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Abstract: T-cell clonality testing is integral to the diagnostic work-up of T-cell malignancies; however,
current methods lack specificity and sensitivity, which can make the diagnostic process difficult.
The recent discovery of a monoclonal antibody (mAb) specific for human TRBC1 will greatly improve
the outlook for T-cell malignancy diagnostics. The anti-TRBC1 mAb can be used in flow cytometry
immunophenotyping assays to provide a low-cost, robust, and highly specific test that detects
clonality of immunophenotypically distinct T-cell populations. Recent studies demonstrate the
clinical utility of this approach in several contexts; use of this antibody in appropriately designed
flow cytometry panels improves detection of circulating disease in patients with cutaneous T-cell
lymphoma, eliminates the need for molecular clonality testing in the context of large granular
lymphocyte leukemia, and provides more conclusive results in the context of many other T-cell
disorders. It is worth noting that the increased ability to detect discrete clonal T-cell populations
means that identification of T-cell clones of uncertain clinical significance (T-CUS) will become
more common. This review discusses this new antibody and describes how it defines clonal T-cells.
We present and discuss assay design and summarize findings to date about the use of flow cytometry
TRBC1 analysis in the field of diagnostics, including lymph node and fluid sample investigations.
We also make suggestions about how to apply the assay results in clinical work-ups, including how
to interpret and report findings of T-CUS. Finally, we highlight areas that we think will benefit from
further research.
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1. Introduction

Diagnosis of T-cell neoplasms relies on the close integration of clinical presentation
and history with findings from histology and flow cytometry immunophenotyping of the
relevant tissues. The presence of abnormal T-cells within the tissue may be insufficient
to reach a diagnostic conclusion; therefore, molecular tests for T-cell clonality currently
play an important role. These assays utilize the unique genetic fingerprint created in each
developing T and B lymphocyte during the process of the T-cell receptor (TCR) and im-
munoglobulin (Ig) assembly [1,2]. Nonetheless, whether based on PCR or next-generation
sequencing methodologies, these assays are associated with higher costs, operational com-
plexity, and demand a high level of expertise. Moreover, these assays are prone to yield
potentially false-positive results in physiologic conditions such as senescence or inflam-
matory states [3-6], making the diagnostic work-up of T-cell malignancies potentially
difficult.

Investigation of B-cell malignancies is aided by the availability of antibodies specific
for the immunoglobulin kappa and lambda light chains. Because all clonal B-cells express
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either kappa or lambda light chains, the ability to study the restriction of light chain expres-
sion within B-cell populations showing a disease-specific or abnormal phenotype provides
additional proof of clonality. It could be argued that the use of light chain restriction
analysis has, over the years, contributed to the definition of well-known B-cell malignancy
immunophenotypes. Until recently, T-cell lymphoproliferations did not benefit from a read-
ily available clonality assessment approach similar to the determination of immunoglobulin
light chain restriction for B-cell lymphoproliferative disorders and required the deployment
of less commonly utilized assays, such as killer immunoglobulin-like receptor (KIR) and V3
T-cell receptor repertoire analysis [7-11]. However, these techniques have some limitations
in being relatively expensive, labor-intensive, and requiring interpretive expertise that is
not routinely available in all clinical laboratories.

The recent finding of a monoclonal antibody (mAb) specific for human TCR (3 chain
constant region 1 (TRBC1) [12,13] opened up the possibility of a low-cost, rapid, and specific
T-cell clonality test for x3TCR-positive T-cell malignancies. As discussed below, using
this antibody to label T-cell populations identified according to their overall abnormal
immunophenotype can yield proof of clonality in a manner similar to light chain restriction
analysis. This new strategy for T-cell analysis has the potential to improve diagnostics and
further our understanding of T-cell responses in health and disease.

Here, we describe how the anti-TRBC1 mAb may be included in laboratory assays,
and we summarize the current knowledge-base with respect to flow cytometry-based
analysis of TRCB1 during T-cell diagnostic work-up (Table 1). Additionally, we highlight
areas that we consider that should benefit from further in-depth research.

Table 1. Role of T-cell receptor  chain constant region 1 (TRBC1) staining in the flow cytometric
evaluation of clinical specimens.

Scenario Utility of TRBC1 Staining

Rapid demonstration of clonality on
immunophenotypically distinct and expanded
CD3*/TCRaf* T-cell neoplasias T-cell subsets, supporting a diagnosis of
neoplasia and eliminating the need for a separate
T-cell clonality assay.

Demonstration of TCR Cf polytypia on benign
subsets with atypical immunophenotypic
features, rapidly and confidently ruling out
neoplasia and preventing unnecessary
additional work-up and/or misdiagnoses.

Benign CD3* /TCRaf* T-cell subsets with
immunophenotypic features concerning for neoplasia

Accurate identification and quantitation of
clonal cytotoxic T-cell subsets, contributing to
the diagnosis of T-LGLL and its distinction from
T-CUS based on clone size.

T-cell large granular lymphocytic leukemia (T-LGLL),
and clonal T-cell large granular lymphocytic populations
of uncertain significance (T-CUS)

Identification and quantitation of clonal CD4*
T-cell subsets, allowing for a confident diagnosis
Cutaneous T-cell lymphoma (CTCL) of CTCL involvement, and accurate assessment
of the extent of blood involvement for
staging purposes.

Rapid identification of immunophenotypically
distinct T-cell clones, providing valuable
Fine needle aspirates and small biopsies information for the interpretation of limited
specimens, and the need for additional work-up
or an excisional biopsy.

2. Overview of T-Cell Receptor Constant 3 Chain Rearrangement

The TCR and Ig receptors are antigen-binding receptors fundamental to adaptive
immunity because they recognize and bind a wide variety of pathogens (reviewed in [14]).
This is made possible by a process called somatic recombination, which takes place during
cell ontogeny and involves the rearrangement of germline genes encoding the TCR and
Ig receptors [2,15]. As a consequence, each T- and B-cell expresses a unique TCR or Ig
receptor. If activated due to a benign immune response, or as a consequence of malignant
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or autoimmune changes, the cell may undergo clonal expansion. Each daughter cell will
then carry an identical TCR/Ig receptor, and this fingerprint may be used diagnostically to
identify the presence of a clone.

The TCR is a transmembrane protein comprising two disulphide-linked polypeptide
chains: The « and 3 chain or, in about 5-15% of T-cells, a y and 6 chain. Each polypeptide
chain consists of a variable and a constant (C) region. The variable region contains the
antigen-binding epitopes, which confer a unique receptor structure upon each individual
cell (or clone). The somatic gene recombination process that shapes this part of the protein
has been reviewed extensively elsewhere [16,17]. In very broad terms, sets of exons at the
TCR loci (referred to as Variable (V), Diversity (D), and Joining (J) segments) are selected
sequentially and then re-organized. The V and ] segments are present at all TCR loci,
whereas the D segments are present only at the 3 and 4 TCR loci. This re-organization
process results in so-called combinatorial diversity. Further genetic variability (so-called
junctional diversity) is generated in part by the innate imprecision of the process that
involves ‘cutting” and “pasting’ of the V, D, and ] germline rearrangements, and in part by
an active, germline-independent process that adds nucleotides to the DNA joints.

