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ABSTRACT
A more complete understanding of canine T-cell immunity is necessary for improving
diagnostic and therapeutic approaches to canine diseases, developing cell-based canine
immunotherapeutics, and evaluating dogs as large mammal models for comparative immunology
research. Canine immunological studies are limited by the lack of established phenotypic
markers identifying diverse differentiation states in canine T-cells. Differential expression of
CD45RA (indicating antigen experience) and CD62L (indicating lymph node homing
capability), shows promise as a tool to delineate canine naïve (TN), central memory (TCM),
effector memory (TEM), and terminal effector memory (TEMRA) T-cells. The aim of this study
was to characterize canine memory T-cell subsets and ultimately, validate use of CD45RA and
CD62L for their identification.
By comparing T-cell subset proportions in dogs with inflammation and cancer to healthy
dogs, we confirmed that, as in other species, subset proportions change with disease states in
dogs. As expected, dogs with inflammation had decreased CD4+ TN proportions and increased
CD8+ TEM proportions compared to healthy dogs. Furthermore, dogs with severe inflammation
had increased proportions of CD4+ TN compared to those with milder signs. Possible
explanations for this seemingly paradoxical finding that somewhat mirrors human studies
include recruitment of TEM and TEMRA to inflamed tissues, dysregulated differentiation or
accelerated TEMRA apoptosis, increases in circulating CD62L-expressing regulatory T-cells,
and chronic drug effects.
Subset proportions in canine cancer patients were not significantly different compared to
healthy dogs, most likely due to a majority of dogs harboring only localized disease. Emerging
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trends of decreased CD8+ TN and increased CD8+ TEMRA in subjects with systemic B-cell
lymphoma suggest that subset differences may be present in more advanced cancer stages.
Finally, FACS-sorted canine CD8+ TN and TEMRA T-cells were evaluated for their
proliferative capacity by assessing ConA-induced Ki-67 expression. Preliminary data suggest
increased proliferative capacity in canine CD8+ TN compared to TEMRA T-cells, consistent
with findings in humans and mice.
Taken together, these data provide additional evidence for the utility of CD45RA and
CD62L in characterizing canine immune responses. Further optimization of functional assays on
sorted canine T-cells and scRNA-seq are necessary to further define and functionally delineate
canine T-cell memory subsets.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW
1.1. Memory T-Cell Development and Subset Delineation in Humans and Mice
In mammals, T-lymphocytes (T-cells) develop from lymphoid progenitors which have
migrated from the bone marrow to the thymus, where they undergo extensive negative and
positive selection. Resting, naïve CD4+ or CD8+ T-cells (TN) emerge from the thymus groomed
for successful migration through lymphoid organs to encounter their cognate antigen, but they
are not yet capable of engaging in effector responses.59 Under appropriate conditions, dendritic
cell-mediated antigen exposure stimulates naïve CD4+ and CD8+ T-cells to become activated, to
proliferate, and to differentiate into effector cells with various functional abilities, including
cytotoxicity.12, 50 Few effectors will survive and persist as memory cells.50 All memory T-cells
are alike in that they contribute to a quicker, more effective immune response upon future
encounter with their specific antigen. However, murine and human studies have demonstrated
that memory T-cells are diverse in their functional, migratory, and proliferative capacities.12, 50
Expression of surface markers indicative of antigen exposure and tissue homing ability have
been used to distinguish TN from memory T-cells and to further identify three main subsets
within the memory T-cell compartment: central memory T-cells (TCM), effector memory T-cells
(TEM), and terminally differentiated effector memory T-cells (TEMRA, sometimes abbreviated
as TEFF).12, 50
Early functional studies revealed that antigen exposure led to differences in expression of
splice variants of the CD45 gene.50 High expression of CD45R (now recognized as CD45RA50)
was indicative of a naïve state, because T-cells that lost expression of CD45R (corresponding to
CD45RO expression) exhibited functions associated with more antigen experience: they were
more easily activated, more effective at inflammatory cytokine production, more difficult to
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inhibit (possibly due to higher affinity antigen receptors or enhanced signaling), less adept at
vigorous proliferation, and were slightly larger in size (generally thought to indicate previous
activation).80 Thus, TN can be distinguished from memory T-cells by their expression of
CD45RA. Further, TN and a subclass of memory T-cells express high levels of lymph node
homing receptors, including CD62L, an L-selectin, and CCR7, a chemokine receptor. The Lselectin CD62L is necessary for TN to effectively roll on high endothelial venules within lymph
nodes, providing CCR7 proximity to its ligand expressed on the surface of endothelial cells.78
TN may then transmigrate into the lymph node to encounter antigen-presenting dendritic cells.78
It follows that memory T-cells would then preferentially gain the ability to migrate to
peripheral tissues by way of β1- and β2-integrin adhesion molecules, tissue-specific receptors
(gut, skin, etc.), and inflammatory chemokine receptors78 to aid in protective responses rather
than be directed toward lymph nodes to await antigen encounter. Sallusto and colleagues,
however, revealed two CD45RA- populations of CD4+ and CD8+ cells (therefore memory Tcells) identified by their differential expression of CCR7.78 They showed that the CCR7+ subsets
(including TN) exhibited high CD62L expression and that low or inconsistent CD62L was seen
in the CCR7- subset.78 This CCR7+ CD62L+ population of memory T-cells retained lymph node
homing ability. The same author later reviewed these two memory subsets, describing that TCM
(CD45RO+ CD45RA- CCR7+ CD62L+) are reactive in their immunological memory: they home
to lymphoid organs and await antigenic stimulation, upon which they robustly proliferate and
differentiate into effectors. TEM (CD45RO+ CD45RA- CCR7- CD62L-) rather engage in
protective memory by homing to areas of inflammation and immediately acting upon their
assigned antigenic threat. TCM are more responsive to antigenic stimulation than TN but
produce mainly interleukin (IL)-2 rather than interferon (IFN)-γ or IL-4, which are readily
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produced by TEM.77 TEM do express peripheral tissue homing receptors and are categorized as
rapid effectors based on their degree of cytokine production and, within the CD8+ compartment,
perforin abundance, imparting cytotoxic ability.77
Memory T-cells with variable migratory and effector capacities have also been observed
in mice. For example, after immunization with adjuvant and microbial lipopolysaccharide, a
population of long-lived, antigen-specific CD4+ T-cells were found predominantly in lymph
nodes producing IL-2, while another population was seen in peripheral tissues producing IFNγ.73, 77 Also, differing tissue distributions of memory T-cell populations were identified in a
murine study examining Mycobacterium tuberculosis immunity. Utilizing lymph node homing
markers and CD44, a transmembrane protein upregulated on T-cells after antigen exposure8
(therefore analogous to human T-cell CD45RO expression),31, 88, 104 high numbers of antigenspecific CD62Lhi CCR7hi CD44hi T-cells (phenotypically TCM) were observed in the spleen,
while antigen-specific CD62Llo CCR7lo CD44hi cells (phenotypically TEM) were observed in
greater numbers in the lungs of mice both chronically infected with Mycobacterium tuberculosis
and those vaccinated with Mycobacterium bovis BCG.38
Finally, Sallusto and colleagues also identified a subset of human T-cells, primarily
within the CD8+ compartment, that were phenotypically CD45RA+ CCR7- CD62L-,78 so named
TEMRA because they are terminally differentiated effector memory cells that re-express the
naïve marker, CD45RA. These cells are found primarily in peripheral blood and can proficiently
produce IFN-γ45, 48; they also possess the most perforin of all of the mentioned populations77 and
therefore have a high capacity for cytotoxicity. However, TEMRA also display inhibitory
markers like killer cell lectin-like receptor G1 (KLRG1) and programmed cell death protein 1
(PD-1),48 associated with cellular senescence and T-cell exhaustion, respectively.2 Studies of the
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functional characteristics of this subset have provided conflicting results.100 While several
authors are in agreement that TEMRA’s high IFN-γ and low IL-2 secretion, low proliferative
capacity, high capacity for cytotoxicity, and high sensitivity to apoptosis100 support a terminally
differentiated state, few studies have also shown that there may be subpopulations within the
TEMRA compartment that appear as an “intermediate” between TN and TEM while others are
consistent with a highly cytotoxic, late differentiated state.76, 100
Few additional phenotypic markers have been employed to delineate T-cell subsets in
humans and mice. Of particular note are CD27 and CD28.12 CD27 is a lymphoid cell-specific
tumor necrosis factor (TNF) receptor-associated factor (Traf) and is upregulated in T-cells upon
stimulation; loss of expression of this marker indicates transformation to a TEMRA state.39 In
human T-cells, variable CD27 expression, when evaluated in combination with CD45 splice
variants and CD62L and/or CCR7, aids in identifying TCM and TEM.12 CD28 is a member of
the immunoglobulin gene superfamily and acts as a costimulatory molecule in T-cell
activation.16 CD28 is expressed on TN, and expression is downregulated and eventually lost after
antigen exposure; therefore, loss of this marker has been used to identify TEM and TEMRA in
humans.5, 50 Table 1.1 provides a summary of the aforementioned markers used to delineate
memory T-cell subsets in humans and/or mice.
Functional, phenotypic, and genetic data generally suggest that differentiation from TN to
TCM, TEM, and TEMRA subsets is linear50; however, the precise mechanisms of the
progression are incompletely understood, and different models for differentiation have been
proposed. In the “linear differentiation” or “effector first” model, it is posited that memory cells
develop from surviving late effector cells that are at peak proliferative capacity.12, 32
Alternatively, the “decreasing potential” model proposes development of memory cells from
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short-lived effector cells that have not yet reached peak proliferative capacity and thus have only
moderate proliferative capacity.12 In this model, activated naïve cells have memory potential but
true effector T-cell differentiation occurs later.32 The “progressive differentiation” model
suggests that memory cells develop directly from TN, and acquisition of migratory capacity and
effector and survival fitness is dependent on the conditions and intensity of their interaction with
dendritic cells.12, 47 An “asymmetric division” model also exists, where daughter cells of naïve Tcells exhibit an inclination toward either memory or effector capacity.32
Further, exploration of the developmental relationship between subsets, as well as
phenotypic and functional characteristics of memory T-cells, has made clear that memory cells
cannot be confined to these four main subsets alone. Two additional subsets of particular
importance in immunological research include memory T-cells with stem-like properties
(TSCM) and tissue-resident memory cells (TRM)50; however, an in-depth discussion of these
additional subsets is beyond the scope of this review.
Table 1.1. Markers used to delineate memory T-cell subsets in humans and/or mice
TN
TCM
TEM
TEMRA
CD45RA

