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Abstract

Human T cell leukemia virus type 1 (HTLV-1) is a retrovirus that infects 10-20 million
people worldwide. While most infected people remain asymptomatic carriers (ACs), 2-5%
of HTLV-1 carriers develop adult T-cell leukemia, and another 2-5% develop inflammat-
ory diseases including HTLV-1-associated myelopathy (HAM). HAM is an inflammatory
disease of the central nervous system (CNS) with no available curative treatments. In-
dividuals with higher HTLV-1 proviral loads (PVLs) are at an increased risk for HAM
development. While CD4+ T cells predominate in early CNS lesions, suggesting their in-
volvement in early HAM pathogenesis, and CD8+ T cells predominate in chronic lesions,
much remains to be uncovered about the mechanism of HAM pathogenesis and CNS
damage. The overall aims of this work were to study mechanisms of T cell dysfunction
during HTLV-1 infection to gain insights into T cell responses associated with effective
viral control and the mechanisms by which T cells contribute to HAM pathogenesis.

Here, I show that HTLV-1-specific CD4+ and CD8+ T cells from patients with HAM
have an enhanced capacity to migrate to the CNS and can induce proinflammatory as-
trocytes and microglia. Through in-depth phenotypic, functional, and/or transcriptional
characterization of HTLV-1-specific CD4+ and CD8+ T cells, I show that HTLV-1-specific
T helper (Th) 17 responses are associated with a low PVL, while an unfocused HTLV-1-
specific Th1 response, in addition to a strong HTLV-1-specific T cytotoxic 17 response,
are associated with HAM. Finally, I show that CD4+CD8+ double-positive T cells are
more abundant in patients with HAM, highly HTLV-1-infected, proinflammatory, have
an enhanced capacity to migrate to the CNS and induce inflammatory astrocytes. Taken
together, this thesis provides a deeper understanding of the contribution of T cells to CNS
inflammation and HAM pathogenesis.
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1
Introduction

1.1 The immune system

Nearly all organisms have some kind of an immune system to protect themselves

against pathogens. Humans have evolved a complex immune system composed of barriers,

chemicals, proteins, and cells to fend off pathogens such as bacteria, fungi, parasites,

viruses, and toxins. This vast network of cells and tissues is constantly surveying the

body for invaders, in addition to being strongly involved in cancer surveillance. The

immune system is composed of two main branches: the innate immune system and the

adaptive immune system [2]. The innate immune system is the body’s first line of defense

against pathogens and can be further broken down into two levels. The first level includes

physical barriers such as the skin, mucosal barriers, the blood-brain barrier (BBB), and

chemical barriers including pH and enzymes, while the second level is made up of innate

immune cells. When triggered, the innate immune system provides a rapid non-specific

response within hours of infection [3]. Following this, the innate immune system activates

the adaptive immune system which launches a response within a few days of infection

(Figure 1.1) [4].
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1.1. The immune system

Figure 1.1: Timeline of innate and adaptive immune responses after an infection. After
infection by a pathogen, the innate immune system mounts a rapid non-specific response within hours of
infection. The innate immune system then activates the adaptive immune system which can mount an
antigen-specific response within a few days of infection. Figure created using BioRender.

1.1.1 Innate immune pathogen detection

Invading pathogens are first detected by the innate immune system. Pathogen-associated

molecular patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) [5].

These PRRs are expressed in both immune and non-immune cells and recognize the nuc-

leic acids, carbohydrates, proteins, and lipids of invading pathogens [5, 6]. PRRs must

distinguish host molecules from PAMPs by binding exclusively to molecules associated

with pathogens. Examples of PAMPs include cytoplasmic deoxyribonucleic acid (DNA),

since host DNA is confined to the nucleus, and cytoplasmic 5-triphosphate ribonucleic

acid (RNA), as host messenger ribonucleic acid (mRNA) is capped at the 5’ end be-

fore nuclear export [7]. This ability to differentiate host molecules from PAMPs is

crucial to prevent inappropriate inflammation and to preserve self-tolerance [5]. Once

PAMPs are detected, signaling pathways result in the production of type I and III inter-

ferons (IFNs-I/III) and other early pro-inflammatory cytokines including tumour necrosis

factor (TNF), interleukin (IL)-1, and IL-6 [5]. IFN-I/III activate the transcription, in both

an autocrine and paracrine manner, of a wide range of pro-inflammatory genes termed

interferon-stimulated genes (ISGs) which act to limit the spread of the infection by a

variety of mechanisms including the upregulation of nucleases to digest foreign nucleic

acids, limiting translation of viral proteins, shifting cell metabolism, signaling to other
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cells to activate their innate immune defenses, and the activation and recruitment of

both innate and adaptive immune cells [8]. TNF, IL-1, and IL-6 also drive inflammation

which activates and recruits innate and adaptive immune cells to the sites of infection

and inflammation [9, 10, 11].

1.1.2 The adaptive immune system

The innate immune system triggers an adaptive immune response, which comprises two

main branches: cellular immunity, mediated by T lymphocytes, and humoral immunity,

mediated by B lymphocytes [3, 12, 13]. The adaptive immune system mounts an antigen-

specific immune response and develops immunological memory that serves to protect the

host more efficiently and effectively when re-infected with the same or a similar pathogen

in the future [3, 12, 13]. I will discuss the types of adaptive immune cells and adaptive

immune activation and function in later sections.

1.2 Immune cells

Immune cells can be broadly divided into 2 lineages: the lymphoid lineage and the

myeloid lineage (Figure 1.2). Generally, the myeloid lineage and natural killer (NK)

cells are considered innate immune cells while the lymphoid lineage, except NK cells, are

adaptive immune cells [3].

Figure 1.2: Immune cell lineages. Figure created using BioRender.
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1.2.1 Innate immune cells

An important function of the innate immune system is the early detection of pathogens

and rapid recruitment of immune cells to sites of infection and inflammation through

the production of chemokines and cytokines [8]. Key early cytokines released by innate

immune cells include IFNs-I/III, TNF, IL-1, and IL-6 [9, 10]. Professional phagocytes

such as neutrophils, monocytes, macrophages, and dendritic cells engulf pathogens, dead

cells, or other debris [2]. NK cells are innate cytotoxic lymphocytes that recognize and

kill stressed cells in the absence of antibodies or major histocompatibility complex (MHC)

molecules [14, 15]. Other innate immune cells including eosinophils, basophils, and mast

cells in addition to non-immune cells such as epithelial cells and fibroblasts, express PRRs

and are essential for early pathogen detection [6, 16]. While the innate immune system

does not form immunological memory in the same way as the adaptive immune system,

it can form trained immunity, which occurs when recent activation of the innate immune

system results in enhanced responsiveness to subsequent infection with either the same

pathogen (homologous re-challenge) or exposure to different pathogens (heterologous re-

challenge) driven by metabolic and epigenetic re-programming [17].

1.2.2 Adaptive immune cells

Unlike the innate immune response, the adaptive immune response is antigen-specific,

and results in the formation of antigen-specific immunological memory [18, 19]. There

are two main branches of adaptive immune responses: an antibody-mediated response

and a cell-mediated response carried out by B and T lymphocytes respectively. Each

näıve B and T cell carry a unique B cell receptor (BCR) or T cell receptor (TCR) [20].

BCRs and TCRs are specialized protein complexes found on the surface of B cells and

T cells, respectively, playing pivotal roles in antigen recognition and adaptive immune

response initiation [21, 22]. TCRs are composed of alpha and beta chains, forming a

heterodimeric complex, while BCRs are composed of two protein chains referred to as

heavy and light chains [19, 23]. The huge diversity of BCR and TCR receptors enables

the adaptive immune system to respond to virtually any pathogen [21, 22]. Lymphocytes

that recognize a pathogen become activated, proliferate, and eventually produce memory

cells that will recognize the pathogen if it is re-encountered [18, 19].
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1.3 T cells

While T cells populate virtually every organ and tissue, the majority of T cells are

found within lymphoid tissues such as bone marrow, spleen, tonsils, and an estimated

500–700 lymph nodes, while 2%–3% of T cells are found in peripheral blood [24, 25, 26, 27].

T cells constantly circulate between peripheral blood and secondary lymphoid organs,

spending approximately 6-12 hours (h) surveying a lymph node for their cognate antigen

before re-entering circulation [28, 29]. Conventional T cells, also known as αβ T cells,

comprise different cell populations including näıve, effector, memory, and regulatory T

cells (Tregs) [24]. Näıve T cells can respond to new antigens and once activated they be-

come effector cells that execute immune functions including cytokine secretion, immune

regulation, and cytotoxicity [18]. Memory T cells derive from previously antigen-activated

T cells and maintain long-term immunity [30]. Tregs suppress excessive immune responses

to self-antigens and foreign antigens, thereby preventing autoimmune diseases, maintain-

ing immune tolerance, and promoting immune homeostasis through various mechanisms

such as cytokine secretion, direct cell-cell contact, and inhibition of effector T cell function

[31]. Conventional T cells are made up of helper CD4+, cluster of differentiation (CD), T

cells and cytotoxic CD8+ T cells, which can be broken down into further subsets which

will be discussed later [3].

1.3.1 Development

All T cells originate from hematopoietic stem cells (HSC) in the bone marrow before

differentiating into lymphoid progenitors that migrate from the bone marrow through the

blood to the thymus. Once in the thymus, they are referred to as thymocytes, and undergo

maturation, selection, and export to the periphery (Figure 1.3) [21]. Most models of T

cell development in the thymus are based on mouse models which have shown thymocytes

pass through 3 main developmental stages: the double negative, CD4-CD8- (DN), double

positive, CD4+CD8+ (DP), and the single positive, CD4+CD8- or CD4-CD8+ (SP) stages

[24, 32]. Thymocytes in the DN phase develop a functional TCR which consists of highly

variable alpha and beta chains designed to produce a huge diversity of different TCRs [33,

34, 35]. DN thymocytes re-arrange their TCRβ chain by variability, diversity, and joining
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Figure 1.3: T cell development in the thymus. Lymphoid progenitors from the bone marrow
migrate to the thymus where they go through several double negative (DN) phases, and a double positive
(DP) phase and undergo negative selection and positive selection, respectively, and exit the thymus as
mature näıve T cells [21]. Figure created using BioRender.

(VDJ) recombination; a process by which T cells, and B cells, randomly assemble different

gene segments, known as variable (V), diversity (D), and joining (J) genes, to generate

millions of unique antigen receptors from a small number of genes [21, 36]. Once the TCRβ

chain has been produced, the thymocytes enter the DP stage. During the DP stage, the

TCRα chain is rearranged by V-J recombination [21, 36]. Once DP thymocytes have

acquired a unique functional TCR, they undergo positive selection [37]. Here thymocytes

are presented with self-antigens expressed on MHC molecules by thymic epithelial cells,

and only thymocytes that interact strongly with either major histocompatibility complex

class I (MHC-I) or major histocompatibility complex class II (MHC-II) receive a survival

signal, while over 90% of the remaining thymocytes die from neglect [38, 39, 40, 41]. DP

thymocytes that interact strongly with MHC-II downregulate CD8 and DP thymocytes

that interact strongly with MHC-I downregulate CD4 to become either CD4+ or CD8+ SP

T cells, respectively [42, 43, 44, 45]. The final stage of thymocyte maturation is negative

selection where the majority of SP cells with strongly auto-reactive TCRs receive an

apoptotic signal [46]. However, a minority of auto-reactive SP cells are selected to become

thymic Tregs, also known as natural Tregs (nTregs), whose function is to downregulate

and inhibit immune responses to auto-antigens [47]. The surviving thymocytes exit the

thymus as mature näıve T cells.
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1.3.2 Antigen presentation to T cells

Antigen is presented on the surface of cells by MHC molecules and this process is

essential for T cell activation. As previously mentioned, there are two classes of MHC

molecules: MHC-I and MHC-II [3]. All nucleated cells express MHC-I, and expression

of MHC-I is upregulated upon the detection of PAMPs during infection, although some

viruses have developed sophisticated immune evasion strategies to prevent MHC-I upreg-

ulation [48]. Proteins from within the cell are degraded and peptides of 8-11 amino acids

are bound by MHC-I and presented on the surface of the cell [23, 49, 50, 51]. The TCRs of

CD8+ T cells interact with the MHC-I molecules, stabilized by the CD8 co-receptor, and

scan the presented peptide [52]. Once the TCR detects its cognate antigen, the activated

CD8+ T cell can induce apoptosis of the cell displaying antigen [53, 54]. This will be

discussed further in later sections.

Antigen presentation to CD4+ T cells is done by professional antigen presenting cells

(APCs) including B cells, monocytes, macrophages, and dendritic cells which express

MHC-II in addition to MHC-I [55]. Phagocytic monocytes, macrophages, and dendritic

cells engulf extracellular pathogens, viruses, and dead cells, while B cells endocytose

smaller soluble extracellular material. APCs digest exogenously derived proteins and

present peptides of 13-25 residues on MHC-II molecules on their cell surface [55, 56, 57].

MHC-II molecules are scanned by the TCRs of CD4+ T cells, and recognition of an

antigen by the TCR of a CD4+ T cell provides the first signal for CD4+ T cell activation

[58, 59, 60].
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1.3.3 T cell activation

Näıve T cells circulate between peripheral blood and secondary lymphoid organs look-

ing for their cognate antigen [61]. However, before T cells can carry out effector functions,

they need to be activated by two activation signals (Figure 1.4) [59]. The first activation

signal is provided when a TCR binds its cognate antigen presented by an APC on MHC-

II or I molecules for CD4+ and CD8+ T cells respectively (Figure 1.4) [23]. Both näıve

CD4+ and CD8+ T cells have to be activated by APCs, and näıve CD8+ T cells cannot

directly eliminate malignantly transformed or infected cells before being activated by an

APC [62, 63, 64]. Unlike other nucleated cells, APCs can cross-present exogenously de-

rived peptides on MHC-I allowing the APCs to activate CD8+ T cells without necessarily

being infected themselves [65, 66, 67].

Figure 1.4: T cell activation. The TCR is flanked by the co-receptor CD3 (γ, δ, and ϵ chains).
TCRs recognize their cognate antigen presented on MHC-I for CD8+ T cells and MHC-II for CD4+ T
cells. T cells require a second signal for activation which is provided by the binding of CD28 to CD80/86
[23, 58, 59, 68, 69, 70].

For CD4+ T cells, the second activation signal is provided by the binding of CD28 on

the surface of the CD4+ T cell to CD80 or CD86 on the surface of the APC (Figure 1.4)

[68]. CD8+ T cells can also be activated by CD28-CD80/86 interactions, but this second

signal can be replaced with other co-stimulatory signals such as the cytokines secreted by

activated CD4+ T cells [71, 72, 73]. Other important co-stimulatory molecules include

inducible T-cell COStimulator (ICOS), CD137, OX40, CD27, and members of the TNF

receptor (TNFR) family [72, 73, 74]. These molecules are found on the T cell surface,

but unlike CD28, they are not constitutively expressed [72, 75, 76]. These receptors can

be stimulated by their ligands which are only expressed on the surface of APCs following
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pathogen recognition. Depending on the PRR that detected the pathogen in the APC,

the APCs will be polarized in their response and thereby polarize the T cell response [77].

Furthermore, the cytokine milieu created by both innate and adaptive immune cells will

further polarize the T cell response into the desired T helper (Th) or T cytotoxic (Tc)

phenotypes and is often described as the third activation signal [78]. T cell polarization

allows for a specific T cell response tailored to the type of antigen. Once activated, T

cells produce high levels of IL-2 which drives T cell proliferation and differentiation into

different effector and memory phenotypes which will be discussed in later sections [79].

1.3.4 T cell memory

Once CD4+ and CD8+ T cells are activated, they differentiate into effector T cells

which are believed to be the precursors of antigen-specific long-lived memory T cells

which coordinate the T cell response during pathogen re-exposure [80]. The lineage re-

lationships of memory T cells remain unresolved and most of our current understanding

comes from mouse models. However, these models do not capture the changes in T cell

populations that occur over decades of human life [81]. In humans, the markers C-C

chemokine recptor (CCR) 7 and CD45RA are often used classify T cell populations into

central memory (CM, CCR7+CD45RA-), näıve (CCR7+CD45RA+), terminally differenti-

ated effector (TDE, CCR7-CD45RA+), and effector memory (EM, CCR7-CD45RA-) cells

[18, 82, 83]. Additionally, there are other memory sub-populations including tissue res-

ident memory (TRM) which reside within tissues, and stem cell-like memory (TSCM)

which are a long-lived population that can rapidly differentiate into effector cells [84, 85].

In humans, the dynamics and lineages of memory T cell fate determination remain poorly

defined.
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1.3.5 CD4+ T cells

CD4+ T cells are the largest lymphocyte population and are essential for effective

humoral and cellular immune responses [59]. CD4+ T cells polarize and regulate immune

responses through the secretion of cytokines and cell-to-cell interactions [78]. They are

essential for B cell antibody class switching, the activation and growth of CD8+ T cells,

maximizing the bactericidal activity of phagocytes, and for the suppression of aberrant

inflammation [71, 86, 87]. Once activated, CD4+ T cells have the potential to differentiate

into several functionally distinct effector phenotypes which produces a tailored immune

response to the specific pathogens [88].

Figure 1.5: CD4+ T cell differentiation. Näıve CD4+ T cells skew towards different effector
phenotypes based on the cytokines they are exposed to and the nature of the co-stimulatory signals
they receive [78]. The transcription factors T-bet, GATA3, ROR-γt, Bcl-6, or Foxp3 are required for
differentiation into Th1, Th2, Th17, Tfh, or iTreg respectively. Different CD4+ T cell phenotypes are
associated with different effector functions [59].

CD4+ T cell differentiation and effector function

Lineage-specific CD4+ T cell differentiation depends on the cytokine milieu, the con-

centration of activating antigens, the strength of the TCR signal, the type of activating

APC, and the co-stimulatory signals received [59]. Dendritic cells play the most import-

ant role in CD4+ T cell activation due to their enhanced capacity to activate näıve CD4+

T cells [89]. Innate immune cells release the cytokines that initially help polarize the

early T cells response [59, 60, 77]. Polarized T cells secrete more polarizing cytokines es-
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tablishing a positive feedback loop driving more T cell differentiation [59, 60, 77]. These

distinct CD4+ T cell phenotypes include Th 1, Th2, Th17, Th22, Th9, follicular helper

T cell (Tfh), induced Treg (iTreg), and regulatory type 1 cells (Tr1) [88, 89]. Figure 1.5

summarizes the main CD4+ T cell subsets, the cytokines that drive their differentiation,

the primary transcription factors (TFs) associated with each subset, and the cytokines

the subsets express. However, differentiated effector CD4+ T cells do retain an element

of plasticity, especially in humans [90].

