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ABSTRACT

MOLECULAR CHARACTERIZATION OF CANINE PERIPHERAL T-CELL LYMPHOMA

Peripheral T-cell lymphoma (PTCL) encompasses a heterogenous group of tumors
derived from neoplastic T-cells that affect the peripheral lymphoid organs, most often the
peripheral lymph nodes. PTCL is a naturally-occurring disease in multiple species, including
humans and dogs. This disease is poorly understood and associated with short overall survival
times in both canine and human patients. PTCL is relatively more common in dogs, and
therefore the dog provides a unique opportunity to serve as a naturally occurring model.
Hypothesis: We hypothesize that canine PTCL and a subset of human PTCL have shared
pathologic features and molecular drivers; therefore, the dog will provide a useful translational
model to aid in the discovery of novel, targeted therapies. We test this hypothesis by 1)
characterizing tumor heterogeneity, biologic behavior, and gene expression profile of canine
PTCL 2) comparing the molecular features of canine PTCL to those previously identified in
human PTCL 3) identifying the normal immunological counterpart(s) of canine PTCL and 4)
discovering oncogenic molecular pathways and driving genetic alterations including fusion
genes.

Aim 1: Characterization of the histomorphology, clinical features, and gene
expression profile of canine PTCL. Our understanding of the biologic and molecular subtypes
of lymphoproliferative diseases in dogs is scarce compared to what is known about similar
diseases in humans. Within the T-cell lymphoma (TCL) group, tumors can be categorized by

expression of the surface antigen molecules CD4 and CDS, with the majority of TCL cases in



dogs expressing CD4. CD4" TCL has been previously associated with a poor prognosis and short
overall survival times. Tumors expressing CD8 or lacking expression of CD4 or CDS are
considered rare. In an effort to better characterize these TCL phenotypes we evaluated a large
number of cases with paired flow cytometry and biopsy samples to determine if tumors
diagnosed as TCL by flow cytometry identified distinct lymphoma subtypes with consistent
histologic and molecular features. All evaluated tumors diagnosed as CD4" TCL had a histologic
pattern and cellular morphology consistent with PTCL. RNA-seq was performed on a small
group of CD4" PTCL cases compared to sorted non-neoplastic CD4" lymphocytes. The gene
expression pattern of CD4* TCL was similar between all cases, regardless of dog breed. We then
focused on the less common CD8" and CD4CD8- subgroups. A small subset of CD8" and CD4-
CDS8" tumors were evaluated histologically or cytologically. Tumor morphology was consistent
with PTCL, but exhibited increased variation in cytologic appearance with some cases displaying
marked atypia. We then evaluated the presenting clinical signs, flow cytometry, and clinical
outcomes of a large group of dogs diagnosed with either CD8" or CD4 CD8" TCLs. Dogs with
either CD8" or CD4'CD8" TCLs had aggressive clinical disease with short overall survival times.
Skin lesions present at the time of diagnosis were more commonly observed in the CD8" TCL
group. Mediastinal enlargement and/or hypercalcemia, clinical features previously associated
with CD4" TCL, were more commonly present in patients with CD4-CD8" TCL. Shared
diagnostic and clinical features identified in both CD4°CD8" and CD4" TCLs suggested a
common pathogenesis. Conversely, CD8" TCLs exhibited unique clinical features and prognostic
indicators suggesting that these tumors may have a different pathobiology.

Aim 2: Evaluation of canine PTCL as a model for human PTCL-NOS. In humans,

peripheral T-cell lymphoma (PTCL), not-otherwise specified (NOS) is the most common PTCL



subgroup. Recent studies using human patient samples have identified molecular subtypes of
PTCL-NOS, including PTCL-GATA3 and PTCL-TBX21. PTCL-GATA3 is associated with a
worse prognosis and frequent alterations in the CDKN2A/TP53 and PTEN-PI3K signaling
pathways. We identified molecular similarity to human PTCL-NOS by evaluating the gene
expression profiles of a large number of canine PTCL cases by RNA-seq. We show that canine
PTCL is most similar to the PTCL-GATA3 subgroup, with strong expression of GATA3 and
gene enrichment for the PI3K-AKT-MTOR pathway. In vitro cell culture studies established a
functional role for PI3K signaling in canine PTCL. Inhibition of PI3K resulted in impaired
proliferation of a canine T-cell lymphoma cell line and reduced survival of primary patient-
derived PTCL cells. We show that the dog may provide a unique opportunity to further
investigate the pathogenesis of the PTCL-GATAS3 subgroup.

Aim 3: Evaluation of canine PTCL cell of origin. Classification of hematopoietic
neoplasms is in part reliant upon identification of the cell of origin, which can provide insights
into the underlying pathogenesis and can have prognostic and therapeutic impact. We evaluated
surface protein expression and changes in gene expression in canine PTCL to identify the normal
immunological counterpart. We demonstrated that CD4" PTCL appears to be derived from a
naive single positive T-cell. This conclusion is supported by lack of expression of markers of
activation (MHC class II, CD25, and T-cell receptor signaling molecules) as well as lack of
upregulation of markers associated with T helper subsets. CD4'CD8" tumors were enriched for
gene signatures associated with a more immature T-cell phenotype, and therefore are thought to
most likely develop from an immature, double negative, thymic precursor cell. CD8" TCLs
upregulated molecules associated with activated cytotoxic T-cells, suggesting that at least a

subset of CD8" TCLs may originate from a mature CD8" effector cell.



Aim 4: Discovery of fusion gene candidates in canine PTCL. Chromosome aberrations
and rearrangements resulting in the formation of fusion genes are common in a wide variety of
cancers. Fusion genes are particularly common drivers of hematologic malignancies (e.g., AML)
and serve as useful diagnostic markers as well as therapeutic targets. We aimed to discover
fusion gene candidates in canine PTCL using FusionCatcher, an RNA-seq based discovery
pipeline. We identified 11 recurrent fusion genes of interest and evaluated the structural fusion
events in these cases. Recurrent fusion genes involving DGKZ-MDK and LMO4 with several 5’
fusion partners were particularly interesting due to their oncogenic potential. This study
identifies a list of potential fusion gene candidates in canine PTCL, and lays the groundwork for
future efforts to validate these targets. Identification of these potential driving fusion genes is
critical for both improving diagnosis, as well as the development of targeted and personalized
therapeutics.

Conclusions: This dissertation improves mechanistic understanding of the molecular and
genetic drivers of canine PTCL and correlates these findings to the human counterpart of the
disease. In so doing, we provide essential supporting evidence that the dog may serve as a useful
and relevant, naturally occurring, translational model of hematopoietic neoplasia. In a broader
sense, this work supports a comparative approach to understanding cancer biology and treatment

through collaborations between veterinarians, biomedical researchers, and physicians.
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CHAPTER 1 - INTRODUCTION

T-cell Development and the Classification of Lymphoid Neoplasms
Overview

Lymphoma is a broad term used to describe clonal tumors of mature and immature B-
cells, T-cells, and NK cells at various stages of differentiation. Classification of lymphoma is
reliant on a number of diagnostic features including cellular morphology, immunophenotype,
genetic abnormalities, and clinical presentation. Neoplastic cells often appear to recapitulate
stages of normal B-cell or T-cell development, and therefore classification is often based, at least
in part, according to the corresponding normal counterpart.

T-cells are key effectors of cell-mediated immunity and their development and
differentiation involves a complex and tightly regulated series of events. T-cells are highly
specialized to combat microbial pathogens, mediate immune surveillance against tumor cells,
and coordinate antigen-driven responses. These cells originate from hematopoietic precursors
which migrate to the thymus, differentiate, undergo selection, and eventually mature into
functional T-lymphocytes (Figure 1.1).!

Thymic Development

T-cells arise from bone marrow progenitor cells that emigrate to the thymus to mature
and undergo gene rearrangements to produce their antigen receptors.?As multipotent progenitors
leave the bone marrow and travel to the thymus, they become progressively more restricted in
their fate options.? Progenitor cells can be identified by expression of cell-surface markers that
characterize stem cells such as CD34, and lack of the characteristic cell-surface glycoproteins of

mature T-cells.*” Following emigration to the thymus and interaction with thymic stromal cells,



these cells are signaled to divide and differentiate. IL-7 is secreted by thymic stromal cells and

48-10 This interaction is critical for T-cell development.

binds to the IL-7 receptor on thymocytes.
Knockdown of the IL-7 receptor experimentally or within patients who have inherited two
defective IL-7R alleles results in the absence of T-cells and subsequent immunodeficiency.®!1-13

Thymic stromal cells are also important in promoting activation of the Notchl pathway, a
major regulator of T-cell development.'* Notch]1 is a cell-surface receptor that is expressed on
the surface of thymocytes and interacts with the ligands present on thymic epithelial cells.!>!7
Notchl is vital for T-cell commitment and inhibition of B-cell differentiation.'®!* The critical
role of Notchl is highlighted by studies in which mice that are reconstituted with bone-marrow
precursors expressing a constitutively active form of Notch completely lack B-cell development.
Instead, these mice develop CD4"CD8" double positive (DP) cells in the bone marrow.!”
Furthermore, Notch-1 deficient mice exhibit a block of T-cell development and concurrent
development of B-cells within the thymus.!®

T-lymphoblastic leukemia/lymphoma is derived from T-cell progenitors within the bone
marrow and early thymic T-cell progenitors. These precursor neoplasms are typically identified
by the expression markers of immaturity including: CD34, TdT, CDla, and CD99.29-22
Activating mutations of the NOTCHI1 gene are present in greater than 50% of T-ALL patients,
demonstrating deregulation of normal thymic development in these patients.?32*

Differentiation of progenitor cells is dependent upon temporally coordinated expression
of cell surface proteins, including CD4, CD8, CD44, and CD25 on the thymocytes.?> Progenitor
cells entering the thymus do not express CD4 or CD8 and are therefore termed double-negative

DN) thymocytes.?® DN thymocytes progress through DN1 (CD44+CD25-), DN2
Yy Yy Yy yies prog

(CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-)stages.!>?7 At this stage,



rearrangement of the T-cell receptor (TCR) v, 8, and 3 loci can occur and DN thymocytes give
rise to two distinct lineages of T-cells, distinguished by the expression of an a.:3 or y:0 T-cell

receptor (TCR).28-3% This process is termed B-selection.
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Figure 1.1 Overview of thymic T-cell development. Bone marrow derived hematopoietic progenitors migrate
to the thymus. Early thymic precursors lack expression of T-cell receptor (TCR), CD4 and CD8, and are termed
double-negative (DN) thymocytes. DN thymocytes undergo four stages of differentiation (DN1, CD44°CD257;
DN2, CD44'CD25"; DN3, CD44 CD25%; and DN4, CD44 CD25"). As cells progress through the DN stages,
they undergo TCR gene rearrangement and B-selection, resulting in formation of the pre-TCR. Successful
formation of a pre-TCR results in cell proliferation and expression of CD4 and CD8, termed double positive
(DP) thymocytes. The pre-TCR a-chain is then replaced with a newly rearranged TCR a-chain, resulting in a
complete aff TCR. DP thymocytes undergo positive selection by interacting with cortical epithelial cells that
express MHC class I and class II molecules and present self-peptides. A weak interaction results in apoptosis.
Thymocytes that express TCRs that bind to MHC class I molecules become single positive (SP) CD8" T-cells
and those with TCRs that bind to MHC class II molecules become SP CD4" T-cells. Cells further undergo
negative selection, which results in removal of cells that interact too strongly with self-peptides on
hematopoietic antigen presenting cells. Commitment to the CD4+ lineage is dependent upon key transcription
factors ThPOK, GATA3, TOX, and Ikaros whereas commitment to the CD8" lineage is dependent on the
transcription factor Runx3.