+

-

-

+

CD62L

+

+

-

-

CD45RO

-

+

+

-

CCR7

+

+

-

-

CD44

-

+

+

+/-

CD27

+

+

+/-

-

CD28

+

+

+/-

-
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1.2. Diagnostic and Therapeutic Utility of Subset Delineation
In humans, surveillance of T-cell memory subsets is used clinically to monitor immune
responses in patients combatting autoimmune and immunodeficiency disorders like human
immunodeficiency virus (HIV), undergoing solid organ and hematopoietic stem cell
transplantation, receiving immunomodulating drugs and chemotherapeutics, and experiencing
recurrent infections.93 Phenotypic differences between naïve and memory lymphocyte subsets
have been used to detect post-vaccination immunity, to examine the immune response to
different pathogens and cancer, and to explore features of age-related immunosenescence.50, 94
Antigen-specific memory T-cell subsets can be enumerated and provide immense insight into a
patient’s immunologic relationship with that particular antigen, as has been shown in human and
murine studies involving vaccines,4, 56, 97 allergens,43, 46 microbial and viral pathogens,4, 18, 56 and
tumors.84 The diagnostic utility of a more thorough understanding of T-cell immunity in humans
and veterinary species cannot be overstated.
Cell-based immunotherapy involves infusion of unmodified or genetically altered
disease-specific T-cells, most often employed in cancer treatment. Transferred cells may either
be autologous (taken from the ill patient and then modified ex vivo) or allogeneic (taken from
another member of the same species). Chimeric antigen receptor (CAR) T-cells represent one of
the most promising immunotherapy strategies to date, whereby T-cells are genetically modified
to express a target-specific T-cell receptor. CAR T-cell therapy has provided dramatic successes
in human B-cell malignancies targeting the B-cell antigen CD19.19, 87 Development of adoptive
T-cell transfer strategies is aimed at providing effectual and extended immunity against the
antigen of interest, and this requires a delicate balance between effector capacity in the
transferred T-cells, persistence of the modified cells within the patient, and avoidance of
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excessive or damaging alloreactive responses. Human and mouse studies employing both in vitro
and in vivo techniques have revealed substantial differences when purified T-cell subsets rather
than unselected T-cells are used. Additionally, comparing patient responses in clinical studies of
cell-based immunotherapeutics is inexact when patients are treated with a random assortment of
CD4+ and CD8+ T-cells in different states of differentiation.87
Late effector cells, while immediately able to enact effector functions, fail to persist in
vivo and therefore cannot confer long term immunity.19, 50 In a detailed study by Sommermeyer
et al., transfer products derived from CD4+ TN were shown to produce the highest levels of
cytokines after antigen challenge, and those derived from CD4+ TN and TCM imparted greater
anti-tumor reactivity compared with those developed from TEM based mainly on their durability
in vivo.87 The issue of reduced target antigen avidity among TN compared to TEM appears
surmountable by enriching the cytokine milieu in culture and manipulating cell signaling.12
Within the CD8+ compartment, transfer products derived from TN produce the most cytokines,
but CD8+ TCM-derived products had the longest survival.87 While CD4+ T-cell transfer products
secrete cytokines and proliferate more effectively compared to CD8+ T-cell products overall, not
surprisingly, there appears to be a synergistic relationship between the selected CD4+ and CD8+
cells; furthermore, there may be an optimal ratio for maximum effect.72, 87 Ultimately, it appears
that of the peripheral blood T-cell subsets, TN, TCM, and above all, stem-cell like memory Tcells (TSCM), provide the most advantages when used for adoptive T-cell therapy: they are able
to persist and self-renew within the host while also having propensity to develop into effectors
upon antigen stimulation.12, 50, 81, 87 However, transfer of cells with TN and TCM phenotypes is
variably associated with a higher risk of acute and chronic graft-versus-host reactions compared
to TEM phenotype cell preparations in both animal models and human studies.15, 17, 21 Exploring
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the advantages and disadvantages of autologous and allogeneic transplantation of different
memory T-cell subsets necessitates their definitive identification.
An additional challenge is presented in autologous transfer methods because patients
must serve as their own donors, often after repeated cytotoxic chemotherapy administrations.
These patients often have lower numbers of circulating T-cells, and specifically fewer TN, TCM,
and TSCM cells and more TEM cells, which are less desirable for transfer.19, 72 Additionally, due
to immune cell interactions in the tumor microenvironment, patient T-cells may exhibit
dysfunction or even exhaustion and therefore be less efficacious against cancer cells.12, 19
Allogeneic or “off-the-shelf” cell-based therapies developed from healthy donors provide an
attractive alternative for these reasons, as well as for their lower cost, reduced opportunity for
processing complications, and shorter time to administration.19 These advantages become even
more appealing when considering their applicability in veterinary medicine.
Cell-based immunotherapeutics have experimentally been used in dogs, and treatments or
clinical trials employing cell-based immunotherapy for both osteosarcoma23 and B-cell
lymphoma7, 70 are currently in progress. Autologous methods are most often utilized7, 23, 61 with
variable specific aims and results. O’Connor et al. had success using autologous T-cell transfer to
restore and enhance T-cell activity after chemotherapy for dogs with B-cell non-Hodgkin
lymphomas.61 This study aimed to prolong survival and improve outcomes by expanding IFN-γproducing CD8+ T-cells to provide improved anti-tumor responses, but these T-cells were not
programmed to be tumor-specific.61 Regardless, dogs who received the T-cell infusion after
chemotherapy-induced complete remission had significantly prolonged tumor-free survival (a
median of 338 days, versus a median of 71 days in age-, size-, and stage-matched dogs with
lymphoma who received only chemotherapy).61 In a pilot study at the University of Pennsylvania
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School of Veterinary Medicine, autologous canine CAR T-cells targeting CD20 were used for
treatment of canine diffuse large B-cell lymphoma. The patient-derived CAR T-cells
successfully targeted CD20+ tumor cells, but several challenges arose, including poor expansion
of the T-cell product ex vivo, development of anti-CAR antibodies after infusion, and selection
pressure resulting in reduced expression of CD20 on tumor cells.66 The authors aimed to skew
their culture conditions to promote TSCM and TCM phenotypes among their CAR product and
speculated that an improved understanding of effector/memory subsets in dogs, as well as
identification of reagents to characterize phenotypic and functional differences among T-cell
subsets would inform therapeutic development in the future.66 These studies confirm that
strategies explored to overcome challenges in canine immunotherapeutic development and
administration are likely applicable to human medicine and that a detailed understanding of Tcell immunity in all relevant species is fundamental.
1.3. Current Understanding of Canine Memory T-Cell Subsets
In the canine literature, T-cell subsets are most frequently examined in the context of the
effects of disease states, age, and sex on CD4+ and CD8+ fractions.13, 24, 33, 101 Rare studies have
specifically sought to define canine memory T-cell subsets by surface marker expression and
functional characteristics36, 104; however, discussion of naïve and memory/activated T-cell
phenotypes, occasionally including CD45RA and CD62L as markers, are somewhat frequent in
the canine literature.10, 27, 28, 35, 57, 75, 95, 96 While not explicitly aimed at refining T-cell subset
identification, these studies help to further our understanding of canine T-cells expressing these
markers. For example, Fujiwara and colleagues aimed to characterize differences in immune
function between young, middle-aged, and older dogs and used CD45RA as a marker of naïve Tcells28; addition of a lymph node homing marker to distinguish CD45RA+ TN from TEMRA was
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not discussed by these authors, nor was distinguishing CD45RA- TCM and TEM attempted.28
They showed that there was a significant reduction in the number of CD3+ CD4+ and CD3+ CD8+
CD45RA+ T-cells with aging, while the number of CD45RA- cells (described as memory cells)
remained unchanged.28 In exploring immune responses to Trypanosoma cruzi, Hartley et al.
found that IFN-γ-producing CD4+ and CD8+ CCR7- CD62L- T-cells (suggesting an effector,
TEM, or TEMRA phenotype) were more frequent in mitogen-stimulated mononuclear cells from
seropositive dogs compared to seronegative dogs; these authors used CCL19-hIg, a CCR7
ligand, as a proxy for CCR7 expression.35 Notably, differences in expression of CTL2.58, a
manufacturer-described canine T-cell activation marker,35, 36, 54 were not observed between
seronegative and seropositive groups.35 Gauthier et al. demonstrated that dogs treated for B and
T-cell lymphomas exhibited an absolute decrease in total lymphocyte count (interpreted as an
effect of chemotherapy) and also a relative increase in the proportion of lymphocytes with a
memory versus naïve phenotype.30 Lymphocytes were identified by their forward- and sidescatter properties, and memory cells were defined by decreased CD45RA expression and
increased expression of CD49d, an integrin that mediates adhesion to endothelial sites of
inflammation in humans, and therefore potentially associated with an effector or memory-cell
phenotype.30
Two recent studies successfully demonstrated functional characteristics of canine
memory T-cell subsets delineated by markers with promising applications. Hartley and Tarleton
evaluated several antibodies for their cross-reactivity with canine cells and their utility to
delineate memory T-cell subsets in clinically healthy dogs. These researchers successfully
identified differences in expression before and after mitogen or vaccine antigen stimulation
utilizing antibodies for CD4, CD8, CCL19-hIg (again as a proxy for CCR7), CD62L, and
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CTL2.58.36 They showed that after whole mononuclear cell stimulation, there was
downregulation of CCR7, suggesting a decrease in cells with TN or TCM phenotypes, and
upregulation of CTL2.58 expression, suggesting an activated phenotype, among both CD4+ and
CD8+ T-cells; further, they showed the CD62L expression was mostly consistent with CCR7
expression.36 However, they did note that baseline CCR7 expression in CD8+ T-cells was
variable among individual dogs and that there was overall reduced expression of CCR7 in CD4+
T-cells compared to that shown in other species, suggesting that CCL19-hIg may not consistently
and fully identify CCR7+ and CCR7- populations.36
More recently, Withers et al. successfully used CD45RA and CD62L as markers to
define memory T-cell subsets in the context of aging in dogs using a cohort of research beagles.
They showed that indicators of immunosenescence identified in humans and mice, including
decreases in TN and increases in CD8+ TEMRA, were apparent in dogs; numerical increases in
TCM and TEM were also observed in aged dogs.104 Further, when mononuclear cells were
mitogen stimulated and CD45RA and CD62L were used to delineate TN, TCM, TEM, and
TEMRA memory subsets in CD4+ and CD8+ T-cells, a higher frequency of TNF-α-producing
cells were observed in the TEM subset compared to TN, with a trend toward decreased TNF-α
expression in cells with a TEMRA phenotype.104 Mitogen stimulation revealed that aged dogs,