Presence of T-cell clones can, therefore, be detected by PCR using primers designed to
target the different V, D, and ] segments, resulting in amplification of products that span
these unique sequences. In theory, any TCR chain («, 3, v or §) may be used as a template.
However, in practice, the TCRy and TCR {3 chains are targeted. This is due to the way in
which TCR gene rearrangement is organized during T-cell ontogeny: The TCR ¢ locus is
rearranged first, followed by the TCRy locus. This will result either in a functional ydTCR
protein or it will be followed by rearrangement of the TCRf3 locus, deletion of the TCRd
locus, and rearrangement of the TCR« locus. This, in turn, may result in a functional «f3
TCR protein [15]. The TCRy rearranged locus is retained in nearly all T-cells, including
aBTCR+ T-cells, and its gene structure is simpler than that of the « or  TCR loci. Thus,
the TCRy locus is used primarily for T-cell clonality assessment [17-19]. Additionally, the
TCR} is used for this purpose and is favored over the o locus since the number of V and ]
segments in the o locus is much higher: At least 70 V and 61 ] segments compared with the
64 V and 14 ] segments in the (3 locus, respectively [20,21].

By contrast, the C (constant) region of the TCR is not part of the immediate structure
that recognizes antigens. The C region loci encode the extracellular constant domain, the
connecting peptide, the transmembrane domain, and the minimal intracellular domain of
the TCR chains [22]. The « and vy chains each have one C region gene segment; the 3 and
b chains each have two segments, C1 and C2. Thus, the aTCR on any given T-cell will
have a 3 chain containing either C1 or C2. Since all daughter cells derived from a T-cell
undergoing clonal expansion will carry identical TCRs, labeling a clonal population with
an antibody specific for TCRBC1 or TCRBC2 will result in either a positive or a negative
signal (Figure 1), not unlike the kappa/lambda labeling approach used for B-cell analysis.
To the best of our knowledge, there is only one commercially available antibody with
known specificity for a TCRf3 C region (also abbreviated as TRBC) region: The TRBC1
binding monoclonal antibody JOVI-1.
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Figure 1. Mutually exclusive selection of two T-cell receptor (TCR) constant 3 chains during TCR
gene rearrangement allows for the flow cytometric assessment of constant 3 chain monotypia as
a surrogate of clonality. TCR«f3 T-cell precursors in the thymus undergo rearrangement of the
TCR genes, which includes the random selection of one of 2 mutually exclusive TCR constant f3
chains (TRBC1 and TRBC2), and one of 64 TCR variable 3 chains. The TCR produced from this
rearrangement is expressed on the surface of all normal mature T cells. Flow cytometric analysis
of normal TCRa«f3 T cells with a single anti-TRBC1 antibody stains only the TRBC1-positive subset,
resulting in a biphasic staining pattern consistent with polytypia.

3. Development and Characterization of the JOVI-1 (anti-TRBC1) Antibody

The only commercially available anti-human TRBC1 antibody-producing hybridoma
was created nearly 30 years ago by Viney et al. [13] as they looked to produce monoclonal
antibodies specific for different V3 regions of the human TCR. The TCR variable region
has poor immunogenicity, and thus, rather than using human cells or purified TCRf chain
protein as an immunogen, they used a murine cell line transfected with a TCR construct
made up of a murine « chain and a human 3 chain that comprised of V3 3,D 3 1,]
f 1.2, and C 3 1 as an immunogen. One of the resulting hybridomas, named JOVI-1,
produced an IgG2a antibody that at the time was recognized to bind ‘a determinant” on
the majority of TCRs. However, these early studies did not yield a clear-cut picture of
TRBC1 specificity. For example, flow cytometry analysis of peripheral blood or T-cell lines
labeled with hybridoma culture supernatant and goat-anti-mouse FITC antibody showed
that CD4" T cells ranged from negative to positive, and the CD8" T cells labeled biphasic;
either positive or negative. Known TRBC1-positive cell lines reacted with the antibody;
however, some TRBC2-expressing cell lines also showed reactivity, albeit weak. Subsequent
studies using the antibody usually employed it due to its T-cell mitogenic properties or
immunoprecipitation [23-27]. Evidence for the purified antibody’s specificity for TRBC1
was eventually published in 2017 by Maciocia et al. [12]. This group searched for TCRf3
constant region specific-antibodies with the goal of creating chimeric antigen receptor T
cells (CAR-T cells) specific for only TRBC1 or TRBC2-expressing T cells, a strategy that
may allow T-cell directed CAR-T-cell therapy without fully depleting the patient’s T-cell
compartment and adaptive immunity. The sequence and genomic organization of the two 3
chain C segments are known to be very similar [28], potentially making the development of
highly specific mAbs more difficult. Maciocia et al., therefore, carried out extensive studies
using the commercially available JOVI-1 antibody to label cell lines that expressed a variety
of cloned TCR constructs. This confirmed absence of labeling of the TCR constant region 2
and moreover, that the binding of JOVI-1 to constant region 1 was not dependent on any
particular TCRf junction segment. The discriminating amino acid structural portion of the
antibody’s epitope was also established [12].
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4. Assay Design and Implementation of TRBC1 for the Detection of Clonal T cells

Appropriate assay design is of upmost importance for the utilization of TRBC1 as a
T-cell clonality surrogate in clinical flow cytometry assays. Several vendors now offer the
anti-TRBC1 clone JOVI.1 as a research use only (RUO) flow cytometry reagent, which can
be validated by each laboratory and implemented into a routine clinical test. The detec-
tion of T-cell clones using TRBC1 is highly dependent on the evaluation of several other
T-cell antigens in the same analysis tube, ideally on an 8 to 10-color flow cytometry set
up, allowing for the independent assessment of immunophenotypically distinct T-cell
subsets and the optimal separation of neoplastic cells from background benign, polytypic
T-cells. CD3 is always needed to gate on T cells, while CD4 and CD8 are best studied
in combination to separate single-positive, double-positive, and double-negative T-cell
events. The expression of CD2, CD5, and CD7 is frequently abnormal and/or distinct
in neoplastic T cells, facilitating their identification and gating for analysis of clonality
by TRBC1. CD45 is typically added to all flow cytometry tubes, as it helps separate lym-
phocytes from other leucocyte subsets and CD45-negative debris, resulting in a cleaner
lymphocyte gate and a better estimation of the clonal T-cell burden. Depending on the
application, assessment of other antigens might be useful for the detection of specific T-cell
lymphoproliferative disorders, such as CD16 and CD57 for the identification of T-cell
large granular lymphocytic leukemia, CD26 for the detection of Sezary cells, and CD25 for
adult T-cell leukemia/lymphoma. Coupling of the JOVI.1 antibody to a bright and highly
discriminative fluorochrome is favored, as a clear separation between TRBC1-positive
and TRBC1-negative events is critical for the assessment of T-cell clonality. A bright fluo-
rochrome might also be favored for CD3 in order to more easily identify T-cell neoplasms
with diminished expression of this lineage-defining antigen. CD2, CD5, and CD?7 are rather
brightly expressed and typically fare well with fluorochromes of intermediate brightness.
CD45 is also highly expressed on lymphocytes and is, therefore, typically coupled with the
less discriminatory or dimmer fluorochrome.