Commitment to a a.:3 or y:0 T-cell lineage is determined by productive or non-productive
rearrangements of TCR genes. TCR gene rearrangement is analogous to immunoglobulin gene
rearrangements undergone during B-cell development. The 3 and § chains contain V,D, and J

segments. The first rearrangement for a 3 or d chain joins D to J and the second rearrangement



joins V to DJ. The a and y chains contain only V and J segments and therefore, a single
rearrangement joins the V and J.3! The process of gene rearrangement is regulated by the genes
RAGI and RAG?2 (recombination-activating genes), and involves the enzyme TdT which inserts
the N nucleotides.’>* Both a.:p and y:8 T-cells begin rearranging the v,5, and  TCR loci at the
DN stage. If an individual thymocyte is able to make a successful y:5 receptor prior to a
functional B chain, then the cell commits to become a y:8 T-cell.?®3* Conversely, if a functional B
chain is created first this receptor chain is incorporated into a pre-TCR. The pre-TCR is formed
by binding of the B chain to an invariant polypeptide termed pTa to form a superdimer.3>-3¢
This pre-TCR is a rigorous test of the 3 chain conformation and its potential to bind the
a chain to form a functional TCR. The o.:3 lineage is favored because the a.:3 lineage only
requires one productive rearrangement, whereas y:0 lineage requires two productive
rearrangements.’’ Following formation of a pre-TCR, gene rearrangements are halted by
suppression of RAGI and RAG2, proliferation is induced, and the thymocytes gains expression of
the CD4 and CDS8 co-receptors and are then termed double-positive (DP) thymocytes.***° Upon
progression into the DP stage, cells are allowed to continue with TCR chain rearrangement
including a-chain genes and continued y and 6 gene rearrangements. At this stage, if a DP
thymocyte creates an a.:3 receptor prior to a y: receptor it will commit to a.:3 lineage.
Alternatively, if a y:8 receptor is created first than it will commit to the v:8 lineage.*! Cells with
functional y:0 rearrangements then assemble with the CD3 signaling complex and leave the
thymus to enter circulation and migrate to peripheral tissues.*? If the thymocyte fails to create a
functional TCR gene rearrangement, then the cell will undergo apoptosis and be phagocytosed

by thymic cortical macrophages.*** Peripheral y:8 cytotoxic T-cells of the splenic pool are



believed to be the cell-of-origin of hepatosplenic T-cell lymphomas (HSTL)*. A smaller
fraction of HSTL, are believed to be derived from o cytotoxic T-cells. 2046

The process of TCR gene rearrangement produces a highly diverse repertoire of TCRs
that can interact with MHC class I and class II isoforms. However, the TCR genes of an
individual are not specific for the forms of MHC molecules expressed by that same individual.
Therefore, positive selection is a necessary process that occurs to select only the thymocytes that
can recognize the self-MHC complexes expressed on thymic cortical epithelial cells.*”#8
Following positive selection, DP thymocytes differentiate into single-positive (SP) CD4 or CDS8
T-cells. When a DP thymocyte interacts with an MHC class I molecule, CD8 molecules are
recruited. Conversely, when a DP thymocyte interacts with an MHC class II molecule, CD4
molecules are selected.*=° This stage of T-cell development is highly regulated by changes in
gene expression and defined by detectable cell-surface phenotypes. In particular, the T-helper-
inducing POZ/Krueppel-like factor (Th-POK), GATA3, TOX, and Ikaros are key regulatory
transcription factors that drive the development of SP CD4 thymocytes from DP
thymocytes.*’*1-36 Conversely, Runx3 directs commitment to the CD8 lineage.”®

Following commitment to a SP lineage, T-cells undergo the process of negative selection.
This process removes cells whose antigen receptor binds too strongly to the complexes of self-
peptides and self-MHC molecules presented by cells within the thymus, including bone marrow
derived dendritic cells and macrophages. This process of negative selection is critical for the
elimination of potentially autoreactive T-cells and prevention of subsequent autoimmune
disease. 2960

o:3 T-cells that survive the processes of positive and negative selection and commit to

CD4 or CDS single positive lymphocytes, are able to leave the thymus as naive T-cells. These



cells enter the circulation and travel to secondary lymphoid tissues. Within secondary lymphoid
tissues, naive T-cells can interact with specific antigens and become activated. Antigen-exposure
triggers proliferation and further differentiation into the effector T-cell subsets.
T-cell Activation

Adaptive immune responses are coordinated to maximize exposure of lymphocytes to
potential antigens. Essential to this process, are myeloid dendritic cells (DCs), which capture
antigens at the site of infection and then travel to secondary lymphoid tissues to present to naive
T-cells. The dendritic cells express pathogen-derived peptides on MHC molecules. Binding of
the T-cell to the dendritic cell involves binding of the T-cell LFA-1 to ICAM-1 and ICAM-2 on
the DC, as well as binding of the DC LFA-1 to ICAM-3 expressed on the T-cell.®! ICAM-3 also
binds to the adhesion molecule DC-SIGN, which is uniquely expressed on activated DCs.5%63
These cell surface interactions promote binding of the antigen receptor to the peptide-MHC
complexes on the surface of a DC. The binding of the TCR and co-receptor (CD4 or CD8) with
the MHC complex is necessary, but not sufficient, for T-cell activation. A co-stimulatory signal
is also required and is induced by binding of the co-stimulatory receptor CD28 on T-cells to its
ligand B7 on DCs.5463

Upon organization of the molecules on the T-cell membrane and formation of the
immunological synapse, cytoplasmic protein tyrosine kinases are activated to phosphorylate
tyrosine residues in the cytoplasmic tails of the CD3 cell-surface proteins and the associated {
chain (CD247). The phosphorylated residues are a component of the immunoreceptor tyrosine-
based activation motifs (ITAMs). One of the molecules that phosphorylates the CD3 ITAMs is
Lck.% Lck also actives ZAP-70, another protein kinase, which is necessary for the initiation of

the major pathways of T-cell activation and signaling.®” ZAP-70 initiates cell signaling pathways



including nuclear factor of activated T-cells (NFAT), activating protein-1 (AP-1), and NFxB
which ultimately result in transcription of genes that promote T-cell proliferation, differentiation,
and effector function.’®® Particularly important for T-cell proliferation is the cytokine IL-2. IL-2
works in an autocrine manner to trigger cell division.”®

A number of T-cell neoplasms are derived from activated T-cells. Skin-homing activated
T-cells are believed to be the normal counterpart to cutaneous lymphoma syndromes including
mycosis fungoides, primary cutaneous CD30-positive T-cell lymphoproliferative disorders, and
primary cutaneous anaplastic large cell lymphoma.?%7!

Differentiation of Activated T-cell Subsets

Differentiation of activated T-cells is dependent upon the antigen to which they are
responding. CD8 T-cells, which interact with MHC class I molecules, are particularly important
for defense against intracellular pathogens, such as viruses and bacteria, as well as for tumor
surveillance.”” CD8 T-cells are considered cytotoxic and can release cytotoxins including
perforin, granzymes, and granulysin to trigger cell-death via apoptosis.”

T-cell large granular lymphocytic leukemias (T-LGLs) are believed to be derived from a
subset of CD8" a:3 T-cells. A smaller portion of LGL leukemias are derived from natural killer
cell lineage.”*” T-LGLs can express the cytotoxic effector proteins including perforin, TIA1,
granzyme B, and granzyme M.?° This neoplasm is thought to be driven by an initial exposure to
an unknown antigen which results in oligoclonal LGL expansion.’® Chronic and persistent
antigen exposure results in STAT3 activation and the development of a dominant clone. This
proposed pathogenesis is supported by serial studies of T-cell repertoire utilization.”’

Effector CD4 T-cells, on the other hand, do not directly attack pathogens but rather help

other cells of the immune system to perform their necessary functions and coordinate an



appropriate immune response. CD4 T-cells are therefore, termed T-helper cells. CD4 T-helper
cells are highly heterogenous in their functions, cell-surface marker expression, and cytokine
secretion. Classification of CD4 T-helper cell subsets is a continually evolving field with new
subtypes being identified and overlapping features amongst existing subtypes. Nevertheless,
there are five major T-helper subtypes identified: Th1, Th2, Th17, T follicular helper cells (Tth),
and regulatory T-cells (Treg).

Thl cells aid in macrophage responses to intracellular bacterial and viral infections.
Differentiation of Th1 cells is induced by the cytokines IL-12 and INF-y to activate the defining
transcription factor T-bet (TBX21). TBX21 regulates expression of INF-y and can repress Th2
cytokines, I1-4 and TL-5.78 Activated Th1 cells secrete IL-12 and INF-y to further promote Thl
differentiation.

Th2 cells aid in the response to parasitic infections mediated by eosinophils, basophils,
and mast cells. In addition, Th2 lymphocytes play a role in the repair and recovery of tissues
injured by inflammatory processes. Th2 cell differentiation is induced by secretion of IL-4
which activates the major transcription factor GATA3.7-8! GATAS3 activation then promotes
upregulation and secretion of IL-4 and IL-5. The balance between Thl and Th2 T-cell subsets
plays a role in determining the susceptibility to disease states, where an improper skew of Th2
cells can lead to allergy and asthma and an overactive Th1l response can result in
autoimmunity.%?

Th17 cells work to promote neutrophil-mediated responses to extracellular bacterial and
fungal infections.®3®° Th17 cell differentiation is induced by IL-6, TGF-g, 11-21, and IL-23,
which promote transcription of RORyT.#¢ RORYT is the master regulator of the Th17 subgroup

and works to induce transcription of genes encoding IL-17 and IL-17F in naive CD4" T helper



cells.® Thl17 cells then secrete IL-17 and IL-6. IL-17 aids in recruiting neutrophils to sites of
infection.®’

Tth cells interact with naive B-cells to promote the antibody-mediated response to
infection. The cytokine IL-6 promotes Tth cell differentiation and induces expression of Bcl6,
the master regulator of this subgroup.®®! Bcl6 is required for Tth cells to express CXCRS5, the
receptor for the CXCL13 chemokine produced by the stromal cells of the B-cell follicle. The
CXCR5-CXCLI13 interaction allows Tth cells to leave the T-cell areas of the secondary
lymphoid tissue and migrate to the B-cell follicles.”? Tfh cells secrete IL-21 and IL-4 which aid
in class-switching, as well as formation and maintenance of the germinal center.”>*

Angioimmunoblastic T-cell lymphomas (AITL) are derived from Tth cells and express
the key markers BCL6, CXCRS5, CD10, and CXCL13.%>-% Patients with AITL often present with
autoimmune phenomena including circulating immune complexes, cold agglutinins, hemolytic
anemia, rheumatoid factor and anti-smooth muscle antibodies. Additionally, approximately half
of patients have a concurrent polyclonal hypergammaglobulinemia, consistent with secondary
disruption of normal B-cell physiology.**-1%°

Treg cells are unique in that they work to dampen the immune response. Tregs are
induced by TGF- in the absence of IL-6 and other pro-inflammatory cytokines.'! Tregs
express the master transcription factor FoxP3 as well as the cell-surface molecule CD25.!%2
Activated Tregs secrete TGF-f and IL-10, which are important inhibitors of inflammation and
immune responses.!?* Adult T-cell leukemia/lymphoma (ATLL) is postulated to be derived from
CD4" CD25* FoxP3+ Tregs!® and patients with ATLL characteristically exhibit T-cell

immunodeficiency and frequent opportunistic infections?%105-107,



Peripheral T-cell Lymphomas
Overview

Peripheral T-cell lymphomas (PTCL) encompass a heterogenous group of aggressive T-
cell neoplasms. These neoplasms are uncommon, comprising 5-20% of all non-Hodgkin
lymphomas (NHL).2%!%8 This group of neoplasms includes tumors classified as
angioimmunoblastic T-cell lymphoma, ALK" anaplastic large cell lymphoma, ALK" anaplastic
large cell lymphoma, adult T-cell leukemia/lymphoma (ATLL) and extranodal NK/T cell
lymphoma of nasal type. Approximately 30-50% of PTCL cases do not correspond specifically
to defined T-cell entities in the World Health Organization classification and are therefore
categorized as PTCL, not otherwise specified (NOS).2%10%119 Advances in the understanding of
the underlying pathobiology of PTCL-NOS and development of targeted treatments have been
limited by the disease heterogeneity, rarity, and lack of appropriate animal model systems.!!!