overall, had increased frequencies of TNF-α- and IFN-γ-producing CD4+ and CD8+ cells and
also decreased proliferative fractions in the CD8+ compartment compared to young dogs.104
Withers et al. also evaluated CD44 and CD28 expression for memory cell identification.
CD44 expression was observed in most T-cells regardless of the age of the animal, with greater
proportions of mitogen-induced, TNF-α-producing T-cells in a population with CD44high
expression, which was consistent with findings in mice.104 CD28 expression was classified as
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negative, CD28mid, and CD28high.104 After stimulation, increased proportions of TNF-αproducing T-cells were seen in the CD28high subset, suggesting a TEM phenotype, which was in
conflict with what previous authors had observed in non-human primates, where TEM cells were
CD28-.104 Ultimately, CD45RA and CD62L showed greater promise as canine memory T-cell
subset markers than CD44 and CD28 in this study, and T-cell subset changes associated with
canine aging supported further exploration of dogs as models for age-related immunosenescence
in humans.104
While these studies provide evidence that the use of markers established in humans and
mice to identify memory T-cell subsets is appropriate and translatable to canine T-cells,
functional studies of isolated subsets delineated by various combinations of CD45RA, CD62L,
CCL19-hIg, CTL2.58, CD28, and CD44 have not been performed. Further exploration of canine
T-cell immunity, including memory subset markers, is needed for diagnosis and treatment of
canine diseases and to enhance our understanding of dogs as large mammal models for
comparative immunology studies, especially in the realm of tumor-related immunity. Dogs
develop cancer spontaneously and are in many ways analogous to humans in their heterogeneous
genome, environmental exposures, and tumor types and immune responses.67 For these reasons,
detailed and accurate descriptions of all aspects of the canine immune system are necessary.
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CHAPTER 2. MEMORY T-CELL SUBSET DIFFERENCES IN DOGS
WITH CANCER AND INFLAMMATION
2.1. Rationale
Variation in T-cell repertoire is affected by numerous complex stimuli throughout life,
and aging itself has enormous influence on the proportions of T-cell subsets; changes to memory
T-cell subsets with aging occur in both humans and dogs.60, 104 The cause for this shift is
multifactorial and incompletely understood, involving both changes to cellular production,
proliferation, and death, as well as attempts to reach homeostasis while maintaining a diverse TN
population and accommodating expansion of other subpopulations in response to stimuli.60
Throughout life, the involuting thymus releases fewer and fewer TN, and those TN are either
recruited to the memory pool or must compete with the existing memory pool for survival
signals (primarily IL-7 and IL-15), while at the same time, some terminally differentiated T-cells
may undergo apoptosis.60 The outcome of this push-and-pull is an increase in the proportion of
memory T-cells in aged individuals, a compulsory reduction in T-cell diversity, and age-related
immunodeficiency and immunosenescence.60 The infinite number of possible stimuli
encountered over a lifetime, including tumor emergence, only introduce more complexity and
provide additional opportunities for variation in the T-cell repertoire over time.
T-cell differentiation from TN to TEMRA and eventual cell death is greatly influenced
by inflammation,58 and the type and duration of the inflammatory stimulus affects T-cell subset
differentiation and overall repertoire in different ways. Generally, chronic infections and
inflammatory diseases are expected to promote an accelerated trajectory toward memory T-cell
pool enrichment and potentially senescence.58 However, examinations of memory T-cell subsets
in the context of chronic inflammation of different causes have provided confusing results.
Studies using only CD45RA and CD45RO expression as indicators of naïve versus memory
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subsets demonstrated that CD8+ memory T-cells were increased in children with asthma
compared to healthy children.49 However, both slight increases in CD4+ CD45RO+ memory Tcells in atopic and allergic diseases22 and absolute increases in CD4+ CD45R/CD45RA+ T-cells
in children and adults with atopic dermatitis42, 83 have been seen.
Studies incorporating markers for lymph node homing have demonstrated additional
interesting changes in patients with inflammatory diseases. For example, in the peripheral blood
of human atopic asthma patients, there was a marked increase in CD4+ CD45RO+ CCR7+ T-cells
(TCM phenotype) compared to healthy controls without increases in CD4+ CD45RO+ CCR7(TEM) or CD4+ CD45RA+ CCR7- (TEMRA) subpopulations.103 An expansion of the TCM
subset (CD45RA- CD62L+) was observed within both the CD4+ and CD8+ compartments of
rheumatoid arthritis (RA) patients compared to proportions in healthy controls, but this change
was not seen in patients with systemic lupus erythematosus (SLE).52 Interestingly, these authors
also found a reduction in the CD8+ TEMRA (CD45RA+ CD62L-) subset in RA patients
compared to healthy controls.52 Additionally, the correlation between increasing proportions of
CD8+ TEMRA with advancing age seen in healthy controls was not observed in subjects with
RA or SLE.52 These authors raised several possible explanations for the unexpected reduction in
peripheral blood CD8+ TEMRA and increased TCM in RA, including accelerated apoptosis,
recruitment from circulation to sites of inflammation, or a possible blockade at the TCM phase
resulting in an enriched TCM pool and impaired or reduced progression to subsequent phases.52
These studies illustrate that subset changes in inflammatory and autoimmune diseases may be
unpredictable and that T-cell differentiation and kinetics in these instances may be disease- or
patient-specific.
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Memory T-cell subsets in dogs with inflammatory diseases have not frequently been
examined, though alterations to CD4+/CD8+ fractions have been described in different
inflammatory skin diseases. Both increased proportions of CD4+ T-cells and decreased CD8+ Tcells53 and the inverse51 have been observed in canine atopic dermatitis. While Martins et al. did
not specifically examine memory T-cell subsets, this group did measure intracellular IFN-g and
IL-4 expression within T-cells and found that there was robust expression within both the CD4+
and CD8+ compartments in dogs with atopic dermatitis compared to controls, which suggests an
increased frequency of effector/memory type T-cells.53 An increase in CD4+ proportions and a
marked decrease in CD8+ proportions were observed in dogs with SLE,13 while the opposite was
observed in German Shepherd dogs with deep pyoderma.14 These findings seem to similarly
suggest that inflammatory diseases may lead to inconsistent changes in T-cell subset proportions
in dogs.
Tumor-infiltrating lymphocytes (TILs) have been studied extensively in various cancer
types, and though these cells clearly play an integral role in tumor progression and control, it is
not clear whether tumor-reactive T-cells in peripheral blood exhibit similar phenotypic
properties.65, 68 The presence of TILs with a TEM phenotype has correlated with more controlled
disease in colorectal cancer,64, 65 and there were increased numbers of CD45RO+ TILs (memory
phenotype) in primary tumors of non-recurrent breast cancer compared to patients with recurrent
disease.1, 65 Despite discordance between intratumoral and circulating T-lymphocyte populations,
the circulating memory T-cell profile of humans with common solid tumors tends to include
higher proportions of CD8+ memory T-cells and lower proportions of CD8+ TN compared to that
of healthy controls.71, 86 Further, this increase in memory T-cells has been demonstrated when
differences are corrected for the influence of age and even in patients with early-stage tumors.71
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In early-stage breast cancer patients, Poschke et al. found that there were significantly greater
frequencies of circulating CD8+ TEMRA (CCR7- CD45RA+) and lower frequencies of CD8+ TN
than in healthy controls.71 Similarly, Sheng et al. demonstrated that CD8+ TEMRA (CCR7CD45RA+) were increased in the peripheral blood of patients with non-small cell lung cancer
compared to healthy controls.86 Overall, it appears that in humans with solid tumors, naïve cell
proportions tend to decrease and memory cell proportions, especially TEMRA, increase.
Lymphomas are a diverse group of diseases in both humans and dogs with a wide array
of manifestations often associated with long courses of multidrug therapy punctuated by periods
of remission; therefore, characterization of altered T-cell responses in lymphoma is a complex
task. Within the tumor microenvironment in human B-cell non-Hodgkin’s lymphomas, Diaz and
colleagues showed that proportions of memory T-cells (defined by their CD3+ CD45RO+
CD45RA- phenotype) are increased compared to benign hyperplastic lymph nodes, and these
memory cell proportions increased with tumor grade.20 T-cells with a naïve phenotype
simultaneously decreased.20 Similarly, Yang et al. found that T-cells in B-cell follicular
lymphoma were more likely to have a memory phenotype and that the TEMRA population
(CD45RO- CCR7-) was particularly enriched.106 Neither of these authors examined whether these
observations could be demonstrated in peripheral blood.
Studies in cancer-bearing dogs reveal that lymphocytes are generally decreased (CD21+,
CD3+, CD4+, CD8+) in untreated, tumor-bearing dogs compared to healthy, age-matched
controls; CD4+/CD8+ ratios were markedly increased in dogs with tumors as well.101 These
authors further described more significant decreases in CD21+, CD3+, and CD8+ (and therefore
an increase in CD4+/CD8+ ratio) subsets in dogs with lymph node or distant metastases
compared to dogs without; analysis of further subsets within the CD4+ and CD8+ compartments
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was not attempted.101 In dogs with untreated B-cell lymphoma, a similar decrease in CD3+ cells
was observed in the peripheral blood, along with a decreased proportion of CD3+ CCR7+ T-cells
(representing CD4+ and CD8+ TN or TCM) compared to healthy controls.61 Gauthier et al.
demonstrated a significant decrease in total lymphocytes in dogs in remission from B- and T-cell
lymphoma compared to similarly aged, healthy controls; dogs with lymphoma included in this
study had undergone multidrug chemotherapy according to the University of Wisconsin-Madison
(CHOP) protocol comprised of L-asparaginase, vincristine, cyclophosphamide, doxorubicin, and
prednisone.30 Interestingly, while lymphocyte counts were decreased, CD3+ proportions were
increased in those patients, with decreased proportions of CD45RA+ cells.30 The authors
speculated that chemotherapeutics may spare T-cells compared to other lymphocytes and that the
decrease in CD45RA+ cells may reflect a reduction in naïve T- and/or B-lymphocytes as a
consequence of chemotherapy rather than disease, based on similar findings in leukemia-affected
children.30 More studies are needed to verify that canine T-cell dynamics in dogs with treated
and untreated cancers parallel those in humans.
The objective of this study was to define differences in memory T-cell subsets between
dogs with inflammatory diseases or cancer and healthy, age- and weight-matched controls. We
hypothesized that inflammation- and cancer-bearing dogs would have increased proportions of
memory T-cells of all subsets and decreased proportions of TN compared to healthy controls,
with a general shift toward TEM and TEMRA in disease-bearing dogs. Analysis of these
differences was intended to add to our understanding of how CD45RA and CD62L could be used
to delineate canine memory T-cell subsets.
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2.2. Methods
2.2.1. Reagents and Media (Table 2.1)
Table 2.1. Reagents and Media Employed
Reagents
0.5M EDTA, pH 8.0