Some other considerations for panel design are worth noting. TCRyd T cells are
a minor small CD4-negative T-cell subset, which lacks TCRxf3 expression (negative for
TRBC1), and can thus be potentially misinterpreted as a clonal TRBC1-negative popula-
tion when studying the CD8-positive or CD4/CD8-double-negative compartments. For
many applications, routinely adding a single anti-TCR«f3 or anti-TCRy$ antibody to the
analysis tube provides a parameter to effectively exclude TCRyS T cells from the clon-
ality analysis by TRBC1. Although the CD3/TCR complex (which includes TRBC1 or
TRBC2) is brightly expressed on the surface of normal mature T cells, immature T cells
in the thymus have a broad spectrum of surface CD3/TCR complex expression, compli-
cating the assessment of T-cell clonality by surface TRBC1 staining. Similar immature
T cells can also be rarely encountered at low levels in lymph nodes with Castleman dis-
ease, follicular dendritic cell sarcoma, angioimmunoblastic T-cell lymphoma, and other
lymph node pathologies [29]. In addition, T-cell neoplasms can occasionally be dim or
negative for surface CD3/TCR. In practice, benign immature T cells can be suspected
based on their characteristic immunophenotypic and maturation patterns assessed within
a comprehensive T-cell panel [30], preventing them from being mistaken for clonal T cells.
While a mature T-cell population with dim to negative CD3 expression might exhibit a
clonal TRBC1-negative expression pattern due to lack of surface TRBC (rather than TRBC2-
restriction), these immunophenotypic features are almost always indicative of a clonal
T-cell lymphoproliferation or a T-cell neoplasm and should not lead to false-positive results.

The assessment of T-cell clonality using TRBC1 requires visual identification and
manual gating of immunophenotypically discrete T-cell subsets and is not compatible
with simplified quadrant analysis strategies. Thus, a contemporary analysis approach is
needed to identify distinct T-cell populations with homogenous fluorescence properties
and to independently assess the TRBC1 expression pattern on each of these populations.
Competency in recognizing and gating immunophenotypically distinct subsets is, therefore,
of utmost importance, as a poorly discriminative gate including both normal and malignant
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T cells is likely to produce a polytypic TRBC1 expression pattern. Determination of
clonality on a gated and immunophenotypically distinct TCRx3 T-cell subset is based on
the expression pattern of TRBC1. A largely unimodal TRBC1-negative or TRBC1-positive
staining pattern is consistent with a restricted (monotypic) TCR 3 chain constant region
expression, indicative of clonality. In addition, we have frequently encountered T-cell
clones with a unimodal TRBC1-dim expression pattern, not necessarily associated with
dim expression of CD3 (as would be expected in the setting of TCR downregulation) [31],
and likely due to a unique TRBC1-positive TCR with diminished avidity for the JOVI.1
antibody for reasons yet unknown.

With the exception of TRBC1-dim clones, an estimate of the percentage of TRBC1-
positive events is a reasonable quantitative measure to determine clonality. Novikov
et al. [32] reported mean TRBC1-positive events and 95% confident intervals for normal
total CD4-positive and CD8-positive T-cells in peripheral blood at 44% (36-53%) and 39%
(18-61%), respectively. In patients without demonstrable T-cell neoplasia, we found a
similar bimodal expression of TRBC1 on CD4-positive and CD8-positive T-cell subsets
gated based on distinct immunophenotypic features, with the exception of occasional small
CD8-positive T-cell subsets with a unimodal TRBC1 expression pattern [33]. Further analy-
sis revealed that these small subsets were truly clonal based on TCR-V 3-restriction [31]
and T-cell gene rearrangement molecular studies [33], consistent with benign immunodom-
inant clonotypes (see T-CUS section below). In our extensive experience using TRBC1
within a single-tube comprehensive T-cell panel, we have found that T-cell neoplasms
virtually always have distinct immunophenotypic features that largely separate them from
background benign T-cells, but that this separation based on routine gating strategies
is often imperfect and results in a very skewed rather than a purely unimodal TRBC1
expression pattern. In our hands, a threshold of TRBC1-positive events less than 15%
or greater than 85%, or the presence of a dominant TRBC1-dim peak, allowed for the
demonstration of clonality on all TCRxf3 T-cell neoplasms studied using an appropriate
comprehensive panel, and confirmed polyclonality on all benign T-cell subsets with the
exception of occasional small and benign immunoclones.

In general, a comprehensive single T-cell tube with TRBC1, CD45, TCRy?d and all core
T-cell antigens (CD2, CD3, CD4, CD5, CD7, and CD8) might be a good initial approach to
evaluate for clonal T cells compatible with a T-cell malignancy. This upfront assessment of
T-cell clonality within a single T-cell immunophenotyping tube differs from conventional
practice, where a separate T-cell clonality assay (typically PCR using BIOMED-2 primers,
and less commonly TCR V3 analysis by flow cytometry) is reflexed in selected cases only.
Indeed, the European Consortium of flow cytometry laboratories EuroFlow currently
recommends an initial single-tube assessment of B and T lymphocyte subsets, followed
by a reflex T-cell clonality testing using an 8-tube TCR V3 analysis on selected cases, and
a third step to characterize the detected clonal T-cell subset using six additional analysis
tubes [34]. Except for large reference centers, most flow cytometry laboratories have found
that TCR V3 flow cytometry is too labor-intensive for routine implementation, and the long
turn-around-time of T-cell clonality by PCR precludes rapid integration within the flow
cytometry workflow. Upfront T-cell clonality using a single anti-TRBC1 antibody largely
simplifies this process and is likely to be strongly considered by the EuroFlow consortium
and flow cytometry laboratories of all sizes. Integration of T-cell clonality assessment
by TRBC1 into specialized analysis tubes for the detection of specific T-cell neoplasias,
such as cutaneous T-cell lymphomas and cytotoxic T-cell neoplasms, might also be useful
depending on the practice scope. Interpretation of the findings should take into account
the limitations of T-cell clonality assessment by TRBC1, including;:

(1) Inability to detect clonal gamma/delta T-cells;

(2) Limited ability to detect clonal T cells that are not immunophenotypically distinct
with the combination of antigens studied;

(3) Common detection of small T-cell clones of uncertain significance in patients without
T-cell neoplasia (see below).
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5. T-cell Clones of Uncertain Significance (T-CUS) Detected by TRBC1 Staining

The normal immune function of T-cells requires the clonal expansion and persis-
tence of small T-cell subsets sharing the same TCR in order to mount a targeted response
against a recognized epitope, escalate such a response, and develop immune memory [35].
Highly sensitive T-cell clonality assays have demonstrated that dominant T immunoclones
generated during immune responses are ubiquitous in health and disease [36-42]. Such
clones are much more predominant in the CD8-positive compared to the CD4-positive
T-cell compartment, and they are frequently associated with responses to common viral
infections and neoplasms [36—40,42]. Routine clinical assays of T-cell clonality are typically
not sensitive enough to detect dominant immunoclones in young, healthy individuals
but can occasionally produce equivocal or positive T-cell clonality results in patients with
reactive inflammatory conditions and with aging [43].

The integration of clonality assessment by TRBC1 into routine clinical practice has
resulted in the frequent identification of small T-cell clones of uncertain significance (T-CUS)
in patients with no clinical evidence of T-cell lymphoma [31], most likely representing
dominant T immunoclones (Figure 2). As predicted from prior reports, most T-CUS
detected by TRBC1 staining has an immunophenotype reminiscent of CD8-positive T-cell
large granular lymphocytes, with a clone size that only occasionally overlaps with that
seen in T-cell large granular lymphocytic leukemia (T-LGLL) [44]. Interestingly, we found
no association between the presence of T-CUS and clinical features typically encountered
in T-LGLL (namely cytopenias, autoimmune diseases, or decreased numbers of NK cells).
Despite the close immunophenotypic similarities between T-CUS and T-LGLL, these two
clonal proliferations are likely representative of physiologically different processes, one
resulting from a T-cell immune response (T-CUS) and the other secondary to the unhindered
expansion of malignant T-cells (T-LGLL). Follow up studies of patients with T-CUS and
genomic characterization of sorted clonal T-cells are needed to further explore the potential
relationship between T-CUS and T-LGLL.

While T-CUS is by far most commonly encountered in the CD8-positive/CD4-negative
T-cell compartment, other less common immunophenotypic variants are worth noting.
A CD4/CD8 double-positive T-CUS has been described in the setting of T-cell responses
to CMV [45,46], often exhibiting dim expression of CD4 or CD8 (Figure 2b), and most of
the time not raising concern for T-LGLL, which generally does not show these distinct
immunophenotypic features. A small CD4-positive T-CUS can also be rarely encountered
(<150 cells/ uL)(Figure 2d), particularly when studying CD4-positive subsets on a CD7
vs. CD26 dot plot for the detection of Sezary cells [47]. The absence of tumor-specific
immunophenotypic abnormalities, presence of light scatter properties in the upper end of
the normal spectrum, and expression of CD57 on a few cases studied (personal experience)
raise the possibility of a small reactive CD4-positive large granular lymphocyte subset
undergoing similar physiologic clonal expansions as CD8-positive T-cells. However, the bi-
ological or clinical significance of CD4-positive T-CUS has not yet been adequately studied.

As T-cell clonality assessment by TRBC1 is implemented in more diagnostic flow
cytometry laboratories, we anticipate that the concept of T-CUS will be utilized more
routinely in order to best interpret the presence and immunophenotype of small T-cell
clones. Given the high prevalence of CD8"/CD4~ T-CUS, an arbitrary threshold of 15% of
all lymphocytes for a clonal CD8-positive T-cell population lacking malignancy-specific
immunophenotypic abnormalities (e.g., conspicuously dim expression of CD2, CD3, or
CD45; or conspicuously increased light scatter) might be a good practice guide to deter-
mine when to raise concern for a CD8-positive T-cell lymphoproliferative disorder [31].
In these common variants of T-CUS, loss of CD5 and/or CD?7 is frequently encountered
and should not by itself raise concern for neoplasia. A similar threshold could be applied
for CD4*/CD84M and CD44m /CD8* small T-cell subsets, which are, in general, most
consistent with T-CUS. CD4*/CD8~ T-CUS is much more infrequent and might be best
reported at any detectable size, especially if the clinical context is not known by the lab-
oratory. Malignancy-specific immunophenotypic abnormalities in CD4"/CD8~ T-cells
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(e.g., conspicuously dim expression of CD2, CD3, CD4, CD5, or CD45; or conspicuously
increased light scatter) should further prompt strong consideration of a T-cell neoplasm in
the appropriate clinical setting.

TCRaB T-cells TCRaB T-cells TCRaB T-cells TCRaB T-cells
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Figure 2. T-cell clones of uncertain significance (T-CUS), detected in patients with no clinical evidence of T-cell malignancy.
(a) Typical CD8-positive T-CUS (red) detected in a bone marrow aspirate from a patient with splenic marginal zone
lymphoma. The clone is relatively small in size, TRBC1-negative, and easily identifiable on a CD5 vs. CD7 dot plot.
(b) CD4/CD8 double-positive T-CUS (red) in a peripheral blood specimen from a patient status post-renal transplant. This
variant frequently exhibits dim CD4 or CD8 expression. The clonal T cells are TRBC1-positive. (c) Multiple T-CUS identified
in a peripheral blood specimen from a patient with inclusion body myositis and normal blood counts. Two dominant
CD8-positive clones (red and blue) are identified on a CD5 vs. CD7 dot plot, one positive and another negative for TRBCI.
A third small CD4/CD8 double negative T-CUS lacking TRBC1 expression (black) is also detected. (d) A CD4-positive T-CUS
(red) is detected in a blood specimen from a patient with metastatic squamous cell carcinoma and chronic lymphocytic
leukemia. These rare and small clonal subsets are frequently negative for CD7 and CD26 and often cluster within the higher
normal range for light scatter. In addition, shown are polytypic CD4-positive (cyan) and CD8-positive (orange) T cells and
other non-gated events (green). T cells were gated based on CD3 expression, and TCR«f T cells were gated by the exclusion
of TCRy® positivity. FSC-A: Forward light scatter amplitude.