PTCL-NOS affects older patients with a median age of 60 years at the time of
presentation and more commonly affects males, with a reported 2:1 male-to-female ratio.!%
Patients most often exhibit peripheral lymph node involvement. Advanced disease stages are
common at the time of presentation. Patients typically exhibit poor overall responses to
anthracycline-based chemotherapeutic protocols such as combination cyclophosphamide,
doxorubicin hydrochloride, vincristine sulfate, and prednisone (CHOP) chemotherapy, which is
considered the standard of care.!!?
Molecular Classification of PTCL-NOS

Because PTCL-NOS encompasses a group of tumors that do not correspond to other
defined entities defined by the World Health Organization classification, cases can exhibit a

broad spectrum of cytologic, histologic, and molecular features. Recent gene expression profiling
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studies have improved the ability to further classify these cases. Firstly, genetic profiling studies
have identified a small subset of cases previously classified as PTCL-NOS that exhibit features
of Tth cell origin, leading to the development of new distinction within the WHO classification
termed follicular T-cell lymphoma (PTCL-Tth). These cases exhibit some morphological,
immunophenotypic, genetic, and clinical overlap with AITL but also have a number of unique,
distinctive features precluding inclusion in the AITL phenotype.2®!'2 Overlapping features
between AITL and PTCL-Tth include genetic alterations associated with Tth origin such as
TET2, RHOA, DNMT3A, IDH2 mutations!!3-116 as well as expression of Tth cell phenotypic
markers CD4, CD10, CXCL13, and BCL6.

The PTCL-NOS cases that cannot be reclassified as Tth cell origin can be classified into
two major subgroups based on GATA3 or TBX21 molecular signatures, termed PTCL-GATA3
and PTCL-TBX21.!"7-'"9 PTCL-GATAJ3 is associated with a worse prognosis and a 5-year OS of
19% compared to PTCL-TBX21, which has a 5-year OS of 38%. The majority of cases within
the PTCL-GATA3 group exhibit a CD4*CDS8" immunophenotype.!?’ Histologically, PTCL-
GATA3 group displays a monotonous pattern of intermediate to large cells with a minimal
inflammatory background.!?® The GATA3 phenotype is enriched in gene signatures related to
cell proliferation including MYC, PI3K-ATK-MTOR, and -catenin. PTCL-GATA3 also
exhibits increased genetic abnormalities including frequent loss or mutation of tumor suppressor
genes involving the CDKN2A, TP53, RB1 and PTEN-PI3K pathways. Co-occurrence of
impaired TP53 signaling and loss of PTEN are significantly associated with PTCL-GATA3. This
combination of tumor suppressor gene aberrations is infrequent in other PTCL-NOS subtypes
and other T-cell NHLs.!" Simultaneous amplifications of STAT3 and MYC were also identified

in a subset of PTCL-GATA3 cases.!!” Similarly, recurrent gene fusions and alterations involving
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components of the T-cell receptor signaling pathways including VAV1, ITK, SYK, PTPRC,
PLCGI or proliferation pathways including 7P63, CDKN2A, PTEN, and TP53 have been
described by multiple groups in a proportion of PTCL-NOS cases.!!*-121-124

Alternatively, PTCL-TBX21 exhibits a more heterogenous immunophenotype with half
of cases being CD4"CD8" immunophenotype, approximately a third of cases being CD8"CD4-,
and fewer CD4-CD8 or CD4*CD8" cases.!?’ These tumors are exhibit by a polymorphous
histologic appearance characterized by variably-sized neoplastic cells admixed with high
numbers of inflammatory cells including small lymphocytes, eosinophils, plasma cells, and
histiocytes. A portion of PTCL-TBX21 cases have a lymphohistioyctic pattern comprised of
atypical small neoplastic cells admixed with aggregates of epithelioid histiocytes.!?® The TBX21
phenotype is enriched in the INF-y and NF-xB gene signatures. PTCL-TBX21 generally
exhibits fewer genetic aberrations, and those present primarily involve cytotoxic effector genes
or regulators of DNA methylation.!' A higher proportion of cases within the TBX21 subgroup
also exhibit upregulation of transcripts associated with cytotoxic T-cells as well expression of T-
cell restricted intracellular antigen-1 (TIA-1) and/or granzyme B by immunohistochemistry.!2°
Novel Therapies for PTCL-NOS

Conventional treatment for PTCL-NOS involves anthracycline based chemotherapy, like
CHOP. CHOP-based protocols, however, typically do not result in durable remission and relapse
or refractory disease is common.!!? Targeted and personalized therapies are therefore an
important and emerging field for improved outcomes for patients with PTCL-NOS.

Platelet-derived growth factor receptors (PDGFRs) are tyrosine kinase receptors critical
for regulation of a number of cellular processes including cellular proliferation, development,

differentiation, and inflammatory responses.'?> Aberrant PDGFR has been identified in a number
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of cancers and receptor tyrosine kinase (RTK) inhibitors have been developed as a targeted
therapeutic approach.!?>126 PDGFRs activation can result in stimulation of multiple signaling
cascades including MAPK, PI3K, and PLCy pathways.'?” PTCL-NOS has been shown to
overexpress PDGFRo and PDGFR activity has been shown to promote neoplastic cell
proliferation.'?312° The PDGFR inhibitor, imatinib mesylate, was shown to effectively inhibit
growth of PTCL-NOS primary cells. In a small clinical trial involving 12 patients with refractory
or relapsed PTCL, however, treatment with imatinib, a tyrosine kinase inhibitor that targets
PDGFR, resulted in no clinical improvement with short overall survival and progression-free
survival times. Targeted treatment of PDGFRs via imatinib, therefore, is considered not effective
for the treatment of PTCL-NOS.!3°

The PI3K-AKT-MTOR pathway is an important pathway involved in cell growth,
survival, and proliferation.!3!:132 Activation of this pathway controls many hallmarks of cancer
including cell cycle, metabolism, motility and genomic instability.!* PI3K signaling can also
contribute to alterations in the microenvironment that promotes tumor growth including

134-136 The PI3K pathway has been shown to be among the most frequently altered

angiogenesis.
pathways in human tumors, with frequent mutations in PIK3CA and PTEN, a negative regulator
of PI3K-AKT.!37 Alteration of this pathway has been shown to be involved in PTCL-NOS
pathogenesis, particularly within the PTCL-GATA3 subgroup.!!”!'” Duvelisib (IPI-145) is an
oral inhibitor of PI3K. Treatment of patients with refractory or relapsed PTCL with duvelisib
resulted in a 50% response rate and 3 complete responses.!*® Duvelisib is also a potent inducer of
cell death within 4 TCL lines with constitutively phosphorylated AKT (pAKT). In a patient-

xenograft mouse model, administration of duvelisib resulted in shifting of tumor-associated

macrophages from the immunosuppressive M2-phenotype to the inflammatory M1-phenotype.

13



Duvelisib and other combination therapies that target the PI3K-AKT-MTOR axis are therefore
considered promising new therapeutics for patients with PTCL-NOS.!38

Subsets of PTCL including AITL and PTCL-Tth have been shown to exhibit mutations in
epigenetic regulators, including 7ET, DNMT2, and IDH. Drugs targeting epigenetic regulators,
particularly histone deacetylase (HDAC) inhibitors, are therefore of interest to treat these
subtypes of PTCL. Patients receiving HDAC inhibitors such as romidepsin and belinostat have
exhibited strong response rates.!** HDAC inhibitors, particularly as part of a combination
therapy protocol, are therefore of interest in patients with T-cell neoplasms that exhibit altered
epigenetic regulation.

Another therapeutic target of interest in the treatment of PTCL is CD30. CD30 is a
transmembrane glycoprotein receptor that is a member of the tumor necrosis factor
superfamily.!# CD30 promotes cell growth and survival primarily through NFxB signaling
pathways.!#! CD30 is expressed by a wide variety of lymphomas, to varying degrees. Anaplastic
large cell lymphoma (ALCL) and the Reed-Sternberg cells found in classic Hodgkin lymphoma
exhibit marked upregulation of CD30.2%140 A subset of PTCL-NOS have been shown to express
the CD30 antigen.'*? A novel CD30 antibody-drug conjugate, brentuximab vedotin, has
undergone several clinical trials enrolling patients with ALCL, AITL, or PTCL-NOS with
variable levels of surface and soluble CD30 expression.'4~1% Targeted CD30 treatment resulted
in strong response rates ranging from 33-86% with the highest overall response rates seen in
patients with ALCL. The duration of responses, however, were variable and there was no
apparent correlation between response and CD30 expression. Discrepancies in response rates and
CD30 expression has been attributed to the sensitivity of the diagnostically available

immunohistochemistry and contributions of activated T-cells within the microenvironment.!
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Further investigation into the role of CD30 in TCL pathobiology and mechanisms in which
CD30-targeted immunotherapy may alter disease progression are needed to better understand the
potential impact of this method of treatment.

PTCL-NOS remains a highly aggressive disease with poor outcomes in patients receiving
traditional CHOP chemotherapy. While there have been advances in our understanding of the
molecular drivers of these tumors and development of new therapies, significant improvement in
treatment and survival of patients still trails that of other lymphoproliferative diseases. Further
understanding of the pathogenesis and response to treatment of this diverse group of neoplasms
is therefore needed.

Canine T-cell Lymphomas
Overview

Lymphoma is among the most common types of cancer affecting dogs, comprising
approximately 6% of all neoplasms and approximately 90% of all hematopoietic tumors.!46:147
The estimated incidence of canine lymphoma is between 20-107 cases per 100,000'4-150 which
is higher than that report in humans (19.6 cases per 100,000).!3! Canine NHLs can be classified
using a modified WHO classification'>? and there is strong evidence that specific dog breeds
have distinct predispositions for the development of unique subtypes of non-Hodgkin’s
lymphomas (NHLs).!3%!33-155 The current classification of canine NHLSs relies heavily on
histomorphologic and cytologic features. Characterization of the molecular and genetic
phenotypes and elucidation of the underlying pathogenesis of these canine lymphoma subtypes is
therefore needed for more accurate tumor classification, development and utilization of targeted

therapies, and better evaluation of the potential for a naturally occurring canine model of NHL.
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Similar to humans, B-cell lymphomas are the more common than T-cell lymphomas in
dogs and diffuse large B-cell lymphoma is the most common subtype in both species. In dogs
however, the next most common subtypes are PTCL, nodal marginal zone lymphoma, and T-
zone lymphoma.!*¢ Because of the relative increased incidence of PTCL in dogs compared to
humans, the dog may serve as a valuable and naturally occurring translational model for this
uncommon but highly aggressive disease.

Canine Peripheral T-cell Lymphoma
PTCL is among the most common subtypes of naturally-occurring NHL in dogs,

156-159 The majority of PTCL cases in

comprising approximately 15% of all NHLs in this species.
dogs fall within the category of PTCL-NOS!®°, with rare reports of other PTCL subtypes,
including anaplastic large cell lymphoma.!5%161:162 Dogs affected by PTCL-NOS exhibit similar
clinical and diagnostic features to human patients. Dogs are typically diagnosed at middle to
older age with a slight male predominance.!%%!>%163 Canine patients often present in advanced
stages with multicentric peripheral lymph node involvement, although any organ can be affected.
In dogs, mediastinal involvement is seen in 30-40% of cases and patients often present with

163 The Boxer breed is among the most common breeds

concurrent paraneoplastic hypercalcemia.
affected by PTCL-NOS, comprising 19-26% of cases.!3%163.164

PTCL-NOS is an aggressive disease in dogs with median overall survival times ranging
from 159-162 days.!33:163:165 Dogs are typically treated with anthracycline-containing regimens,
most often comprised of CHOP based protocols with variable initial response and poor overall
prognosis.'6?