Invitrogen/Thermofisher
Scientific Baltics

Vilnius, Lithuania

Dimethyl sulfoxide (DMSO)

Fisher Chemical

Fair Lawn, NJ

eBioscience 10x RBC Lysis Buffer

Invitrogen/Life Technologies

Carslbad, CA

eBioscience Foxp3/Transcription
Factor Staining Buffer Set

Invitrogen/Life Technologies

Carlsbad, CA

Ficoll-Paque PLUS (Ficoll)

GE Healthcare Biosciences

Uppsala, Sweden

Gibco phosphate buffered saline (1x),
pH 7.4 (PBS)

Gibco/Life Technologies
Corporation

Grand Island, NY

Heat-inactivated canine serum (HI-CS)

Equitech-Bio

Kerrville, TX

Heat-inactivated fetal bovine serum
(HI-FBS)

Cytiva HyClone

Logan, UT

Pen Strep (10,000 U/mL penicillin,
10,000 µg/mL streptomycin)

Gibco/Life Technologies
Corporation

Grand Island, NY

RPMI Medium 1640 (1x) +
L-Glutamine (RPMI)

Life Technologies Limited

Paisley, United
Kingdom

Media
Canine complete media

10% HI-FBS + 5% HI-CS + 1% Pen-Strep in RPMI

Canine PBMC freeze media

45% HI-FBS + 45% HI-CS + 10% DMSO

Staining buffer

3% HI-FBS + 1mM EDTA in PBS
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2.2.2. Biological Samples
All patient samples were obtained according to protocols approved by the Louisiana State
University Institutional Care and Use Committee (Protocol 19-130). Whole blood from clientowned dogs was collected in vacutainer tubes containing EDTA anticoagulant. Dogs were
classified as “cancer-bearing,” “inflammation-bearing,” or “healthy” based on history, physical
examination findings, and advanced diagnostics performed either with the Louisiana State
University Veterinary Teaching Hospital (LSU VTH) receiving service or with the referring
veterinarian. Dogs were excluded from participation if they weighed less than three pounds (1.4
kg), had been administered systemic immunomodulating drugs (prednisone, oclacitinib,
cyclosporine, etc.) in the previous two weeks, or if the attending clinician deemed them
ineligible based on physical examination findings or temperament. Dogs receiving low-dose
topical steroids or non-steroidal anti-inflammatories (NSAIDs) were eligible. Five milliliters
(mL) of blood were collected from dogs weighing less than 15 pounds (6.8 kg), while 15 mL of
blood were collected from dogs weighing more than 15 pounds (6.8 kg). Physical examination
findings and medical and drug histories were recorded at the time of blood collection for all
subjects. Blood was refrigerated for no more than four hours before processing.
Dogs classified as “cancer-bearing” were received by the LSU VTH Oncology service
and had cytologic or histologic diagnoses of either malignant solid tumors or B-cell lymphoma.
All animals had evidence of gross disease, and tumors were naïve to treatment at the time of
blood collection, aside from possible NSAIDs. Dogs classified as “inflammation-bearing” were
seen by the LSU VTH Dermatology service and were included if they had clinical signs and
physical examination findings consistent with dermatologic disease. At the time of blood
collection, in addition to documentation of drug history and physical examination findings, a
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Canine Atopic Dermatitis Extent and Severity Index (CADESI)-4 was assigned by a boardcertified veterinary dermatologist as a semi-objective measurement of dermatitis severity (Cherie
Pucheu-Haston, DVM, PhD, DACVD, personal communication, February 2021).
Dogs classified as “healthy” were either LSU VTH Community Practice patients or were
owned by LSU VTH veterinarians (and were also documented patients of the LSU VTH). Dogs
were deemed systemically healthy by either their veterinarian owners or the attending clinician
and were selected to be age- and weight-matched to disease-bearing subjects. Matching criteria
were developed to minimize aging differences observed in dogs with small versus large body
size.29 All diseased dogs under 15 kg were matched with similarly small, healthy dogs. For dogs
over 15 kg, matched pairs’ body weights were within 35% of one another. Healthy dogs were
within 3 years of the diseased subject’s age. Dogs with heartworm disease, history of a malignant
tumor in the previous six months, or history of any radiation or chemotherapy were excluded.
Dogs with minor disease processes such as mild dermatitis, osteoarthritis, asymptomatic mitral
valve disease, and stage I or II chronic kidney disease were eligible.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation. Briefly, refrigerated whole blood was diluted at a ratio of 1:1 in PBS and layered
over Ficoll, after which samples were centrifuged at 400 g for 30 minutes with the brake on low.
The PBMC layer was extracted, transferred to a clean tube, washed with PBS, and centrifuged
again at 400 g for 10 minutes. After discarding the supernatant, 1x RBC lysis buffer was applied
to the cells; the sample was then incubated for three minutes on ice. PBMCs were washed once
more with PBS, centrifuged at 400 g for 10 minutes, and counted using an automated cell
counter. The cells were placed in a -80°C freezer in aliquots of approximately 5 x 106 cells in 1
mL of canine PBMC freeze media. After resting 24 hours, the cryovials were transferred to
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liquid nitrogen; cells remained in liquid nitrogen for a minimum of 24 hours up to several
months until they were removed for analysis.
2.2.3. Cell Defrosting, Preparation, and Staining
Cell cryovials were removed from liquid nitrogen, quickly defrosted by resting in a 37°C
water bath for approximately one minute and transferred to clean tubes filled with PBS. Samples
were centrifuged at 400 g for five minutes, washed with PBS once more, and centrifuged a
second time at 400 g for five minutes. Cells were counted and plated at a confluency of
approximately 3 x 106 cells in 1.5 mL of canine complete media in a 24-well, flat-bottom, nontissue culture-treated plate. Cells were incubated for approximately 15 hours (37°C, 5% CO2).
Cells were then removed from each well, washed twice with PBS and incubated with
viability dye for 30 minutes at 4°C in a volume of 100 µl. After washing with PBS, samples were
stained with a cocktail of staining buffer-diluted surface antibodies against CD4, CD8, CD62L
and CD45RA for test samples and without anti-CD45RA or anti-CD62L for fluorescence minus
one (FMO) controls. Cells were incubated for 20 minutes at 4°C then washed with staining
buffer. Secondary incubation for 20 minutes at 4°C with conjugated streptavidin was performed
(required for detection of biotinylated anti-CD45RA), and samples were once again washed with
staining buffer. The eBioscience FoxP3/transcription factor staining buffer set was used for
intracellular antibody staining. Briefly, samples were incubated in 250 µl of
Fixation/Permeabilization solution for 20 minutes at 4°C. The cells were washed with
Permeabilization wash buffer and incubated with intracellular anti-CD3 antibody. All samples
were then washed with Permeabilization wash buffer and suspended in staining buffer for
immediate analysis by flow cytometry. All antibody-staining steps were performed using a total
volume of 50 µl. Fluorochrome-conjugated antibodies used are listed in Table 2.2.
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Table 2.2. Fluorochrome-Conjugated Antibodies for Memory Subset Detection
Antibody
Fluorochrome
Vendor: Catalog No.
Clone
Viability Dye
Fixable
viability

Live/Dead Aqua

ThermoFisher: L34966

NA

Cell Surface Stains
CD4

APC

Invitrogen: 17-5040-42

Rat YKIX302.9

CD8

PerCP-eFluor710

eBioscience: 46-5080-41

Rat YCATE55.9

CD45RA

Biotin/SA-BV421

Moore Lab/ThermoFisher:
BDB563259

Mouse CA21.4B3

CD62L

PE

BioRad: MCA1076PET

Mouse FMC46

SeroTech/BioRad: MCA1477F

Rat CD3-12

Intracellular Stains
CD3

FITC

2.2.4. Data Acquisition and Analysis
Flow cytometry was performed using a Becton Dickinson (BD Biosciences) LSR
Fortessa X-20 flow cytometer utilizing violet (405 nm), blue (488 nm), yellow-green (561 nm),
and red (640 nm) lasers. Compensation beads (BD Biosciences) were used to accommodate the
emission spectrums of the multiple fluorochromes utilized, and FMO controls were used to
create appropriate positive gates for CD45RA and CD62L.
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FlowJo software was used for data analysis. A representative gating strategy is provided
in Figure 2.1. Lymphocytes were identified by their forward- and side-scatter properties, and
aggregated cells and dead cells were excluded from analysis. CD3+ CD4+ and CD3+ CD8+
memory T-cell subsets were defined by their expression of CD45RA and CD62L as TN
(CD45RA+ CD62L+), TCM (CD45RA- CD62L+), TEM (CD45RA- CD62L-), and TEMRA
(CD45RA+ CD62L-).

Figure 2.1. Representative gating strategy for flow cytometry analysis. Upper plots represent
populations of lymphocytes, single cells, and live cells. Lower plots represent CD3+ cells, CD4+
and CD8+ cross-gating, and memory subsets within the CD4+ (left) and CD8+ (right) compartments
delineated by their CD45RA and CD62L expression.
2.2.5 Statistics
Statistical analyses were performed using Prism 9 software. Mann Whitney U tests and
Spearman correlation analyses were performed to examine differences between and within
groups. Wilcoxon signed rank tests were used to compare matched pairs. P values < 0.050 were
considered significant.
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2.3. Results
A total of 13 cancer-bearing dogs of various breeds were included, nine with solid tumors
and four with B-cell lymphoma. Cancer-bearing dogs included six neutered males, one intact
male, and six spayed females. Ages ranged from 6-15 years old (median 10 years), and body
weight ranged from 10.3-65.0 kg (median 25.6 kg). All dogs diagnosed with B-cell lymphoma
were Stage III-IV. Dogs with solid tumors had no overt evidence of lymph node or organ
metastasis. Nine dogs of various breeds were included in the inflammation-bearing group, with
four neutered males and five spayed females ranging from 3-13 years old (median age 9 years)
and ranging in body weight from 6.3-51.0 kilograms (median 26.1 kilograms). There were
sixteen healthy, age- and weight-matched control dogs of various breeds, aged 3-14 years
(median 9.5 years), and ranging in body weight from 4.8-50.0 kg (median 23.7 kg). Tables 2.32.5 provide detailed subject information.
Data points from healthy dogs used as controls for both an inflammation-bearing and a
cancer-bearing dog were included only once in group comparisons. In all groups, the majority of
CD3+ CD4+ and CD3+ CD8+ T-cells fell into either the TN or TEMRA subsets. Subset
percentages across all three groups are reported in Table 2.6, and data points are graphed in
Figure 2.2.