For the most part, T-cell lymphoproliferative disorders typically show distinct tumor-
specific immunophenotypic abnormalities that allow for the detection of low-level and
minimal residual disease in the appropriate clinical setting and supported by clonality
assessment using TRBC1 staining. However, for some diseases like T-LGLL, the extensive
immunophenotypic overlap with T-CUS precludes the confident detection of low-level
disease in a significant subset of cases. This is further complicated by frequent immunophe-
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notypic shifts encountered in clinical practice on follow-up specimens. Thus, the ability to
distinguish T-CUS from low-level /minimal residual T-cell neoplasia varies for each specific
disease category and depends on the presence and persistence of distinctive tumor-specific
immunophenotypic features.

6. Specific Case of T-cell Large Granular Lymphocytic Leukemia

T-cell large granular lymphocytic leukemia (T-LGLL) is a chronic lymphoprolifer-
ative disorder characterized by the clonal expansion of cytotoxic T-cell large granular
lymphocytes. It may emerge from an uncontrolled clonal outgrowth of large granular T
lymphocytes stimulated by self, viral, or tumor antigens. T-LGLL accounts for approx-
imately 2-5% of the chronic lymphoproliferative disorders, and it usually affects older
individuals with a medium age of 60 years-old at diagnosis [48,49]. Most T-LGLL patients
present with cytopenia(s), and commonly in association with autoimmune diseases and
other hematopoietic malignancies [48]. Approximately two-thirds of patients eventually de-
velop severe symptoms that require treatment. T-LGLL typically involves peripheral blood
and bone marrow; it may also infiltrate the liver and spleen, causing hepatosplenomegaly.

Diagnosing T-LGLL requires a collective assessment of morphology, immunophe-
notypic aberrancy, T-cell clonality, and bone marrow biopsy, in conjunction with clini-
cal presentation. T-LGLL has small nuclei and ample cytoplasm containing prominent
azurophilic granules with minimal cytological atypia. Although increased circulating
large granular lymphocytes are a typical feature of T-LGLL [50], a T-cell large granular
lymphocyte (T-LGL) count of 2 x 10 /L is no longer required to diagnose T-LGLL because
not uncommonly, T-LGLL cases have a T-LGL count lower than 1 x 10%/L [51]. The tumor
cells characteristically show co-expression of one or more natural killer (NK)-cell-associated
antigens (CD16, CD56, or CD57) and decreased CD2, CD5, or CD7 expression. Of note,
the morphologic and immunophenotypic features of T-LGLL are not specific and have
significant overlap with those of reactive T-LGL expansions. Approximately 80% of T-
LGLL cases reveal intrasinusoidal cytotoxic T-cell infiltrates in the bone marrow, which
has not been observed in cytopenic patients with a reactive increase in blood T-LGLs [52].
Currently, T-cell clonality is established by positive TCR gene rearrangement (TCGR) using
the standard BIOMED-2 polymerase chain reaction (PCR) assay, TCR V3 immunopheno-
typing by flow cytometry, or killer-cell immunoglobulin-like receptor (KIR) flow cytometry
study [9]. However, TCGR has a long turnaround time and cannot correlate clonality
with immunophenotypic aberrancy; TCR V3 flow cytometry is labor-intensive and is a
low-sensitive assay covering only 70% V3 genes; and KIR expression by flow cytometry is
not widely performed.

With the recently reported flow cytometric strategy to assess T-cell clonality using a
TRBC1 antibody against one of two mutually exclusive TRBC regions [32,33], T-LGLL has
been recognized as an excellent example to use this strategy for T-cell clonality because
1) almost all T-LGLLs show surface CD3 expression; 2) 95% of T-LGLLs show TCR o3
type, although intermittent TCR y5 type [53] and rare mixed-phenotype occur [54]. In-
corporating TRBC1 into routine flow cytometric panels makes clonal T-cell identification
from the reactive background T-cells possible (Figure 3). In our experience, all T-LGLL
cases revealed monotypic TRBC1 expression, concordant with the clonal/equivocal TCR
gene rearrangement results [44]. In contrast, only one-fourth of T-LGLL cases showed
clonality based on the expression of restricted KIRs. This finding indicates TRBC1 as-
sessment by flow cytometry was comparable to TCGR molecular study and superior to
KIR flow cytometric analysis in demonstrating T-cell clonality in T-LGLL. Given the 100%
sensitivity of TRBC1 assessment by flow cytometry in identifying T-cell clonality, we could
consider using this simple, rapid, and reliable assay to replace other methodologies for
T-cell clonality assessment in patients suspicious for T-LGLL.
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Figure 3. Examples of T-cell large granular lymphocytic leukemia (T-LGLL), showing an expanded CD8-positive T-cell
subset with a clonal TRBC1 staining pattern. (a) Classic example of T-LGLL in a bone marrow aspirate, characterized by a
dominant CD8-positive T-cell population (red) with an aberrant dim expression of CD8 and diminished to negative CD5
and CD7 expression. Monophasic TRBC1-dim expression on both the CD5-dim and CD5-negative subsets is consistent with
a single large clonal population. (b) A case of T-LGLL in a bone marrow aspirate, lacking conspicuous immunophenotypic
abnormalities. The flow cytometry findings are characterized by a dominant CD8-positive subset (red) with discrete
clustering on a CD2 vs. CD7 dot plot and a clonal TRBC1-negative expression pattern. In addition, shown are polytypic
CD4-positive (cyan) and CD8-positive (orange) T cells and other non-gated events (green). TCRxf3 T cells were gated by the
exclusion of TCRy$? positivity.

However, immunophenotypically distinct T-cells that express NK-cell associated
markers and monotypic TRBC1 do not equate to T-LGLL cells because they may arise
from benign clonal T-cell expansions in patients without demonstrable T-cell neoplasia
(T-CUS). As mentioned above, T-CUS is morphologically and immunophenotypically indis-
tinguishable from T-LGLL. TRBC1 clonality assessment, together with immunophenotypic
aberrancy, allows for accurate quantitation of clonal T-cells. Using this methodology, we
found that T-CUS has a much lower clonal T-cell count than T-LGLL, although overlap in
clonal size has been noticed [31]. The median clonal T-cell count in T-LGLL patients was
2376 cells/ pL (range 198.8-29,905.9 cells/ L), which comprised of 66.0% (range 14.5-97%)
of total lymphocytes [31]. In contrast, a median clone size in T-CUS was at 38 cells/uL.
(range 2.5-829 cells/uL), consisting of 3.3% (range 0.2-66%) of total lymphocytes. To avoid
overcalling the highly prevalent T-CUS as T-LGLL, we have empirically used the clonal
T-cell percentage >15% of total lymphocytes or a clonal T-cell count >500 cells/uL as
cutoffs to rule in the potential diagnosis of T-LGLL. For patients who have a lower number
of clonal T-cells, a bone marrow biopsy could be performed to further evaluate the signifi-
cance of the small clone, if clinically indicated. These cutoffs should be only applied for the
diagnostic, not follow-up specimens. Occasionally, a reactive process could have a clonal
T-cell expansion of more than 15% of total lymphocytes or over 500 cells/ L. However, this
large clonal expansion is usually a temporary reaction to acute infection/inflammation;
over time, the clone will diminish or disappear.