Th1 cells

IL-12 and interferon (IFN)-γ are essential for the differentiation of Th1 cells [59]. IL-

12 is secreted in large amounts by activated APCs, specifically dendritic cells, monocytes,

and macrophages, which induces NK cells to produce IFN-γ [59, 90, 91]. IFN-γ activates

signal and transducer of activation 1 (STAT1) which results in the expression of T-box

expressed in T cells (T-bet) [92, 93]. T-bet is the master TF driving Th1 differentiation

and activates genes that promote Th1 development and suppress the development of other

lineages [92, 94]. T-bet expression drives more IFN-γ secretion, causing a positive feedback

loop of Th1 differentiation. T-bet suppresses the expression of the master TF of Th2 cells,

GATA-binding protein 3 (GATA3), and inhibits IL-4 production which is essential for Th2

differentiation [95, 96]. Th17 differentiation is prevented by the interaction of T-bet with

the RORC promoter, which encodes the Th17 master TF retinoic acid-related orphan

receptor γt (ROR-γt) [94].

Th1 cells are essential for the elimination of intracellular pathogens, such as viruses,

but have also been implicated in autoimmunity [97]. Th1 cells mainly secrete IFN-γ,

TNF-α, TNF-β, and IL-2 [59]. IFN-γ activates phagocytes such as macrophages, mono-

cytes, and microglial cells resulting in enhanced phagocytic activity, antigen presentation,

and cytokine expression [98, 99, 100]. There are over 200 IFN-γ-responsive genes includ-

ing genes involved with pathogen recognition, antigen processing and presentation, the

antiviral state, inhibition of cellular proliferation, apoptosis, activation of microbicidal

effector functions, and leukocyte trafficking [98, 99, 100, 101, 102]. TNF also has over

700 responsive genes with a wide range of downstream immune effects [103]. High levels

of IFN-γ and TNF expression have been implicated in autoimmune diseases including

multiple sclerosis (MS) and inflammatory bowel disease (IBD) [101, 103].
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Th2 and Th9 cells

IL-4 and IL-2 are essential for Th2 differentiation, and IL-4 is secreted in large quant-

ities by activated mast cells, eosinophils, and basophils [104, 105]. IL-4 induces STAT6

and results in the upregulation of the Th2 master TF GATA3 which drives more IL-4

production [105, 106, 107, 108]. GATA3 inhibits Th1 differentiation by downregulating

STAT4 [106]. As with Th1 cells and IFN-γ, Th2 cells produce high levels of IL-4 which

drives further Th2 differentiation.

Th9 cells were initially characterized as a subset of Th2 cells, but IL-9 secreting-

Th9 cells are now seen as a distinct subset [109, 110]. Transforming growth factor-β

(TGF-β) and IL-4 induce Th9 differentiation, and interferon regulatory factor 4 (IRF4)

binds directly to the IL-9 promoter and induces IL-9 expression [110].

Activated Th2 cells mainly secrete IL-4, IL-5, IL-13, and IL-31 [59]. Th2 cells are

essential for immune responses to parasites such as helmiths, but also play a key role

in allergy and asthma [97, 111]. IL-4 is involved in immunoglobulin (Ig) E antibody

class switching and secretion by B cells and upregulates the expression of low-affinity

IgE receptor (FcϵRI) on B lymphocytes and phagocytes [111, 112, 113]. It induces the

upregulation of high-affinity IgE receptor (FcϵRII) on mast cells and basophils, which

when bound results in the degranulation of these cells and the release of histamine [113,

114]. IL-13 is essential in controlling gastrointestinal helminths and for the elimination of

intracellular pathogens, such as Leishmania [115, 116]. It also plays a major role in the

induction of allergic asthma, through activation of eosinophils, enhanced mucus secretion,

and airway hyper-responsiveness [113]. The IL-9 secreted by Th9 cells also contributes

strongly to allergic asthma and airway inflammation [117].

Th17 cells

Th17 differentiation involves 3 stages: the differentiation stage mediated by TGF-β

and IL-6, the self-amplification stage mediated by IL-21, and the stabilization stage me-

diated by IL-23 [59]. IL-6 and low concentrations of TGF-β induced Th17 differentiation,

IL-21 production, and the upregulation of the IL-23 receptor [118, 119, 120]. TGF-β

activates STAT3 which induces RORγt, the Th17 master TF, which binds to the IL-17A

and IL-17F promoters [121, 122]. Unlike Th1 and Th2 cells, the main cytokines produced
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by Th17 cells do not drive self-amplification. IL-21 and TGF-β amplify Th17 differen-

tiation [123, 124]. The stabilization of Th17 differentiation is induced by IL-23, which

is mainly produced by activated macrophages and dendritic cells and is required for the

expansion and maintenance of the Th17 population [125].

Th17 cells drive the CD4+ T cell response against extracellular bacteria and fungi

but have also been implicated in autoimmune diseases [122, 126, 127]. The main Th17

effector cytokines include IL-17A, IL-17F, IL-21, and IL-22 [128]. IL17A and IL17F

signal through the same receptor to induce proinflammatory cytokine expression by other

immune cells including IL-6, IL-1, and TNF, and induce the secretion of chemokines

that recruit more inflammatory cells to sites on infection and inflammation [128, 129].

IL-21 promotes activation, and differentiation, enhances survival and enhanced anti-viral

activities in CD8+ T cells, induces B cells to differentiate into plasmacytes and memory

cells, and activates NK cells [130]. IL-22 contributes to mucosal host defense against

bacterial pathogens, by inducing antimicrobial peptides and increasing cell proliferation

[131, 132].

Th22 cells

Recently Th22 cells have been identified as a distinct subset of CD4+ T cells. They

are induced by IL-6, TNF-α, IL-23, and IL-1β, express the TFs aryl hydrocarbon receptor

(AhR), STAT3, and RORγt, and primarily express IL-22 in addition to IL-13, IL26, and

TNF-α [133]. They are distinct from Th17 cells, due to their low production of IL-17.

Th22 cells were initially found to play a role in skin inflammatory diseases, but recent

studies have demonstrated their involvement in the development of various autoimmune

diseases [133].

Tfh cells

Tfh cell differentiation is mainly driven by IL-21 and IL-6 [134]. Both cytokines activ-

ate STAT3, but without TGF-β Th17 cells are not induced [135]. ICOS co-stimulation is

required for Tfh development [135]. B-cell lymphoma 6 (Bcl-6) is the master TF expressed

in Tfh cells and is activated downstream of IL-6 and IL-21 [136].

Tfh cells play a significant role in mediating humoral immunity through interactions
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with B cells [137]. Activated Tfh cells upregulate C-X-C motif receptor (CXCR) 5 which

allows them to enter the pre-germinal center in secondary lymphoid tissues for initial

interaction with antigen-primed B cell resulting in the differentiation of B cells into Ig-

producing plasma cells [138, 139]. Tfh cells also contribute to the development of long-

lived memory B cells [139]. Activated CD4+ T cells express CD154, also known as CD40

ligand (CD40L), on their cell surface which can bind CD40 on the surface of B cells

providing a co-stimulatory signal for B cell activation [137]. CD154-CD40 interactions

in addition to IL-21 and other cytokines secreted by the activated Tfh induce B cell

proliferation and Ig class switching [137]. B cell responses that involve CD4+ T cell

interactions can take multiple days, however, the antibodies generated with CD4+ T cell

help have a higher affinity for the antigen and are more functionally versatile than those

generated from T cell-independent activation [12].

Tregs

Tregs are essential for suppressing excessive inflammation, thereby maintaining homeo-

stasis and self-tolerance [31, 140]. There are 2 main Treg populations: nTregs which are

produced in the thymus and iTregs which develop in peripheral lymphoid organs after

antigen priming [31]. Both express the master TF forkhead box P3 (Foxp3) and secrete

high levels of IL-10 [141]. TGF-β in addition to driving Th17 differentiation, is also crit-

ical in the differentiation of iTregs [142]. TGF-β alone at high concentrations can induce

the expression of Foxp3 [143, 144]. Tregs are a heterogeneous population that express a

wide variety of cell surface receptors [31].

Tregs can inhibit T cell proliferation and cytokine production and play a critical

role in preventing dysregulated inflammation and autoimmunity [31]. After clearance of

pathogens, Tregs negatively regulate the immune response, thereby protecting against

immunopathology. Their main effector cytokines include IL-10, TGF-β, and IL-35 [145].

IL-10 is a potent inhibitory cytokine and is essential in limiting the damage caused by

inflammation [146, 147]. IL-10 and TGF-β reduce allergic inflammation through the

suppression of IgE production [148]. Tregs can induce cell death in auto-reactive T cells,

induce anergy, downregulate CD80/86 in APCs, and upregulate the inhibitory receptor

cytotoxic T-lymphocyte associated protein 4 (CTLA-4) on T cells [148]. CTLA-4 inhibits

CD4+ T cell activation by competing with CD28 for CD80/86 binding thereby preventing
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the second CD4+ T cell activation signal [148]. High levels of IL-10 and TGF-β also

induce the differentiation of more Tregs [59].

1.3.6 CD8+ T cells

CD8+ T cells are essential for the removal of infected or malignantly transformed cells.

As previously discussed, näıve CD8+ T cells can only be activated by APCs [66, 149].

Dendritic cells that have interacted with activated CD4+ T cells are required to generate

long-lasting CD8+ T cell memory [71, 150]. Activated CD4+ T cells interact with dendritic

cells through CD154-CD40 interactions and license the dendritic cells to mature, increase

their cytokine production, induce the expression of co-stimulatory molecules on their

cell surface, and induce cross-presentation of exogenously derived peptides on MHC-I

molecules [151]. This allows activated dendritic cells to potently activate näıve CD8+ T

cell which then differentiate into different effector phenotypes [152].

Activated CD8+ T cells scan the MHC-I molecules on the surface of all nucleated cells

for their cognate antigen. When their TCR binds the peptide presented on a MHC-I

molecule of an infected or malignantly transformed cell, the CD8+ T cell releases the

cytotoxins perforin, granzymes, and granulysin [153]. Perforin makes pores in the cell

membrane which allows granzymes to enter the target cell which triggers the caspase

cascade and apoptosis [154]. CD8+ T cells can also induce cell death through cell-to-cell

interactions. Activated CD8+ T cells express Fas ligand (FasL) which can bind Fas on the

target cell, triggering apoptosis through the caspase cascade [153, 155]. Cytokines such as

IFNs and TNF can also be cytotoxic in high concentrations [156, 157, 158]. CD8+ T cells

can be broken down into similar subsets as CD4+ T cells including Tc1, Tc2, Tc17, and

Tc9. Tc1 CD8+ T cells secrete many of the Th1 cytokines including IFN-γ and TNF-α

while Tc2 cells secrete Th2 cytokines including IL-4 and IL-5 [159]. Recently Tc9 and

Tc17 cells have also been identified, with Tc17 cells being implicated with contributing

to experimental autoimmune encephalomyelitis (EAE), a mouse model of MS [160, 161]

1.3.7 Double Positive (DP) T cells

Mature DP T cells, expressing both CD4 and CD8, account for approximately 1-3%

of peripheral T cells in healthy individuals [61, 162, 163]. While the DP T cell stage
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is well characterized in T cell development, it is unclear how mature peripheral DP T

cells emerge given that the principal pathway of thymic selection leads to mature SP cells

expressing either CD4 or CD8 [164]. Two models explain the presence of DP T cells

in the periphery: either a small number of DP T cells can egress from the thymus as

mature DP T cells or SP T cells manage to re-acquire the co-expression of CD4 and CD8

in the periphery [165]. The TFs T-helper-inducing POZ/Krüppel-like factor (ThPOK)

and runt-related transcription factor 3 (RunX3) tightly regular CD4 and CD8 expression,

respectively, during the DP thymocyte stage of T cell development [162]. RunX3 and

ThPOK expression was once believed to be mutually exclusive outside the thymus, how-

ever, DP T cells can be generated from SP T cells in vitro under certain activation and/or

cytokine conditions indicating that differentiated T cells retain an element of plasticity

[162].

In the periphery, DP T cells appear antigen-experienced and increased frequencies of

DP T cells have been reported in autoimmune diseases such as MS, systemic sclerosis (SS),

rheumatoid arthritis (RA) as well as in viral infections such as human immunodeficiency

viruse (HIV), hepatitis C virus (HCV), and Epstein-Barr virus (EBV), and in some cancers

[166, 167, 168, 169, 170, 171]. DP T cells are phenotypically heterogeneous and have been

scarcely studied, with contrasting results regarding their function in different disease

settings [172, 173, 174, 175, 176, 177, 178]. In HIV and human cytomegalovirus (HCMV)

infection, DP T cells appear to be cytotoxic, have a high proportion of virus-specificity,

and have a high proliferative capacity and cytolytic activity [179, 180]. In dengue virus

(DENV) infection, increased DP T cell frequency is associated with plasma leakage and

the DP T cells are transcriptionally similar to CD8+ SP T cells [181]. In contrast, DP T

cells in the autoimmune conditions SS and IBD appear to be regulatory/suppressive by

secreting high levels of IL-10 [182, 183]. In RA, DP T cells are more proinflammatory,

secreting high levels of IFN-γ and IL-21, but not IL-17A relative to CD4+ SP T cells [171].

DP T cells are enriched in the synovial fluid of RA patients and DP T cell frequency is also

increased in HCMV-positive RA patients [171]. In MS and non-inflammatory neurological

diseases, DP T cells are enriched in the CSF of patients relative to peripheral blood,

but their phenotype has not been characterized in depth [184]. DP T cells have also

been reported to be enriched in different cancers, where again they have heterogeneous

functionalities. In melanoma, colorectal, and urological cancers, DP T cells have a more

28



1.3. T cells

suppressive phenotype, while in cutaneous T cell lymphoma, DP T cells appear more

cytotoxic [174, 175, 176, 177, 178]. Overall, DP T cells appear to be cytotoxic in most

viral infections that have been studied, suppressive in the autoimmune disease SS and IBD

but not RA, and suppressive in most of the cancers studied, except for cutaneous T cell

lymphoma. While there have been some previous studies that have started to uncover

some of the potential functionalities, phenotypes, and pathologies of DP T cells, more

work needs to be done to understand this extremely variable population in the context of

different diseases.
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1.4 Immune tolerance and autoimmunity

Immune tolerance is a state of immune unresponsiveness to an antigen that would

otherwise elicit an immune response and is essential for homeostasis [31]. There are two

types of tolerance: central and peripheral tolerance. Central tolerance is established in

the thymus during T cell development by the removal of the majority of strongly auto-

reactive TCR clones [31]. The remaining weakly auto-reactive T cell clones differentiate

into nTregs and help maintain tolerance in the periphery. However, deletion of auto-

reactive T cell clones is only 60-70% effective, because not all self-antigens are expressed

in the thymus, such asantigens from islets of Langerhans, brain, or spinal cord, and

some self-antigens are expressed at much higher concentrations in the periphery resulting

in the activation of weakly-interacting TCRs [185, 186]. These auto-reactive T cells

can cause pathology if peripheral tolerance is not induced. Peripheral tolerance occurs

through a variety of mechanisms including inducing T cell quiescence, clonal deletion, and

conversion to iTregs [186]. In addition to preventing autoimmunity, peripheral tolerance is

essential in preventing over-reactivity to environmental antigens such as allergens and gut

microbes. Dysfunction in central or peripheral tolerance can result in severe allergies and

autoimmunity. However, tolerance can also be pathogenic, such as during malignancies

and chronic infections, and homeostasis requires a careful balance between tolerance and

responsiveness [187].

A breakdown of tolerance can result in autoimmunity, and the symptoms of autoim-

mune diseases often present long after the initial break in tolerance making it difficult to

identify the factors responsible for the initiation of the disease. Autoimmune conditions

can often be triggered by viral infections, and there are two main hypothesized mechan-

isms to explain the breakdown of self-tolerance [188]. The first proposed mechanism is by

molecular mimicry, where viruses carry structurally similar antigens to self-antigens which

activate lymphocytes and cause a cross-reactive response to both self and viral antigens

[188]. The second proposed mechanism is bystander activation, where an over-reactive

antiviral response creates a localized pro-inflammatory environment along with the re-

lease of self-antigens from the damaged tissue [188]. High concentrations of self-antigens

activate autoreactive T cells which drive further autoimmunity. Both bystander activa-

tion and molecular mimicry have been observed in EAE [188]. Furthermore, infection of
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lymphocytes by chronic viruses may result in the immortalization of autoreactive effector

cells as was observed in EBV infected B cells [188]. While viral infections, genetics, and

environmental factors may contribute to autoimmunity, the mechanisms of the breakdown

of tolerance and autoimmunity are not fully understood.
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1.5 Human T Cell Leukemia Virus Type 1

Human T Cell Leukemia Virus Type 1 (HTLV-1) is a retrovirus that is estimated to

infect 10-20 million people worldwide, however, the actual number of people infected is

likely higher as no systematic epidemiological studies have been carried out [189, 190].

HTLV-1 has a wide geographical spread and is mainly found in the tropics and sub-tropics

in Sub-Sahara Africa, South America, the Caribbean, southern Japan, central Australia,

and Melanesia [189]. HTLV-1 is transmitted by the transfusion of infected cellular blood

products, unprotected sexual intercourse, and breastfeeding, which often results in the

clustering of HTLV-1 infections within families [191, 192]. Most HTLV-1-infected people

remain asymptomatic carriers (ACs), while 2-5% of HTLV-1 carriers develop adult T-cell

leukemia/lymphoma (ATL) and another 2-5% develop chronic inflammatory conditions

[193]. The most well-characterized HLTV-1-associated inflammatory condition is an in-

flammatory demyelinating disease of the central nervous system (CNS) termed HTLV-

1-associated myelopathy/tropic spastic paraparesis (HAM/TSP), hereafter abbreviated

to HAM [193]. Treatments for HTLV-1-associated diseases are limited, and none are

curative.

1.5.1 HTLV-1 infection and propagation

Despite producing enveloped virions, HTLV-1 does not release cell-free virions in vivo

and HTLV-1 is spread by direct cell-to-cell contact [193]. During contact between an

infected cell and an uninfected cell, the HTLV-1 transactivator protein Tax causes po-

larization of the microtubule cytoskeleton towards the cell junction forming a virological

synapse [194]. Microtubules direct the budding HTLV-1 virions towards the synapse and

the virions travel across the synapse or around the periphery of the synapse towards the

plasma membrane of the new host cell [194]. Glucose transporter 1 (GLUT-1), neuropilin-

1 (NRP-1) and heparan sulfate proteoglycans (HSPGs) are involved in HTLV-1 binding

and cell entry, but the precise mechanism of HTLV-1 cell entry is unclear [193]. In vitro

cell-free HTLV-1 virions have been shown to infect dendritic cells which are then able to

infect T cells, but the physiological relevance of these observations is unclear [195]. To

stably infect a new host cell, HTLV-1 integrates its provirus into the host cell genome
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[193]. The term clone is used to describe each unique integration of the HTLV-1 provirus

[193]. The provial load (PVL) is a measure of the number of copies of the integrated

provirus per periphreal blood mononuclear cell (PBMC) and is usually described as a

percentage. Generally, an infected cell will only carry one integrated proviral copy [193].

The main targets of HTLV-1-infection are T cells with CD4+ T cells carrying 95% of the

HTLV-1 PVL and CD8+ T cells carrying the remaining 5% [196]. The PVL varies widely

between individuals ranging from less than 1x10-4% to over 100% [197].