24

Table 2.3. Patient Information for Cancer-Bearing Dogs
Age (years) Reproductive Status/Sex Breed

Weight (kg)

Cancer Diagnosis

6

Intact male

Labrador Retriever

43.2

Nasal carcinoma

9

Spayed female

Rhodesian Ridgeback

48.0

Nasal adenocarcinoma

10

Neutered male

Poodle mix

11.3

Oral melanoma

10

Neutered male

Golden Retriever

37.4

Osteosarcoma

11

Neutered male

Golden Retriever

46.0

Liposarcoma

11

Spayed female

Beagle

17.6

Urothelial and hepatic carcinoma

12

Neutered male

Labrador Retriever mix

23.6

Bronchoalveolar adenocarcinoma

13

Spayed female

Poodle mix

36.0

Nasal chondrosarcoma

15

Neutered male

Mixed breed

25.2

Nasal adenocarcinoma

6

Neutered male

Great Dane

65.0

B-cell lymphoma

6

Spayed female

German Shepherd

25.6

B-cell lymphoma

6

Spayed female

Pit bull

24.4

B-cell lymphoma and mast cell neoplasm

10

Spayed female

Beagle

10.3

B-cell lymphoma
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Table 2.4. Patient Information for Inflammation-Bearing Dogs
Age (years) Reproductive Status/Sex Breed

Weight (kg)

Diagnoses

CADESI

3

Neutered male

Great Pyrenees mix

51.0

Allergic dermatitis

13

7

Spayed female

Labrador Retriever

30.8

Mucocutaneous pyoderma, possible
discoid lupus erythematosus (DLE)

0

7

Neutered male

Irish Water Spaniel

26.1

Bacterial/allergic otitis externa

9

8

Spayed female

English Bulldog

21.8

Bacterial otitis externa, face fold
dermatitis

24

9

Spayed female

Weimaraner

31.6

Allergic dermatitis

32

10

Spayed female

German Shepherd

43.0

Pruritis

10

11

Neutered male

Australian Terrier

11.6

Atopic dermatitis, yeast dermatitis and
otitis externa, lip fold dermatitis

42

11

Neutered male

Pomeranian

6.3

Bacterial and yeast dermatitis

19

13

Spayed female

Dachshund

11.4

Allergic dermatitis, furunculosis

21
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Table 2.5 Patient Information for Healthy Dogs
Age (years) Reproductive Status/Sex Breed

Weight (kg)

3

Intact female

Boxer mix

24.8

6

Spayed female

Great Dane

50.0

6

Spayed female

Collie mix

21.0

8

Intact male

Boston terrier

14.2

8

Spayed female

Labrador Retriever mix

17.6

8

Spayed female

Golden Retriever

16.0

9

Spayed female

Mixed breed

28.2

9

Spayed female

German Shepherd

38.2

10

Neutered male

Chihuahua

4.8

11

Neutered male

Great Dane mix

35.4

11

Neutered male

Great Pyrenees

42.0

12

Spayed female

Golden Retriever mix

22.6

13

Neutered male

Labrador Retriever mix

32.2

13

Neutered male

Mixed breed

29.4

13

Spayed female

Australian Blue Heeler

19.5

14

Intact male

Llhasa Apso mix

11.4
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Table 2.6. Percentage of T-cells in Each Memory Subset
CD3+ CD4+
TN
TCM

TEM

TEMRA

Healthy

50.45
[19.70-70.80]

5.62
[3.01-56.20]

12.20
[5.48-18.40]

28.05
[13.60-42.50]

Inflammation

44.30*
[26.20-48.90]

5.83
[3.27-23.00]

13.60
[9.18-20.00]

36.70
[16.5-56.10]

Cancer

47.00
[25.10-73.30]

7.11
[1.59-16.70]

11.80
[5.23-34.50]

29.50
[10.40-68.00]

Healthy

68.10
[29.60-83.60]

0.67
[0.13-2.75]

0.72
[0.16-3.08]

30.60
[16.10-68.50]

Inflammation

73.10
[51.80-83.90]

1.06
[0.32-4.52]

2.16**
[0.48-4.10]

23.40
[15.30-44.80]

Cancer

68.10
[42.00-87.40]

0.85
[0.16-6.84]

0.99
[0.33-6.62]

26.20
[11.50-56.20]

CD3+ CD8+

Median percentages displayed; range reported in brackets
* significantly lower (p = 0.049) compared to healthy group
** significantly greater (p = 0.019) compared to healthy group
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Figure 2.2. Data points from healthy dogs (HD), inflammation-bearing dogs (ID), and cancer-bearing dogs (CD). The y-axis represents
the percentage of CD3+ CD4+ or CD3+ CD8+ cells classified as TN, TCM, TEM, or TEMRA (top). Mann-Whitney U tests were used to
compare disease-bearing groups to the healthy group. The point in red (CD4+ TCM) indicates an outlying value.
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2.3.1. Subset Differences Between Inflammation-Bearing Dogs and Controls
Group comparisons revealed that dogs in the inflammatory disease group had decreased
proportions of CD4+ TN (Figure 2.2) and increased proportions of CD8+ TEM (Figure 2.2)
compared to healthy controls. No significant differences were observed in any other group
comparisons; however, there was a trend toward increased CD4+ TEMRA proportions (Figure
2.2, P = 0.084) in inflammation-bearing dogs compared to controls.
Matched-pair analysis did not reveal any significant differences in memory T-cell subsets
between inflammation-bearing dogs and age- and weight-matched controls (data not shown).
Notable trends, however, included decreased CD4+ TN proportions in inflammation-bearing
dogs compared to their age- and weight-matched pairs (P = 0.074), as was shown in the group
comparisons. Unexpected trends included an increase in CD8+ TN (P = 0.097) and a decrease in
CD8+ TEMRA (P = 0.074) in inflammation-bearing dogs compared to their age- and weightmatched pairs.
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2.3.2. Subset Differences with Disease Severity in Inflammation-Bearing Dogs
Dogs with a high CADESI-4 score (greater than or equal to the median of 19)
unexpectedly had significantly increased proportions of CD4+ TN compared to those with a low
CADESI-4 score (P = 0.032, not shown), and further, a significant positive correlation between
CD4+ TN percentage and severity existed (Figure 2.3).

% CD4+ TN

60

r = 0.817
P = 0.011

40

20

0
0

10

20

30

40

50

CADESI-4 Score

Figure 2.3. Data points corresponding to CD3+ CD4+ TN percentage (y-axis) and CADESI score
(x-axis). Spearman correlation revealed a significant positive correlation between CD4+ TN
percentage and disease severity.
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2.3.3. Subset Differences in Cancer-Bearing Dogs
Group comparisons (Figure 2.2) and matched pair analyses (data not shown) revealed no
significant differences in subset percentages between cancer-bearing and healthy dogs. Subset
comparisons between dogs with localized versus systemic disease were not performed because
the majority of dogs had localized cancer. Notably, matched pair analysis of the four lymphomabearing dogs showed a possible developing trend toward decreased CD8+ TN and increased
CD8+ TEMRA (Figure 2.4).

Figure 2.4. Percentages of CD3+ CD8+ TN (a) and TEMRA (b) in dogs with systemic B-cell
lymphoma compared to age- and weight-matched healthy dogs. Lines join data points between
individual cancer-bearing dogs and the healthy match. Wilcoxon signed rank tests showed no
significant differences.
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2.3.4. Subset Differences with Advancing Age
Correlations between age and subset proportions were appreciated mainly within the
inflammatory group. There were increasing proportions of CD4+ TCM (P = 0.001) and CD8+
TCM (P = 0.009) with advancing age (Figure 2.5) and decreasing proportions of CD4+ TEMRA
2.6. and
Increasing
TCM Proportions
withsubsets
Advancing
in Dogsage
with
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(PFigure
= 0.001)
CD8+ TEMRA
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withAge
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Figure 2.5. Data points corresponding to CD3+ CD4+ (grey) and CD8+ (black) TCM percentages
in dogs with inflammation (y-axis) and age in years (x-axis). Spearman correlation revealed a
positive correlation between TCM percentages and advancing age.
Figure 2.7. Decreasing TEMRA Proportions with Advancing Age in Dogs with Inflammation
60