Given the significant overlapping features between T-LGLL cells and their reactive
counterparts, we propose to reestablish/refine the diagnostic criteria of T-LGLL by incorpo-
rating TRBC1 into the routine flow cytometry assay. In this T-LGLL work-up, we propose
to use TRBC1 clonality assessment to replace the traditional TCGR, TCR V3 immunophe-
notyping, and KIR analysis, thus facilitating the diagnosis of T-LGLL (Figure 4). When
T-LGLL is suspected in a patient with cytopenia(s) and / or lymphocytosis, peripheral blood
flow cytometry should be performed using a comprehensive antibody panel against T-cell
associated antigens (CD2, CD3, CD4, CD5, CD7, CDS8, CD45, TRBC1, TCRy$) and NK
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cell-associated antigens (CD16 and CD57). Lack of a TRBC1-restricted T-cell population
essentially rules out the diagnosis of T-LGLL. The presence of a small TRBC1-restricted af3
T-cell clone, representing less than 15% of total lymphocytes and <500 cells/puL, renders
T-LGLL unlikely (probable T-CUS). T-LGLL is suspected when a large TRBC1-restricted
af T-cell population with NK-cell associated antigens is detected, that is >15% of total
lymphocytes or >500 cells/uL. Further work-up may be required to confirm the diagnosis
of T-LGLL. A bone marrow biopsy is recommended if other myeloid and/or lymphoid
malignancies are in the differential diagnoses. A characteristic intrasinusoidal distribution
or interstitial clusters of cytotoxic T-cells in the bone marrow biopsy renders a diagnosis
of T-LGLL. If bone marrow biopsy is not desired, establishing a temporal persistence of
a T-cell clone is necessary to rule out a potentially transient expansion of a physiologic
T-cell clone in response to infections. We recommend repeating peripheral blood flow
cytometry in more than six months. If the size of the T-cell clone remains stable or increased,
T-LGLL is confirmed. Sometimes, a bone marrow biopsy to establish the characteristic bone
marrow finding is preferred to avoid waiting for at least six months to repeat peripheral
blood flow cytometry. STAT3 and STAT5b mutations have been identified in T-LGLL and
may correlate with disease features [55,56]. However, they are not necessary for T-LGLL
diagnosis because:

(1) STAT3 and STAT5b mutations have been detected in approximately 50% and 2% of
T-LGLL patients, respectively, indicating low sensitivity;

(2) STAT3 or STAT5b mutations have been found in patients with Felty syndrome, aplastic
anemia, myelodysplastic syndrome, and other T/NK-cell neoplasms, suggestive of
low specificity [57-61];

(3) Molecular study for STAT3 or STAT5b mutations is not broadly available and typically
has a long turnaround time.

Unexplained cytopenia and/or
lymphocytosis

Peripheral Blood flow cytometry

(cD2, €D3, CD4, €DS, CD7, CDE, CD45,
CD16/CD57, TCR y& and TREC1)

Immunophenotypically distinct T-cells with
NK-cell associated antigens and TRBC-

restriction

Clonal Tcells 2 15% oftutal lymphocytes
or 2 500 cells/ul
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N

o]
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Hiopsy months
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uncertain significance
(T-cus)
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NO ‘ other T-cell
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Figure 4. Laboratory work-up of patients with clinical suspicion for T-cell large granular lymphocytic
leukemia (T-LGLL).
7. Specific Case of Blood Involvement by Cutaneous T-cell Lymphoma

Mycosis fungoides and Sezary syndrome are two distinct but intimately related T-
cell lymphoproliferative disorders involving the skin, commonly referred together as
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cutaneous T-cell lymphomas (CTCLs) [62,63]. Mycosis fungoides typically presents with
slowly progressing patch and plaque lesions, while Sezary syndrome is characterized by
extensive skin involvement at presentation in the form of erythroderma, in addition to
significant blood and lymph node involvement. Disease staging and assessment of therapy
response in CTCL require a quantitative assessment of peripheral blood involvement
(blood rating) in absolute number of neoplastic cells (Sezary cells) per microliter (B0O: <250,
B1: >250 and <1000, and B2: >1000 Sezary cells/uL) [64,65], with important prognostic
and therapeutic implications [66,67]. Nowadays, flow cytometry is the method of choice to
estimate the number of Sezary cells in peripheral blood, largely replacing the previously
utilized, subjective, and time-consuming microscopic quantitation of atypical lymphocytes
on a Wright-stained peripheral blood smear. While some groups have previously advocated
for a simplified flow cytometry approach based on the quantification of CD4* T cells lacking
CD7 and/or CD26 expression (most common Sezary cell immunophenotype) [65,68], others
have found this approach to be suboptimal, as these immunophenotypic features are not
specific for neoplasia and consistently include benign T-cell subsets, which are commonly
expanded in reactive conditions [69-71]. A recent consensus statement by flow cytometry
experts recommended the additional assessment of abnormalities that are more specific
for neoplasia, such as dim expression of CD3, CD4, and CD45, or increased light scatter
properties [72-74]. However, these neoplasia-associated immunophenotypic abnormalities
are inconsistently present, typically subtle, and often times equivocal or absent [69,70,72,73].
Few reference centers have opted to query for T-cell clonality using a set of 24 TCR-Vf3
class-specific antibodies by flow cytometry [7,75], an approach that is time-consuming, of
limited sensitivity, and not accessible to most diagnostic laboratories. Finally, T-cell receptor
gene rearrangement studies performed in a separate PCR assay can often be helpful [3,4]
but are of limited specificity for T-cell neoplasia [5] and do not provide immunophenotypic
or quantitative information about the clone detected.