The diagnosis of PTCL-NOS can be made based on a combination of histology, flow

cytometry, and PCR for antigen receptor rearrangement (PARR) assay. Similar to PTCL-NOS in
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humans, canine tumors exhibit clonal T-cell receptor (TCR) gene rearrangement. Using flow
cytometry, the majority of PTCL-NOS cases are characterized by a homogenous expansion of
intermediate to large sized T-cells identified by expression of T-cell markers CD3 and/or CD5
and lack of expression of B-cell marker CD21. The majority of PTCL-NOS cases express the T-
cell subset antigen CD4 with fewer cases being CD8" or CD4°CDS". Loss of CD5 expression and

low expression of MHC class II are common features of this neoplasm.!'®3

Histologically, these
tumors are comprised of intermediate to large cells that are arranged in diffuse sheets that efface
normal nodal architecture. Nuclei are of the neoplastic population can be irregular with variable
chromatin pattern, prominent nucleoli, and variable mitotic rates,!2156.163.166

The molecular and genetic features of PTCL-NOS in dogs are not well-understood.
Exome sequencing of Boxer dogs with TCL identified frequent mutations in the PTEN-mTOR
pathways.!¢” Interestingly, the PTEN-PI3k-AKT-MTOR pathway has been shown to be a driving
pathway of human PTCL-GATA3, and frequent mutations of PTEN has also been identified in
human PTCL.!" Further investigation of the molecular drivers of canine PTCL-NOS is needed
to better understand the pathogenesis underlying this aggressive disease in both human and
canine patients.
A Canine Model of Naturally Occurring Cancers

Murine models are the mainstay animal model for cancer research and provide an
invaluable tool for elucidating the mechanisms of cancer biology and oncogenesis. However,
many novel therapeutics which exhibit strong results in rodent models fail in human patients. In
fact, the success rate of oncologic clinical trials has been reported to be as low as 3.4%.1%® The

variable results in mice versus human patients may be due, at least in part, to the lack of tumor

and microenvironmental heterogeneity, genomic instability, immune surveillance, and recurrence
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and/or metastasis within the conventional mouse models.!®® Therefore, a more relevant animal
model that better represents human disease would be of tremendous value in effectively
translating novel therapies into human patients.

The dog has been proposed as a naturally occurring model for a number of human tumors
based on shared clinical, diagnostic, and molecular features.!”® Dogs provide a unique model for
cancer research since tumors are able to grow over a long time period and in the presence of an
in-tact immune system. Canine tumors additionally exhibit heterogeneity between individuals, as
well as within the same individual. Furthermore, affected dogs can develop resistant or recurrent
disease and exhibit variable responses to therapeutic agents.!”® Companion dogs also share daily
environmental and lifestyle exposures with their owners. Together, these features make the
canine translational model an attractive one, as they offer an opportunity to better recapitulate
natural disease than genetically-induced rodent models.

Logistically, clinical trials in dogs are feasible, particularly within veterinary teaching
hospitals that benefit from large caseloads and clinical researchers on staff. The establishment of
inter-institutional and multidisciplinary consortiums and working groups, such as the Canine
Comparative Oncology Trials Consortium,'®® represents exciting possibilities for development of
large-scale trials that limit the biases of geographic, socioeconomic, and institutional factors. The
lack of gold-standard veterinary treatments allows for the unique design of trials to evaluate early
implementation of novel therapies. This may provide an advantage over human clinical trials in
which patients have already failed standard treatment protocols.

The dog offers a naturally occurring model for a number of cancer subtypes including
lymphoma, osteosarcoma, melanoma, prostate carcinoma, lung carcinoma, mammary carcinoma,

and soft tissue sarcoma.!”® Among the most studied and accepted models is canine
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osteosarcoma.!”! Osteosarcoma is a bone tumor that affects adolescent children as well as older,
large-breed dogs. Similar to PTCL-NOS, osteosarcoma is a relatively uncommon, but highly
aggressive tumor in people. Both osteosarcoma and PTCL-NOS occur relatively more frequently
in the dog, and therefore offer a unique canine patient population to study these diseases. Recent
studies have identified a novel agent, Losartan, to suppress pulmonary metastases in canine
patients with osteosarcoma leading to combined clinical trials in canine and human patients
(NCT03900793).172173

Further development and implementation of the dog as a naturally occurring disease
model is dependent on molecular studies to evaluate mechanistic similarities between canine and
human tumors. Through the identification of shared molecular drivers and oncogenic signaling
pathways, we may foster a unique opportunity to evaluate targeted therapies in the dog at an
earlier clinical timepoint than would be otherwise possible in typical trials involving human
patients. This opportunity may facilitate faster and more efficient identification of promising
treatment options and thereby allow more effective translation into human patients.
Conclusions

In this thesis we aim to characterize the clinical and molecular features of PTCL in dogs.
In so doing, we seek to determine if this naturally occurring disease in dogs may provide a useful
model to study PTCL-NOS in people. Specific goals of this work include: 1) characterization of
the histomorphology, clinical features, and gene expression pattern of canine PTCL 2) evaluation
of the molecular similarities between canine and human PTCL-NOS 3) investigation into the cell
of origin of canine PTCL and 4) identification of genetic drivers of canine PTCL-NOS, including

novel fusion gene candidates.
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CHAPTER 2 - CHARACTERIZATION OF THE HISTOMORPHOLOGY, CLINICAL

FEATURES, AND GENE EXPRESSION PROFILE OF CANINE PTCL

Summary

T-cell lymphomas (TCL) are a diverse group of neoplasms with variable diagnostic
features, pathophysiology, therapeutic responses, and clinical outcomes. In dogs, TCL includes
indolent and aggressive tumors such as T-zone lymphoma (TZL) and peripheral T-cell
lymphoma (PTCL), respectively. TCL phenotypes can be categorized by expression of the
surface antigen molecules CD4 and CDS, identified by flow cytometry. The majority of TCL
cases are CD4", with far fewer cases being CD8" or CD4°CDS". The clinical features of CD4*
TCLs have been previously described. The histomorphology and gene expression profile of
tumors classified as CD4" TCL, however, has not been well characterized and it remains
uncertain if this group of tumors represents a uniform population or encompasses a more
heterogenous group of diseases. Furthermore, the less common TCL phenotypes are poorly
understood with little to no information about histomorphology, clinical features, and prognosis.
In this chapter, we aim to first determine if tumors diagnosed as CD4* TCL by flow cytometry
identify a distinct lymphoma subtype with consistent histologic and molecular features. Seventy-
three cases of nodal TCL with paired flow cytometry and histopathology were evaluated. The
majority of cases (82.2%) were characterized as CD4" TCL by flow cytometry. Fewer cases
were classified as CD8" TCL (6.8%) or CD4CD8 TCL (11.0%). All cases, regardless of
immunophenotype, exhibited conserved histologic features consistent with the WHO
classification of PTCL. Histologic subsets of PTCL corresponding to immunophenotypic

features were not identified. RN A-seq was then performed on a subset of CD4" PTCL cases
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(n=6) and compared with sorted control CD4" T-cells. The gene expression pattern of CD4"
PTCL was similar between all cases regardless of breed.

Given the rarity of the CD8" and CD4 CD8" PTCL cases, we then sought to evaluate a
second cohort of patients to further characterize these less common PTCL phenotypes. We
describe and correlate the presenting clinical signs, flow cytometry, and outcomes of 119 dogs
diagnosed with nodal, non-TZL, CD8" or CD4 CD8 TCL by flow cytometry. Skin lesions
present at the time of diagnosis were more commonly observed in the CD8" TCL group.
Mediastinal enlargement and/or hypercalcemia were more commonly seen in the CD4'CD8 TCL
group. Dogs with either CD8" or CD4CD8 TCLs had aggressive clinical disease with median
overall survival (OS) times of 198 days and 145 days, respectively. In both groups, neoplastic
cell size determined by flow cytometry ranged from small to large, and large cell size was
associated with shorter OS times. In this chapter, we first demonstrate the ability of flow
cytometry to identify a subtype of T-cell lymphoma, CD4" PTCL, with a uniform
histomorphology and gene expression profile. We then show that CD4 CD8 TCLs share clinical
and diagnostic features with the more common CD4" TCLs, suggesting a mutual pathogenesis.
CD8" TCLs, on the other hand, exhibit unique clinical features and prognostic indicators

suggesting that these tumors may be have a different etiology.
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Introduction

Lymphoma is the most common hematopoietic malignancy in dogs and encompasses a
broad spectrum of diseases with diverse mechanisms of oncogenesis, diagnostic criteria, and
biologic behaviors.!#13¢ Flow cytometry is a powerful non-invasive tool used to differentiate
clinically significant subtypes of lymphoma by objectively evaluating cell size, cell complexity,
and the expression of multiple surface antigens. The utility of flow cytometry is particularly
evidenced by T-zone lymphoma (TZL) which is routinely diagnosed by flow cytometry based on
an expansion of small to intermediate sized CD3*CD5" T-cells with characteristic loss of the
pan-leukocyte marker CD45.1%174 Diagnosis of T-zone lymphoma by flow cytometry has been
shown to reliably predict a distinct histologic pattern and cytomorphology consistent with the
disease entity.!*17* T-zone lymphoma is an indolent T-cell lymphoma that is clinically
important to distinguish from more aggressive types of peripheral T-cell lymphomas.!¢?

CD4" TCL is the most common subtype of TCL in dogs.’ The clinical presentation and
outcome of dogs diagnosed with CD4" TCL by flow cytometry have been previously
described.!®® In this study, the most common immunophenotype of neoplastic cells was
CD3*CD4'CD45'CD21" with low levels of MHC class II expression, and variable expression of
CD5. This phenotype has been associated with poor clinical outcomes independent of the
treatment protocol with a median progressive free interval (PFI) of 91-108 days and overall
survival (OS) of 159-160 days.!6%1%4 Clinically, patients with this immunophenotype often
present with a mediastinal mass and/or hypercalcemia.!®*!%* Boxer dogs are overrepresented in
the CD4" PTCL population, comprising approximately 19-26% of cases,!33:163.165

In the current study we assessed the correlation between flow cytometry and

histomorphology of a large group of nodal, non-TZL, TCL cases and then evaluated the gene
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expression pattern of the most common immunophenotype, CD4" TCL. Currently in veterinary
medicine, it is far more common to diagnose lymphoma by cytology and flow cytometry than
biopsy, and therefore this study provides the unique opportunity to directly correlate the
immunophenotype to histology. Understanding the spectrum of histologic changes associated
with specific antigen expression may also provide insight into the disease process and lay the
groundwork for future studies that rely on flow cytometry to identify lymphoma subtypes.

The cytomorphology and histomorphology of CD4" TCLs (excluding T-zone lymphoma)
have been previously classified as peripheral T-cell lymphoma not-otherwise specified (PTCL-
NOS)!56:163.165 " lymphoblastic lymphoma!®3:15 pleomorphic mixed small, medium, and large

11, or pleomorphic large cell type!®. In these studies, a range of classification criteria (World

cel
Health Organization (WHO) classification, Kiel classification) and sample preparation (cytology,
histology) were used.