% TEMRA

% CD4 TEMRA
% CD8 TEMRA
40
r = -0.717
P = 0.035

20

r = -0.924
P = 0.001

0
0

5

10

15

Age in Years

Figure 2.6. Data points corresponding to CD3+ CD4+ (grey) and CD8+ (black) TEMRA
percentages in dogs with inflammation (y-axis) and age in years (x-axis). Spearman correlation
revealed a negative correlation between TEMRA percentages and advancing age.
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In healthy dogs, while no significant correlation existed between percentage of CD8+
TCM and age, when dogs were delineated as old or young relative to the median age of 9 years,
+
Figuregreater
2.8 CD8+
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Figure 2.7. Percentages of CD3+ CD8+ TCM in younger (≤ 9 years) and older (>9 years), healthy
dogs. A Mann-Whitney U test showed significantly higher proportions of CD8+ TCM in older
dogs.
2.4. Discussion
The purpose of this study was to investigate differences in canine memory T-cell subset
proportions (defined by their differential expression of CD45RA, a marker of antigen naivety,
and CD62L, a lymph node homing marker) in inflammation-bearing and cancer-bearing dogs
compared to healthy, age- and weight-matched controls. Findings here were intended to further
clarify the utility of these markers for identification of CD4+ and CD8+ T-cell memory subsets
for canine and comparative immunological studies and the development of immunotherapeutics.
CD45RA was expressed by a marked majority of CD4+ and CD8+ T-cells in all but two
animals included this study (one control and one cancer-bearing patient), thereby identifying the
majority of T-cells in both compartments as either TN or TEMRA. TN was most often the
predominant subset in all dogs in the study population; however notable differences in subset
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proportions were observed. In the inflammatory disease group, there were decreased proportions
of CD4+ TN and increased proportions of CD8+ TEM compared to healthy controls. These
findings align with the general expectation that with inflammation, circulating TN would
encounter antigen and differentiate into memory cells, and T-cells capable of performing effector
functions (i.e., cytotoxicity, cytokine production) would become prevalent.58 An expanded
population of TEM is expected especially in active microbial infections,74 which were identified
in several of the inflammation-bearing dogs included in this study. However, this assumption
regarding enhanced differentiation of TN in inflammation may be challenged by the observation
that animals with more severe signs of inflammation (as indicated by high CADESI scores) had
increasing proportions of CD4+ TN in circulation compared to those with milder signs. Absolute
increases in CD4+ CD45RA+ T-cells have been described in human patients with atopic
dermatitis; however, additional markers to differentiate TN from TEMRA were not included in
those studies.42, 83
One explanation for this unexpected increase in the proportion of naïve cells may be that
T-cells with inflamed-tissue homing ability (later differentiated subsets like TEM and TEMRA)
would be recruited to those sites to perform their specialized effector functions, as was proposed
by Maldonado et al. in the context of unexpected increases in proportions of CD4+ TCM and
decreases in proportions of CD8+ TEMRA in humans with rheumatoid arthritis (RA).52
Additionally, they considered that TEMRA might exhibit an accelerated pathway toward
apoptosis in RA or that there may be some dysregulation at the earlier stages of differentiation,
resulting in decreased or stalled progression toward TEM and TEMRA.52 However, the
possibility that differentiation is dysregulated or that TEMRA in dogs with allergic
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inflammation, microbial skin infections, and/or immune-mediated diseases may exhibit a similar
tendency toward apoptosis requires further interrogation.
Another possibility for progressively increasing CD4+ TN proportions in dogs with more
severe signs of dermatitis is the prospect of circulating regulatory T-cells in these subjects.
Regulatory T-cells (Tregs) are a class of T-cells that suppress immune responses, often
recognized by their expression of the transcription factor forkhead box P3 (Foxp3).74 Expression
of CD25, a subunit of the IL-2 receptor, is upregulated after Treg encounter with antigen and is
often used in combination with Foxp3 to identify Tregs; however, CD25 is also expressed on
resting Tregs and is therefore not a conclusive indicator of prior antigen encounter.74 Increased
proportions of circulating CD4+ CD25+ Foxp3+ Tregs have been demonstrated in both humans
and dogs with atopic dermatitis, and furthermore, proportions have increased with disease
severity.37, 63, 79 CD4+ CD25+ Foxp3+ Tregs have comprised a mean of 1.54% of the total
leukocytes51 and 4.79% of the CD4+ T-cell population37 in dogs with atopic dermatitis. Under
what circumstances Tregs would express CD45RA and CD62L, however, is unclear. It is
generally believed that naïve/resting and memory Tregs can be identified by their differential
expression of CD45RA, that CD45RA+ Tregs decline with age, and that memory-type Tregs
increase with age as in conventional T-cell populations.74 Expression of L-selectin in
resting/naïve and memory-type Tregs is thought to be comparable to that in conventional T-cells,
as well.74 Interestingly, markedly increased CD62L co-expression among CD3+ CD4+ CD25high
Foxp3+ Tregs was detected in humans with severe atopic dermatitis compared to the same cell
population in healthy control donors, suggesting that CD62L expression is upregulated in
regulatory T-cells in severe atopic dermatitis.79 Further studies are needed to clarify the meaning
of these observations; however, it is possible that dogs with more severe allergic dermatitis in the
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current study population had circulating CD62L+ Tregs which contributed to the CD4+ TN and
TCM percentages and to the observed increase in CD4+ TN proportions with increasing
CADESI-4 scores in the inflammation-bearing group.
Importantly, regulatory T-cells are known to be increased in the peripheral blood of
cancer-bearing humans and dogs, especially in carcinomas.41, 62, 82, 99, 105 However, studies
examining co-expression of markers of activation, lymph node homing, and antigen maturity on
circulating Tregs have not been performed in canine cancer patients and have uncommonly been
performed in humans. In a study by Schaefer et al. examining CCR7 and CD62L expression
among Tregs in the peripheral blood of human patients with squamous cell carcinoma of the
head and neck, the major Treg subset in those patients was CCR7- CD62L+.82 However, there
were enrichments of Tregs differentially expressing both markers in those patients, and the
authors’ overall impression was that in squamous cell carcinoma of the head and neck, Tregs are
rapidly maturing and turning over.82 As no significant differences between memory T-cell
subsets were observed between cancer-bearing dogs and controls in the current study, it is
difficult to speculate as to how Tregs might have contributed to those percentages. Addressing
this question would require inclusion of Treg markers (CD25, Foxp3) in future studies.
The effects of glucocorticoid or other immunomodulating medications in our subjects
must be considered, despite exclusion of animals with recent (within the prior 2 weeks) or
current use of such drugs. Dogs in the inflammation-bearing group were received by the
dermatology service in a referral hospital due to severe or refractory disease, and an in-depth
review of these patients’ medical records revealed years of topical and systemic corticosteroid
therapy or immunotherapy (anti-IL-31 monoclonal antibody injection) in many dogs in the
cohort. Glucocorticoids are well known to cause immunosuppression by several mechanisms,

37

including inducing apoptosis in CD4+ CD8+ thymocytes and peripheral naïve CD4+ and CD8+ Tcells, suppressing effector T-cell function, and modifying T-cell trafficking.3, 6, 40, 44, 92 The longterm effects of repeated courses of glucocorticoid therapy may have on thymic release of naïve
T-cells and memory T-cell differentiation in dogs remains unstudied. However, in human
patients that have undergone chemotherapy with and without inclusion of corticosteroids,
restoration of the T-cell pool after completion of treatment may involve rapid release of naïve Tcells from the thymus, especially in cases of rebound thymic hyperplasia.89, 90 This even occurs
in adults (though more commonly in children and adolescents), and this significant rise may be
observed for several months after discontinuation of chemotherapy.89, 90 Oclacitinib, a commonly
used drug for canine pruritis, does not significantly inhibit canine T-cell proliferation and proinflammatory cytokine secretion at therapeutic concentrations in vitro,9 but its effects on memory
cell differentiation have not been addressed. The effects of anti-IL-31 antibody therapies on Tcell subset differentiation are not discussed in the human or canine literature.
Among the test subjects in the inflammation-bearing group and the healthy group, there
were increased CD8+ TCM in older dogs, and this was true also in the CD4+ compartment in
dogs with inflammation. Increases in all memory cell subsets are expected with aging, and a
numerical increase in the TCM subsets has been observed in healthy, aged dogs.104 However, the
finding of decreasing CD4+ and CD8+ TEMRA with aging in dogs with inflammation is in
conflict with previous findings in healthy, aging dogs.104 It is potentially relevant, however, that
the predictable increase in TEMRA with aging in humans was seen in healthy controls but not in
patients with SLE and RA.52 The unexpected finding of decreased TEMRA with aging in
inflammation-bearing dogs may reflect the particular test subjects included (i.e., laboratory
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beagle vs. client-owned dogs), and the potential effects of homing of differentiated subsets to
inflamed tissues, unaccounted-for Tregs, and chronic drug effects, as previously discussed.
It is suspected that patient selection played a role in the lack of significant differences
observed between cancer-bearing and healthy dogs. Though lower proportions of CD8+ TN and
higher proportions of CD8+ TEMRA have been seen in humans with early-stage solid tumors,71
dogs with diagnoses of localized, solid tumors did not exhibit this change. However, when only
the four dogs with systemic B-cell lymphoma were evaluated by matched pair analysis, a
possible trend toward this profile emerged. These data may suggest that with inclusion of more
subjects with advanced cancer, a significant decrease in CD8+ TN and an increase in CD8+
TEMRA may be revealed; alternatively, this change may be associated with B-cell lymphoma,
more specifically. Additionally, since animals were excluded if they had recently received
corticosteroids, it is likely that our patient cohort was biased towards clinically well dogs, which
may correlate with reduced systemic tumor-related inflammation. Furthermore, peripheral blood
memory T-cell phenotypes are not consistently reflective of the T-cell phenotypes observed in
the tumor microenvironment.1, 64, 71 Inclusion of cancer patients with more advanced disease in
future studies may illuminate differences in memory T-cell differentiation not observed in the
current study.
There were several limitations to this study, including an overall small sample size in
each group, as is common in veterinary studies involving clinical patients. An additional
limitation was the inclusion of primarily aged dogs across all groups, complicating interpretation
of age-associated changes. The fact that age, itself, plays a pivotal role in T-cell differentiation
may have influenced the lack of differences observed between inflammation- and cancer-bearing
dogs and healthy controls both in the group comparisons and age- and weight-matched paired
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comparisons. Inclusion of a greater number subjects and a greater number of young animals in
future studies may help to further define the influence of inflammation and cancer on canine
memory T-cell differentiation. It is also possible that evaluation of a greater number of dogs with
lymphoma and/or advanced cancers will uncover the effects of neoplasia on T-cell
differentiation. More stringent exclusion criteria regarding drug history (e.g. longer
corticosteroid-free periods, no current NSAID use) may more specifically reveal cancer- or
inflammation-related subset changes, as well. Lastly, subclinical inflammation and the influence
of various environmental factors, as these were client-owned animals, could not be addressed.
The aim of this study was to further characterize memory T-cell subsets in dogs and to
add to the body of literature exploring the use of the CD45RA and CD62L to delineate canine
CD4+ and CD8+ TN, TCM, and TEM, and TEMRA subsets. Functional and genetic studies of
these subsets in isolation are still warranted to confirm that differential expression of these
markers does, in fact, identify canine memory T-cell subsets. However, the findings of the
current study, especially among inflammation-bearing dogs, raise interesting questions about the
nuances of T-cell differentiation in various canine disease states.
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CHAPTER 3. FUNCTIONAL DIFFERENCES BETWEEN CANINE
MEMORY T-CELL SUBSETS
3.1. Rationale
It is well understood that memory T-cell subsets differ in their functional characteristics
in response to stimulation. Exploitation of these differences with concurrent observation of
phenotypic marker expression has allowed for delineation of memory subsets in human and
murine studies. As TN and TCM are the cell pools responsible for generating effector cells in the
event of antigen challenge, it is no surprise that both are able to undergo robust proliferation after
cognate antigen encounter.50, 77, 78 Proliferative function in these subsets has also been
demonstrated after in vitro stimulation55, 73, 78, 98 and is further supported by their longer telomere
length compared to memory cells.25, 102 TEM an TEMRA subsets, in contrast, have exhibited
decreased proliferative ability,55, 77 which corresponds with shorter telomeres.25, 50, 77, 102 CD8+
subsets seem to require shorter exposure times to induce proliferation and also divide more
quickly than CD4+ cells, but efficient proliferative capacity is observed in both compartments.85
Effector capacity, evidenced by T-cell production of different cytokines, varies greatly
between memory subsets. IL-2 dictates expansion of effector cells, and its expression is
considered to be an early indicator of stimulation in TN, TCM, and TSCM across studies.50 TNFα is a proinflammatory cytokine that activates endothelial cells to recruit neutrophils and other
inflammatory cells to sites of inflammation.50 IFN-γ is also proinflammatory, but its primary role
is to activate macrophages and promote T-cell interactions with antigen-presenting cells.50
Expression of both TNF-α and IFN-γ, as well as other effector cytokines like IL-4 and IL-5, is
typically seen in later differentiated T-cell subsets.50 Sallusto and colleagues showed that isolated
human CD4+ CCR7- populations (consistent with TEM, as TEMRA cells are present in low
numbers in the human CD4+ compartment) produced high levels of IL-4, IL-5, and IFN-γ78