A single anti-TRBC1 antibody added to a comprehensive Sezary cell flow cytometry
panel provides an elegant, low-cost, and biologically sound approach to confidently and
reproducibly quantify Sezary cells. In particular, reactive CD4-positive T-cell subsets
lacking CD7 and/or CD26, or exhibiting unusual immunophenotypic properties, can
be easily distinguished from Sezary cells based on the absence or presence of a clonal
TRBC1 staining pattern, respectively. Conversely, Sezary cells lacking tumor-specific
immunophenotypic abnormalities can be rapidly identified as clonal, based on TRBC
restriction. In addition, complex cases comprised of more than one immunophenotypically
distinct Sezary cell subset can be easily identified as a single neoplastic population, based
on an identical and clonal TRBC1 expression pattern, resulting in a more confident and
accurate quantitation of neoplastic cells for staging (Figure 5). This approach is accessible
to all laboratories that perform comprehensive leukemia/lymphoma immunophenotyping
and essentially eliminate the need for a separate flow cytometric or molecular T-cell
clonality assay.
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Figure 5. Examples of peripheral blood involvement by cutaneous T-cell lymphoma, showing TRBC1-restricted CD4-
positive T cells consistent with Sezary cells. (a) A blood sample from a patient with advanced mycosis fungoides shows
typical CD4-positive Sezary cells (red) with aberrant diminished expression of CD3 and CD4, and negative for CD7 and
CD26, accounting for 991 cells/uL. Two clusters are identified based on CD2 expression, both of which likely correspond
to the same TRBC1-negative T-cell clone. (b) A case of Sezary cells with no detectable tumor-specific immunophenotypic
abnormalities in a patient with mycosis fungoides. The conventional immunophenotypic analysis shows only a relative
increase in CD4-positive T cells lacking CD7 and/or CD26, a feature also observed in some reactive settings. Analysis of
TRBC1 expression on CD4-positive T-cells shows T-cell clonality in the CD7/CD26 double-negative subset (red), but not in
the expanded CD7-dim/CD26-negative population, consistent with a Sezary cell count of 585 cells/uL. In addition, shown
are background polytypic CD4-positive (cyan) and CD8-positive (orange) T cells and other non-gated events (green). T
cells were gated based on CD3 expression, and absolute Sezary cell counts were estimated by correlation with the absolute
lymphocyte count obtained separately on a hematology analyzer.
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In our practice, we have demonstrated the superiority of TRBC1 evaluated within a
Sezary cell panel [47], compared to a simplified strategy of quantifying CD4-positive T
cells lacking CD7 or CD26 expression recently endorsed by the European Organization of
Research and Treatment of Cancer (EORTC) [64], and to comprehensive immunophenotyp-
ing alone (without TRBC1) [76]. Importantly, the EORTC approach consistently produced
false Sezary cell counts in 88 patients with no demonstrable T-cell neoplasia, with a limit of
blank (LOB, 95th percentile) of 445 Sezary cells/uL, which is well above the 250 cells/uL
threshold for B1 blood rating. Indeed, false B1 blood ratings were produced in 16 (18%) of
these patients without T-cell lymphoma. In sharp contrast, the TRBC1 method resulted in
a LOB of only 46 cells/pL (due to rare small CD4-positive T-CUS) and no false B1 blood
ratings. When studying 111 blood samples from patients with CTCL, the absolute Sezary
cell counts produced by the EORTC and TRBC1 methods were almost identical above 500
Sezary cells/uL (upper B1, and B2 ratings). Below this threshold and as expected from
studying patients with no T-cell lymphoma, the EORTC method consistently produced
higher Sezary cell counts, even in the absence of clonal CD4-positive T cells detectable by
TRBC1. Comprehensive immunophenotyping alone (no TRBC1 analysis) did not show
CD4-positive T-cells with tumor-specific immunophenotypic abnormalities in any of the
patients without T-cell lymphoma, or in CTCL patients with no clonal CD4-positive T-cells
detected by TRBC1 staining. However, this approach failed to demonstrate tumor-specific
immunophenotypic abnormalities in 13 of 56 (23%) clonal Sezary cell populations identi-
fied by TRBC1 staining, including 2 Bl-rated and 4 B2-rated clones [47]. Three important

conclusions can be drawn from these results:

(1) Immunophenotypic analysis with assessment of clonality by TRBC1 has a far superior
test performance for the detection of Sezary cells within the B0-B1 blood rating range,

compared to the EORTC method;
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(2) The TRBCI strategy can safely replace the EORTC method without significant impact
on B2 blood rating;

(3) Clonality assessment by TRBC1 effectively overcomes the limitations of compre-
hensive immunophenotypic analysis to identify Sezary cells lacking tumor-specific
immunophenotypic abnormalities confidently.

The unprecedented analytical sensitivity of TRBC1 to confidently detect small clonal
T-cell populations provides an opportunity to accurately study the prognostic significance
of blood involvement by CTCL at levels below the threshold for B2 blood rating. Indeed,
the seminal reports that defined the clinical relevance of blood involvement in CTCL
relied either on microscopic evaluations or simplified flow cytometry strategies with
limited analytical sensitivity [65-67]. While the current CTCL staging system does not
grant much weight on Bl blood involvement compared to B0, at least one large study
has shown the independent and adverse prognostic relevance of a positive T-cell gene
rearrangement result by molecular methods [66], suggesting that low-level peripheral
blood involvement might be more prognostically relevant than previously thought. In
our implementation of TRBC1 staining, we have been able to detect and quantify minute
CD4-positive T-cell clones down to approximately 10 cells/uL, when acquiring 200,000
total events. Higher event acquisition is common in routine practice, and a test design
for minimal residual disease (MRD) analysis in the setting of CTCL is feasible. One
caveat for MRD testing is the detection of uncommon and very small CD4-positive T-
CUS (usually below 50 cells/uL) [47]. Luckily, most Sezary cell populations do exhibit
immunophenotypic properties distinguishable from reactive subsets and can be confidently
identified as such, even at very low numbers.

8. Applications of TRBC1 Assessment for Tissue Analysis and Low-Cellularity
Specimens

Several categories of T-cell neoplasms tend to present predominantly in extramedullary
sites, including tissue and body fluids. Entities such as peripheral T-cell lymphoma, not
otherwise specified (PTCL, NOS), mycosis fungoides/Sezary syndrome (MF/SS), extran-
odal NK/T-cell lymphoma, nasal type (ENKTCL), angioimmunoblastic T-cell lymphoma
(AITL), T-cell lymphoblastic lymphoma (T-ALL), or anaplastic large cell lymphoma (ALCL),
are often diagnosed primarily in lymph nodes, skin or other extramedullary sites. Body
fluids may be the primary or (more often) the secondary site of involvement by some of
these malignancies.

The diagnosis of T-cell lymphomas involving tissue biopsies has relied traditionally on
a combination of histomorphologic features and possibly supplemented by immunohisto-
chemistry, molecular, and/or genetic analysis. Although multiple studies have documented
the utility of flow cytometric immunophenotyping in identifying the neoplastic nature of
a T-cell infiltrate, with high sensitivity and specificity, its application in the diagnosis of
T-cell neoplasms has been variable in practice [77-80]. The reason for that resided in the
absence of an easy means of establishing T-cell clonality by flow cytometry, which led to it
being viewed as a less important technique in the ancillary testing armamentarium.