Nodal TCLs with other immunophenotypes, including CD8* and CD4 CD8" lymphomas,

are less common!64165

and not well characterized in dogs. Studies focused on histologic and
cytologic characterization of canine lymphomas using a variety of classification schemes other
than the contemporary WHO standard, have included small numbers of CD8" and/or CD4-CD§"
TCLs. CD8" TCLs involving the lymph node have been classified as mycosis fungoides,
pleomorphic large cell, pleomorphic mixed cell, unclassifiable plasmacytoid, plasmacytoid, and
unclassifiable high-grade.!%175:176 CD4-CD8" TCLs have been previously classified as
lymphoblastic and PTCL.'® The clinical features and biologic behavior of these uncommon
nodal CD8" and CD4-CD8" TCL subtypes are poorly described and it remains uncertain if T-cell

immunophenotype can be used to identify TCL subtypes with unique clinical presentations or

survival times.
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The goals of this chapter were to 1) evaluate the heterogeneity of histomorphologies and
gene expression within a group of tumors diagnosed as CD4" TCL by flow cytometry 2)
determine if less common TCL immunophenotypes can be reliably distinguished from CD4*
TCL by histology and 3) characterize the presenting clinical signs, flow cytometry profiles, and
clinical outcomes associated with the rare TCL subtypes.
Materials and Methods
Case Selection for Flow Cytometry-Histopathology Correlation

Cases with a T-cell phenotype (expression of the T-cell antigens CD3 or CD5, lack
expression of the B-cell antigen CD21, and variable expression of the T-cell subset antigens,
CD4 and CD8) were identified through Aratana Therapeutics T-CHOMP and T-LAB clinical
studies. Samples used in this study were collected between 2014 and 2015 from dogs presenting
to veterinary specialty clinics throughout the United States with suspicion of lymphoproliferative
disease. Dogs were selected for this study in two phases. During the first phase, fine needle
aspirates for flow cytometry were taken simultaneously with a biopsy for histopathologic
evaluation. All samples were obtained from peripheral lymph nodes. During the second phase of
the study, flow cytometry was performed first and dogs with an indolent lymphoma (TZL
immunophenotype) and B-cell lymphoma were excluded. TZL lymphoma was identified based
on a neoplastic population composed of small to intermediate cells which expressed CD3, CD5,
and lost expression of CD45. Dogs with a non-TZL TCL were then entered into the clinical
study and a pre-treatment lymph node biopsy was obtained. Thus, the cases in this study
represent the diversity of phenotypes and histologies that might be present in nodal TCL not
classified as TZL. During the first phase of the trial, ten TZL cases were evaluated and

independently diagnosed by both histomorphology and flow cytometry.

24



Flow Cytometry

Routine diagnostic flow cytometry was performed by the Colorado State University
Clinical Immunology Laboratory (CSU-CI) on all cases as previously described.!*° Flow
cytometry was reviewed for lymph node aspirates of 73 cases of TCL, and compared to lymph
node aspirates from 20 healthy dogs utilized for IACUC approved surgical continuing education
courses, and 20 cases of CD4" T-zone lymphoma submitted to the CSU-CI for routine
diagnostics. Cases of T-zone lymphoma were selected based on CD45-CD3"CD4*CD5"CD21M
immunophenotype.'%!7* Although T-zone lymphomas can express CD4, CD8, neither or rarely
both subset antigens, for this study CD4-expressing cases were examined. The following features
of the neoplastic populations and control CD4" and CD8" T-lymphocytes were evaluated: cell
size by forward scatter on a linear scale, MHC class II median mean fluorescence intensity
(MFI), CD25 median MFI, and expression of CDS5.
Histopathology

Two pathologists (Lauren J Harris, Kelly L Hughes) were blinded to the flow cytometry
parameters and independently evaluated whole lymph node or lymph node core biopsies.
Biopsies were subtyped according to the WHO classification for canine lymphoma and scored
for histologic features (summarized in Table 2.1). Hematoxylin and eosin stain, CD3
immunohistochemistry, and CD79a immunohistochemistry were reviewed in every case. WHO
classification and scores of histologic features were compared between pathologists and in cases

of discrepancy a third pathologist (EJ Ehrhart) was consulted for a consensus diagnosis.
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Table 2.1. Summary of Criteria for Histologic Characterization

Feature Criteria

Size Small: 1.5x RBC Intermediate: 1.5-2x RBC ~ Large: >2x RBC
Percent necrosis 0-10% 10-20% >20%

Number of tingible None Few Many

body macrophages

Fibrosis Mild Moderate Marked
Neovascularization Mild Moderate Marked

Nuclear Shape Round Indented Pleomorphic
Chromatin Pattern Condensed Stippled Vesicular
Nucleolar Prominence =~ Unapparent Small and distinct Large and prominent
Cytoplasm Color Eosinophilic Basophilic Amorphous
Cytoplasm Character Smooth, even Scant Flocculent

Mitotic Rate Mitoses per ten 400x fields
RBC=diameter of a resident red blood cell

Immunohistochemistry

CD3 and CD79a expression were evaluated by immunohistochemistry in all biopsies
included in the flow cytometry-histopathology correlation study. Three-micron sections of
formalin fixed paraffin embedded tissues were mounted on positively charged slides along with
positive control tissue. Slides were deparaffinized and hydrated through two changes of xylene,
two changes of 100% alcohol, and one change of 95% alcohol to water. Heat induced epitope
retrieval (HIER) was performed using citrate buffer, pH = 6, for 30 seconds at 125 C using a
Dako Pascal pressure cooker. CD3 (courtesy of Dr. Moore, UC Davis) at 1:50 dilution or CD79a
(Biocare, Pacheco, CA) at 1:100 were applied for 60 minutes at room temperature. After rinsing,
Promark Mouse on Canine Polymer (Biocare, Pacheco, CA) was applied for 60 minutes. After
rinsing, Betazoid DAB (Biocare, Pacheco, CA) was applied for 5 minutes. Slides were then
rinsed thoroughly and counterstained using Mayer’s Hematoxylin for 30 seconds. Slides were
dehydrated and cleared using graded alcohol and xylene and coverslipped with tape coverslips.

Negative controls were incubated in diluent consisting of Tris-buffered saline with carrier protein
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and homologous nonimmune sera. All sequential steps of the immunostaining procedure were
performed on negative controls following incubation.
Flow Cytometry-Histology Correlation Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Diego California, USA). Nonparametric Mann-Whitney U tests were
used to compare flow cytometric parameters amongst samples. Nonparametric correlations
between flow cytometry and histologic features were determined using Spearman’s correlation
matrix.
RNA-Seq

Lymph node aspirates from 6 dogs submitted to the CSU-CI for routine diagnostics and
diagnosed with CD4" PTCL by flow cytometry were selected for RNA-seq. Patients were naive
to treatment at the time of sample submission. The 6 patient samples selected for RNA-seq were
not enrolled in the above-mentioned T-LAB and T-CHOMP clinical studies, and were therefore
not included in the group of samples evaluated for flow cytometry-histopathology correlation.
Patient information is summarized in Table 2.3. Aspirates from selected cases had a purity of
greater than 88% neoplastic cells. Control CD4" T lymphocytes were harvested from lymph
nodes of 6 healthy dogs utilized for IACUC approved surgical continuing education courses.
CD4" T lymphocytes were sorted using a MoFlo cell sorter (Beckman Coulter, Brea, CA). RNA
was extracted from the 6 individual CD4" PTCL cases. RNA from sorted CD4"* lymphocytes
from six total dogs were pooled in groups of two to obtain three control samples. RNA extraction
was performed using the Purelink RNA mini Kit (Thermo Fisher Scientific, Waltham, MA) and
quality was measured with an Agilent 2100 Bioanalyzer System. All samples had a RIN value

greater than 8.80. RNA was shipped to Novogene Corporation Inc (Sacramento, CA) where the
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libraries were constructed and sequenced. Briefly, mRNA was enriched using oligo(dT) beads
and randomly fragmented. Random hexamer primer and reverse transcriptase were used for first
strand cDNA synthesis followed by second strand synthesis via custom synthesis buffer
(Illumina, San Diego, CA), dNTPs, RNAse H, and Escherichia coli polymerase I. Double-
stranded cDNA fragments were purified and end-repaired by A-tailing and ligation of
sequencing adapters. cDNA inserts were selected and enriched via PCR. Transcriptome
sequencing was carried out on an Illumina Hiseq PE150 platform and generated 150bp paired-
end raw reads. Sequences were aligned to the CanFam3.1 genome using TopHat2.!” HTSeq?’
and DESeq2?! software were used to quantify reads and normalize gene expression levels
measured as fragments per kilobase of transcript sequence per millions of base pairs sequenced
(FPKM). P-values were determined using a negative binomial distribution. A Benjamini-
Hochberg procedure was used to correct p-values and padj<0.05 was considered the
differentially expressed gene screening standard. The Broad Institute tool, Morpheus??, was used
to perform hierarchical clustering (Euclidean, average linkage) and create heatmaps based on the
differentially expressed genes. The RNA-seq data in this publication have been deposited in
NCBI’s Gene Expression Omnibus?®® and are accessible through GEO Series accession number
GSE122347.
Case Selection of CD8" and CD4 CD8 TCLs

To determine the distribution of nodal lymphoma subtypes diagnosed at the Colorado
State University Clinical Immunology Laboratory (CSU-CI), the CSU-CI database was searched
for canine lymph node aspirates submitted between 2012-2017. Cases with a final diagnosis of
B-cell lymphoma, CD4" TCL, CD8" TCL, CD4CD8 TCL, CD4"CD8" TCL or T-zone

lymphoma were selected. Duplicate samples from the same patient with consistent diagnoses
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were eliminated, as were patients that were involved in studies that recruited dogs with specific
lymphoma immunophenotypes.

Subsequently, cases with a diagnosis of either CD8" or CD4 CD8" TCL were chosen for
further evaluation. T-cell lymphoma cases were identified by a discrete population of T-cells
with a single phenotype which comprised the majority of the sample, or a population of T-cells
which exhibited at least one feature of aberrancy including: loss of both CD4 and CD8 T-cell
subset antigens, loss of CDS5 expression, marked decrease in MHC class II expression, or large
cell size (greater than or equal to 1.3 times the size of normal T-lymphocytes). CD8" and CD4
CD8" TCLs were characterized by CD3 and/or CDS5 expression, lack of expression of CD21, and
either CD8"CD4 or CD4'CD8" T-cell subset antigen expression patterns. Cases with morphology
consistent with large granular lymphocytes (LGL-leukemia) and cases with a diagnosis of T-
zone lymphoma, identified by the characteristic loss of the pan-leukocyte marker CD45, were
excluded from evaluation. Medical records for 120 of these cases were obtained for further
evaluation. One case with a concurrent B-cell lymphoma was subsequently excluded from the
case series, resulting in a total of 119 cases.

Medical Record Evaluation

Medical records from patients that met inclusion criteria were acquired from the referring
veterinarians. The patient age, sex, breed, date of diagnosis, type of treatment (categorized as: no
treatment, corticosteroid treatment only, single-agent chemotherapy, or multi-agent
chemotherapy), and date of last contact/euthanasia/death were extracted from the medical
records. Patients in which the treatment regime or intention to treat was not clear in the medical
record (n=5) and patients who were enrolled in a novel immunotherapy clinical trial (n=5) were

removed from the group used to evaluate the effect of treatment on overall survival. Patients who
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received a single injection of L-asparaginase and then were treated with CCNU alone or
prednisone alone were categorized as single agent or corticosteroid alone, respectively. The
presence or absence of the following clinical signs was also evaluated at the time of initial flow
cytometry diagnosis: peripheral lymphadenopathy, abdominal lymphadenopathy, hepatomegaly,
splenomegaly/splenic nodules, gastrointestinal involvement (including gastrointestinal mass,
thickened intestines, and/or clinical diagnosis of protein-losing enteropathy), skin lesions, cranial
mediastinal enlargement/sternal lymphadenopathy, and hypercalcemia. Where applicable, the
diagnostic method used to identify these clinical abnormalities was also recorded. In cases where
the presence or absence of the clinical sign was unknown, the patient was excluded from analysis
of that particular feature. The patient’s complete blood count (CBC) at the time closest to flow
cytometry diagnosis was reviewed for hematologic abnormalities. Anemia was classified as mild
(hematocrit (HCT) 30-36%), moderate (HCT 20-30%), or marked (HCT <20%).
Thrombocytopenia was characterized as mild (100,000-175,000 platelets/ulL), moderate (30,000-
100,000 platelets/ul), or marked (<30,000 platelets/ul) if there were no platelet clumps
identified on blood smear review. Lymphocytosis was classified as mild (5,000-10,000
lymphs/uL), moderate (10,000-30,000 lymphs/uL) or marked (>30,000 lymphs/uL).
Cytology