Figure 1.6: The establishment of the HTLV-1 PVL. During early infection, HTLV-1 infects many
new cells establishing thousands of new clones resulting in a rapid rise in the PVL. During the chronic
phase of infection, the PVL plateaus and is mainly maintained through mitosis [193]. The figure was
created used BioRender.

During initial HTLV-1 infection, there is a rapid rise in the PVL as HTLV-1 infects

many new T cells resulting in the establishment of thousands of new clones [193]. Even-

tually, the PVL plateaus as an equilibrium between the virus and the immune system is

established (Figure 1.6) [193]. The height of the PVL plateau is dependent on the effi-

ciency of the host immune response in controlling the infection [193]. During the chronic

phase of infection, anti-retroviral therapy is ineffective at reducing the PVL as the primary

method for PVL maintenance is through the mitosis of infected cells [198, 199]. A typ-

ical HTLV-1 AC carries between 104-105 distinct HTLV-1-infected T cell clones, and the

majority of the PVL is made up of low abundance clones [200].
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1.5.2 HTLV-1 proteins

HTLV-1 has a 9-kilobase genome including gag, pol, and env genes present in other

retroviruses (Figure 1.7) [201]. There are several regulatory genes at the 3’ end of the

genome in the pX region that regulate the expression, splicing, and transport of viral

mRNAs [202, 203]. The pX region of the HTLV-1 provirus has six open reading frames:

five on the plus-strand and one on the minus-strand (Figure 1.7). Tax and HTLV-1 basic

leucine zipper factor (HBZ) have essential roles in viral expression and replication, while

p12, p13, and p30 are not essential proteins, and are absent in some naturally occurring

HTLV-1 strains [193].

Figure 1.7: HTLV-1 genome [193]. Figure created using BioRender.

Tax

In addition to playing a key role in HTLV-1 cell-to-cell spread, Tax is a nuclear tran-

scriptional transactivator and is responsible for the transactivation of the proviral plus

strand by recruiting cyclic adenosine monophosphate cAMP response element binding

protein (CREB), transcriptional co-activators CREB binding protein (CBP)/p300, and

chromatic assembly factor 1 to the three Tax response elements in the 5’ long terminal

repeat (LTR) of the HTLV-1 provirus [193]. Tax can activate nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB), and Tax expression correlates with

the upregulation of several genes including IFN-γ, IL-6, IL-15, granulocyte-macrophage

colony-stimulating factor (GM-CSF), and CC motif chemokine ligand (CCL) 22 [204, 205].

Tax has been shown to inhibit DNA repair factors, DNA damage responses, and the chro-

mosome instability checkpoint resulting in genomic instability [193, 206, 207]. Tax is

not persistently expressed, but is expressed in transcriptional bursts [206, 208]. The Tax

transcriptional burst has been shown to have far-reaching effects on the infected host cell

transcriptome, including oncogenic effects, and the impacts on the transcriptome appear
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to vary between clones, indicating that proviral integration site loci may impact the effect

of Tax [209].

HBZ

HBZ is persistently expressed at low levels and acts in the nucleus to downregulate

HTLV-1 transcription [193]. However, the deletion of HBZ in HTLV-1 clones resulted

in lower PVLs in rabbits [210]. Additionally, HBZ is not present in HTLV-2, a closely

related retrovirus, which is associated with lower PVLs than HTLV-1 and no recognized

associated diseases [193]. Both the HBZ protein and mRNA induce cellular proliferation

by an unknown mechanism. HBZ binds and sequesters CREB and CBP/p300 which is

thought to contribute to the downregulation of Tax by HBZ [193]. HBZ promotes cell

immortalizing of HTLV-1-infected cells by stimulating telomerase [211]. Many of the

functions of HBZ oppose the effects of Tax suggesting that HTLV-1 persistence in vivo

depends on a balance between the opposing functions of these two proteins [193].

1.5.3 HTLV-1-associated diseases other than HAM

While the majority of HTLV-1-infected people remain overtly asymptomatic, 2-5%

of HTLV-1 carriers develop ATL and another 2-5% develop chronic inflammatory condi-

tions. However, even in overtly asymptomatic HTLV-1 carriers, HTLV-1-infection results

in a 57% increase in adjusted mortality [212, 213]. Overall, HTLV-1-infected individuals

with higher PVLs are more likely to develop symptomatic disease [193]. In addition to

HAM, HTLV-1 can cause symptomatic inflammatory syndromes such as uveitis, polymy-

ositis, infective dermatitis, sicca syndrome, polyneuropathy, dysautonomia, chronic diffuse

encephalomyelopathy, encephalitis, and cognitive deficits [214]. HTLV-1-infected T cells

have been also shown to invade the lung causing bronchiectasis, bronchitis, or bronchiolitis

[215]. HTLV-1 infection predisposes individuals to certain pathogens such as Mycobac-

terium tuberculosis, Strongyloides stercoralis, Staphylococcus aureus caused dermatitis,

and Sarcoptes scabiei [193]. There are no systematic differences in the genotypes of

HTLV-1 in patients with HAM, ATL, or other HTLV-1-associated diseases and infected

individuals who remain asymptomatic [216, 217], therefore difference in infection outcome

is due to a combination of host and environmental factors [212].
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Adult T cell leukemia

ATL is a malignant disease of the T cells, typically CD4+ T cells, and has four sub-

types: smoldering, chronic, lymphoma, and acute [218]. ATL usually develops in individu-

als that were infected in early childhood and presents between 50-60 years of age [193].

Individuals with PVLs above 4% are far more likely to develop ATL than individuals

with lower PVLs, and have a 20% lifetime risk of ATL [204, 219]. Certain Human leuk-

ocyte antigens class I (HLA-I) and killer immunoglobulin-like receptor (KIR) alleles are

associated with ATL development [220]. However, it is likely that these genes predispose

HTLV-1 carriers to a higher HTLV-1 PVL rather than contribute to ATL pathogenesis as

they are also associated with HAM and other HTLV-1-associated diseases. Males are 1.2

fold more likely to develop ATL than females [193]. The prognosis for aggressive ATL is

very poor with an overall survival rate of less than one year [221]. Favorable chronic and

smoldering sub-types still carry poor long-term prognosis.

Neither HBZ nor Tax are classical oncogenes, however, both are oncogenic and their

proteins cooperate to balance infectivity, proliferation, longevity, and immune evasion

[221]. Tax causes cells to bypass cell-cycle checkpoints, affects DNA damage and repair

responses, and affects the apoptosis pathway, and HBZ alone can cause tumors in trans-

genic mice [222]. HBZ has been also shown to drive host cell proliferation, increase human

telomerase reverse transcriptase (hTERT) transcription, increase genomic instability, and

inhibit apoptosis [223, 224]. The inhibition of DNA damage checkpoints and T cell pro-

liferation may result in the accumulation of mutations with the potential to result in a

malignant transformation after many years. The bulk of the PVL in ACs is made up of

low abundance clones, but at the stage of clinic presentation in ATL, there tends to be a

single dominant clone [89, 225]. Every infected clone has the potential to undergo malig-

nant transformation, and therefore higher PVLs, in combination with other risk factors,

increase the risk of ATL [193].

1.6 HTLV-1-Associated Myelopathy

HAM is an inflammatory disease of the CNS characterized by chronic inflammatory

demyelination that resembles progressive spinal forms of MS. HAM presents with a wide
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range of symptoms but is defined by progressive weakness of lower limbs, lower back pain,

urinary incontinence, bowel dysfunction, and sexual dysfunction [226]. There are limited

treatments that aim to reduce HAM symptoms, but there are no satisfactory treatments

to prevent or reverse disease progression [227]. Immuno-suppressive therapies are often

initiated with variable outcomes and over 50% of patients with HAM are wheelchair-bound

within a decade of disease onset [227, 228, 229]. While not directly life-threatening, HAM

can cause severe disability and life expectancy is significantly reduced [230]. Despite the

higher risk of developing ATL than HAM, the disease burden of HAM is higher due to

its long and progressive course.

1.6.1 HAM risk factors

Age, sex, ethnic background, route of HTLV-1 infection, and PVL have been shown

to influence the risk of developing HAM [193]. The median age of onset is between 50 to

60 years and females are more likely to develop HAM with a 4:1 female to male ratio in

the UK [212, 229, 231]. The disease also seems to progress faster in females than males

[232]. Individuals infected with HTLV-1 through organ donation or blood transfusion

seem to be at an increased risk of developing HAM, and HAM symptoms have a rapid

onset [233, 234].

Different ethnic backgrounds are more predisposed to developing HAM. Individuals

from Afro-Caribbean backgrounds are more likely to develop HAM than individuals from

Japanese backgrounds [231, 235]. A Japanese study found that the lifetime risk of devel-

oping HAM was around 0.25% [235], while North American studies reported a lifetime

risk of 2.4-3.7% [236, 237].

The HTLV-1 PVL is the strongest predictor of developing HTLV-1-associated diseases,

with high PVLs associated with HAM [238, 239, 240, 241]. As previously discussed, an

individual’s PVL remains relatively constant during the chronic phase of infection with

only minor fluctuations. The height of the PVL plateau is determined by the efficacy of

the immune response to HTLV-1, which is affected by host genetics and previous immune

system priming [242]. HAM is rarely diagnosed in individuals with PVLs below 1%, and

the higher the PVL, the higher the incidence of HAM [239, 243]. However, over 50%

of ACs also have PVLs above 1%, therefore only a minority of high PVL ACs go on
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to develop HAM, and patients who go on to develop HAM have high PVLs for decades

before the onset of HAM symptoms [197, 212]. Therefore it is apparent that a high

PVL in isolation is not enough to drive HAM pathogenesis. A HAM-like phenotype has

recently been described in a subset of high PVL ACs which expressed markers of T cell

activation, beta-2 microglobulin (B2M ), and neuronal damage in blood analysis which

identified 88% of patients with HAM and 6% of ACs [244]. These ACs were considered

to have a HAM-like or pre-HAM phenotype, and 10% of these HAM-like ACs went on to

develop HAM within 60 months [244].

The immune response to HTLV-1 helps determine the height of the PVL plateau, and

therefore, in turn, contributes to the risk of developing HAM [243]. HLA-I and II alleles

contribute to the efficacy and efficiency of the T cell response. HLA-A*02 has been shown

to be protective in studies in southern Japan and Brazil [243, 245, 246], however this was

not observed in Peru [247] or in French Afro-Caribbean populations [248]. A Spanish study

found an association between HLA-DRB1*0101 and HLA-B*07 and higher PVLs [249].

In addition to HLA variations, certain single nucleotide polymorphisms (SNPs) have been

associated with HAM. SNPs in the IL-6 promoter (IL6-634C) and TNF promoter(TNF-

963A) were enriched in HTLV-1 carriers with high PVLs [250, 240]. SNPs in the 3’

untranslated region (UTR) of the chemokine stromal cell-derived factor (SDF1+801A)

and IL-15 (IL-15-191C) were found to be protective against high PVLs and HAM [240].

HAM cases have been shown to cluster within families, however, the contribution of

individual genes to this clustering has not been quantified [251]. HAM risk increases due

to a range of complex and interwoven genetic, immunological, and environmental factors.
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1.6.2 Mechanisms of pathogenesis

Figure 1.8: Hypothesized mechanism of HAM pathogenesis. Figured created using BioRender.

The exact mechanism of HAM pathogenesis is not understood. HAM symptoms are

caused by focal inflammatory lesions in the CNS, both in the spinal cord and cerebrum

(Figure 1.8) [252]. It is currently hypothesized that an inefficient initial immune response

to HTLV-1, due in part to certain HLA alleles, results in a high PVL and chronic high

levels of HTLV-1 antigen expression [212, 242, 243]. This results in chronically activated

CD4+ T cells that can invade the CNS more readily than resting T cells as they express

high levels of adhesion molecules, chemokine receptors, and integrins that allow them

to cross the BBB [253, 254, 255, 256, 257, 258]. It has been shown that CD4+ T cells

predominate in early HAM lesions, while CD8+ T cells predominate in older HAM lesions

[158, 259]. CD4+ T cells are thought to enter the CNS from areas of circulation where the

blood flow rate is low [260]. Tax and HBZ upregulate activated leukocyte cell adhesion

molecule (ALCAM) and intercellular adhesion molecule 1 (ICAM-1), respectively, which

may also facilitate the entry of HTLV-1-infected cells into the CNS [261, 262, 263]. Ac-

tivated and/or infected CD4+ T cells in the CNS persistently secrete pro-inflammatory

cytokines such as IFN-γ and TNF-α which are neurotoxic at high concentrations and can

cause bystander damage [156, 157, 158, 264, 265]. IFN-γ also regulates the passage of

leukocytes into the CNS and there is a strong upregulation of ISGs in the PBMCs of pa-

tients with HAM, with the intensity of the IFN signature correlated with disease severity
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[266, 267]. A positive inflammatory feedback loop recruits more CD4+ and CD8+ T cells

to the CNS resulting in the loss of surrounding neurons and demyelination, eventually

resulting in focal inflammatory lesions in the CNS [158, 252, 268, 269]. Over time the

inflammation results in the loss of spinal cord volume and disease progression [270].

It is currently hypothesized that the majority of the damage to the CNS is caused by

bystander damage as there currently is no evidence for direct T cell or antibody-mediated

damage to the CNS. Anti-Tax antibodies are not present in all individuals with HAM,

and anti-heterogeneous nuclear ribonuclear protein A1 (hnRNP-A1) antibodies, which are

elevated in the cerebrospinal fluid (CSF) of patients with MS, are not elevated in patients

with HAM [271]. However, cross-reactive T cells or antibodies specific for proteins other

than Tax have not been thoroughly investigated.

There is no in vivo evidence that CNS cells are readily infected with HTLV-1 and the

majority of the infected cells in the CNS of patients with HAM are invading lymphocytes

[193, 272]. However, cells of the CNS are still likely to be involved in HAM patho-

genesis. Microglia are the macrophages of the CNS and play essential roles in immune

surveillance, maintaining tissue homeostasis, synaptic pruning, neuroinflammation regu-

lation, and response to injury or infection in the CNS [273]. Very little work has been

done to elucidate the potential role of microglia in HAM pathogenesis, however, as the

main APC in the brain, they would play a key role in re-activating HTLV-1-specific T

cells in the CNS. Furthermore, Th1 cytokines have been shown to activate and induce

proinflammatory microglia in EAE with the capacity to drive further neuroinflammation

[274, 275]. Activated proinflammatory microglia induce neurotoxic reactive A1 astrocytes

by secreting IL-1α, TNF, and complement component 1q (C1q) [276]. Astrocytes are the

most abundant glial cells in the CNS, and support and regulate the activities of neur-

ons including synaptic signaling, neurotransmitter uptake, and maintenance of the BBB

[277]. HTLV-1 infected CD4+ T cells, soluble recombinant TNF, and Tax, each have

been shown to impair the catabolism and uptake of the neurotransmitter glutamate in

astrocytes by decreasing the expression of glutamate aspartate transporter (GLAST) and

glutamate transporter 1 (GLT-1) [278]. Impairing the ability of astrocytes to regulate

CNS glutamate levels heavily impacts neuronal and oligodendrocytic functions and sur-

vival [278]. Inflammatory astrocytes have also been shown to be key players in amplifying

CNS inflammation in MS [277]. Highly proinflammatory and neurotoxic astrocytes, char-
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acterized by increased GM-CSF signaling, NF-κB activation, and inducible nitric oxide

synthase (iNOS) expression have been identified in EAE and post-mortem brain samples

from MS patients [279]. Astrocytes also have the potential to recruit more T cells to the

CNS by expressing high levels of chemokine IFN-γ inducible protein 10 kDa (CXCL10)

in response to IFN-γ secreted by CD4+ T cells [280]. CXCL9, CXCL10, and CXCL11

bind CXCR3 to elicit migration of CXCR3-expressing cells, such as activated Th1 CD4+

T cells and CD8+ T cells, and have been shown to activate peripheral immune cells, mi-

croglia and CNS resident macrophages during brain injury to direct them to the lesion

site [281, 282, 283, 284, 285, 286]. CXCL9 and CXCL10 are upregulated in the CSF of

patients with HAM relative to MS patients who have significantly higher levels relative

to healthy controls, however, the source of the CXCL10 in patients with HAM has not

been identified [287]. While microglia, astrocytes, and other glial cells can drive neuroin-

flammation, to date, very few studies have explored the contribution of glial cells and/or

T cell-glial interactions to HAM pathogenesis [288]. While many factors contributing to

HAM pathology have been identified, including PVL and HLA genotypes, the underly-

ing mechanisms of HAM pathogenesis driven by both T cells and glial cells are still not

understood.

1.7 Immune responses to HTLV-1

1.7.1 Innate immune response

There has been relatively little work done on the innate immune response to HTLV-1.

It has been suggested that dendritic cells are important in the early stages of infection

due to their ability to endocytose infected cells and viruses [195]. HTLV-1 DNA has

been detected in myeloid cells such as monocytes and dendritic cells in vitro and in vivo,

however the HTLV-1 DNA may simply be present due to the phagocytosis of infected cell

debris [195, 289, 290]. Proviral DNA detected in non-T cell populations is very low [193].

HTLV-1 has been shown to infect HSCs, and more than 40% of HTLV-1-infected B cells,

monocytes, and neutrophils shared an integration site with a T cell [291].

IFN-I plays an important role in the HTLV-1 immune response and there is impaired

IFN-I production in the dendritic cells of ATL patients [292, 293, 294]. IFN-I has been
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shown to reduce HTLV-1 replication, and the addition of IFN-I may overcome some of the

effects induced by Tax expression [295]. Tax has been shown to inhibit TANK-binding

kinase 1 (TBK1) phosphorylation of interferon regulatory factor 3 (IRF3) which is required

for the transcription of ISGs and blunting the innate immune response [296].

The role of other innate immune cells such as NK cells or monocytes in HTLV-1

infection is unclear [193]. Several groups have reported decreased circulation of NK T-

like cells in HTLV-1 carriers and the reduction was more severe with increased PVLs

[296, 297]. Increased frequencies of aggregated monocytes have been reported in patients

with HAM relative to ACs which may indicate more monocyte activation, however, the

physiological significance of this is not clear [298]. Overall, the innate immune response

to HTLV-1 remains relatively poorly characterized.

1.7.2 Adaptive immune response

The majority of the work studying the adaptive immune response to HTLV-1 has

focused on CD8+ T cells [193]. Given the chronic and dynamic nature of HTLV-1 infection,

the efficacy of the T cell response cannot be inferred from the frequency of HTLV-1-specific

T cells, as a highly efficient T cell response may be carried out by a small number of highly

effective T cells [242, 299].

