con-
sists of 8 cassettes, and multiple clonal rearrangements are commonly
detected in lymphomas in dogs.2?-3! This phenomenon affords multi-
plex clonality assays that target the TRG locus increased sensitivity
because there is redundancy if 1 rearrangement is missed by a given
primer set. However, it is unknown if multiple clonal rearrangements
in any given lymphoma are caused by the simultaneous rearrangement
of multiple cassettes in a single neoplastic clone (most likely) or the
presence of multiple neoplastic clones. The TRGV7-1, TRGJ5-1 and
TRGJ6-1 genes are not recognized by primers of the original TRG1
assay. This likely results in failure to detect some subsets of clonal
lymphocyte populations and would explain the lower sensitivity com-
pared to the new multiplex TRG2 assay. The increased sensitivity of
the multiplex TRG2 assay reported here is similar to a previous study
that reported 72.7% sensitivity of a singleplex assay and 90.9% sensi-
tivity of another multiplex assay.’® Some TRG assays utilizing multi-
plex primers have been developed by others, but the sensitivity of
those assays potentially is decreased because nonrearranged
pseudogenes were unnecessarily included in the PCR primer mixture,
and TRGV7-1, which is the most second most utilized TRGV, is not
covered.?>32

During preliminary multiplex TRG assay optimization using DNA
from non-neoplastic lymphoid tissue, an invariant junctional
rearrangement was unexpectedly detected when a primer for the
TRGV5-3 gene was included in the multiplex V gene primer mix. The
fact that this 98 bp rearrangement was found in multiple liver samples
without neoplasia, or in those that were histologically normal, sug-
gests it is a “canonical rearrangement.” A canonical rearrangement
refers to the preferential use of a particular V and J gene combination
with a nondiversified CDRS3 region. Canonical rearrangements can be
found in normal lymphocyte populations.3® The feline TRGV5-3 is the
rarest rearranged gene and exclusively pairs with TRGJ5-1.17 Hence,
we concluded that the 98 bp rearrangement is most likely a canonical
rearrangement and excluded the TRGV5-3 primer from the final
primer set to avoid falsely identifying a canonical rearrangement as a
clonal rearrangement. The exclusion of primers to detect a rearranged
gene possibly compromises assay sensitivity, but given the interpreta-
tional consequences, we prioritized minimizing the occurrence of false
positive results over maximizing sensitivity. It is conceivable that rare
lymphomas in cats utilize this particular rearrangement, because both
TRG assays in our study failed to recognize a neoplastic clone in 2 con-
firmed T cell lymphomas (Table S1, cases 77 and 86), both of which
interestingly involved the liver. A similar phenomenon has been
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reported in the multiplex primer design phase of a TRG clonality assay
for humans, in which the Jy1.2 primer was omitted owing to the
occurrence of a Vy9-Jy1.2 canonical rearrangement.’? In humans, the
invariant Vy9-Jy1.2 rearrangement is preferentially utilized by normal
8T cells (approximately 1% of peripheral blood T cells).3*% A recent
study of clonality testing in cats reported an invariant rearrangement
detected by a primer mixture consisting of TRGV-f1 and TRGJ-r2
primers that recognizes the TRGV5-3 and TRGJ5-1 genes, respec-
tively. This rearrangement was found in non-lymphoma samples,
hence it was considered a canonical rearrangement.3?> We confirmed
that these primers also resulted in amplification of a canonical PCR
product when used with DNA extracted from normal livers in our
study (data not shown). A potential canonical rearrangement was
reported in the J region subgroup 2 genes of the feline TRG locus that
is presumably consistent with TRGJx-1 genes according to the feline
TR germline.'”?* The invariant junctional rearrangements of lympho-
cyte antigen receptor genes have not been systematically investigated
in domestic animals.

The TRD locus is potentially a good target for clonality testing
because it has a limited number of rearranged V and J genes and pos-
sesses a diverse CDR3 region. In our study, the sensitivity of the TRD
assay was considerably lower compared to the situation in humans.*?
Most of the false negative results encountered with the TRD assay
for cats were a consequence of no amplification. The most probable
explanation of this finding is that the majority of lymphomas in cats
are of aff T cell lineage and off T cells commonly do not retain
rearranged TRD genes.®® The TRD segments are located within the
TRA locus and many TRD rearrangements are deleted in aff T cells
during recombination of the TRA locus, although TRD rearrangements
have been reported in op T cell neoplasia.®**” In humans, most types
of T cell lymphoma express an aff TR and only distinct entities com-
monly express a y8 TR.27 Alternatively, and less likely, false negative
results could be caused by insufficient primer coverage of the novel
TRD assay for cats. The evaluation of TRD rearrangements would be
most helpful in y8 T cell tumors, especially those with an af T cell
inflammatory background that could obscure a clonal rearrangement
when assessed by TRG and TRB assays.