We have recently expanded on our flow cytometric strategy to assess T-cell clonality
using a single TRBC1 antibody (JOVI-1), to include tissue and body fluid specimens,
in addition to peripheral blood and bone marrow samples [81]. Our evaluation of 143
tissue and body fluid specimens, comprising both patients with a definitive diagnosis
of a T-cell neoplasm and patients with no T-cell malignancy, included a broad array of
specimen types from multiple anatomic sites (lymph nodes, spleen, lung/mediastinum,
tonsil, gastrointestinal/liver, nasopharynx, and soft tissue), as well as pleural, peritoneal,
and cerebrospinal fluids. The neoplastic diagnoses were also diverse and consisted of PTCL,
NOS; AITL, MF/SS, PTCL, T-follicular helper type (PTCL-TFH), T-cell prolymphocytic
leukemia, ALCL, ENKTCL, and hepatosplenic T-cell lymphoma. All cases of mature T-cell
lymphomas with documented neoplastic T-cell populations showed restricted (monotypic)
TRBC1 expression, a sensitivity of 100%. We also established the expression patterns of
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TRBC1 in normal T-cell subsets from tissue and body fluid cases without a T-cell neoplasm,
and we demonstrated that T-cell malignancies show a narrow and distinctly restricted
(positive or negative) TRBC1 expression [81]. T-cell receptor gene rearrangement (TCR-
PCR) studies were available in 38/46 (82.6%) of tissues or body fluids diagnosed with a
T-cell neoplasm and in 8/97 (8.3%) of specimens without a T-cell malignancy. There was
100% concordance between a clonal TCR-PCR result and restricted TRBC1 expression in
cases with a neoplastic T-cell clone. None of the eight specimens without T-cell malignancy
showed a positive TCR-PCR. In addition, eight samples without T-cell malignancy and
with a negative TCR-PCR also showed polytypic TRBC1 expression by flow cytometry.
This comparison with clonality assessment by molecular analysis indicated that the flow
cytometric TRBC1 assay had comparable sensitivity and specificity while being faster
and less costly. Furthermore, TCR-PCR testing provides only a global assessment of
the submitted sample and a binary output (clonal vs. non-clonal population present),
whereas TRBC1 testing yields specific clonality information on distinctly aberrant T-cell
populations, as defined by immunophenotypic analysis. In addition, our cohort was
analyzed with our routine diagnostic T-cell panel that additionally included the anti-TRBC1
mADb, demonstrating that this robust and accurate approach may be easily implemented
in the clinical workflow in a wide variety of laboratories. As such, TRBC1 assessment by
flow cytometry may change the way other ancillary testing is being used for T-cell clonality
assessment. We anticipate that the presence of a clonal (monotypic) TRBC1 flow cytometry
result will obviate the need to perform a more costly and time-consuming test, at least in a
subset of cases.

While a diagnosis of T-cell lymphoma may be rendered in a sufficient number of cases
based on histologic identification of an overtly malignant infiltrate alone, the utility of
our proposed approach was particularly impactful in the subset of tumors that showed
significant morphologic overlap with other reactive or neoplastic processes. In those cases,
the inclusion of TRBC1 assessment by flow cytometry may allow for rapid confirmation
of the neoplastic cell lineage. We have encountered in our practice cases of borderline
atypical lymph node infiltrates that required multiple biopsies over the span of several
months in order to eventually substantiate the possibility of T-cell lymphoma based on
immunophenotypic analysis that demonstrated restricted TRBC1 expression. Our cohort
consisted primarily of excisional or incisional lymph node biopsies but also of fine needle
aspirate and core biopsy specimens. The latter category may include a higher proportion
of paucicellular cases, and the increased sensitivity and specificity conferred by TRBC1
assessment is particularly useful in the evaluation and classification of T-cell neoplasms in
those circumstances.

In summary, our clinical experience supports the usefulness of TRBC1 assessment
in the diagnosis of T-cell neoplasia in tissue and body fluid specimens, including low-
cellularity samples. We found this approach to be very sensitive, demonstrating restricted
TRBC1 expression in a large cohort of cases covering the spectrum of mature, surface
CD3-positive T-cell malignancies. In addition, when interpreted in the context of a detailed
assessment of normal and reactive T-cell compartments, as part of an analytic strategy
that emphasizes accurate gating of immunophenotypically distinct T-cell subsets, it is also
highly specific.

9. Future Developments

As the utilization of TRBC1 staining to detect T-cell clonality continues to expand to
many flow cytometry laboratories, more evidence is emerging regarding its high diagnostic
and analytical performance, low cost, and applicability to various T-cell neoplasms and
specimen types. The JOVI.1 antibody provides a clear separation between TRBC1-positive
and TRBC1-negative (TRBC2-positive) events, as it is by itself sufficient to assess for
TRBC-restriction in most scenarios. However, an anti-TRBC2 antibody would be desirable
to facilitate the analysis in a fashion similar to the staining for both kappa and lambda
immunoglobulin light chains in the routine identification of clonal B cells. While an anti-
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TRBC2 antibody for flow cytometry is not yet commercially available, one group has
reported genetically modifying the JOVI.1 clone to change its specificity from TRBCI to
TRBC2 [82], suggesting that routine assessment of TRBC2 expression might be on the
horizon.

With TRBC1 added to a comprehensive T-cell panel, the diagnostic utility of each
surface antigen evaluated might depend more on how clearly and frequently they separate
neoplastic events from background reactive T-cells rather than on how often they are
expressed in reactive versus malignant samples. For example, while CD7 and CD26
expression might not by itself be useful to distinguish reactive from malignant CD4-positive
T-cells, evaluation of these antigens does result in the identification of distinct CD4-positive
T-cell subsets that can be independently analyzed for clonality by TRBC1 and often lead
to an optimal neoplastic cell gate. Similarly, CD5 and CD7 expression cannot by itself be
used to distinguish reactive from malignant CD8-positive T-cells, but the assessment of
these antigens often results in distinct subsets, which can help narrow down on the clonal
population by TRBC1 analysis. Other antigens less frequently utilized in routine practice
such as CCR4, PD1, CD56, CD57, CD25, and KIRDL26 might all need to be re-evaluated
regarding their diagnostic utility in combination with TRBC1.

Intracellular TRBC1 staining by flow cytometry is feasible and might provide useful
diagnostic information in the distinction between T lymphoblastic leukemia/lymphoma
and benign thymocytes, both of which are mostly negative for surface CD3/TCR complex
(manuscript in preparation). Computer-assisted data analysis could facilitate the automatic
identification of clonal T-cell populations with a monophasic TRBC1 expression pattern,
without the operator needing to study several gated T-cell subsets independently. Finally,
many questions remain regarding the clinical significance of T-CUS, which need to be
answered on large follow-up studies.
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