CD4+ T Cell Response

Despite carrying 95% of the HTLV-1 PVL and playing a central role in effective cellular

and humoral immune responses, our understanding of the CD4+ T cell response to HTLV-

1 remains limited as it has been a major challenge to study HTLV-1-specific CD4+ T

cells. The two main studies that have started characterizing HTLV-1-specific CD4+ T

cells used IFN-γ expression after stimulation with an HTLV-1 peptide library as a marker

for HTLV-1-specificity [300, 301]. Given that HTLV-1-infected cells spontaneously secrete

proinflammatory cytokines including IFN-γ and TNF after 6 h in culture, ex vivo CD4+

T cell stimulation experiments were limited to under 6 h [294, 302, 303]. The majority

of HTLV-1-specific IFN-γ+ CD4+ T cells were not infected with HTLV-1, but HTLV-1-

specific CD4+ T cells were infected at higher rates than non-HTLV-1-specific CD4+ T cells

[301]. Patients with HAM had on average a 25-fold greater frequency of HTLV-1-specific
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IFN-γ+ CD4+ T relative to ACs, however, the ACs in the study had a significantly lower

PVL than patients with HAM [301]. Most of the HTLV-1 immunodominant antigens for

CD4+ T cells are within the HTLV-1 envelope protein [301]. These studies also showed

that CD4+ T cells from ACs secreted more IL-4 indicating more of a Th2 phenotype and

patients with HAM secreted more IFN-γ indicating more of a Th1 phenotype [300, 301].

However, the ACs and patients with HAM in these studies were not matched by PVL,

and therefore the Th1 phenotype could simply be associated with an increased PVL and

Th2 with a lower PVL.

HTLV-1-infected individuals have a higher proportion of Foxp3+ CD4+ T cells relative

to uninfected individuals [304]. It is unclear whether HTLV-1 preferentially infects Foxp3+

cells or induces Foxp3 expression in infected cells [304]. It is also unclear whether these

infected Foxp3+ infected cells have suppressive Treg functions [305]. Furthermore, Tax

induces CD4+ T cells to produce CCL22 which maintains a high frequency of Tregs which

may impair the quality of the HTLV-1 specific T cell response [306].

CD4+ T cells are key drivers of neuroinflammation during HAM pathogenesis given

that CD4+ T cells carry 95% of the HTLV-1 PVL, predominate in early HAM lesions,

and both HTLV-1-infected and HTLV-1-specific CD4+ T cells secrete high levels of pro-

inflammatory cytokines [212]. However, despite the clear involvement of CD4+ T cells in

HAM pathogenesis, their phenotype and functionality remain relatively uncharacterized.

CD8+ T Cell Response

Most of the work characterizing the T cell response to HTLV-1 has focused on CD8+

T cells [193]. The importance of CD8+ T cells to the HTLV-1 immune response is demon-

strated by protective HLA-I alleles [243, 245, 246]. HLA-I alleles determine the identity

and number of HTLV-1 antigens presented to CD8+ T cells, and therefore shape the speed

and quality of the CD8+ T cell response [307]. The HLA-A*02 allele was found to be

protective as it binds several Tax epitopes unusually strongly [243]. This is thought to

be protective because Tax is one of the first viral proteins to be expressed after de novo

infection, allowing individuals with this allele to induce a CD8+ T cell response more

quickly [243]. The majority of immunodominant antigens for HTLV-1-specific CD8+ T

cells are within the Tax sequence [308]. However, a robust HBZ-specific CD8+ T cell

response is required for efficient viral control [307, 309, 310]. This may be due to the per-
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sistent expression of HBZ, while Tax is only expressed sporadically [311]. HLA-I alleles

which present a high frequency and diversity of HBZ epitopes were found to be protective

against the development of high PVLs [309]. In addition to HLA alleles, KIR genotypes

have been also shown to influence the CD8+ T cell immune response to HTLV-1. KIRs

are found on around 50% of NK cells and 5% of CD8+ T cells [193]. KIR2DL2 is an inhib-

itory KIR that has been shown to reduce activation-induced cell death possibly helping

maintain CD8+ T cell memory populations during chronic viral infections [312]. By in-

creasing the lifespan of HTLV-1-specific CD8+ T cells, KIR2DL2 is through to enhance

both protective or dysfunctional CD8+ T cells responses to chronic viral infections [311].

Previous studies reported an increased frequency of HTLV-1-specific CD8+ T cells in

patients with HAM and that their frequency was correlated with disease severity, leading

to the suggestion that HTLV-1–specific CD8+ T cells are the main subset of pathogenic

lymphocytes in HAM [299, 313]. However, the correlation was not statistically significant

and the patients with HAM in these studies had a significantly higher PVL relative to

the AC group. Overall the frequency of HLTV-1-specific CD8+ T cells increased with

PVL, indicating a less efficient CD8+ T cell response as PVL increased [299, 313]. Other

than assessing the frequency and immunodominant antigens of HTLV-1-specific CD8+ T

cells, the HTLV-1-specific CD8+ T cell population, like the HTLV-1-specific CD4+ T cell

population, remains relatively uncharacterized.

44



1.8. Antigen-specific T cells

1.8 Antigen-specific T cells

Virus-specific CD4+ and CD8+ T cell responses are essential during acute and chronic

viral infections. While the quality of the HTLV-1-CD8+ T cell response has been shown to

directly impact the HTLV-1 PVL, the impact of the HTLV-1-specific CD4+ T cell response

is less clear. During HCV infection, an early, robust, and multi-specific CD4+ T cell

response is associated with viral clearance, while a weak or absent response is associated

with HCV establishment [314, 315]. In people with HIV that progress quickly to acquired

immune deficiency syndrome (AIDS), chronic progressors, the HIV-specific CD4+ T cells

tend toward a Tfh cell profile [316], while in people spontaneously controlling the virus,

elite controllers, HIV-specific CD4+ T cells express diverse phenotypes [316, 317, 318]. As

chronic HIV and HCV infection persists, the CD4+ T cell repertoire shifts from Th1 to Tfh

for both antigen-specific and non-specific CD4+ T cells [319]. This may protect the host

from Th1-driven immunopathology. Overall both CD4+ and CD8+ T cell dysfunction is

common during chronic viral infections and includes T cell exhaustion, antigen-specific T

cells lacking a range of phenotypes, cross-reactive or auto-reactive T cells, CD4+ T cell

dysfunction in B cell help or CD8+ T cell help, differences in TCR avidity, and simply

the inability to promote viral clearance [316, 319, 320, 321, 322].

1.8.1 Identifying antigen-specific T cells

Earlier methods used to study antigen-specific T cells included the isolation of cytokine-

producing cells after stimulation with antigen or the use of peptide-MHC multimers [323].

MHC multimers are MHC oligomers that are known to present a specific antigen. Usable

peptide MHC-multimers for HTLV-1 are rare as immunodominant peptides and MHC

alleles first need to be characterized and then manufactured. Goon et al. 2004 and Goon

et al. 2002 identified HTLV-1-specific CD4+ T cells based on IFN-γ expression after

stimulation with an HTLV-1 peptide library [300, 301]. These studies provided the first

insights into HTLV-1-specific CD4+ T cells. Previous studies on HTLV-1-specific CD8+

T cells also IFN-γ secretion after stimulation or used HTLV-1 Tax11-19/HLA-A*0201

tetramers to identify HTLV-1-specific CD8+ T cells. However, using IFN-γ as a marker

for HTLV-1-specificity or using specific tetramers will have biased the population of cells
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studied and is unlikely to have captured the diversity of HTLV-1 epitopes, TCR receptors,

cytokines produced, frequency of cells, and T cell phenotypes.

More recent techniques rely on the upregulation of surface activation induced mark-

ers (AIMs) on antigen-specific CD4+ and CD8+ T cells after stimulation with the antigen

[324]. Upregulated AIMs include CD25, CD69, CD27, and CD71, however, these AIMs

lack specificity as they are sometimes expressed on some specialized T cell subsets in-

dependent of TCR activation [325, 326, 327]. CD154 is only expressed on the surface

of activated CD4+ T cells after direct TCR stimulation by antigen [69, 324]. CD154 is

internalized after binding CD40 on the surface of APCs and B cells, but this can be in-

hibited with the addition of a CD40 antibody which prevents CD40-CD154 interactions

[324, 328]. With the addition of this antibody, the expression of CD154 peaks 6 h after

antigen stimulation and then remains expressed at high levels for 24 h [324]. Antigen-

specific CD8+ T cells upregulate CD137 after stimulation with antigen [329]. CD137 is

often used in conjunction with CD69 to identify antigen-specific CD8+ T cells [329]. The

use of CD154 for CD4+ T cells and CD137 and CD69 for CD8+ T cells allows direct

access to antigen-specific T cells from an unrestricted pool of epitopes, phenotypes and

TCR sequences [127, 316, 320, 323, 329].
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1.9 Hypothesis and Aims of the PhD

As outlined in the introduction, significant gaps persist in our understanding of the

immune response to HTLV-1, particularly regarding T cell responses during HTLV-1

infection, as well as the role of T cells in driving neuroinflammation and the pathogenesis

of HAM. T cells are the main target of HTLV-1 infection and predominante in the CNS

lesions of patients with HAM, suggesting their involvement in driving HAM pathogenesis.

Activated CD4+ T cells appear to infiltrate the CNS first and recruit more CD8+ T cells to

the CNS lesions over time. The overarching hypothesis tested in this PhD is that HTLV-1-

specific T cells in patients with HAM are phenotypically and functionally distinct relative

to ACs, and T cell dysfunction drives HAM pathogenesis. T cell dysfunction includes the

inability of T cells to maintain a low PVL during HTLV-1 infection, T cell exhaustion, an

enhanced migratory capacity, and the direct contribution of T cells to CNS inflammation

and pathology.

The overall aim of this work is to deeply characterize HTLV-1-specific T cell responses

in different groups of HTLV-1 carriers and uninfected controls (UCs). The four main aims

of this PhD are as follows:

1. Deep phenotypic and functional characterization of HTLV-1-specific CD4+ and

CD8+ T cells from UCs, AC lPVL, AC hPVL, and patients with HAM to identify

differences in phenotype associated with different HTLV-1 infection outcomes.

2. Analysis of the interaction of HTLV-1-specific CD4+ T cells and CD8+ T cells with

cells from the CNS (e.g. astrocytes and microglia) to determine whether HTLV-

1-specific cells from ACs and patients with HAM modulate the function, viability,

and phenotype of glial cells differently.

3. Analysis of the whole genome transcriptional signature of HTLV-1-specific CD4+

T cells from UCs, AC lPVL, AC hPVL, and patients with HAM to demonstrate

distinct profiles associated with the different HTLV-1 infection outcomes.

4. Characterization of CD4+CD8+ DP T cells in HTLV-1-infected individuals to ex-

amine the role DP T cells may play in HTLV-1 infection, anti-HTLV-1 immunity,

inflammation, and HAM pathogenesis.
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This thesis has been organized into three results chapters with the first chapter

focusing on CD4+ T cells, the second on CD8+ T cells, and the third chapter on

CD4+CD8+ DP T cells in HTLV-1 infection.
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2
Materials and Methods

2.1 Participants, study design, and clinical data col-

lection

HTLV-1-infected individuals are ACs and patients with HAM attending the National

Centre for Human Retrovirology, Imperial College Healthcare NHS Trust, at St Mary’s

Hospital. Blood samples were obtained through the Communicable Diseases Research

Tissue Bank (NRES ID: 20/SC/0226). HTLV-1 infection was diagnosed using a com-

mercially available enzyme-linked immunosorbent assay (ELISA) and confirmed using

Western blot (Genelabs HTLV 2.4, Singapore) according to the manufacturer’s instruc-

tions. This was undertaken by the Virus Reference Division of Public Health England.

The diagnosis of HAM was made using the World Health Organization (WHO) criteria.

Uninfected volunteers were Imperial College staff and all participants provided informed

consent for blood donation. Patients with HAM had not been on HAM treatment for at

least 3 months before blood donation.

In this work, HTLV-1 carriers were divided into 3 groups: ACs with a PVL below 3%

(AC low PVL (AC lPVL)), ACs with a PVL above 3% (AC high PVL (AC hPVL)), and

patients with HAM not on treatment (HAM). The 3% cut-off was chosen to match the
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PVL of the AC hPVL to patients with HAM (Table 2.1). This allowed for comparisons

of T cell responses based on disease status while controlling for differences in PVL. By

making comparisons between AC lPVL and AC hPVL, I was able to gain insights into

differences in the T cell responses between AC lPVL and AC hPVL, gaining a deeper un-

derstanding of the factors that allow for effective HTLV-1 control. Comparisons between

AC hPVL and patients with HAM allowed me to identify T cell phenotypes, molecules,

and signaling pathways that are associated with the transition from AC to HAM provid-

ing insight into the pathophysiology of the demyelinating disease and could allow for the

identification of novel targets for HAM treatment. UCs, AC lPVL, AC hPVL, and HAM

groups were matched on biological sex (Table 2.1). Patients with HAM were significantly

older than ACs, however, the mean age of the AC hPVL group was 54.0 which is older

than the mean age of HAM onset [193].

Table 2.1: Participant Characteristics

Category UC AC lPVL AC hPVL HAM

Participant Number 28 35 24 14

Age (years) - mean, range 43.6, 24-68 53.9, 24-79 54.0, 27-81 66.4, 52-88

Sex- Number, Percentage

Male 7, 25% 8, 23% 6, 27% 3, 27%

Female 21, 75% 27, 77% 22, 73% 11, 73%

PVL (% of PBMCs) - mean, range NA 0.65, Undetected-2.92 9.65, 3.16-22.89 12.62, 3.51-53.12

2.2 Cell isolation, storage, and thawing

Peripheral blood was collected in sodium heparin tubes and the PBMCs were isolated

immediately after blood draw by Ficoll Hypaque gradient. The PBMC layer was collected,

washed with phosphate buffered saline (PBS), and re-suspended at 20 million cells/mL in

fetal calf serum (FBS) supplemented with 10% dimethyl sulfoxide (DMSO) and stored at

-150◦C. For PBMC thawing, vials were thawed in a pre-warmed water bath at 37◦C and

immediately transferred to a 15 mL falcon tube where 5 mL of warm RPMI 1640 media

supplemented with 2 mM L-Glutamine (GIBCO, 25030-024), 5% human serum (HS), 100

50



2.3. Generation of virus stocks

µg/mL Penicillin and Streptomycin (GIBCO, 15140-122) at 37◦C were added drop by

drop. The PBMCs were subsequently centrifuged for 10 minutes (min) at 300 x g and

resuspended in warm media at 20 million cells/mL.

2.3 Generation of virus stocks

The HTLV-1-producing MT-2 cell line was plated in complete T cell media (RPMI

1640 media (Gibco, 21875-034) supplemented with 5% HS, 10 mM Hepes buffer solution

(GIBCO, 15630-056), 1 x nonessential amino acids (GIBCO, 11140), 1 mM sodium pyr-

uvate (GIBCO, 11360-070), 2 mM L-Glutamine (GIBCO, 25030-024), and 100 µg/mL

Penicillin and Streptomycin (GIBCO, 15140-122)) at 0.3 million cells/mL. The cells were

incubated for 7 days at 37◦C. The cell culture media containing the HTLV-1 virions was

collected and centrifuged for 15 min at 400 x g to remove large debris. 3 volumes of

supernatant were mixed with 1 volume of Lenti-X concentrator (TakaraBio, 631231) and

incubated at 4◦C for 24 h followed by centrifugation at 1500 x g for 45 min at 4◦C.

The pellet was resuspended in 1/100th the initial volume of PBS and heat-inactivated

by incubation at 56◦C for 4 hours, aliquoted, and stored at -80◦C. The concentration of

HTLV-1 p19 was quantified before heat-inactivation using a p19 ELISA kit (ZeptoMetrix,

080116).

2.4 Ex vivo stimulation assays

PBMCs were thawed and rested for 2 h in complete T cell media. PBMCs were then

stimulated for 12-20 h at 10 million cells/mL with a control or heat-inactivated HTLV-1

at a concentration of 0.92µg/mL p19, 1 µg/mL anti-CD40 (Miltenyi Biotec, 130-094-

133) and 1 µg/mL anti-CD28 (Miltenyi Biotec, 130-093-975). The vehicle-stimulated

control contained all the same reagents as the heat-inactivated HTLV-1, including com-

plete T cell media that had been concentrated using the same method to produce the

HTLV-1 viral stocks. For 12 h stimulations with intracellular stainings other than Tax,

3µg/mL GolgiStopTM (BD Biosciences, 554724) and 1µg/mL GolgiPlugTM (BD Bios-

ciences, 555029) were added to the cultures 9 h after the start of the stimulation for

an additional 3 h. For 20 h stimulations with intracellular stainings other than Tax,
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3µg/mL GolgiStopTM (BD Biosciences, 554724) and 1µg/mL GolgiPlugTM (BD Bios-

ciences, 555029) were added to the cultures 11 h after the start of the stimulation for an

additional 9 h.

For phorbol 12-myristate 13-acetate (PMA) and ionomycin stimulation experiments,

PBMCs were rested for 2 h and then stimulated with 50ng/mL PMA, 250ng/mL iono-

mycin, 3µg/mL GolgiStopTM (BD Biosciences, 554724) and 1µg/mL GolgiPlugTM (BD

Biosciences, 555029) for 4 h.

2.5 Cell staining for flow cytometry

For ex vivo stainings, PBMCs were thawed and rested for 2 h at 37◦C in antigen-

specific T cell enrichment (ARTE) media (RPMI 1640 media supplemented with 2 mM

L-Glutamine, 5% HS, 100 µg/mL Penicillin and Streptomycin (GIBCO, 15140-122)) at

20 million cells/mL. For ex vivo phenotypic characterization, 5x105-2x106 PBMCs were

immediately stained after resting. For all stimulation experiments, cells were stained

immediately after stimulation.