Of the 119 cases included the CD8" and CD4°CD8" outcome study, only 4 cases (3 CD4
CD8 TCL and 1 CD8" TCL) had cytology samples available at the CSU Veterinary Diagnostic
Laboratory. To obtain additional cases for cytologic review, the CSU-CI database was searched
for cases with concurrent flow cytometry and cytology where the slides were available at the
CSU Veterinary Diagnostic Laboratory. Ten cases of CD8" TCL and 10 cases of CD4CD8 TCL

were randomly selected for evaluation. Cases were classified as CD8" TCL and CD4 CD8" TCL

30



by flow cytometry using the same criteria described above. Fine needle aspirations from the 24
total cases were evaluated by two clinical pathologists (EDR, PRA). Pathologists were blinded to
the immunophenotype. Additionally, for cytologic comparison, ten CD4* nodal TCL samples
with concurrent flow cytometry and cytology were randomly selected and reviewed.
Statistical Analysis-Retrospective outcome study

All statistical analyses were performed using GraphPad Prism version 8.0 for Windows
(GraphPad Software, San Diego California, USA) and R version 3.5.3. Fischer’s exact test was
used to compare categorical parameters and non-parametric Wilcoxon rank-sum test was used to
compare continuous parameters between TCL phenotypes. Overall survival (OS) was calculated
in days from the time of diagnosis by flow cytometry until time of death or censor by Kaplan
Meier method. Dogs still alive or lost to follow-up at the time of data analysis were censored at
the last date of contact. The following potential clinical prognostic factors were evaluated:
abdominal lymphadenopathy, sternal lymphadenopathy or mediastinal enlargement, cutaneous
involvement, splenomegaly or splenic nodules, hepatomegaly, hypercalcemia, anemia, age and
treatment (multi-agent chemotherapy, single-agent chemotherapy, corticosteroids alone or no
therapy). All clinical parameters were categorized as present or absent at the time of diagnosis.
To evaluate age, patients were divided into ‘old’ and ‘young’ categories, with ‘old’ defined as
>10 years of age at the time of diagnosis. The following flow cytometry features of the
neoplastic population were also evaluated: cell size as determined by forward scatter, MHC class
IT expression (MFI), and CD5 expression. Cases with a median neoplastic cell size greater than
or equal to 1.3 times the median size of control T-cells from normal dogs were considered large.
Cases with a median cell size less than 1.3 times the median size of control T-cells from normal

dogs were considered small. MHC class II expression was categorized as high (greater than or
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equal to the median MFI of control T-cells from normal dogs) or low (less than the median MFI
of control T-cell from normal dogs). Cases were categorized as CD5 positive or CD5 negative,
as determined by complete loss of CD5 expression based on MFI and interpretation of the flow
cytometry plots. The impact on survival was determined by log rank test (p-value) and Cox
proportional hazard model (Hazard Ratio [HR] and 95% confidence interval [CI]). Multivariable
analysis was not performed due to insufficient sample numbers available for evaluation. A p-
value less than 0.05 was considered significant.
Results
Flow cytometry-Histopathology Correlation
Flow cytometry features of canine nodal TCL

The 73 nodal TCL cases fell into 3 immunophenotypic categories: CD4" TCL (82.3%),
CD8" TCL (6.9%), and CD4CD8" TCL (11.0%). The demographics of TCL patients are
summarized in Table 2.2.

Table 2.2. Patient Demographics of Flow Cytometry-Histopathology Study

Parameter CD4" CDS8" CD4CD§ CNTRL TZL
PTCL PTCL PTCL CD4+/CD8+ (n=20)
(n=60) (n=5) (n=8) (n=20)
Age (years)
Median (range) 7 (3-13) 11(8-12) 6.5(4-8) 1(1-1) 10 (8-14)
Sex
Male 3 (5%) 0 (0%) 0 (0%) 5 (25%) 1 (5%)
Neutered Male 34 (57%) 0 (0%) 4 (50%) 0 (0%) 8 (40%)
Female 2 3%) 1(20%) 0 (0%) 15 (75%) 0 (0%)
Female Spayed 21 (35%) 4 (80%) 4 (50%) 0 (0%) 11 (55%)
Breed
Mixed breed 18 (30%) 0 (0%) 2 (25%) 10 (50%) 6 (30%)
Boxer 16 27%) 2 (40%) 1 (13%) 0 (0%) 0 (0%)
Golden Retriever 8 (13%) 1 (20%) 2 (25%) 0 (0%) 8 (40%)
Lab 4 (7%) 0 (0%) 1 (13%) 0 (0%) 0 (0%)
Other 14 (23%) 2 (40%) 2 (25%) 10 (50%) 6 (30%)
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CD4" TCL cases had a CD3"CD4"CD8" phenotype consistent with that previously
associated with aggressive clinical disease.'®® By flow cytometry, cells with the CD4" TCL
phenotype were significantly larger based on forward scatter determined on a linear scale
(median=530) compared to control CD4" lymphocytes (median=375; p-value<0.0001), control
CD8" lymphocytes (median=379; p-value<0.0001) and CD4" TZL cells (median=406; p-
value<0.0001) (Figure 2.1a). CD4* TCL cells exhibited low MHC Class II expression (median
MFI1=0.80) compared to control CD4" lymphocytes (median MFI=12.15; p-value<0.0001),
control CD8+ lymphocytes (median MFI=17.03, p-value<0.0001) and CD4" TZL cells (median
MFI=26.48; p-value<0.0001) (Figure 2.1b). CD25 expression in CD4" TCL (median MFI=0.1)
was similar to that of control T-cell subsets, while CD25 expression was increased in CD4" TZL
cells (median MFI=0.56; p-value<0.001) (Figure 2.1¢). Nineteen of the 60 CD4* TCL cases
(31.7%) exhibited complete loss of CD5 expression and 6 cases (10.0%) exhibited partial
downregulation of CD35. Consistent with previous studies,'®* dogs diagnosed with CD4" TCL
were a median age of 7 years and mixed breeds (30%), Boxers (27%), and Golden Retrievers
(13%) were the most common breeds. Male dogs, the majority of which were neutered,
composed 62% of the population (Table 2.2).

CD8" TCL cases expressed the T-cell antigen CD3, the T-cell subset marker CD8, and
lacked expression of CD4 (CD3"CD4CD8"). These tumors exhibited variable expression of
CDS5 (3 out of 5 CD5™; 2 out of 5 CD5"). CD8" TCL cells did not differ significantly in size
(median=524), MHC class II expression (median MFI=1.79) or CD25 expression (median
MFI=0.1) from CD4" TCL cases. CD8" TCL cases were significantly older at the time of
diagnosis with a median age of 11 years (p-value=0.005) and all 5 cases were female. Similar to

CD4" TCL, 2 of the 5 CD8" TCL cases were Boxer dogs and 1 was a Golden Retriever.
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CD4°CDS8" cases lacked expression of CD4 or CD8 (CD4°CDS") and the majority
expressed CD3. One CD4'CD8 TCL case lacked CD3 expression but exhibited CDS5 positivity,
confirming T-cell origin. Within this group of TCLs there was variable expression of CD5 (4 out
of 8 CD5", 4 out of 8 CD5"). CD4'CDS8" TCL cells did not differ significantly in cell size
(median=495.51), CD25 expression (median MFI=0.105), or MHC class II expression (median
MFI=0.605) compared to CD4" TCL. The median age of patients diagnosed with CD4 CD8§"
PTCL was 6.5 years and was not significantly different from CD4" TCL cases. Two of the 8 total

CD4CD8 TCL cases were mixed breed dogs, 1 was a Boxer dog, and 2 were Golden Retrievers.
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Figure 2.1. Flow cytometry features of PTCL. CD4" PTCL cells were significantly larger than control CD4"
T-cells, control CD8" T-cells, and TZL cells. Cell size was determined by forward scatter on a linear scale (A).
CD4" TCL had low levels of MHC class II expression (median fluorescence intensity) compared to control
CD4" T-cells, control CD8" T-cells, and CD4" TZL cells (B). CD4* TCL had low levels of CD25 expression
(median fluorescence intensity) compared to CD4* TZL cells (C). (Mean + SD , **=p<0.001).

Control CD4" and CD8" lymphocytes were evaluated in healthy, young hound and
mixed-breed dogs (Table 2). This population was uniformly 1 year of age, predominantly female
(75%), and all dogs were intact. Cases of TZL were significantly older than CD4" PTCL (p-
value<0.001) and CD4CD8" PTCL (p-value=0.004). CD8" PTCL cases did not differ
significantly in age from TZL cases (p-value=0.83). Golden Retrievers comprised 40% of the

TZL cases.
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Correlations between flow cytometry phenotype and histomorphology

Of the 73 total cases, 70 tumors had diagnostic quality histologic preparations adequate
for subtyping. The three tumors with insufficient sample were diagnosed as CD4CD8" TCL by
flow cytometry. All evaluated cases were classified as PTCL-NOS, regardless of
immunophenotype. All tumors were characterized by sheets of intermediate to large lymphocytes
that diffusely infiltrated and effaced the nodal architecture and often invaded the fibrous capsule
and perinodal adipose tissue. Neoplastic cells had moderate amounts of eosinophilic cytoplasm.
Nuclei were 2 to 3 times the size of the diameter of an erythrocyte and round to indented or
pleomorphic in shape. Most cases had open chromatin with 1-3 small distinct nucleoli, and a
high mitotic index (median 49.42; range 10-118 per ten 400x fields). Throughout all cases there
were few to moderate scattered tingible body macrophages, low levels of tumor necrosis (less
than 20% examined cross sectional area), and mild fibroplasia. Neovascularization was generally
not a prominent feature of these neoplasms (Figure 2.2).

Cases of CD8" and CD4"CD8" TCL could not be reliably distinguished from CD4" TCL
by histology. In the single CD4'CD8" PTCL case that lost expression of CD3 based on flow
cytometry, approximately 40% of neoplastic cells exhibited positive membranous
immunoreactivity to the CD3 antibody with immunohistochemistry. This finding is interpreted as
a result of the intracellular binding of the CD3 antibody used in immunohistochemistry
compared to the cell-surface binding of the CD3 antibody used for flow cytometry. Two of 5
CD8" TCL tumors had unique histologic features. In one case, cells had markedly expanded lacy
to vacuolated cytoplasm. Cell size, nuclear characteristics, and tumor pattern of this neoplasm
was still consistent with that previously described in other cases of PTCL-NOS. Another CD8"*

PTCL case exhibited pronounced tumor-associated fibroplasia that multifocally dissected
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between neoplastic lymphocytes. A diagnosis of angioimmunoblastic lymphoma was considered
in this case, however, because neoplastic cellular morphology was consistent with other cases of
PTCL, a consensus diagnosis of PTCL was agreed upon. Because of the small sample size of
CD8" TCLs (n=5), conclusions of whether these unique histologic features represent distinct

entities or variations within the PTCL subgroup cannot be definitively determined.

Figure 2.2. Histomorphology of PTCL. Tumors diagnosed as PTCL exhibited consistent histologic
features including sheets of intermediate to large size cells with round to indented to pleomorphic nuclei,
open chromatin, 1-3 small discrete nucleoli, and high mitotic rates (arrows) (A-C). Tumors diagnosed as
CD4" PTCL (A), CD8' PTCL (B), and CD4 CD8 PTCL(C) could not be classified into distinct histologic
subgroups. Insets are CD3 immunohistochemistry demonstrating diffuse positive membranous
immunoreactivity. A single CD4 CD8 PTCL exhibited loss of CD3 by flow cytometry. In this case
approximately 40% of neoplastic T-cells were CD3-positive by immunohistochemistry (C). 400x
magnification.

Based on the consistency of the categorically evaluated histologic features throughout all
examined cases, statistical evaluation of the categorical features with flow cytometry parameters
was not pursued. Spearman’s rank correlation coefficients did identify a weak to moderate
correlation between neoplastic cell size as determined by forward scatter via flow cytometry and
mitotic rate per ten 400x fields (p=0.418, p-value<0.001).