In humans, assessment of the TRB locus has been used exten-
sively in the diagnosis of T cell lymphoproliferative disorders and in
minimal residual disease monitoring because of its extensive combina-
torial repertoire.3® Clonality testing targeting the TRB locus has been
slightly more informative than targeting the TRG locus, and hence is
used as the first-line target.2”? Interestingly, our TRB assay for cats
yielded a lower sensitivity than the multiplex TRG assay. The TRB
primer sets used in humans also detect incomplete D-J
rearrangements in addition to complete V-D-J rearrangements, which
might contribute to the better performance of TRB over TRG primer
sets in humans.?® The fact that 2 clonal rearrangements frequently
were found in our study using the TRB primer set could be attributed
Additionally,

rearrangements could arise from the configuration of the feline TRB

to biallelic  rearrangements. multiple  clonal

locus where TRBJ genes are spaced as close as 42 bp, which could

allow for additional priming of a downstream J gene.?®
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The new multiplex TRG2

rearrangements in suspected hepatic lymphoma samples than the

assay detected more clonal

original TRG1 assay. This finding suggests that T lymphocyte subsets
utilizing TRGV7-1, TRGJ5-1 or TRGJ6-1 genes are more common in
the liver than in the intestine. Further investigation into hepatic T cell
subsets may identify V/J gene usage distinct from that found in the
intestine, similar to human y8 T cells, in which the V&1 subset is pre-
dominant in gut epithelium whereas the V83 subset preferentially
localizes to the liver.*® The complex mixture of intrahepatic lympho-
cyte populations in rodents and humans is comprised of natural killer
(NK) T cells, NK cells, ap T cells, y& T cells and fewer B cells.*+42 |n
mice, the expressed TRG chain of tissue-resident y& T cells typically is
associated with their location and effector functions, whereas in
humans the TRD chain serves that purpose.*3*4 For instance, human
V83" y8 T cells are found exclusively in normal livers. Liver infiltrating
V82~ y8 T cells were phenotypically and functionally distinct from
peripheral blood subsets, which dominantly express V52.4°4¢

Lymphocytic cholangitis/cholangiohepatitis, a common liver dis-
order in cats, is a predominantly T-cell mediated disease.*” A previ-
ous study reported that 17% of cases of lymphocytic cholangitis in
cats had clonal rearrangements, whereas only 63% of morphologi-
cally diagnosed hepatic T cell lymphomas had clonal rearrangements
using a previously established TRG clonality assay.® These results
reflect the World Small Animal Veterinary Association (WSAVA)
guidelines for lymphocytic cholangitis, which indicate the difficulty
in differentiating it from small cell lymphoma morphologically.*® The
high sensitivity and specificity of the new multiplex TRG2 assay sug-
gests it will be useful for distinguishing lymphocytic cholangitis from
hepatic lymphoma in cats when histologic morphology is inconclu-
sive. Furthermore, the preferential usage of TRGV7-1, TRGJ5-1 and
TRGJ6-1 genes in hepatic small T cell lymphomas suggests they arise
in the liver and are not metastatic from the intestine, as is commonly
believed.

T cell receptor gene target selection is important for assay per-
formance as well as result interpretation. The EuroClonality/
BIOMED-2 guidelines recommend that lineage assignment of the
suspected neoplastic population should be done by IHC or flow
cytometry in order to select the clonality targets. In addition, the
guidelines recommend that suspected T cell neoplasms should be
investigated by evaluating TRB and TRG clonality in parallel. Assess-
ment of the TRD locus in combination with the TRG locus should
only be used as a target for suspected y8 T cell ymphomas or imma-
ture T cell proliferations.'* Unfortunately, differentiation of T cell
receptor lineages in cats currently is not possible because antibodies
against the feline ap TR and y8 TR are not available. Given our find-
ings, simultaneous use of assays targeting the TRG and TRB loci
would maximize the sensitivity of diagnosis of suspected T-cell lym-
phomas in cats. The TRD clonality assay could be performed after
other assays have failed to detect a clone and suspicion of T cell lym-
phoma remains high.

The performance of a new diagnostic test generally is determined
in relation to a gold standard. Histopathology currently is considered

the gold standard for diagnosing lymphoproliferative disorders, but a
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reliable diagnosis can be hampered by concurrent inflammation. For
this reason, only morphologically unequivocal lymphomas without a
marked inflammatory component were selected to represent true
positives in our study. The selection of non-lymphoma cases is more
challenging because histopathology cannot always completely exclude
a neoplastic lymphocyte population existing among inflammatory
cells. Hence, signalment, patient history and clinical data, including
follow-up, were incorporated into selection criteria to exclude subclin-

ical lymphoma.

5 | CONCLUSION

We developed novel multiplex molecular clonality PCR assays
targeting the TRG, TRD, and TRB loci for the diagnosis of T cell lym-
phoid neoplasia in cats. Performance of the new assays was tested by
investigating a large number of histologically-confirmed T cell lympho-
mas of diverse origins as well as inflammatory lesions and normal lym-
phoid tissues. The combination of clonality assays targeting the TRG,
TRD, and TRB loci has high sensitivity and specificity and is a useful
ancillary tool for the detection of T cell clonality in lympho-
proliferative diseases of cats, especially those arising in the gastroin-
testinal tract and liver. Furthermore, our results refute the contention
of 2 recent studies that questioned the specificity of molecular
clonality PCR for the assessment of intestinal disease in cats.*”>° That
said, PCR-based clonality assays are not stand-alone tests. The clinical
and morphologic context in which clonality is observed is extremely
important, and although clonality is strongly predictive of neoplasia, it
is not synonymous with malignancy. Benign clonal expansions may
occur in certain situations, including very focused immune responses.
Accurate interpretation of molecular clonality PCR assays requires

integration with clinical, morphologic, and immunophenotypic data.
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