For all stainings, cells were stained with LIVE/DEAD Fixable Dead Cell Dyes (Thermo

Fisher Scientific, L23105) according to the manufacturer’s specifications. A Fc receptor

(FcR) blocking step was performed using FcR Blocking Reagent Human (Miltenyi Biotec,

130-059-901) before cell surface antibody staining. The antibodies used in the cell surface

staining are shown in Table 2.2. Cells were subsequently fixed using the Foxp3 staining

buffer kit (Invitrogen, 00-5523-00) following the manufacturer’s specifications. Cells were

stained intracellularly after fixation. The antibodies used for intracellular staining are

shown in Table 2.3. Intracellular staining was performed using the Foxp3 staining buffer

kit. Following the staining, cells were resuspended in PBS for analysis on the flow cyto-

meter. For samples where the number of cells were counted to determine absolute cell

counts in a sample, the CountBrightTM Absolute Counting Beads (Invitrogen, C36950)

were added to the sample before running on the Fortessa (BD Biosciences).
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Table 2.2: Cell Surface Antibodies

Target Clone Company

CCR7 3D12 eBioscience

CD127 hIL-7R-M21 BD

CD137 4B4-1 Biolegend

CD154 24-31 Invitrogen

CD25 M-A251 Biolegend

CD27 0323 Biolegend

CD3 UCHT1 Biolegend

CD4 RPA-4 Biolegend and BD

CD40 5C3 Biolegend

CD45RA HI100 BD

CD49d 9F10 Biolegend

CD69 FN50 Invitrogen

CD8 SK1 Biolegend and BD

CD80 2D10 Biolegend

CD86 BU63 Biolegend

CXCR3 1C6/CXCR3 BD

CXCR3 G025H7 Biolegend

HLA-DR L243 Biolegend

IL17RA BG/hIL17AR Biolegend

LAG-3 11C3C65 Biolegend

NKG2A 131411 R&D Systems

NKG2D 1D11 Biolegend

panKIR HP-MA4 Invitrogen

PD-1 MIH4 BD

PD-1 EG12.2H7 Biolegend

Tim-3 F38-2E2 Invitrogen

TIGIT MBSA43 Invitrogen
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Table 2.3: Intracellular Antibodies

Target Clone Company

BDNF REA358 Miltenyi

C1q JL-1 Invitrogen

C3 3E7/C3b Biolegend

CXCL10 J034D6 Biolegend

EOMES WD1928 eBioscience

Foxp3 PCH 101 Invitrogen

GATA3 TWAJ Biolegend

GM-CSF BVD2-21C11 Biolegend

Granzyme B GB11 BD

IFN-γ 4S.B3 Biolegend

IL-10 JES3-19F1 Biolegend

IL-10 JES3-9DF Biolegend

IL-1a 364-3B3-14 Biolegend

IL-13 JES10-5A2 Biolegend

IL-17A TC11-18H10.1 Biolegend

IL-17A BL168 Biolegend

IL-17F SHLR17 eBioscience

IL-2 MQ1-17H12 BD

IL-21 eBio3A3-N2 Invitrogen

IL-22 22URTI eBioscience

IL-6 MQ2-13A5 Biolegend

iNOS REA451 Miltenyi

Ki67 B56 BD

ROR-γt Q21-559 BD Pharmingen

SEMA4A 5E3 Invitrogen

T-bet 4B10 Invitrogen

Tax LT-4 Prof. Tanaka, Ryukyus University

ThPOK 11H11A14 Biolegend

TNF Mab11 Biolegend

RunX3 R3-5GH Invitrogen
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2.6 Flow cytometry data analysis, dimensionality re-

duction, and clustering

All samples were run on a Fortessa instrument (BD Biosciences) and analyzed using

FlowJo v.10 (BD Biosciences).

2.6.1 Chapter 4: CD8+ T cells in HTLV-1- Infection

To make comparisons between HTLV-1-specific CD8+ T cells in AC hPVL and patients

with HAM, dimensionality reduction and t-distributed Stochastic Neighbor Embedding

(tSNE) plots were obtained by downsampling 10 AC hPVL and 10 patients with HAM

samples to 145 HTLV-1-specific CD8+ T cells per sample, and the concatenated sample

was used to calculate tSNE axes using 1,000 iterations, perplexity of 30, and the default

learning rate (203). The following compensated parameters were included in the tSNE

analysis: T-cell immunoglobulin and mucin-domain containing-3 (Tim-3), Foxp3, CD127,

programmed cell death protein 1 (PD-1), and CD25.

2.6.2 Chapter 5: CD4+CD8+ T cells in HTLV-1- Infection

To make comparisons between CD4+, CD8+ and DP T cells ex vivo, dimensionality

reduction and tSNE plots were obtained by downsampling 14 AC lPVL and 14 AC hPVL

samples to 416 events per T cell population per sample, and the concatenated sample

was used to calculate tSNE axes using 1,000 iterations, perplexity of 30 and the default

learning rate (2446). The following compensated parameters were included in the tSNE

analysis: Tim-3, CD45RA, CD27, Foxp3, PD-1, CCR7, TIGIT, CD25, CD127. To make

comparisons between the DP T cell populations in UCs and HTLV-1-infected groups,

dimensionality reduction and tSNE plots were obtained by downsampling 11 samples per

group (UC, AC lPVL, AC hPVL, HAM) to 523 events per sample, and the concatenated

sample was used to calculate tSNE axes using 1,000 iterations, perplexity of 30 and the

default learning rate (1610). To obtain cell clusters, I used the Phenograph plugin in

FlowJo, with k=137 and the following compensated parameters: CD154, CD25, Tim-3,

CD137, CD69, Foxp3, PD-1, and CD127.
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2.7 Glial-T cell co-cultures

2.7.1 Astrocyte and microglia cell line cultures

The microglia cell line HMC3 (CRL-3304, ATCC) was cultured in complete microglia

media (EMEM media (Sigma-Aldrich, M5650-500ML) supplemented with 10% FBS, 1

mM sodium pyruvate (GIBCO, 11360-070), 2 mM L-Glutamine (GIBCO, 25030-024), and

100 µg/mL Penicillin and Streptomycin (GIBCO, 15140-122)). Cultures were established

between 1 x 104 and 4 x 104 cells/cm2 and maintained between 1 x 104 and 2 x 105

cells/cm2, split 1:4 when necessary, and the media renewed 2-3 times per week.

The astrocyte cell line CCF-STTG1 (CRL-1718, ATCC) was cultured in complete as-

trocyte media (RPMI 1640 media (Gibco, 21875034) supplemented with 10% FBS, 10 mM

Hepes buffer solution (GIBCO, 15630-056), 1 mM sodium pyruvate (GIBCO, 11360-070),

2 mM L-Glutamine (GIBCO, 25030-024), and 100 µg/mL Penicillin and Streptomycin

(GIBCO, 15140-122)). Cultures were established between 1 x 104 and 4 x 104 cells/cm2

and maintained between 1 x 104 and 2 x 105 cells/cm2, split 1:4 when necessary, and the

media renewed 3 times per week.

Both cell lines were cultured at 37 ◦C and 5% CO2. When splitting the cultures, 1-3

mL/ 75 cm2 of Trypsin-EDTA (0.25%) (Gibco, 11570626) was added to the flasks for 15

min to detach the cells from the culture vessels when required.

2.7.2 Sorting HTLV-1-specific and non-specific T cells

Thawed PBMCs were rested and stimulated with heat-inactivated HTLV-1 for 12

h as previously described (section 2.4). PBMCs were stained as previously described,

in Section 2.5, for CD3 (UCHT1, Biolegend), CD4 (RPA-4, Biolegend, BD), CD8 (SK1,

Biolegend, BD), CD154 (32-31, Invitrogen), CD137 (4B4-1, Biolegend), and CD69 (FN50,

Invitrogen). PBMCs were sorted in complete T cell media at 30 million cells/mL, and

propidium iodide (PI) was added to samples before sorting to exclude dead cells. The fol-

lowing gating strategy was used to sort HTLV-1-specific and non-specific T cells: lympho-

cyte gating based on size and granularity based on FSC versus (vs.) SSC, single cells based

on FSC-A vs. FSC-H, and live cells (cells negative for PI, Figure 2.1). HTLV-1-specific

CD4+ T cells were CD3+CD4+CD8-CD154+, HTLV-1-non specific CD4+ T cells were
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CD3+CD4+CD8-CD154-, HTLV-1-specific CD8+ T cells were CD3+CD4-CD8+CD69+CD137+,

and non-HTLV-1-specific CD8+ T cells were CD3+CD4-CD8+CD69-CD137- (Figure 2.1).

Post-sort purity was determined in all samples by flow cytometry and was above 97% in

all samples.

Figure 2.1: Gating strategy for sorting HTLV-1-specific and non-specific T cells. Total
PBMCs were stimulated with heat-inactivated for 12 h and HTLV-1-specific T cells were identified as
CD154+ for CD4+ T cells, and CD69+CD137+ for CD8+ T cells [127, 316, 320, 323, 329].

2.7.3 Expansion of primary T cell lines

After the T cells were sorted, up to 100,000 T cells were plated in a 96-round bottom

plate with 50,000 autologous irradiated PBMCs (30 gray), 20 U/mL IL-2, 30 ng/mL

anti-CD3 (clone Hit3a, BD) and 30 ng/mL anti-CD28 (clone 28.2, BD) in CST media:

CSTTM OpTimizerTM T cell Expansion SFM (Gibco, A1048501) supplemented with 2

mM L-Glutamine and 1 x Penicillin and Streptomycin. T cell populations were expanded

for 15 days, the media was changed every 2-3 days, and the cells split when necessary.

After 15 days, T cell lines were washed to remove soluble anti-CD3 and IL-2 and left to

rest for 48 h in 200 µL CST media.

2.7.4 Glial cell-T cell co-cultures

On day 16 of the T cell expansion, 24 h after the T cells were washed, astrocytes

and microglia were plated at 10,000 cells per well in 100 µl in a flat-bottomed 96-well

57



2.8. HTLV-1 infection of sorted T cell populations

plate (Corning, 10695951) in their respective media and left overnight to adhere to the

plates. On day 17 of the T cell expansion, T cells were counted and 5000 cells were added

per well to the astrocytes or microglia in the respective cell culture medias. T cells were

stimulated with 1 µg/mL anti-CD3 (clone Hit3a) and 1 µg/mL anti-CD28 (clone 28.2) in

a total volume of 200 µl per well. Cells were left in co-culture for 48 h.

2.7.5 Glial cell staining for flow

After 48 h, T cells were removed from the wells, and the adhesive glial cells were

washed once with PBS. The T cells were stained and fixed for flow cytometry as previously

described in Section 2.5. The glial cells were detached from the plate using 30 µl Accutase

(Thermo, 00-4555-56) per well for 15 min. Astrocytes and microglia were stained with

Annexin V (Biolegend, 640918) following the manufacturer’s specifications. The glial cells

were stained and fixed as previously described in Section 2.5. Astrocytes and microglia

were identified by flow cytometry as CD3- cells (Figure 2.2).

Figure 2.2: Gating strategy for identifying glial cells. After glial cells were co-cultured with T
cells, the T cells were removed and the glial cells were washed with PBS and stained. Glial cells were
identified as CD3-.

2.8 HTLV-1 infection of sorted T cell populations

2.8.1 Sorting CD4+, CD8+, DP, and DN T cells for HTLV-1-

infection

Fresh PBMCs were stained immediately after PBMCs isolation for CD3 (UCHT1,

Biolegend), CD4 (RPA-4, Biolegend, BD), and CD8 (SK1, Biolegend, BD). Samples were

kept on ice at 30 million cells/mL in complete T cell media and sorted cold. 1 µg/mL
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PI was added to the cells before the start of the sort to identify dead and dying cells.

The following gating strategy was used to sort CD4+ SP, CD8+ SP, DP, and DN T

cells: lymphocyte gating based on size and granularity based on forward scatter (FSC)

vs. side scatter (SSC), single cells based on FSC-A vs. FSC-H, and live cells (cells

negative for PI, Figure 2.3). CD4 SP T cells were CD3+CD4+CD8-, CD8 SP T cells were

CD3+CD4-CD8+, DP T cells were CD3+CD4+CD8+, and DN cells were CD3+CD4-CD8-

(Figure 2.3). Post-sort purity was determined in all samples by flow cytometry and was

above 95% in all samples.

Figure 2.3: Gating strategy for sorting CD4+ SP, CD8+ SP, DP, and DN T cells from total
PBMCs.

2.8.2 HTLV-1-infection of primary T cells

MT-2 and Jurkat cells (JKT) cells were cultured for at least 2 weeks before using them

for experiments. MT-2 or JKT cells were plated at 0.3 million cells/mL in complete T

cell media and split once a week until use. Fresh PBMCs from uninfected donors were

sorted into CD4+ SP, CD8+ SP, DP, and DN T cell populations. For T cells co-cultured

with MT-2 cells and the HIV integrase inhibitor raltegravir, the sorted T cells were pre-

treated with 10 µM raltegravir in complete T cell media for 2 h before the addition of

MT-2 cells. The sorted T cells were co-cultured with either MT-2 or JKT cells at a 5:1

ratio (T cell:MT-2/JKT) at 1 million cells/ mL in complete T cell media supplemented

with 20 U IL-2, and for the raltegravir co-culture samples, with 10 µM raltegravir. MT-2

and JKT cells had been irradiated with 400 gray to inhibit proliferation and labeled with

CellTaceTM carboxyfluorescein succinimidyl ester (CSFE) (ThermoFisher, C34554) or Vi-

olet (ThermoFisher, C34557) Cell Proliferation Kit following manufacturers instructions

to distinguish them from the sorted T cell populations. Cells were stained on day 1, 4, 6,

8, 11, 13, 15, 18, 20, and 22 and the media was changed on those days and the cells split
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when necessary.

2.9 Astrocyte-DP T cell co-culture

24 h before the start of the co-culture experiments, the astrocyte cell line (CRL-1718,

ATCC) was plated in a flat bottom 96-well plate (Corning, 10695951) at 10,000 cells per

well in 100 µl complete astrocyte media.

24 h before the start of the co-culture experiment, PBMCs were thawed, rested, and

stimulated with heat-inactivated HTLV-1 for 12 h, as previously described (section 2.4).

CD4+ SP, CD8+ SP, and DP T cells were sorted as previously described (section 2.8.1).

5000 T cells were resuspended in 100 µl astrocyte media and placed in co-culture with the

astrocytes for 36 h. Subsequently, the media and non-adhesive T cells were removed from

the wells, the wells were washed with PBS, and 50 µl Accutase (Invitrogen, 00-4555-56)

was added to the wells for 15 minutes to detach the astrocytes. Astrocytes were stained

with Annexin V (Biolegend, 640918) following the manufacturer’s specifications. The

astrocytes were stained and fixed as previously described in Section 2.5. Astrocytes were

identified by flow cytometry as CD3- cells (Figure 2.2).

2.10 RNA-Seq analysis

2.10.1 Stimulation, magnetic enrichment, and staining of HTLV-

1-specific CD4+ T cells

10 million freshly isolated PBMCs were rested at 4◦C for 3-5 h in ARTE media at 20

million cells/mL and then stimulated with heat-inactivated HTLV-1 or a control for 12

h, as previously described (section 2.4). CD154+ cells were magnetically enriched using

the protocol described in the human CD154 MicroBead Kit Miltenyi Biotec data sheet

(130-092-658). Cells were stained for CD4 (RPA-4, Biolegend, BD), CD45RA (HI100,

BD), and CD154 (24-31, Invitrogen) on the magnetic column. Antibodies targeting cell

surface antigens were prepared in 60 µl PBS per sample and the cells were stained for 15

min. After magnetic enrichment, cells were resuspended in 300 µl PBS for sorting.
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2.10.2 Sorting HTLV-1-specific CD4+ T cells

1 µg/mL PI was added to the cells before the start of the sort to identify dead and dying

cells. The following gating strategy was used to sort CD154+ CD4+ T cells: lymphocyte

gating based on size and granularity based on FSC vs. SSC, single cells based on FSC-A

vs. FSC-H, live cells (cells negative for PI), and CD4+CD154+ (Figure 2.4). Post-sort

purity was determined in all samples by flow cytometry and was above 97% in all samples.

Figure 2.4: Gating strategy for sorting HTLV-1-specific CD4+ T cells. Total PBMCs were
stimulated with heat-inactivated HTLV-1 for 12 h before magnetic enrichment of CD154+ cells and
staining for sorting.

2.10.3 RNA isolation and quantification

RNA was isolated using the RNeasy Micro Plus Kit (Qiagen, 74004) following the

manufacturer’s guidelines in Appendix D of the Qiagen RNeasy handbook. RNA quality

was quantified using the Agilent RNA 6000 Pico Kit (Agilent Technologies, 5067- 1513)

following the manufacturer’s guidelines. RNA samples were stored at -80◦C until further

processing.

2.10.4 RNA sequencing

RNA sequencing (RNA-seq) was performed by the Oxford Genomics Center where

the RNA library was prepared using the RNA-Seq Ultra Low library prep (Illumina). All

samples were pooled together and 150 bp paired-ends reads were sequenced on a Novaseq

system, resulting in a median read count of 32 million reads per sample.
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2.10.5 Processing RNA data

Raw data was processed using the Imperial College London Nextflow RNA-seq pipeline,

version 3.5. The Imperial College London computing-compatible Nextflow profile was

written by Dr. Combiz Khozoie. Using this Nextflow pipeline, reads were aligned to the

reference genome (GRCh37) using STAR v2.7.10b [330], and gene counts were quantified

using Salmon [331]. Mapping table and quality control metrics from FastQC indicated

high data quality for all samples with no outliers detected [332].

Given that UCs had a much lower input number of HTLV-1-specific cells, 2 separate

analyses were performed: the first analysis contained all groups including UCs, AC lPVL,

AC hPVL, and patients with HAM, while the second group only contained the HTLV-1-

infected groups including AC lPVL, AC hPVL, and patients with HAM. RNA-seq data

analysis was performed using R v4.1.1 in Rstudio. Genes that did not have at least 5

reads in at least 7 samples (the size of the smallest biological subgroup) were filtered

out using the genefilter package [333], resulting in a processed data set of 12,250 genes

for the HTLV-1 patient analysis and 12,468 genes when UCs were included. Principal

component analysis (PCA) with the prcomp function was used to explore the relationship

between samples after the filtered gene counts were transformed using a regularized log

transformation from the DESeq2 package [334].

2.10.6 Differential gene expression analysis

Differential gene expression analysis was performed using DESeq2 [334], comparing

HTLV-1-specific CD4+ cells from uninfected controls (UCs, n=9) with each of the HTLV-

1-infected groups: asymptomatic carriers with low proviral load (AC lPVL, n=10), asymp-

tomatic carriers with high proviral load (AC hPVL, n=7), and patients with HAM (HAM,

n=9). A second differential gene expression analysis, limited to the HTLV-1-infected

groups, compared each group to the others: AC lPVL vs. AC hPVL, AC lPVL vs. HAM,

and AC hPVL vs. HAM. For clustering analysis in the PCA, k-means clustering was con-

ducted using the first 19 principal components (PCs), which together accounted for 90%

of the cumulative variance. The algorithm was set to identify 3 clusters, with a random

seed of 123 to ensure reproducible results.

Genes with false discover rate (FDR)≤0.05 and a fold change (FC)≥1.5 were deemed
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significantly differentially expressed [335]. Pathway enrichment analysis was performed

using Fisher’s exact test in XGR with annotations from Reactome, using all genes retained

in the processed RNA-seq data as the background, and employing the xEnrichConciser

options [336]. An adjusted p-value (p adj, FDR) threshold of 0.05 was used to identify

significantly enriched pathways.

2.11 Quantification of mRNA expression by real-time

PCR

Fresh PBMCs were stimulated with HTLV-1 and the HTLV-1-specific CD4+ T cells

were magnetically enriched and sorted as previously described in sections 2.10.1 and

2.10.2. RNA was isolated using the RNeasy Micro Plus Kit (Qiagen, 74004) following

the manufacturer’s guidelines in Appendix D of the Qiagen RNeasy handbook. Isolated

RNA was converted to complementary DNA by reverse transcription (RT) with ran-

dom hexamers and Multiscribe RT (TaqMan Reverse Transcription Reagents; Thermo

Fisher Scientific, N8080234). For real-time reverse transcription–polymerase chain reac-

tion (RT-PCR), Table 2.4 lists the probes from Thermo Fisher Scientific that were used.