RNA-seq
Flow Cytometry Identifies a Consistent Gene Expression Profile

RNA-seq was performed on lymph node aspirates from 6 dogs diagnosed with CD4*

TCL (CD4"CD8 CD5"-ClassII') based on flow cytometry and compared to sorted CD4" T-cells

from lymph nodes of young, healthy, hound dogs. The selected cases were representative of the
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CD4" TCL patient population based on clinical presentation and flow cytometric features. Three
of the selected cases were Boxers and three cases were non-Boxer breeds (Cavalier King Charles
Spaniel, Rhodesian Ridgeback, and a Collie dog). Two of the cases exhibited loss of CD5
expression. One case had a mediastinal mass, one case was hypercalcemic, and one case had
both a mediastinal mass and hypercalcemia (Table 2.3).

Table 2.3. Summary of Patient Information for individuals with RNAseq analysis

Sample Breed Age Sex Mediastinal Hypercalcemia
name Mass
BOXERI Boxer 6 MC No No
BOXER2 Boxer 8 FS No No
BOXER3 Boxer 6 MC  Yes No
OTHERI1 Cavalier King 3 FS No Yes
Charles Spaniel
OTHER2 Rhodesian 4 FS Yes Yes
Ridgeback
OTHER3 Collie 11 MC No No
CNTRL1a Hound 1 F No No
CNTRLI1b Hound 1 F No No
CNTRL2a Hound 1 F No No
CNTRL2b Hound 1 F No No
CNTRL3a Hound 1 F No No
CNTRL3b Hound 1 F No No

RNA extracted from lymph nodes from CNTRL dogs 1a and 1b were combined for a single CNTRL1 sample,
CNTRL2a and 2b were combined for a single CNTRL2 sample, and CNTRL3a and 3b were combined for a single
CNTRL3 sample. MC=male castrated; FS=female spayed; F=female.

5011 genes were significantly differentially expressed (padj<0.05) when comparing
CD4" PTCL cases to control CD4" lymphocytes (Figure 2.4a,b). Surface protein expression
characterized by flow cytometry correlated with gene expression including decreased expression
of CD5, CD25, and MHC class II molecules (DLA DRA, DLA DRB1, DLA DQA1, DLA
DQB1)? as well as the MHC class II transactivator, CIITA (Figure 2.3a-¢). Hypercalcemia is a

common clinical presentation in dogs with CD4" PTCL and this process is driven by
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paraneoplastic production of parathyroid hormone-like hormone (PTHLH).*® PTHLH expression

was increased in all cases regardless of presence of clinical hypercalcemia.
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Figure 2.3. Flow cytometry cell surface protein expression is consistent with gene expression. CD4" PTCL
is characterized by enlarged cell size determined by forward scatter (A), expression of the T-cell subset marker
CD4 and frequent loss of T-cell marker CD5 (B). CD4" PTCL exhibits low levels of MHC class II (C) and
CD25 (D). RNAseq derived differential gene expression of PTCL cases compared to control CD4" T-cells
demonstrated that expression of CD5, CD25, and MHC class Il molecules (DLA-DRA, DLA-DRBI1, DLA-
DQAL, DLA-DQBI, and CIITA) corresponded with cell surface protein expression (E). Parathyroid hormone
like hormone (PTHLH) expression was increased in all patients, regardless of presence of clinical hypercalcemia
(Mean + SD, *=Padj<0.05).

Hierarchical clustering of samples resulted in distinct separation of control lymphocytes
and PTCL cases with intermixing of PTCL from Boxer and non-Boxer dogs (Figure 2.4a). In
fact, only 82 genes were significantly differentially expressed when comparing tumor samples
from Boxers and non-Boxer dogs (Figure 2.4c). Interestingly, one of the most overexpressed
genes in PTCL in all 3 Boxers compared to PTCL in non-Boxer dogs was ROS proto-oncogene 1
(ROST) (log(fold change)=4.15; padj= <0.001). ROS1 is a receptor tyrosine kinase oncogene
that has been shown to undergo genetic rearrangements in a variety of human cancers.?! Overall,
it does not appear that the gene expression profile of CD4" PTCL in Boxer dogs is markedly
different from that of CD4* PTCL in other breeds, despite overrepresentation of Boxers within

the patient population.
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Figure 2.4. Gene expression profile of CD4" PTCL. Hierarchical clustering (average Euclidean distance) of
differentially expressed genes (Padj<0.05) identified distinct separation of control and PTCL case samples.
There was intermixing of PTCL cases from Boxer dogs and other breeds (A). MA-plots showed global
differential gene expression of all PTCL cases compared to CD4" T-cell controls (B) and PTCL cases from
Boxer dogs compared to PTCL cases from other dog breeds (C). Significantly differentially expressed genes

(Padj<0.05) are highlighted in red.

CD8"and CD4'CD8" Outcome Study
Given the low numbers of CD8" and CD4"CD8" TCLs within the population evaluated in

the flow cytometry:histopathology correlation study, we next sought to evaluate the flow
cytometry and clinical features of a larger group of these uncommon phenotypes. We aimed to
better determine if CD8" and CD4-CD8- tumors represent distinct biological entities with unique
pathogeneses and clinical behaviors or conversely, if these tumors are part of the larger single

group of TCL neoplasms that includes CD4* TCL.
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In dogs, CD8" and CD4"CD8 TCLs involving the lymph node are rare (Figure 2.5).
Between 2012 and 2017, a total of 11,746 unique cases of canine lymphoma involving the lymph
node were diagnosed at the CSU-CI laboratory. Of this population, the majority of cases were
diagnosed as B-cell lymphoma. CD4" TCL was the next most common phenotype followed by

T-zone lymphoma. CD4'CD8" TCL and CD8" TCL comprised 2.6% and 2.3% of cases

respectively.

Total=11746

mm BCL (70.9%)

Bl CD4+ TCL (13.2%)
B3 TZL (10.9%)

Bl CD8+ TCL (2.3%)

B CD4-CD8- TCL (2.6%)
33 cp4+CD8+ TCL (0.2%)

Figure 2.5. Immunophenotypic distribution of canine nodal lymphoid neoplasms. The
immunophenotypic distribution of canine lymphoid neoplasia characterized by flow cytometry performed
on lymph node aspirates between 2012-2017. B-cell lymphoma (BCL) is the most common
immunophenotype, followed by CD4" T-cell lymphoma (TCL) and T-zone lymphoma (TZL). CD8" TCL,
CD4CD8 TCL, and CD4" CD8" TCL are uncommon phenotypes.

Patient Demographics:

During this timeframe, a total of 561 cases met inclusion criteria for this study and
medical records for 119 of these cases were obtained. Within this study group, 59 cases were
categorized as CD4"CD8 TCL and 60 cases were categorized as CD8* TCL. Patient
demographics are summarized in Table 2.4. Significantly more patients diagnosed with CD8"
TCL were categorized as older (>10 years) than those diagnosed with CD4 CD8" TCL
(p=0.0130). There was a significantly different sex distribution between CD8" TCL cases and

CD4CD8 TCL cases (p=0.0045), with CD4"CD8" TCL having a male (62.7%) predominance
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and CD8" TCL having a female (63.3%) predominance. The most common breeds affected by
CD4CDS8 or CD8" TCLs were mixed breeds, Boxers, Golden Retrievers, and Labrador

Retrievers. There was no difference in breed distribution between the two immunophenotypes

(p=0.8557).
Table 2.4. Summary of patient demographics
Immunophenotype CD4CD8 TCL CD8" TCL
Age, yrs (median; range) 8 (3-15) 10 (1-15)
Sex (number; percent)
Female Spayed 22 (37%) 36 (60%)
Female Intact 0 (0%) 2 (3%)
Male Castrated 32 (54%) 19 (32%)
Male Intact 5 (8%) 3 (5%)
Breed (number; percent)
Mixed Breed 13 (22%) 12 (20%)
Golden Retriever 10 (17%) 7 (12%)
Boxer 7 (12%) 7 (12%)
Labrador Retriever 5 (8%) 8 (13%)
Other 24 (41%) 26 (43%)
Clinical Signs:

Presenting clinical signs are summarized in Table 2.5. Most cases of CD4'CD8" and
CD8* TCLs in this study presented with peripheral lymphadenopathy, consistent with the
inclusion criteria of lymph node sample. Abdominal lymphadenopathy was present in 81% of
evaluated CD4°CD8" TCLs and 56% of evaluated CD8" TCLs. Few cases demonstrated enlarged
abdominal lymph nodes in the absence of reported peripheral lymph node involvement (1 CD8*
TCL and 4 CD4CD8 TCLs). More commonly, dogs with peripheral lymphadenopathy had
concurrent abdominal lymphadenopathy (17 CD8" TCLs and 25 CD4°CD8  TCLs). Abdominal
lymph node involvement was most often identified by abdominal ultrasound, with rare cases
identified by abdominal radiographs (n=2). The presence of hepatomegaly was unknown in

about half of the evaluated dogs and of those where is was evaluated, 50% (n=18) of cases in the
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CD8* group and 47% (n=16) of cases in the CD4 CD8" TCL group were affected. Similarly,
splenomegaly and/or splenic nodules affected 52% (n=17) and 53% (n=18) of evaluated cases in
the CD8" and CD4°CD8" TCL groups, respectively. Hepatomegaly and/or splenic changes were
most often identified by abdominal ultrasound with fewer cases identified by abdominal
radiographs (n=6), computed tomography (n=1), or abdominal palpation (n=2). The cause of
liver or splenic enlargement was not definitively determined by cytology or histology.
Gastrointestinal involvement was uncommon among both TCL groups (n=6) and included the
presence of a gastrointestinal mass (n=2), thickened intestines (n=3), or clinical diagnosis of
protein-losing enteropathy (n=1).

Table 2.5. Summary of patient clinical signs and laboratory abnormalities

CD4CDS8 nTCLs (n=59) CD8" nTCLs (n=60)
% # # % # #

Clinical Signs Affected Affected [Evaluated | Affected Affected Evaluated | p-value®
Peripheral Lymph Nodes 93% 55 59 98% 59 60 0.2068
Abdominal Lymph Nodes 81% 29 36 56% 18 32 0.0380
Hepatomegaly 47% 16 34 50% 18 36 0.8161
Splenomegaly 53% 18 34 52% 17 33 0.9999
Gastrointestinal 14% 4 28 8% 2 26 0.6702
Skin/Mucocutaneous 10% 6 59 439%, 26 60 <0.0001
Sternal LN/Mediastinum 60% 21 35 13% 5 40 <0.0001
Hypercalcemia 299, 16 55 4% 2 54 0.0005
Complete Blood Count
Mild anemia 11% 5 44 10% 4 41
Moderate anemia 14% 6 44 15% 6 41 0.9999**
Severe anemia 0% 0 44 0% 0 41
Mild thrombocytopenia 27% 12 44 7% 3 41
Mod. thrombocytopenia 11% 5 44 10% 4 41 0.0323*
Severe thrombocytopenia 0% 0 44 0% 0 41
Mild lymphocytosis 11% 5 44 15% 6 41
Mod. lymphocytosis 2% 1 44 2% 1 41 0.4188""
Severe lymphocytosis 2% 1 44 7% 3 41

“Wilcoxon rank-sum test was performed to compare clinical features between CD4 CD8 TCLs and CD8" TCLs.
“Complete blood count parameters were grouped to compare all cases with anemia, thrombocytopenia, or
lymphocytosis.

Skin lesions were significantly more common in CD8" TCL patients, with 43% (n=26) of

the CD8" TCL cohort exhibiting skin lesions clinically suspicious for cutaneous lymphoma.

Within the CD8" TCL group, 73% (n=19) of the patients with skin lesions had mucocutaneous
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involvement. Thirteen of the 26 cases of CD8" TCL with cutaneous lesions were confirmed to be
cutaneous lymphoma by cytology or histology. Nine of those cases were described specifically
as epitheliotropic, 1 case was described as non-epitheliotropic, and epitheliotropism was
unknown in the remaining cases. In contrast, only 10% (n=6) of cases classified as CD4'CD§"
TCL presented with concurrent cutaneous involvement. Of these 6 total CD4 CD8" TCL patients
with cutaneous involvement, 1 dog had gingival involvement and the other 5 had generalized
lesions. Two of the 6 cases within the CD4 CD8" TCL group were confirmed to be cutaneous
lymphoma by cytology or histology. Epitheliotropism was unknown in all the CD4'CD8" TCL
cases with cutaneous lesions. The presence of skin lesions was not significantly associated with
cell size (p=0.6785), expression of MHC class II (p=0.6841), or CD5 expression (p=0.8287)
evaluated by flow cytometry.