compared to other examined phenotypes; similarly, Picker et al. found that IFN-γ and IL-4
production was nearly exclusively limited to CD4+ CD45RO+ populations (TCM or TEM).69
Within the CD8+ compartment, IFN-γ-production was most pronounced in CD45RA- CCR7(also TEM) cells, with less observed in CD45RA+ CCR7- TEMRA, and none in CCR7+ TN and
TCM.78 Expression of the cytolytic molecule, perforin, was especially high among CD8+
TEMRA78; CD8+ TEM also have exhibited pronounced perforin expression.77 When CD45RA
and CD27 were used to identify human CD8+ memory subsets, mitogen stimulation induced a
high proportion of cells within the CD45RA+ CD27- subset (interpreted as TEMRA) to produce
IFN-γ- and TNF-α, while CD45RA- CD27- T-cells (TEM) could secrete IL-2, IL-4, IFN-γ, and
TNF-α.34 Cells with the naïve phenotype CD45RA+ CD27+ expressed primarily IL-2.34
In dogs, isolated subsets have not been examined for their ability to proliferate or produce
cytokines; however, stimulation of whole mononuclear cells has indirectly revealed findings that
suggest similar proliferative and cytokine producing capacities among canine memory subsets.
Most notably, Withers et al. used mitogen-induced intracellular expression of Ki-67, IFN-γ, and
TNF-α among CD4+ and CD8+ T-cells to highlight differences between young and aged dogs.104
Young dogs had higher proportions of Ki-67-expressing (and therefore proliferating) CD4+ and
CD8+ cells compared to aged dogs, and at the same time, young dogs had increased frequencies
of CD4+ and CD8+ cells with a TN phenotype according to expression of CD45RA and
CD62L.104 While definitive conclusions cannot be drawn from these data, they suggest that
mitogen-induced proliferation is most prevalent in TN cells. There were also increased
frequencies of IFN-γ- and TNF-α-producing cells in aged dogs after mitogen stimulation, and
when TNF-α production among TN, TCM, TEM, and TEMRA was compared, the TEM subset
contained higher proportions of TNF-α-producing cells than the other subsets.104 Additionally,
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Hartley et al. found that IFN-γ-producing cells from Trypanosoma cruzi seropositive dogs
belonged to both the CD4+ and CD8+ compartments, and that there was overall low expression of
CCL19-hIg (CCR7 by proxy) and CD62L in those dogs, indirectly suggesting that effector,
TEM, and/or TEMRA cells were the source of the detected IFN-γ.35
The goals of this study were to preliminarily assess the proliferative capacity of isolated
canine T-cell subsets as defined by differential expression of CD45RA and CD62L.
Demonstration of greater proliferative capacity among TN cells compared to memory subsets,
used in conjunction with future studies examining proinflammatory cytokine-producing ability
among all subsets, would confirm that functional differences among canine T-cell populations
parallel those observed in other species.
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3.2. Methods
3.2.1. Reagents and Media (Table 3.1)
Table 3.1. Reagents and Media Employed
Reagents
0.5M EDTA, pH 8.0

Invitrogen/Thermofisher Scientific
Baltics

Vilnius, Lithuania

1M HEPES Buffer, pH 7.3
(HEPES)

Fisher BioReagents

Fairlawn, NJ

Concanavalin A C5275 (ConA)

Sigma-Aldrich

St. Louis, MO

eBioscience 10x RBC Lysis Buffer

Invitrogen/Life Technologies

Carslbad, CA

eBioscience Foxp3/Transcription
Factor Staining Buffer Set

Invitrogen/Life Technologies

Carlsbad, CA

Ficoll-Paque PLUS (Ficoll)

GE Healthcare Biosciences

Uppsala, Sweden

Gibco phosphate buffered saline
(1x), pH 7.4 (PBS)

Gibco/Life Technologies
Corporation

Grand Island, NY

Heat-inactivated canine serum
(HI-CS)

Equitech-Bio

Kerrville, TX

Heat-inactivated fetal bovine serum
(HI-FBS)

Cytiva HyClone

Logan, UT

Pen Strep (10,000 U/mL penicillin,
10,000 µg/mL streptomycin)

Gibco/Life Technologies
Corporation

Grand Island, NY

RPMI Medium 1640 (1x) +
L-Glutamine (RPMI)

Life Technologies Limited

Paisley, United
Kingdom
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Table 3.1. Reagents and Media Employed (cont’d)
Media
Canine complete media

10% HI-FBS + 5% HI-CS + 1% Pen-Strep in RPMI

Canine FACS buffer

1% HI-FBS + 1 mM EDTA + 10 mM HEPES in PBS

Canine FACS catch media

40% HI-FBS + 10 mM HEPES + 1% Pen-Strep in RPMI

Staining buffer

3% HI-FBS + 1mM EDTA in PBS

3.2.2. Biological Samples
All samples were obtained according to protocols approved by the Louisiana State
University Institutional Care and Use Committee (Protocol 20-019). Forty milliliters (mL) of
whole blood were collected in EDTA anticoagulant tubes from purpose-bred research dogs
maintained by the Louisiana State University Division of Laboratory Animal Medicine. All dogs
were female, young (under the age of five years), and healthy. Peripheral blood mononuclear
cells (PBMCs) were promptly isolated using density gradient centrifugation. Briefly, whole
blood was diluted at a ratio of 1:1 in PBS and layered over Ficoll, after which samples were
centrifuged at 400 g for 30 minutes with the brake on low. The PBMC layer was extracted,
transferred to a clean tube, washed with PBS, and centrifuged again at 400 g for 10 minutes.
After discarding the supernatant, 1x RBC lysis buffer was applied to the cells; the sample was
then incubated for three minutes on ice. PBMCs were washed once more with PBS, centrifuged
at 400 g for 10 minutes, counted, and immediately stained for fluorescence activated cell sorting
(FACS).
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3.2.3. Cell Surface Staining, FACS, Stimulation, and Flow Cytometry
The total number of isolated PBMCs ranged from approximately 4 x 107 to 1 x 108 cells;
therefore, it was determined after optimization trials that most stain dilutions applied to the sort
pool of PBMCs should be scaled up by a factor of 10; anti-CD62L was scaled up by a factor of
16. A control of 1 x 106 cells stained with antibody dilutions optimized for 1 x 106 cells was run
concurrently with the large sort sample to confirm similar percent positive cells.
Cells were first incubated with viability dye (1:1000 dilution in PBS) for 30 minutes at
4°C in a volume of 2 mL. After washing with PBS, samples were stained with a cocktail of
staining buffer-diluted surface antibodies against CD3, CD4, CD8, CD62L and CD45RA for the
sort sample, and without anti-CD45RA or anti-CD62L for fluorescence minus one (FMO)
controls. Cells were incubated for 20 minutes at 4°C then washed with staining buffer.
Secondary incubation for 20 minutes at 4°C with conjugated streptavidin was performed (for
detection of biotinylated anti-CD45RA), and samples were again washed with staining buffer.
All antibody-staining steps were performed using a total volume of 500 µl. Fluorochromeconjugated antibodies used are listed in Table 3.2.
Table 3.2. Fluorochrome-Conjugated Antibodies Employed for Memory Subset FACS
Antibody
Fluorochrome
Vendor: Catalog No.
Clone
Viability Dye
Fixable viability

Live/Dead Aqua

ThermoFisher: L34966

NA

CD3

FITC

ThermoFisher: MCA1774F Mouse CA17.2A12

CD4

APC

Invitrogen: 17-5040-42

Rat YKIX302.9

CD8

PerCP-eFluor710

eBioscience: 46-5080-41

Rat YCATE55.9

Cell Surface Stains
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Table 3.2. Fluorochrome-Conjugated Antibodies Employed for Memory Subset FACS (cont’d)
Antibody
Fluorochrome
Vendor: Catalog No.
Clone
Cell Surface Stains
CD45RA

Biotin/SA-BV421

Moore Lab/ThermoFisher:
BDB563259

Mouse CA21.4B3

CD62L

PE

BioRad: MCA1076PET

Mouse FMC46

A four-way sort of either CD4+ or CD8+ cells was performed using a Becton Dickinson
(BD Biosciences) FACS Aria II utilizing violet (405 nm), blue (488 nm) and red (633 nm) lasers,
a nozzle size of 70 µm, and pressure of 70 psi. Compensation beads (BD Biosciences) were used
to accommodate the emission spectrums of the multiple fluorochromes utilized, and FMO
controls were used to create appropriate positive gates for CD45RA and CD62L. BD FACSDiva
was used for sorting analysis. Lymphocytes were identified by their forward- and side-scatter
properties, and aggregated cells and dead cells were excluded from the sort. CD3+ CD4+ and
CD3+ CD8+ memory T-cell subsets were defined by their expression of CD45RA and CD62L as
TN (CD45RA+ CD62L+), TCM (CD45RA- CD62L+), TEM (CD45RA- CD62L-), and TEMRA
(CD45RA+ CD62L-). A representative gating strategy for subset delineation is provided in Figure
3.1. Pure populations of sorted subsets were confirmed by flow cytometry on the BD Biosciences
LSRFortessa X-2.
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Figure 3.1. Representative gating strategy for FACS. Upper plots represent populations of
lymphocytes, single cells, and live cells. Lower plots represent CD3+ cells, CD4+ and CD8+ crossgating, and memory subsets within the CD4+ (left) and CD8+ (right) compartments delineated by
their CD45RA and CD62L expression.