The reactions were set up using the manufacturer’s guidelines and run on a StepOnePlue

RT-PCR Machine (Thermo Fisher Scientific). Values are represented as the difference in

cycle threshold (Ct) values normalized to B2M expression for each sample as per the

following formula: Relative RNA expression = (2-∆Ct) x 1000 [337].

2.12 Determining PVL by digital droplet PCR

2.12.1 Sorting of fixed cells for ddPCR

Total PBMCs were stimulated with heat-inactivated HTLV-1 for 12 h as previously

described in section 2.4. PBMCs were stained with fixable viability dye, then stained

for cell surface receptors, fixed, and stained intracellularly as described in section 2.5.

The following cell surface antibodies were used: CD3 (UCHT1, Biolegend), CD4 (RPA-4,

Biolegend, BD), CD8 (SK1, Biolegend, BD), CD69 (FN50, Invitrogen), CD137 (4B4-

1, Biolegend), CD154 (24-31, Invitrogen); and the following intracellular antibody was
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Table 2.4: RT-PCR Probes

Gene Assay Identification Number

ABR (Hs01077820 m1)

ARHGAP4 (Hs00155870 m1)

B2M (Hs00187842 m1)

ECT2 (Hs00978168 m1)

FGD1 (Hs00171676 m1)

FDG3 (Hs00382004 m1)

PREX1 (Hs01031507 m1)

GNA12 (Hs04992528 s1)

GNA13 (Hs00183573 m1)

RIPK2 (Hs01572686 m1)

ADCY7 (Hs00181579 m1)

TICAM1 (Hs00706140 s1)

SEMA4A (Hs00223617 m1)

EOMES (Hs00172872 m1)
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used: Tax (LTA-4, Prof. Tanaka Ryukyus University). Samples were kept on ice and

sorted cold. As previously described, the following gating strategy was used to sort CD4

SP, CD8 SP, DP, and DN T cells: lymphocyte gating based on size and granularity-

based on FSC vs. SSC, single cells based on FSC-A vs. FSC-H, and live cells (cells

negative for the fixable viability dye). CD4 SP T cells were CD3+CD4+CD8-, CD8 SP

T cells were CD3+CD4-CD8+, DP T cells were CD3+CD4+CD8+, and DN cells were

CD3+CD4-CD8- (Figure 2.3). DNA was isolated immediately after sorting. Post-sort

purity was determined in all samples by flow cytometry and was above 95% in all samples.

2.12.2 DNA isolation

DNA was extracted from up to 5 million cells using an optimized protocol for fixed

cells [337]. Briefly, sorted T cells were pelleted and resuspended in 0.6 mL lysis buffer

(50 mM Tris, 50 mM EDTA, 1% SDS, pH 8). 3 µL Proteinase K (Qiagen, 19131) was

added and the samples were incubated at 55◦C overnight. RNase A (Qiagen, 19101) was

diluted to 10 mg/mL in lysis buffer, and 3 µl was added to the samples and incubated at

37◦C for 30 min. The samples were cooled down on ice for 30 min. 0.2 mL of pre-chilled

7.5 M ammonium acetate solution was added and the samples were centrifuged at 4000

x g for 10 min. The supernatant was transferred to a fresh tube, 0.6 mL of isopropanol

was added and the samples were centrifuged at 4000 x g for 10 min. The supernatant

was discarded and 0.6 mL of 70% ethanol was added and the sample was centrifuged at

4000 x g for 1 min. The supernatant was discarded and the tubes were left to air dry for

20 min. 50 µL Tris-EDTA buffer (Sigma, T9285) was added, incubated at 65◦C for 1 h,

and left at room temperature overnight. The DNA concentration was quantified using a

Nanodrop instrument.

2.12.3 PVL quantification by ddPCR

The PVL in the sorted T cell populations was quantified using ddPCR. HTLV-1

primers and probes were designed to bind HTLV-1 tax and human albumin. The primers

and probes were adapted from previous publications [338, 339]. Primers and probes

were obtained from Integrated DNA Technologies (Coralville, IA). A reaction mixture

with a final concentration of 2 ng/uL DNA, 900 nm tax forward and reverse primer,
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600 nM albumin forward and reverse primer, 250 nM tax probe, 250 nM albumin probe,

and 1 x ddPCR Supermix for Probes (no dUTP) (Bio-Rad, 186-3023) was prepared

in a total volume of 22 µL. The primer and probes sequences are as follows: HTLV-1

tax forward primer: (5’-CGG ATA CCC AGT CTA CGT GTT-3’)[339], HTLV-1 tax

reverse primer: (5’-CAG TAG GGC GTG ACG ATG TA-3’)[339], HTLV-1 tax double

quencher probe: (5’-56-FAM/CTG TGT ACA/ZEN/AGG CGA CTG CC/3IABkFQ-

3’)[339], albumin forward primer: (5’-TGC ATG AGA AAA CGC CAG TAA-3’) [338],

albumin reverse primer: (5’-ATG GTC GCC TGT TCA CCA A-3’) [338], albumin double

quencher probe: (5’-/HEX/TGA CAG AGT / ZEN/ CAC CAA ATG CTG CAC AGA

A/3lABkFQ/-3’) [338].

The ddPCR reaction was prepared in a white/clear hard-shell 96-well PCR plate with

samples and controls, mixed, and 20 µL were transferred to an 8 channel DG8TM cartridge

(Bio-Rad, 1864008) with 70 µL droplet generation oil (Bio-Rad, 1863005). A DGTM

Gasket (Bio-Rad, 1863009) is placed over the cartridge and the cartridge is placed in the

QX200 droplet generator (Bio-Rad, 1864002) for droplet formation. 40 µL of droplets

were transferred to a semi-skirted clear 96-well PCR plate (Bio-Rad, 12001925), sealed

with a pierce-able foil heat seal (Bio-Rad 1814040) in the PX1 PCR Plate Sealer (Bio-Rad,

1814000), and placed into the C1000 Touch Thermal Cycler (Bio-Rad) for amplification.

The cycling conditions were as follows: 10 min at 95◦C, 40 cycles each of 30 seconds

(sec) at 94◦C followed by 1 min at 60◦C, and 10 min at 98°◦C. A 2°C/s ramp rate was

set for each cycling step. Samples were transferred immediately to the QX200 Droplet

Reader (Bio-Rad). Results from the QX200 droplet reader were recorded in Bio-Rad’s

QuantaSoft software (version 1.7) using absolute quantification. The software counts the

number of positive and negative droplets and calculates the number of copies per µL.

The HTLV-1 PVL was calculated by dividing the number of tax positive droplets by

the number of albumin positive droplets divided by 2 (to account for the two copies of

albumin in the genome). Each ddPCR experiment had non-template negative controls

and a positive control with a known HTLV-1 PVL of 100%.
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2.13 Statistics and data presentation

Graphs were drawn using R V2022.12.0+353. Data were tested for normality using

the Shapiro-Wilk normality test. Statistical significance for normally distributed data was

calculated using a T test and non-parametric data were tested using the Wilcoxon signed-

rank test. Significance was corrected for multiple comparisons using the Holm method.

For data where I only made pre-defined comparisons rather than all possible comparisons

between groups, I did not correct for multiple comparisons to avoid false negatives [340].

2.14 Diagrams

Diagrams were drawn using BioRender.
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3
CD4+ T cells in HTLV-1 infection

3.1 Introduction

Despite affecting up to 3% of HTLV-1 carriers and causing decades of serious disability

and morbidity, the pathogenesis of HAM is not well understood and treatment options

remain extremely limited. The current hypothesis of HAM pathogenesis is that an inef-

ficient immune response results in a high PVL and chronic high level of HTLV-1 antigen

expression, which persistently activate HTLV-1-specific T cells [243, 341]. During early

HAM pathogenesis, activated CD4+ T cells appear to first infiltrate and accumulate in the

CNS, and then recruit CD8+ T cells to the CNS lesions over time [158, 251, 259]. Despite

CD4+ T cells predominating in early HAM lesions [259], very little work has been done to

characterize HTLV-1-specific CD4+ T cell responses. Previous studies have used IFN-γ

secretion after stimulation with an HTLV-1 peptide library to identify HTLV-1-specific

CD4+ T cells and showed that patients with HAM had a 25-fold greater frequency of IFN-

γ+ HTLV-1-specific CD4+ T cells relative to ACs [300, 301]. These studies also showed

that these IFN-γ+ HTLV-1-specific CD4+ T cells were infected with HTLV-1 at higher

rates relative to non-HTLV-1-specific CD4+ T cells [300, 301]. Outside of these studies,

very little work has been done to characterize HTLV-1-specific CD4+ T cell responses
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or explore how HTLV-1-specific CD4+ T cell dysfunction contributes to the inability to

maintain a low PVL or drive neuroinflammation in HAM.

This chapter aimed to deeply phenotypically and functionally characterize HTLV-1-

specific CD4+ T cells in UCs, AC lPVL, AC hPVL, and patients with HAM to gain

insight into how HTLV-1-specific CD4+ T cell dysfunction contributes to a high PVL

and/or HAM pathogenesis. Given the importance of virus-specific CD4+ T cell responses

in other viral infections, such as HIV and HCV, I wanted to gain insight into the differences

in HTLV-1-specific CD4+ T cell response between AC lPVL and AC hPVL and to identify

CD4+ T cell phenotypes associated with effective HTLV-1 control. Furthermore, given

that CD4+ T cells predominate in early HAM lesions and carry 95% of the HTLV-1 PVL

[193], I aimed to further elucidate how HTLV-1-specific CD4+ T cells in patients with

HAM differ from AC hPVL, and gain insights into the mechanisms by which they can

contribute to CNS pathology.

In this chapter, I identified HTLV-1-specific CD4+ T cells by stimulating total PB-

MCs with heat-inactivated HTLV-1 and identified HTLV-1-specific CD4+ T cells using

the CD154 activation induced marker [69, 324]. I observed that the frequency and num-

ber of HTLV-1-specific CD4+ T cells increased with PVL, and that patients with HAM

and AC hPVL have the same number and frequency of HTLV-1-specific CD4+ T cells.

In agreement with previous studies, I show that HTLV-1-specific CD4+ T cells are infec-

ted at higher rates relative to bulk CD4+ T cells and this preferential infection is more

pronounced in high PVL groups. Using functional and phenotype characterization, I

show that HTLV-1-specific CD4+ T cells from patients with HAM express higher levels of

CD49d, indicating an enhanced capacity to migrate to the CNS. To gain insight into how

HTLV-1-specific CD4+ T cells may interact with glial cells and contribute to neuroin-

flammation, I co-cultured HTLV-1-specific CD4+ T cells from UCs, AC lPVL, AC hPVL,

and patients with HAM with astrocyte or microglial cell lines. HTLV-1-specific CD4+ T

cells from patients with HAM reduced the viability of both astrocytes and microglia in

co-culture, induced the upregulation of the antigen presentation machinery, and increased

astrocyte expression of proinflammatory cytokines and chemokines including IFN-γ and

CXCL10, when compared to glial cells co-cultured with HTLV-1-specific CD4+ T cells

from AC hPVL matched in PVL. To gain insight into the mechanism of how HTLV-1-

specific CD4+ T cells induced these changes, I performed RNA-seq analysis on HTLV-
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1-specific CD4+ T cells from UCs, AC lPVL, AC hPVL, and patients with HAM. The

transcriptional profile of HTLV-1-specific CD4+ T cells was distinct in the 4 groups stud-

ied, and I identified 628 differentially expressed genes (DEGs) in patients with HAM when

compared to AC hPVL, including the upregulation of genes for Eomesodermin (EOMES ),

semaphorin-4A (SEMA4A), IL-17 receptor C (IL17RC ), IL17RA, and genes associated

with an enhanced Th1 phenotype. Pathway enrichment analysis showed that HTLV-

1-specific CD4+ T cells in patients with HAM upregulate G alpha (12/13) signaling

events, have increased novel melanoma antigen gene protein (NRAGE) death signaling

through c-Jun N-terminal kinases (JNK), and increased signaling by p75 neurotrophin

receptor (p75NTR) relative to AC hPVL. These pathways, in addition to Th1 cytokines,

have the potential to modulate CNS resident cells. The data in this chapter provide a

deeper understanding of the direct contribution of CD4+ T cells to HAM pathogenesis

and identifies novel potential targets, including CD49d and G (12/13) alpha signaling, for

HAM treatment.

3.2 Results

3.2.1 Identification and initial characterization of HTLV-1-specific

CD4+ T cells

Throughout this chapter, HTLV-1-infected individuals were grouped into ACs with a

PVL under 3% (low PVL, AC lPVL), ACs with a PVL above 3% (high PVL, AC hPVL),

and untreated patients with HAM. The PVLs of the AC hPVL and HAM groups were

matched to control for differences due to HTLV-1 infection (Table 2.1). Throughout this

chapter, unless otherwise stated, I focused my statistical comparisons to identify relevant

differences between UC and AC lPVL to identify changes that occur due to HTLV-1 in-

fection, between AC lPVL and AC hPVL to identify differences associated with PVL, and

between AC hPVL and HAM to identify differences associated with disease status. These

comparisons aimed to gain insight into the mechanisms by which some ACs can effect-

ively control HTLV-1 infection and maintain a low PVL, and identify differences between

ACs and patients with HAM to gain insight into HAM pathogenesis while controlling for

differences caused by PVL.
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To identify HTLV-1-specific CD4+ T cells, total PBMCs were stimulated with heat-

inactivated HTLV-1 for 12 h. CD4+ T cells from UCs, AC lPVL, AC hPVL, and patients

with HAM were identified by flow cytometry (Figure 3.1), and HTLV-1-specific CD4+ T

cells were identified based on the expression of CD154 (Figure 3.2a) [69, 324].

Figure 3.1: Gating strategy to identify CD4+ T cells. Total PBMCs were stimulated with heat-
inactivated HTLV-1 and the CD4+ T cells identified by flow cytometry.

The frequency and number (in 10 million PBMCs) of HTLV-1-specific CD4+ T cells

were characterized in UCs and the different HTLV-1-infected groups (Figure 3.2b). Un-

surprisingly, UCs that had never been exposed to the virus had very few CD154+ CD4+

T cells, and the cells that were CD154+ were likely cross-reactive from previous infections

or näı’ve cells. In HTLV-1-infected individuals, the number and frequency of HTLV-1-

specific CD4+ T cells significantly increased with PVL. There were no differences between

AC hPVL and patients with HAM.

Intrigued by the observation that patients with higher PVLs also had more HTLV-1-

specific CD4+ T cells, I characterized the HTLV-1-infection rate of the HTLV-1 specific

CD4+ T cells by staining for the HTLV-1 protein Tax (Figure 3.2a). Tax is dynamically

expressed, and all Tax+ cells are likely to be infected, but not all infected cells are Tax+

[209]. In agreement with previous studies, I observed that HTLV-1-specific CD4+ T cells

were infected at higher rates relative to the non-HTLV-1 specific CD4+ T cells (Figure

3.2c) [301]. However, this preferential infection was more significant in high PVL groups,

with only a mean of 13.2% of HTLV-1-specific CD4+ T cells in AC lPVL expressing Tax,

and 46.8% and 39.8% of HTLV-1-specific CD4+ T cells expressing Tax in AC hPVL and

HAM respectively. Given the dynamic nature of Tax expression, I confirmed that Tax

expression at the 12 h timepoint in CD4+ T cells correlates with the PVL measured

by ddPCR, confirming that using Tax expression measured by flow cytometry at the 12

h timepoint is a reliable readout for infection (Figure 3.2d). These data suggest that
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Figure 3.2: HTLV-1-specific CD4+ T cell ex vivo identification and characterization. a.
Representative flow plots showing CD154+ and HTLV-1 Tax expression after a 12 h stimulation with
heat-inactivated HTLV-1 or a control. b. Box and whisker plots showing the number and frequency
of HTLV-1-specific CD4+ T cells identified from 10 million PBMCs (n=15 UC, n=15 AC lPVL, n=17
AC hPVL, n=13 HAM). c. Box and whisker plots showing HTLV-1 Tax expression in HTLV-1-specific
and non-specific CD4+ T cells (n=15 AC lPVL, n=17 AC hPVL, n=13 HAM). d. Scatter plot of
Tax expression in CD4+ T cells after 12 h in culture vs. the PVL measured by ddPCR (n=7 AC
hPVL, n=6 HAM). Representative flow plots (e) and box and whisker plots (f) showing the frequency
of central memory (CM), effector memory (EM), näıve, and terminally differentiated effector (TDE)
HTLV-1-specific CD4+ T cells (n=9 AC lPVL, n=9 AC hPVL, n=9 HAM). g. Box and whisker plot
showing CCR7 expression in HTLV-1-specific CD4+ T cells (n=9 AC lPVL, n=9 AC hPVL, n=9 HAM).
Representative histograms (h) and box and whisker plots (i) showing the gMFI of CD49d and CXCR3
expression in HTLV-1-specific CD4+ T cells (n=13 AC lPVL, n=17 AC hPVL, n=10 HAM). b)Wilcoxon
signed-rank unpaired test for comparisons between UC and AC lPVL, AC lPVL and AC hPVL, and AC
hPVL and HAM; c) Wilcoxon signed-rank paired test for comparisons between HTLV-1-specific and
non-HTLV-1-specific CD4+ T cells; d) Pearson correlation coefficient (R) and p-value; f) Wilcoxon
signed-rank paired test with Holm correction; g) T-test with Holm correction; i) T test for comparisons
between AC lPVL and AC hPVL, AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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neither an increased frequency of HTLV-1-specific CD4+ T cells nor a preferential HTLV-

1 infection of these cells is associated with HAM pathogenesis, as there were no differences

in hPVL between asymptomatic carriers and patients with HAM.

To gain further insight into the memory phenotype of HTLV-1-specific CD4+ T cells

in different HTLV-1-infected groups, the markers CCR7 and CD45RA were used to clas-

sify HTLV-1-specific CD4+ T cells into central memory (CM, CCR7+CD45RA-), näıve

(CCR7+CD45RA+), terminally differentiated effector (TDE, CCR7-CD45RA+), and ef-

fector memory (EM, CCR7-CD45RA-) cells (Figure 3.2e) [18, 82, 83]. Patients with HAM

had significantly higher frequencies of EM cells relative to AC lPVL, with a similar but

not significant trend relative to AC hPVL (Figure 3.2f). Patients with HAM had lower

frequencies of näıve cells, with a similar but not significant trend in CM cells. The fre-

quency of TDE cells increased significantly with PVL. HTLV-1-specific CD4+ T cells in

patients with HAM expressed significantly lower levels of the lymphocyte homing marker

CCR7 (Figure 3.2g).