Cranial mediastinal enlargement and/or sternal lymphadenopathy was seen significantly
more commonly in CD4'CDS8" TCLs, affecting 60% (n=21) of evaluated cases. Mediastinal
enlargement or sternal lymphadenopathy were diagnosed by thoracic radiographs in all cases,
with no additional diagnostics performed. Similarly, hypercalcemia affected 29% (n=16) of CD4
CD8" TCL cases and was more frequently present at the time of diagnosis than in CD8" TCLs.

Complete blood counts (CBC) were available for review in 85 total cases (41 CD8" TCLs
and 44 CD4CD8 TCLs) (Table 2.5). In general, CBC abnormalities were uncommon at the time
of diagnosis. The most common changes included a mild to moderate anemia, mild to moderate
thrombocytopenia, and mild lymphocytosis (5,000-10,000 lymphs/uL). Cases with mild to
moderate neutrophilia in conjunction with mild to absent lymphopenia were common and
interpreted as most consistent with a stress leukogram and not further evaluated. Two patients

with CD4°CD8" TCL were mildly neutropenic (1,920 and 1,940 neutrophils/uL) and this finding
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was not further explored. Moderate to marked lymphocytosis (>10,000 lymphs/uL.), consistent
with neoplastic involvement of the blood, was seen in 3 CD8" TCLs and 1 CD4CD8 TCL.
Flow Cytometry

All cases were evaluated for relative cell size based on median forward light scatter, MFI
of MHC class II, and expression of CD5 (Figure 2.6, Table 2.6). There was no significant
difference in cell size between CD8" TCLs and CD4 CD8 TCLs (p=0.3862), and neoplastic cell
size ranged from small (less than 1.3 times the size of normal T-cells) to large (greater than or
equal to 1.3 times the size of normal T-cells). The expression level of MHC class II was
significantly lower in CD4'CD8" TCLs, compared to CD8* TCLs (p=0.0470). The number of
CD4CD8 cases that were classified as low MHC expression (MFI less than normal T-cells),
however, was not significantly different from CDS8" cases (p=0.0674). Loss of CD5 expression

was observed significantly more often in CD4-CD8" tumors compared to CD8" tumors

(p=0.0188).
Table 2.6. Summary of flow cytometry features
Immunophenotype Size MHC class 11 Loss of CD5 Expression
Median IQR"  Median IQR" Number  Percentage
CD4CD8 TCL 478 424-567  2.16 0.60-9.41 25 42%
CD8" TCL 463 412-529  5.60  1.40-17.16 13 22%
Normal T-cells 387 373-412 13.78  9.81-18.52 0 0%

“IQR=interquartile range
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Figure 2.6. Flow cytometric features of CD8" and CD4 CD8 TCLs. (A) The median neoplastic cell size as
determined by forward scatter is depicted for each case. There is no significant difference in neoplastic cell size
between CD8" and CD4° CD8" TCLs. The median cell size of normal T-cells is represented by the dotted line. (B)
The MHC class II median fluorescence intensity (MFI) on neoplastic T-cells is depicted for each case. There is
variable expression of MHC class II expression in both CD8" and CD4 CD8 TCLs, with some cases exhibiting
very low expression and others with higher levels compared to normal T-cells (dotted line). (C) The percent of
cases within each immunophenotypic group that have lost expression of CDS5 is provided. Loss of CD5
expression was more commonly seen in CD4 CD8” TCLs (p-value=0.0188).

Cytology

Lymph node aspirates from eleven patients diagnosed with CD8" TCL by flow cytometry
and thirteen patients diagnosed with CD4'CD8" TCL by flow cytometry were independently and
blindly evaluated by two clinical pathologists (Emily D. Rout, Paul R. Avery) and compared to
cytology from ten cases of CD4" PTCL (representative examples in Figure 2.7). The ten
randomly-selected CD4" PTCL cases were morphologically similar and samples contained an
expanded population of intermediate-sized lymphocytes with round to oval, occasionally

indented nuclei, fine chromatin, absent to rarely one faint nucleolus, and moderate amounts of
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pale blue cytoplasm (Figure 2.7a). In comparison, CD8" and CD4 CD8 TCLs were highly
variable and there were no apparent trends in cytomorphology that correlated to
immunophenotype. Approximately half of the CD8" and CD4"CD8" TCL cases had similar
morphology to CD4" PTCL cases, but remaining cases were variable and often displayed more
cellular pleomorphism. These cases tended to have round to indented nuclei and moderate
amounts of cytoplasm similar to CD4" PTCL, but the nuclear chromatin was often coarser to
irregularly clumped with more prominent nucleoli and the cytoplasm could become quite
basophilic. Five cases had marked anisocytosis and anisokaryosis. In a small number of cases,
neoplastic cells had one to a few, small, clear, discrete cytoplasmic vacuoles. Four CD8" TCLs

and 3 CD4°CD8" TCLs had rare to small numbers of neoplastic lymphocytes with few fine

) e 4 | O ’. "é D § 472 29
Figure 2.7. Cytomorphology of canine CD4*, CD8" and CD4 CD8" T-cell lymphoma (TCL). Direct smears
of fine-needle lymph node aspirates from a representative CD4" peripheral TCL case (A) and CD8" (B, D) and
CD4CDS (C, E, F) TCL cases with variable cytomorphology are shown; Wright Giemsa stain, 50X. (A) Ten
CD4" peripheral TCLs were reviewed for comparison to CD8" and CD4 CD8” TCLs and an example is shown
here. The cells were intermediate sized with round to indented nuclei, fine chromatin, rare faint nucleoli and
moderate amounts of pale blue cytoplasm. A subset of CD8" and CD4 CD8 TCL cases had similar morphology
to CD4" peripheral TCL (B), while remaining cases were more variable (C-F). These cases demonstrated more
anisocytosis with some lymphocytes exceeding 20 um in diameter, frequently coarser to irregularly clumped
chromatin, and increased cytoplasmic basophilia. Small numbers of cells had small clear cytoplasmic vacuoles
(D, F). One case had prominent nucleoli up to 8 um in diameter (F).
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Clinical Outcome

Of the 119 cases evaluated, 9 cases died, 47 were humanely euthanized, and 63 cases
were lost to follow up (median follow-up time: 64 days). All 9 cases that died had progressive
disease and were interpreted as a lymphoma-related death. Of the 47 cases that were humanely
euthanized, 42 cases were euthanized due to progressive disease and declining quality of life.
Four CD8" cases were euthanized with clinical signs of unconfirmed etiologies including:
hemoabdomen (n=1), pleural effusion (n=1), pulmonary nodules (n=1), and renal failure (n=1).
A single CD4'CD8" case was euthanized with renal failure.

CD8* TCLs and CD4'CD8" TCLs were associated with poor clinical outcomes, with a
median overall survival (OS) of 198 days (range 1-471 days) and 145 days (range 1-770 days),
respectively (Figure 2.8a). Significant differences in survival between patients with tumors
classified as CD8" TCLs versus CD4'CD8" TCLs were not identified.

Log-rank and Cox proportional hazards univariable analyses were performed
independently for both tumor subtypes and the results are summarized in Tables 2.7 and 2.8. For
both subtypes, large cell size (>1.3 times normal T-cells) determined by forward scatter was
associated with shorter overall survival. Combined, cases with large cell size had a median OS of
61 days (range 1-541 days) versus 257 days (range 1-770) for those with small cell size
(p=0.0002; Figure 2.8b). Neither MHC class II or CD5 expression levels had significant impact

on OS.
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Figure 2.8. Overall survival of patients with CD8" and CD4 CD8 TCLs. (A) Kaplan Meier curves depicting
overall survival from time of flow cytometry diagnosis for each immunophenotypic group are provided. There is
no significant difference in overall survival between patients with CD8" and CD4 CD8" TCLs. The median
survival times were 198 days and 145 days for CD8" and CD4 CD8" cases, respectively. (B) Neoplastic cell size
measured by forward scatter by flow cytometry is associated with a shorter overall survival in patients with
CD8"and CD4 CD8 TCLs (p=0.0002). The median survival time for cases classified as large cell was 61 days,
while those classified as small cell was 257 days.

Among dogs with CD8" TCL, the presence of hepatomegaly, anemia, or abdominal
lymphadenopathy at the time of diagnosis were associated with a shorter OS (Table 2.7).
Abdominal lymphadenopathy, hepatomegaly, or anemia did not significantly impact survival in
the CD4-CD8" TCL group (Table 2.8) or the combined group of CD8" and CD4'CD8 TCLs. The
presence of cranial mediastinal enlargement/sternal lymphadenopathy, skin lesions,
splenomegaly, hypercalcemia or age of the patient did not impact overall survival in CD8"* and
CD4CDS8" TCLs.

Chemotherapeutic regimes used to treat the dogs in this retrospective study were widely
variable in the combination of agents used, dosages, and frequency of administration.
Consequently, to evaluate the impact of chemotherapy on survival, treatment protocols were
assigned to the following broad categories: no treatment, corticosteroid therapy only, single-

agent therapy, or multi-agent therapy. Corticosteroid therapy included treatment with prednisone,
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prednisolone, and/or dexamethasone only. Single-agent therapy included a single
chemotherapeutic agent with or without concurrent corticosteroid therapy. Single agents used
included CCNU and chlorambucil. Multi-agent therapy included two or more chemotherapeutic
agents with or without corticosteroid therapy. Five patients were enrolled in a double-blinded
clinical trial evaluating a monoclonal antibody and may have additionally received this novel
therapeutic. All dogs enrolled in this immunotherapy trial (n=5) and patients in which the
therapeutic protocol was unclear in the medical record (n=5) were removed from this outcome
evaluation.

Within both TCL subgroups, dogs treated with chemotherapy (single-agent or multi-
agent) had a significantly prolonged survival compared to those receiving no treatment or
corticosteroids alone. (Table 2.7 and 2.8). No significant difference in overall survival was

observed in patients treated with single-agent or multi-agent chemotherapy in either subgroup.
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Table 2.7. Summary of survival analysis for selected clinical and immunophenotypic
characteristics of CD8" TCLs.

. .e Hazard ratio CI, hazard
Variable Condition MST (d) P-value (B/A) ratio

Abdominal LN |-2-Absent (n=14) 198 0.076 2.92 1.02-8.42
B | Present (n=18) 67

Sternal A | Absent (n=35) 103

LN/Mediastinal 0.717 1.80 0.23-14.39

mass B | Present (n=5) Undefined

Cutaneous A | Absent (n=34) 80 0251 0.70 0.33-1.49

involvement B | Present (n=26) 198

Splenic A | Absent (n=16) 55 0351 0.86 0.26-2.89

changes B | Present (n=17) 107

Hepatomegaly A | Absent (n=18) 257 0.018 5.82 1.46-23.51
B | Present (n=18) 65

Hypercalcemia A | Absent (n=52) 107 0.376 Undefined Undefined
B | Present (n=2) Undefined

Treatment- A | Multi/Single (n=45) 237

Chemo vs 0.002 6.92 2.09-22.87

None B | Steroids/None (n=12) 19

T.reatment - A | Multi-agent (n=34) 237 0.324 0.60 0.21-1.67

Single vs Multi | B | Single-agent (n=11) 257

Anemia A | Absent (n=31) 237 0.001 6.64 2.13-20.69
B | Present (n=10) 54

Age A | Years >10 (n=35) 198 0.243 1.60 0.72-3.57
B | Years <10 (n=25) 80

Cell Size A | Small (n=40) 237 0.002 3.54 1.52-8.26
B | Large (n=20) 54

CDS5 