Sorted cells were then incubated for 12 hours in canine complete media and then ConAstimulated. Adequate cell recovery from all four subsets for subsequent analysis was often not
achieved. Wells being compared (consistently TN and TEMRA, +/- TCM and TEM) were
uniform in their plating confluency and ConA application. Cells were stimulated with ConA
(5µg/mL) or left unstimulated for three days.
At the time of analysis, cells were retrieved from their wells, washed twice with PBS, and
incubated with viability dye for 30 minutes at 4°C in a volume of 100 µl (1:1000 dilution). The
eBioscience FoxP3/transcription factor staining buffer set was used for intracellular antibody
staining. Briefly, samples were incubated in 250 µl of Fixation/Permeabilization solution for 20
minutes at 4°C. The cells were washed with Permeabilization wash buffer and incubated with
intracellular anti-CD3 and anti-Ki-67 for assessment of proliferative capacity. One sample was
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stained only with anti-CD3 as a fluorescence minus one (FMO) control. All samples were then
washed with Permeabilization wash buffer and suspended in staining buffer for immediate
analysis by flow cytometry. All antibody-staining steps were performed using a total volume of
50 µl. Proliferative capacity was then quantified by flow cytometry using the LSRFortessa X-2.
Fluorochrome-conjugated antibodies are provided in Table 3.3.
Table 3.3. Fluorochrome-Conjugated Antibodies Employed for Proliferation Assay
Antibody
Fluorochrome
Vendor: Catalog No.
Clone
Viability Dye
Fixable
viability

Live/Dead Aqua

ThermoFisher: L34966

NA

Intracellular Stains
CD3

FITC

SeroTech/BioRad: MCA1477F

Rat CD3-12

Ki-67

Pe-Cy7

Invitrogen: 25-5699-42

Mouse 20Raj1

3.2.4. Data Acquisition and Analysis
Flow cytometry was performed using the LSR Fortessa X-20 flow cytometer utilizing
violet (405 nm), blue (488 nm), yellow-green (561 nm), and red (640 nm) lasers. Compensation
beads (BD Biosciences) were used to accommodate the emission spectrums of the multiple
fluorochromes utilized. Samples from unstimulated wells and those stained only with anti-CD3
served as controls for Ki-67 expression. FlowJo software was used for data analysis. A gating
strategy for determination of Ki-67 expression among CD8+ cells is provided in Figure 3.2. As
repeated attempts for assessment of Ki-67 expression among CD4+ T-cell subpopulations were
unsuccessful, a uniform gating strategy for those experiments was not developed.
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Figure 3.2. Representative gating strategy for CD8+ Ki-67 expression. Plots represent populations
of lymphocytes, single cells, live cells, CD3+ cells, and Ki-67+ cells.
3.3. Results
Two sort-and-stimulation trials isolating CD8+ populations provided satisfactory results
to preliminarily compare proportions of Ki-67-expressing cells among canine TN and TEMRA
subsets (four data points, too few for statistical analysis). The data suggest a trend toward
significantly greater proliferation in the TN subset (Figure 3.3). Figure 3.4 provides flow
cytometry plots from the more illustrative trial.
40

% Ki-67+

30
20
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0
TN TEMRA
Figure 3.3. Comparison of Ki-67-expressing cell proportions between FACS-isolated, Con-A
stimulated CD8+ TN and TEMRA subsets from 2 purpose-bred, young, healthy dogs.
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Figure 3.4. Flow cytometry plots demonstrating Ki-67 expression among FACS-isolated, ConAstimulated and unstimulated CD8+ TN and stimulated CD8+ TEMRA subsets from a purpose-bred,
young, healthy dog.
3.4. Discussion
Though limited, data collected in these experiments suggest that as in other species,
CD8+ TN cells are generally more proliferative after stimulation than CD8+ TEMRA cells.
Unfortunately, more extensive data could not be collected at this time to illustrate significant
proliferative differences between these subsets or any others within the CD8+ or CD4+
compartments. As promising preliminary data was collected, however, refinement of this assay is
likely to lead to more concrete results in the future.
Multiple limitations revealed themselves during assay development. Inadequate cell
recovery, especially within the TCM and TEM subsets in both the CD4+ and CD8+
compartments limited our ability to uniformly stimulate and consistently analyze Ki-67
expression in isolated subsets. Conditions of cell sorting, culture, and/or stimulation also induced
excessive cell death among the isolated subsets, despite employing methods for ConA
application shown to be successful in whole PBMC stimulation in other canine studies.104
Changes to FACS catch buffer formulations (Table 3.1) might have somewhat improved cell
survival after FACS. However, numerical cell recovery from FACS and cell death after
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stimulation remained challenges. Optimization of all steps from FACS recovery, culture, to
stimulation are primary goals of future research.
Single-cell RNA sequencing (scRNA-seq) will likely aid in uncovering differences in
gene expression between different canine memory T-cell subsets in future studies. Analysis by
scRNA-seq allows for transcriptomic profiling of individual cells and has been used to evaluate
gene expression in various human disease states.26 Recently, Szabo et al. used this technique to
characterize human T-cells from various tissues and blood after in vitro stimulation, finding
several clusters into which CD4+ and CD8+ T-cell subsets could distributed.91 Results included
CD4+ T-cells falling into a TN/TCM cluster (expressing CCR7) and three different activationassociated clusters by expression of different levels of IL2, TNF, and IL4R (encoding for a
subunit of the IL-4 receptor).91 CD8+ cells fell into a TEM-like cluster (based on expression of
cytotoxicity genes and chemokines), an activated TEM cluster including expression of IFNG,
and a TEMRA cluster expressing PRF1 (encoding for perforin).91
This technique has only recently been employed in dogs, including an assessment of
bronchoalveolar lavage fluid in healthy dogs26 and an examination of peripheral blood in dogs
with immune-mediated hemolytic anemia,11 and optimization of this assay in dogs is still needed.
Ongoing work by our group includes scRNA-seq analysis of four canine samples with the aim of
delineating TN, TCM, TEM, and TEMRA cells by their differential expression of CD45RA and
CD62L. Subsequently, gene expression differences between T-cell subsets will be correlated to
their expression of these phenotypic markers in an attempt to discern their individual functions.
Evaluation of the differential expression of transcripts such as Ki-67, telomerase, perforin,
granzyme, TNF-a, IFN-g, IL-2, IL-4, and chemokines across T-cell subsets is of particular
interest.
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Overall, these data show that proliferative capacity is likely increased in canine CD8+ TN
compared to TEMRA cells, as has been shown in other species. Continued exploration of
functional and genetic differences between the subsets is needed to consolidate phenotypic
markers that identify canine memory T-cell subsets. Pathways include optimization of assays to
detect proliferation and cytokine expression, including possible use of immunocytochemistry,
scRNA-seq, and determination of telomere length in different memory subsets to clarify the
progression from antigen naivety to immunosenescence.
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CHAPTER 4. CONCLUSIONS AND FUTURE DIRECTIONS
The aims of these studies were to characterize memory T-cell subsets in dogs with the
ultimate goal of validating the use of differential expression of CD45RA and CD62L to delineate
canine TN, TCM, TEM, and TEMRA subpopulations. A more complete understanding of canine
T-cell immunity is necessary for improving diagnostic and therapeutic approaches to different
diseases in dogs, including development of canine immunotherapeutics. Additionally, dogs are
an important model in translational research, and comparisons between the human and canine
immune systems are limited by the lack of established phenotypic markers to identify the diverse
differentiation states of canine T-cells.
By comparing T-cell subset proportions in dogs with skin inflammation and cancer to
healthy age- and weight-matched dogs, we confirmed that subset proportions change with
disease states in dogs, as has been shown in other species. Dogs with inflammation exhibited
decreased proportions of CD4+ TN and increased proportions of CD8+ TEM compared to healthy
dogs. This finding aligns with the general expectation that more circulating TN cells differentiate
into memory cells in systemic inflammatory states due to their accelerated encounters with
antigen, compared to healthy dogs. Interestingly, dogs with more severe signs of inflammation
had increased proportions of circulating CD4+ TN compared to those with milder signs. This
could be due to recruitment of later subsets (TEM and TEMRA) to inflamed tissues to perform
specialized effector functions thereby inflating TN proportions in blood, dysregulation of
differentiation and/or accelerated TEMRA apoptosis in inflammatory skin conditions, increased
proportions of circulating regulatory T-cells expressing CD62L, or chronic glucocorticoid or
other drug effects not yet examined in dogs. Decreasing TEMRA with advancing age in dogs
with inflammation was unexpected and warrants further investigation. Furthermore, concurrent
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examination of T-cell subsets in inflamed tissues, lymph nodes, and peripheral blood in dogs
with inflammation may illuminate changes in T-cell subset differentiation and kinetics in allergic
dermatitis.
Changes in subset proportions in canine cancer patients compared to healthy dogs were
not observed, most likely due to the majority of included dogs harboring only localized disease.
Emerging trends of decreased CD8+ TN and increased CD8+ TEMRA among subjects with
systemic B-cell lymphoma suggest that inclusion of animals with more advanced disease may
elucidate the effects of cancer on T-cell subset differentiation and proportions. Additionally,
similar studies incorporating a greater number of animals and including more or exclusively
young dogs may minimize the confounding effect of aging on memory cell subset proportions
and clarify the effects of cancer and skin inflammation.
Preliminary data shown here suggest that the differences in proliferative capacity among
TN compared to memory cells observed in humans and mice are likely also present in dogs.
Complications with assay development limited our ability to provide more definitive data at this
time. Examination of telomere length among isolated canine T-cell subsets was not attempted but
would help to clarify the pathway of differentiation from TN to TEMRA and potentially
stimulate further research about the ontological relationship between memory T-cell subsets in
dogs. Also, scRNA-seq is a powerful tool that may significantly improve our understanding of
canine T-cell subsets beyond what can be uncovered by exploring their functional differences in
vitro. Lastly, once phenotypic characterization of canine memory subsets is shown to be
consistent, studies examining the alloreactive potential of the different subsets is warranted. This
information is vital for the development of allogeneic, cell-based immunotherapeutics. Off-theshelf, cell-based immunotherapies have the capability to revolutionize canine cancer treatment;
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therefore, a complete and detailed understanding of the canine immune system, most especially
the nuances of T-cell immunity in health, inflammation, and cancer, is essential.
Demonstration of canine memory T-cell subset changes in aging and disease have
provided insight into the complexities of T-cell immunity in dogs suggesting thus far, that
overall, mechanisms of T-cell immunity are similar in humans and dogs. However, nuanced
understanding of T-cell responses in inflammation and cancer are required to fully address
diagnosis and treatment of diseases that plague both species. Showing that T-cell activation,
differentiation, trafficking, and death are comparable in dogs and humans is a basis for
diagnostic and therapeutic development for veterinary patients and is vital for prudent use of
dogs as large mammal models for human diseases and treatment responses. Further studies are
needed to verify that markers used to delineate memory cell subsets in humans and mice can be
used in dogs; however, data presented here provides a basis for future research.
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