While HTLV-1-specific CD4+ T cells from patients with HAM expressed lower levels

of the lymph node homing marker CCR7, they expressed higher levels of the integrin

and tissue homing marker CD49d (α chain of very late antigen-4 (VLA-4)) than AC

hPVL but similar levels of CXCR3 relative to ACs (3.2h and 3.2i). The increased CD49d

expression suggests an increased migratory capacity to tissues and the CNS. Overall these

data show that the number of HTLV-1-specific CD4+ T cells increases with PVL and is

not affected by disease status, HTLV-1-specific CD4+ T cells are infected by HTLV-1

at higher rates than non-HTLV-1-specific CD4+ T cells, and patients with HAM have

increased frequencies of EM cells with a potentially enhanced capacity to migrate to the

CNS.
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3.2.2 HTLV-1-specific CD4+ T cells from patients with HAM

induce proinflammatory astrocytes

Given the pathology of HAM, the increased potential for HTLV-1-specific CD4+ T

cell to migrate to the CNS as a result of high CD49d expression and the enhanced effector

memory phenotype, I wanted to determine the effect of HTLV-1-specific CD4+ T cells on

CNS resident cells such as astrocytes and microglia. Astrocytes are the most abundant

cell type in the CNS and play a crucial role in maintaining homeostasis, supporting

neuronal function, and protecting the brain by controlling endothelial cells in the BBB

and regulating neurotransmitter levels [342].

Figure 3.3: The effect of HTLV-1-specific CD4+ T cells on the viability and iNOS expression
of astrocytes. Representative flow plots (a) and box and whisker plots (b) showing the frequency of
alive, early apoptotic, late apoptotic, and necrotic astrocytes after 48 h alone in culture or co-cultured
with HTLV-1-specific CD4+ T cells from different patient groups (n=5 only astrocytes, n=3 UC, n=3 AC
lPVL, n=6 AC hPVL, n=6 HAM). Representative histogram (c) and box and whisker plot (d) showing
the gMFI of iNOS of astrocytes after 48 h alone in culture or co-culture with HTLV-1-specific CD4+ T
cells from different groups (n=5 only astrocytes, n=3 UC, n=3 AC lPVL, n=6 AC hPVL, n=6 HAM).
b, d) T-test with Holm correction; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

I sorted HTLV-1-specific CD4+ T cells from UCs, AC lPVL, AC hPVL, and patients

with HAM, expanded them in vitro for 17 days, and then placed them in co-culture with

an astrocyte cell line (CCF-STTG1, an astrocytoma cell line) for 48 h with anti-CD3 and
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anti-CD28 (to activate the CD4+ T cells). Using a fixable viability dye and staining for

Annexin V, I was able to identify alive (Annexin V- and Live/Dead Dye-), early apoptotic

(Annexin V+ and Live/Dead Dye-), late apoptotic (Annexin V+ and Live/Dead Dye+),

and necrotic (Annexin V- and Live/Dead Dye+) astrocytes after 48 h in culture alone or

with HTLV-1-specific CD4+ T cells from UCs, AC lPVL, AC hPVL, and patients with

HAM (Figure 3.3a). There was a moderate but significant decrease in the viability of

astrocytes co-cultured with HAM HTLV-1-specific CD4+ T cells relative to astrocytes by

themselves or astrocytes co-cultured with HTLV-1-specific CD4+ T cells from UCs with

83.2%, 89.7%, and 89.7% viability respectively. The difference in viability is mainly due

to an increased frequency of necrotic cells when in co-culture with HAM HTLV-1-specific

CD4+ T cells (Figure 3.3b). Overall the viability remained high and similar levels of

viability were seen with cells from UCs, AC lPVL, and AC hPVL.

Despite only a moderate reduction in the viability of astrocytes by HTLV-1-specific

CD4+ T cells from patients with HAM, HTLV-1-specific CD4+ T cells from patients

with HAM induced increased astrocyte activation relative to AC hPVL as shown by the

significantly higher geometric mean fluorescence intensity (gMFI) of iNOS (Figure 3.3c

and 3.3d).

Astrocytes were also stained for activation markers and cytokines. Representative

stainings can seen in Figure 3.4. For flow plots where there was no clear positive and

negative population, fluorescence minus one controls (FMOs) were used to place the

quadrants.
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Figure 3.4: Representative flow staining of astrocytes after 48 h alone in culture or after
co-culture with HTLV-1-specific CD4+ T cells from different patient groups.
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Astrocytes in co-culture with HTLV-1-specific CD4+ T cells from all groups upreg-

ulated HLA-DR and CD80, and this trend was even more pronounced in astrocytes co-

cultured with HTLV-1-specific CD4+ T cells from patients with HAM (Figure 3.5). There

was no change in CD86 expression between astrocytes alone in culture or in co-culture

with CD4+ T cells. Astrocytes co-cultured with HAM HTLV-1-specific CD4+ T cells sig-

nificantly upregulated CD40 relative to AC hPVL, and I also observed significantly higher

levels of CXCL10 expression (Figure 3.5). Increased trends of IFN-γ and IL-6 expression

were seen in astrocytes co-cultured with HAM HTLV-1-specific CD4+ T cells relative to

AC hPVL, but the difference was not statistically significant. Inflammatory astrocytes

upregulate complement component 3 (C3) expression [276], but I observed no difference

in C3 expression between high PVL HTLV-1-infected groups. Interestingly, in addition to

the upregulation of proinflammatory cytokines and chemokines, HTLV-1-specific CD4+

T cells from patients with HAM also induced higher levels of IL-10 and brain-derived

neurotrophic factor (BDNF) expression, which are both considered anti-inflammatory cy-

tokines. Overall, HTLV-1-specific CD4+ cells from patients with HAM reduced astrocyte

viability and induced upregulation of the antigen presentation machinery, CD40, and

proinflammatory cytokines and chemokines.

Figure 3.5: The effect of HTLV-1-specific CD4+ T cells on astrocyte activation. Box and
whisker plots showing the expression of markers and cytokines by astrocytes after 48 h alone in culture or
co-culture with HTLV-1-specific CD4+ T cells from different patient groups (n=5 only astrocytes, n=3
UC, n=3 AC lPVL, n=6 AC hPVL,n=6 HAM). Wilcoxon signed-rank unpaired test for comparisons
between only astrocytes and HAM, UC and HAM, AC lPVL and AC hPVL, and AC hPVL and HAM;
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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3.2.3 HTLV-1-specific CD4+ T cells from all HTLV-1-infected

groups activate microglia

Given that HTLV-1-specific CD4+ T cells from patients with HAM-induced proinflam-

matory astrocytes, I wanted to determine whether HTLV-1-specific CD4+ T cells had the

potential to be reactivated once in the CNS. While my data suggest that activated as-

trocytes may be able to act as antigen-presenting cells, I wanted to study the effect of

T cells on microglia, as microglia are the macrophages of the CNS and the main APC

[343]. Following the same experimental strategy as in the experiments with astrocytes,

I sorted HTLV-1-specific CD4+ T cells from UCs and HTLV-1-infected patients, expan-

ded them in vitro for 17 days, and then placed them in co-culture with a microglial cell

line (HMC3-CRL-3304, an immortalized microglial cell line) for 48 h with anti-CD3 and

anti-CD28.

Figure 3.6: The effect of HTLV-1-specific CD4+ T cells on microglia viability and iNOS
expression. Representative flow plots (a) and box and whisker plots (b) showing the frequency of alive,
early apoptotic, late apoptotic, and necrotic microglia after 48 h alone in culture or co-culture with
HTLV-1-specific CD4+ T cells from different groups (n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8
AC hPVL, n=8 HAM). Representative histogram (c) and box and whisker plot (d) showing the gMFI
of iNOS of microglia after 48 h alone in culture or co-culture with HTLV-1-specific CD4+ T cells (n=5
only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). b, d) T test with Holm correction;
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

There was a small but significant decrease in the viability of microglia co-cultured with
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HTLV-1-specific CD4+ T cells from patients with HAM relative to both microglia cultured

alone or with cells from AC hPVL (Figure 3.6a and 3.6b). This decreased viability was

driven by significantly increased necrosis (Figure 3.6b). HTLV-1-specific CD4+ T cells

from all HTLV-1-infected groups induced the upregulation of iNOS indicating increased

microglial activation (3.6c and 3.6d).
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Figure 3.7: Representative flow staining of microglia alone or in co-culture with HTLV-1-
specific CD4+ T cells from different groups for 48 h.
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Microglia were also stained for activation markers and cytokines. Representative stain-

ings can be seen in Figure 3.7 and FMOs were used to place the quadrants. HTLV-1-

specific CD4+ T cells from all study groups induced the upregulation of CD80, CD40,

and HLA-DR (Figure 3.8). Microglia co-cultured with HTLV-1-specific CD4+ T cells

from patients with HAM significantly upregulated CD80 relative to AC hPVL indicating

increased upregulation of the antigen presentation machinery. HTLV-1-specific CD4+ T

cells from all groups induced the upregulation of IL-1a, CXCL10, IFN-γ, IL-10, and C1q.

There were no significant differences in IL-6 expression between microglia co-cultured

with HTLV-1-specific CD4+ T cells and microglial alone in culture. Overall these data

show that HTLV-1-specific CD4+ T cells from UCs and all HTLV-1-infected groups in-

duce microglia to express proinflammatory cytokines. HTLV-1-specific CD4+ T cells from

patients with HAM reduce the viability of microglia and induce increased upregulation of

the class II antigen presentation machinery relative to AC hPVL.

Figure 3.8: The effect of HTLV-1-specific CD4+ T cells on microglia activation. Box and
whisker plots showing the expression of markers and cytokines by microglia after 48 h alone in culture or
co-culture with HTLV-1-specific CD4+ T cells from different patient groups (n=3 UC, n=4 AC lPVL,
n=8 AC hPVL,n=8 HAM). Wilcoxon signed-rank unpaired test for comparisons between just microglia
and HAM, UC and HAM, AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001.

81



3.2. Results

3.2.4 Non-HTLV-1-specific CD4+ T cells from patients with

HAM induce moderate astrocytes and microglia activa-

tion

To determine whether the trends I observed in both astrocytes and microglia were

unique to HTLV-1-specific T cells, I conducted the same experiments in parallel with non-

HTLV-1 specific CD4+ T cells from the same patients. After stimulating total PBMCs

with heat-inactivated HTLV-1 for 12 h, in addition to sorting the HTLV-1-specific CD4+

T cells, I also sorted the CD154- CD4+ T cells and the cells were grown for 17 days in

vitro, and then placed into co-culture with either astrocytes or microglia for 48 h with

anti-CD3 and anti-CD28 stimulation.

Figure 3.9: The effect of non-HTLV-1-specific CD4+ T cells on astrocytes. a. Box and
whisker plot showing the frequency of viable astrocytes after 48 h alone in culture or co-culture with
non-HTLV-1-specific CD4+ T cells from different groups (n=5 only astrocytes, n=3 UC, n=3 AC lPVL,
n=6 AC hPVL, n=6 HAM). b. Box and whisker plot showing the gMFI of iNOS of astrocytes after 48
h alone in culture or co-culture with non-HTLV-1-specific CD4+ T cells from different groups (n=5 only
astrocytes, n=3 UC, n=3 AC lPVL, n=6 AC hPVL, n=6 HAM). c. Box and whisker plots showing
the expression of markers and cytokines by astrocytes after 48 h alone in culture or co-culture with non-
HTLV-1-specific CD4+ T cells from different patient groups (n=5 only astrocytes, n=3 UC, n=3 AC
lPVL, n=6 AC hPVL,n=6 HAM). a, b) T-test with Holm correction; c) Wilcoxon signed-rank unpaired
test for comparisons between only astrocytes and HAM, UC and HAM, AC lPVL and AC hPVL, and
AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

There were no significant differences in the viability of astrocytes cultured alone or

with non-HTLV-1-specific CD4+ T cells from different patient groups (Figure 3.9a). All

non-HTLV-1-specific CD4+ T cells increased iNOS expression (Figure 3.9b). Non-HTLV-

1-specific CD4+ T cells from all groups induced the upregulation of CD80 and HLA-

DR and there was no change in CD86 expression (Figure 3.9c). There were trends in

increased HLA-DR expression in astrocytes co-cultured with HAM cells relative to AC
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hPVL, similar to the trends seen with HTLV-1-specific CD4+ T cells (Figure 3.9c). As

with the HTLV-1-specific CD4+ T cells, CD40 expression was upregulated in all HTLV-

1-infected groups and patients with HAM induced significantly higher levels of CD40

expression relative to AC hPVL, but the levels induced by HTLV-1-specific CD4+ T cells

were higher than those induced by non-HTLV-1-specific CD4+ T cells (Figure 3.5 and

3.9c). There were no differences between HTLV-1-infected groups in IL-10, BDNF, C3,

CXCL10, IFN-γ, or IL-6 expression (Figure 3.9c).
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When placed in co-culture with microglia, non-HTLV-1-specific CD4+ T cells from all

groups reduced the viability of microglia (Figure 3.10a). This decreased viability was due

to increased necrosis (Figure 3.10a). All groups induced increased iNOS expression in

microglia relative to microglia in culture alone (Figure 3.10b). The antigen presentation

machinery and CD40 were upregulated in all non-HTLV-1-specific CD4+ T cell co-cultures

(Figure 3.10c). While the differences were not significant, non-HTLV-1-specific CD4+ T

cells from patients with HAM seemed to induce higher CD86 expression relative to AC

hPVL (Figure 3.10c). There were no significant differences between patients with HAM

and AC hPVL in C1q, IL-10, IL-6, IL-1a, CXCL10, and IFN-γ expression.

Figure 3.10: The effect of non-HTLV-1-specific CD4+ T cell co-culture on microglia. a. Box
and whisker plots showing the frequency of alive, early apoptotic, late apoptotic, and necrotic microglia
after 48 h alone in culture or co-culture with non-HTLV-1-specific CD4+ T cells from different groups
(n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). b. Box and whisker plot
showing the gMFI of iNOS of microglia after 48h alone in culture or co-culture with non-HTLV-1-specific
CD4+ T cells from different groups (n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8
HAM). c. Box and whisker plots showing the expression of cell surface markers and cytokines of microglia
after 48h alone in culture or co-culture with non-HTLV-1-specific CD4+ T cells (n=5 only microglia, n=3
UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). a, b) T-test with Holm correction; c) Wilcoxon signed-
rank unpaired test for comparisons between only astrocytes and HAM, UC and HAM, AC lPVL and AC
hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001..

Overall, there were no significant differences in upregulation of the antigen presentation

machinery or inflammatory cytokine expression between AC hPVL and HAM microglia

c-cultures. Furthermore, given that only the HTLV-1-specific CD4+ T cell population is

being chronically activated by HTLV-1 antigen in vivo, it is likely that HTLV-1-specific

CD4+ T cells likely are more key to driving CNS inflammation and HAM pathogenesis.

The upregulation of the class II antigen presentation machinery in astrocytes and mi-

croglia, and the high level of HTLV-1-infection of HTLV-1-specific CD4+ T cells may

allow HTLV-1-specific CD4+ T cells to become reactivated once in the CNS. However
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much remains to be uncovered about the mechanisms by which both HTLV-1-specific and

non-HTLV-1-specific CD4+ T cells from patients with HAM induce inflammatory glial

cells.
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3.2.5 Sorting and RNA sequencing of HTLV-1-specific CD4+ T

cells from different HTLV-1-infected groups

To gain insight into the potential mechanisms by which HTLV-1-specific CD4+ T cells

induce proinflammatory responses in astrocytes and microglia in patients with HAM,

and how these cells may drive disease pathology in vivo, I sorted HTLV-1-specific CD4+

T cells from UCs (n=9), AC lPVL (n=10), AC hPVL (n=7), and patients with HAM

(n=9). These cells were then subjected to RNA sequencing to elucidate the transcriptional

differences between these groups.

Figure 3.11: Gating strategy and sorting of HTLV-1-specific CD4+ T cells for RNA-seq
analysis. The gating strategy for the identification CD4+ T cells (a) and HTLV-1-specific CD4+ T cells
using CD154 expression (b) after the simulation of 10 million PBMCs with heat-inactivated HTLV-1 for
12 h and the magnetic enrichment of CD154+ cells. c. Box and whisker plot showing the PVL of PBMCs
from which HTLV-1-specific CD4+ T cells were isolated for RNA sequencing (n=9 UC, n=10 AC lPVL,
n=7 AC hPVL, and n=9 HAM). d. Box and whisker plot showing the number of HTLV-1-specific CD4+

T cells sorted per patient from 10 million PBMCs (n=9 UC, n=10 AC lPVL, n=7 AC hPVL, and n=9
HAM). c, d) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, AC lPVL
and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

Fresh PBMCs were stimulated with heat-inactivated HTLV-1 for 12 h, the CD154+

cells were magnetically enriched, I gated on viable CD4+ T cells (Figure 3.11a) and

sorted the CD154+ HTLV-1-specific CD4+ T cells (3.11b). As previously mentioned, I

matched the PVLs of the AC hPVL and HAM groups to control for any transcriptional

differences or changes caused by the level of HTLV-1 infection (Figure 3.11c). The number

of HTLV-1-specific CD4+ T cells sorted was lower in UCs and comparable between HTLV-

1-infected groups with an average of 348, 4982, 5515, and 6634 HTLV-1-specific CD4+

T cells sorted from 10 million PBMCs in UCs, AC lPVL, AC hPVL, and patients with
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HAM, respectively (Figure 3.11d).

RNA sequencing was performed by the Oxford Genomics Centre using the ultra-low

library preparation. The median number of reads per sample was 29,637,356, which

indicates very good read depth despite the low number of input cells. The quality of

the RNA was comparable between the different groups, with the total number of reads

correlating well with the number of uniquely mapped reads (Figure 3.12a). There were

no major duplications or other quality concerns with the RNA, and the percentage of the

reads that uniquely mapped onto the genome was similar for all samples (Figure 3.12b).

Given the lower number of input cells in UCs, it was not surprising that the number of

genes detected in this group was significantly lower than for the HTLV-1-infected groups

(Figure 3.12c). There were no significant differences in the number of genes detected

between the HTLV-1-infected groups. Due to the higher number of genes detected in

HTLV-1 patients relative to UCs, I conducted two separate differential gene expression

analyses: one comparing all the HTLV-1-infected groups to the UCs, and a separate

analysis comparing just the HTLV-1-infected groups to each other.

Figure 3.12: RNA sequencing of HTLV-1-specific CD4+ T cells. a. Scatter plot showing the
number of total reads vs. the number of uniquely mapped reads for the RNA-seq data. b. Box and
whisker plot showing the percentage of reads that mapped uniquely to the genome (n=9 UC, n=10 AC
lPVL, n=7 AC hPVL, and n=9 HAM). c. Box and whisker plot showing the number of genes that passed
the threshold count in the RNA-seq analysis. b, c) Wilcoxon signed-rank unpaired test for comparisons
between UC and AC lPVL, AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001.
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3.2.6 Transcriptional analysis of HTLV-1-specific CD4+ T cells

in HTLV-1-infected groups relative to UCs

Differential gene expression analysis was conducted by comparing each of the HTLV-

1-infected groups to the UC group. In patients with HAM, 3187 upregulated and 280

downregulated DEGs were identified relative to UCs (≥ 1.5-fold change and FDR ≤ 0.05,

Figure 3.13a). In the AC hPVL vs. UC analysis, 3530 and 477 DEGs were found to be

upregulated and downregulated, respectively. Similarly, in the AC lPVL vs. UC ana-

lysis, 2577 and 157 DEGs were identified as upregulated and downregulated, respectively.

Notably, 1961 and 49 DEGs were upregulated and downregulated, respectively, across all

three HTLV-1-infected groups relative to UCs (Figure 3.13a).
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Figure 3.13: Transcriptional analysis of HTLV-1-specific CD4+ T cells from AC lPVL,
AC hPVL, and patients with HAM relative to UCs. a. Venn diagram showing the number of
significantly upregulated (brown) and downregulated (blue) genes in AC lPVL, AC hPVL, and patients
with HAM relative to UC (≥ 1.5-fold change and FDR≤ 0.05). b. Bar plots depicting significantly
enriched (FDR≤0.05) pathways from Reactome for genes up and downregulated by all HTLV-1 infected
groups relative to UC (≥1.5 fold increase for upregulated genes and ≥1.5 fold decrease for downregulated
genes, FDR≤0.05). Fold enrichment is plotted as log2 (fold-change, FC). c-e. Volcano plots of DEGs for
HTLV-1-specific CD4+ T cells in AC lPVL (c), AC hPVL (d), or patients with HAM vs. UCs (e). Genes
with a fold change ≥1.5 and FDR≤0.05 are shown in red. f. Bar plots depict significantly enriched
(FDR≤0.05) pathways from Reactome for HTLV-1-specific CD4+ T cells from AC lPVL, AC hPVL,
and HAM vs. UC using upregulated genes (≥1.5 fold increase, FDR≤0.05). g. Bar plots depicting
significantly enriched (FDR≤0.05) pathways from Reactome for HTLV-1-specific CD4+ T cells from AC
lPVL, AC hPVL, and HAM relative to UC using downregulated genes (≥1.5 fold decrease, FDR≤0.05).
b, f, g) Bars are labeled with the adjusted p-value.
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To gain insight into the function of the up and downregulated DEGs across all HTLV-

1-infected groups relative to UC, I used the 1961 upregulated and the 49 downregu-

lated DEGs common to all HTLV-1-infected groups relative to UC (Figure 3.13a), and

performed pathway enrichment analysis with XGR [336] and pathway annotations from

Reactome. All HTLV-1-infected groups had upregulated genes involved in the innate im-

mune response including “interferon alpha/beta signaling” (Figure 3.13b). In terms of

downregulated DEGs, all HTLV-1-infected groups had downregulated genes in the “trans-

port of mature transcript to cytoplasm” and “processing of capped intron-containing pre-

mRNA”. A full list of the upregulated and downregulated genes in each of the pathways

can be seen in Table 3.1 for the upregulated genes and Table 3.2 for the downregulated

genes.

Despite a large overlap in the DEGs between HTLV-1-infected groups, the transcrip-

tional profiles of HTLV-1-specific CD4+ T cells in the different HTLV-1-infected groups

were distinct, with many DEGs detected uniquely in each HTLV-1-infected group. The

top 15 DEGs are displayed on volcano plots showing DEGs in AC lPVL (Figure 3.13c),

AC hPVL (Figure 3.13d), and HAM (Figure 3.13e) relative to UCs. The top DEGs have

a huge range of different functions highlighting the diversity of the transcriptional changes

in HTLV-1-specific CD4+ T cells in response to chronic infection. For example, the onco-

gene AKT2 is upregulated in both AC lPVL and AC hPVL and is a serine theroine kinase

involved in IL-9 signaling and insulin metabolism [344]. CISH, is also upregulated in AC

lPVL, and is a negative regulator of cytokine signaling (Figure 3.13c) [345]. UBASH3B,

which is upregulated in AC hPVL, inhibits epidermal growth factor receptor (EGFR) and

platelet-derived growth factor receptor endocytosis and promotes T cell activation through

the phosphorylation of zeta-chain-associated protein kinase 70 (Zap70) [346]. LRRC32,

upregulated in HAM, is essential for the expression of TGF-β in activated Tregs [347] and

rp11-705c15.3 is an oncogene which drives cellular proliferation [348]. There is a huge

diversity in the function of the DEGs detected.

To identify the up and downregulated pathways, I separated up and downregulated

DEGs and performed pathway enrichment analysis with XGR [336] and pathway annota-

tions from Reactome to gain insight into the pathways differentially expressed in HTLV-

1-specific CD4+ T cells from AC lPVL, AC hPVL, and patients with HAM relative to

UCs. I first looked at significantly upregulated pathways (3.13f). “Interferon alpha/beta
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signaling” was upregulated in all HTLV-1-infected groups relative to UCs (3.13f). Both

AC hPVL and patients with HAM also upregulated “interferon gamma signaling”, “G

alpha (q) signaling events”, “cytokine and immune system”, and “signaling by G protein-

coupled receptors (GPCR)”. “Interferon signaling” and “GPCR downstream signaling”

were only upregulated in patients with HAM relative to UCs. The upregulated “interferon-

alpha/beta signaling” and the “interferon gamma signaling” pathways in patients with

HAM included 49 and 50 upregulated genes, respectively, while the upregulated “inter-

feron signaling” pathway included 130 upregulated genes demonstrating that not all the

genes upregulated in these pathways overlapped (Table 3.5). Furthermore, the “GPCR

downstream signaling” pathway included 162 upregulated genes, many of which over-

lapped with the 214 genes upregulated by the “signaling by GPCR” pathway in patients

with HAM, but there remained many genes that were unique to each pathway (Table

3.5). In contrast to AC lPVL and HAM, AC hPVL upregulated “nucleotide-binding do-

main, leucine-rich repeat-containing receptor signaling pathways” relative to UC. Overall

HTLV-1-specific CD4+ T cells from high PVL groups were far more activated, with in-

creased innate and adaptive immune responses relative to AC lPVL. Patients with HAM

appeared to have increased interferon and downstream GPCR signaling relative to AC

hPVL. A full list of the upregulated DEGs in each of the pathways can be seen in Table

3.3 for the AC lPVL vs. UC analysis, Table 3.4 for the AC hPVL vs. UC analysis, and

Table 3.5 for that HAM vs. UC analysis.

There were no downregulated pathways in patients with HAM relative to UCs (Figure

3.13g). Both AC lPVL and AC hPVL downregulated the “transport of mature transcripts

to the cytoplasm” and the “processing of capped intron-containing pre-mRNA”, likely

as a result of innate immune activation. In addition, AC hPVL also downregulated

the “transport of ribonucleoproteins into the host nucleus”, “metabolism of non-coding

RNAs”, and “interactions between HIV proteins and host-proteins”. These downregulated

pathways indicate reduced transcription and mRNA processing in ACs relative to patients

with HAM. A full list of the downregulated DEGs in each of the pathways can be seen

in Table 3.6 for the AC lPVL vs. UC analysis and Table 3.7 for the AC hPVL vs. UC

analysis.
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3.2.7 Transcriptional analysis of HTLV-1-specific CD4+ T cells

in HTLV-1-infected groups

Following the RNA-seq DEG analysis comparing each HTLV-1-infected group to UCs,

I conducted the same analysis comparing each HTLV-1-infected group to each other. By

only comparing the HTLV-1-infected groups, I was able to take advantage of the higher

number of genes detected in these samples. I detected 406 upregulated genes and 222

downregulated genes in the HTLV-1-specific CD4+ T cells of patients with HAM relative

to AC hPVL (≥ 1.5-fold change and FDR≤ 0.05) (Figure 3.14a). For AC hPVL or HAM

vs. AC lPVL, I detected 162 and 260 upregulated genes, respectively, and 439 and 295

downregulated genes, respectively (Figure 3.14a). Interestingly, there were no overlapping

DEGS in the AC hPVL vs. AC lPVL analysis and the HAM vs. AC hPVL analysis.
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Figure 3.14: Venn diagram of differentially expressed genes and principal component ana-
lysis of HTLV-1-specific CD4+ T cells. a. Venn diagram showing the upregulated (brown) and
downregulated (blue) genes in HTLV-1-specific CD4+ T cells (fold change ≥1.5 and FDR≤0.05). b.
Elbow plot showing the cumulative proportion of variance explained by each principal component. The
red dashed line marks the 90% mark of cumulative variance. PCA plots, PC1 vs. PC2 (c) and PC3
vs. PC4 (d), computed from all genes detected in the HTLV-1-specific CD4+ T cells from AC lPVL
(light blue dots), AC hPVL (dark blue dots), and HAM (pink dots). The variance explained by each
component is stated in brackets. K-mean clustering was used to identify 3 clusters in PC1 vs. PC2. e-f.
PCA plots computed from all genes detected in the HTLV-1-specific CD4+ T cells from AC lPVL (light
blue dots), AC hPVL (dark blue dots), and HAM (pink dots) showing the genes driving separation along
the different PC axes.
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PCA was applied to examine the global distribution of gene expression profiles from

HTLV-1-specific CD4+ T cells from different HTLV-1-infected groups (AC lPVL n=10,

AC hPVL n=7, HAM n=9). An elbow plot was used to explore the contribution of each

principal component (PC) to the cumulative proportion of the variance in the dataset

(Figure 3.14b). In this plot, 5 PCs are responsible for 50% of the cumulative variance,

14 PCs for 80%, and 19 PCs for 90%. The gradual increase in cumulative variance, with

no sharp “elbow” point, implies that no single or few components dominate, and instead,

multiple components are needed to capture the diversity in the data. The variance in each

PC decreased as the PC number increased (Figure 3.14b). When PC1 was plotted against

PC2, accounting for 28% of the variance, there was some separation between ACs and

patients with HAM along PC1 but less along PC2 (Figure 3.14c). In the PC3 vs. PC4 plot,

which accounted for a further 16% of the variance, there was some degree of separation

between patients with HAM and ACs, indicating differences in their global gene expression

(Figure 3.14d). However, the separation between patient groups in both plots (Figure

3.14c and 3.14d) is not completely distinct, and the patient groups do not form clearly

defined clusters, suggesting some overlapping characteristics. I used a k-means clustering

algorithm to identify 3 clusters (due to having 3 different patient groups) using the first 19

PCs (which are responsible for 90% of the cumulative variance (Figure 3.14c and 3.14d).

These clusters, based on the first 19 PCs, are distinct on the PC1 vs PC2 plot (Figure

3.14c). Cluster 1 is primarily made up of lPVL ACs, in addition to 2 hPVL ACs and 1

patient with HAM. Cluster 2 is primarily made up of patients with HAM, and includes 6

of the 9 patients with HAM, in addition to 1 lPVL AC and 1 hPVL AC. Finally, cluster 3

is the most diverse but includes the largest group of AC hPVL patients with 4 AC hPVL,

4 AC lPVL, and 2 patients with HAM. The genes driving the partial separation along PC1

and PC2 are shown in Figure 3.14e, and PC3 and PC4 are shown in Figure 3.14f. Some

of the genes driving this partial separation between HTLV-1-infected groups included

IL-23A, IL-21, IL-17F, IL-22, CCL4L1, CCL4L2, and CXCL10 which are associated

with different T helper phenotypes or chemokines involved in T cell recruitment. IL-23A

stabilizes Th17 cells [125], and IL-17F and IL-22 are Th17 cytokines[349], with IL-22

also being expressed by Th22 cells [133]. The chemokines CCL4L1 and CCL4L2, induce

the chemotaxis of CCR5 and CCR1 expressing cells, typically Th1 cells and monocytes

[350]. Furthermore, CXCL10 is a chemoattractant for CXCR3 expressing cells, which is
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preferentially expressed in Th1 cells and CD8+ T cells [351]. Other genes include the

CD4+ T cell activation-associated marker HLA-DRA, which is associated with patients

with HAM on the PCA plot, and XCL1 which codes for a cytokine expressed by activated

T cells and NK cells, that facilitates cross-presentation in dendritic cells, allowing dendritic

cells to activate näıve CD8+ T cells, increase antigen uptake, and induces both innate and

adaptive cytotoxic immunity [352]. The PCA analysis suggests that the HTLV-1-specific

CD4+ T cell responses tend to favor different helper phenotypes across the various HTLV-

1-infected groups within this diverse cohort, however, there remains some overlap between

the groups.
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Figure 3.15: Transcriptional analysis of HTLV-1-specific CD4+ T cells in HTLV-1- infected
groups. a. a-c. Volcano plots of differentially expressed genes. Genes with fold change ≥1.5 and
FDR≤0.05 are shown in red. Representative flow plot showing T-bet and EOMES staining (d) and box
and whisker plot showing EOMES expression (e) in HTLTV-1-specific CD4+ T cells (n=11 AC lPVL,
n=15 AC hPVL, n=9 HAM). f. Box and whisker plot showing gene expression of SEMA4A relative
to B2M measured by RT-PCR in sorted HTLV-1-specific CD4+ T cells (n=10 AC lPVL, n=11 AC
hPVL, n=9 HAM). Representative flow staining of SEMA4A and IL-10 (g) and box and whisker plot
(h) showing SEMA4A expression in HTLV-1-specific CD4+ T cells (n=13 AC lPVL, n=17 AC hPVL,
n=10 HAM). i. Normalized gene counts for IL17RA and IL17RC (n=10 AC lPVL, n=7 AC hPVL,
n=9 HAM). Representative histogram (j) and box and whisker plot (k) showing IL-17RA expression
in HTLV-1-specific CD4+ T cells (n=13 AC lPVL, n=17 AC hPVL, n=10 HAM). e, j, h) Wilcoxon
signed-rank unpaired test for comparisons between AC lPVL and AC hPVL, AC hPVL and HAM; i, k)
Wilcoxon signed-rank unpaired test with Holm correction for comparisons between AC lPVL and HAM,
and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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The top 30 DEGs between AC hPVL vs. AC lPVL, HAM vs. AC lPVL, and HAM

vs. AC hPVL again include some genes associated with different T helper phenotypes

(Figure 3.15a-c). The gene with the highest fold-difference expression between HAM

and AC hPVL was EOMES, a T-box brain protein 1 (a subfamily of T-box genes) and

transcription factor involved in the differentiation of CD8+ T cells and regulation of the

expression of lytic effector genes (Figure 3.15c) [353]. The upregulation of EOMES was

validated at a protein level by flow cytometry in HTLV-1-specific CD4+ T cells (Figure

3.15d and 3.15e).

Another interesting gene upregulated in patients with HAM relative to AC hPVL

was SEMA4A which encodes for a soluble transmembrane protein that causes demyelin-

ation and oligodendrocyte death in EAE [354]. This increased SEMA4A expression was

validated by RT-PCR in an expanded patient cohort that showed increased SEMA4A ex-

pression in AC lPVL and HAM relative to AC hPVL (Figure 3.15f). The expanded patient

cohort comprised of both patients from the RNA-sequencing experiment and additional

patients. To validate the increased SEMA4A expression at a protein level, SEMA4A pro-

tein expression was analyzed in HTLV-1-specific CD4+ T cells after a 12 h stimulation

with heat-inactivated HTLV-1 by flow cytometry (Figure 3.15g). Surprisingly, there was

no significant difference in the frequency of SEMA4A+ cells between the HTLV-1-infected

groups (Figure 3.15h). Given that SEMA4A is also a secreted protein, the majority of the

SEMA4A protein produced in HTLV-1-specific CD4+ T cells from patients with HAM

may be secreted. This needs to be further investigated by measuring the concentration of

SEMA4A in the supernatant of HTLV-1-specific CD4+ T cells.

IL17RC, which codes for one of 5 IL-17 receptor family proteins including IL-17RA,

IL-17RB, IL-17RC, IL-17RD, and IL-17RE, is downregulated in AC hPVL vs. AC lPVL

and upregulated in HAM vs. AC hPVL, as shown in the volcano plots (Figure 3.15a and

3.15c). The normalized gene counts for IL17RA and IL17RC are significantly upregulated

in patients with HAM relative to AC lPVL, with similar non-significant trends relative to

AC hPVL (Figure 3.15i). Increased IL-17RA expression in patients with HAM relative

to ACs was validated by flow cytometry (Figure 3.15j and 3.15k). This increased IL-17

receptor expression may increase sensitivity to IL-17 signaling. Overall it is apparent that

HTLV-1-specific CD4+ T cells are transcriptionally distinct in lPVL relative to hPVL and

are transcriptionally distinct in ACs relative to HAM.
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3.2.8 HTLV-1-specific CD4+ T cells in patients with HAM have

an unfocused Th1 response

Given that many of the genes driving separation in the PCA plot between AC lPVL,

AC hPVL, and patients with HAM are associated with different T helper phenotypes,

I further investigated the expression of T-bet, ROR-γt, GATA3, and Foxp3 in HTLV-

1-specific CD4+ T cells at a protein level by flow cytometry (Figure 3.15d and 3.16a).

HTLV-1-specific CD4+ T cells from patients with HAM expressed significantly higher

levels of the Th1 transcription factor T-bet relative to AC hPVL (Figure 3.16b). AC lPVL

HTLV-1-specific CD4+ T cells expressed significantly higher levels of ROR-γt relative to

both AC hPVL and HAM, indicating a Th17 polarized response (Figure 3.16b). There

were no significant differences in Foxp3 or GATA3 expression between HTLV-1-infected

groups.
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Figure 3.16: T helper phenotype of HTLV-1-specific CD4+ T cells in AC lPVL, AC hPVL,
and patients with HAM. Representative flow plot (a) and box and whisker plot (b) showing the
expression of GATA3, RORγt, and Foxp3 (n=10 AC lPVL, n=11 AC hPVL, n=9 HAM) in HTLV-1-
specific CD4+ T cells. Representative flow plots (c, d, e) and box and whisker plots (f) showing the
expression of TNF, CXCL10, IL-22 (n=11 AC lPVL, n=15 AC hPVL, n=9 HAM), IFN-γ, IL-17A, IL-
17F, IL-9, IL-13, and IL-21 (n=9 AC lPVL, n=9 AC hPVL, n=8 HAM), and IL-10 (n=13 AC lPVL,
n=17 AC hPVL, n=10 HAM) in HTLV-1-specific CD4+ T cells after a 12 h stimulation with heat-
inactivated HTLV-1. b, f) Wilcoxon signed-rank unpaired test for comparisons between AC lPVL and
AC hPVL, and AC hPVL ands HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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The cytokine expression patterns associated with different T helper phenotypes were

further characterized in HTLV-1-specific CD4+ T cells after a 12 h stimulation with heat-

inactivated HTLV-1 (Figure 3.16c-e). In agreement with the transcription factor data,

I observed significantly higher levels Th1 cytokines in patients with HAM relative to

AC hPVL including increased IFN-γ, TNF, and increased trends in CXCL10 (Figure

3.16f). While TNF- is predominantly associated with Th1 cells, it is also produced by

Th17, Th0, Th22, and occasionally by other T-helper subsets, reflecting its broad role in

various immune responses and inflammatory processes [355]. Interestingly patients with

HAM also expressed significantly higher levels of the Th17/Th22 cytokine IL-22 than AC

hPVL, despite expressing comparable levels of ROR-γt (Figure 3.16b and Figure 3.16f).

Patients with HAM also expressed significantly higher levels of the Tfh cytokine IL-21

relative to AC hPVL (Figure 3.16f).

In both the TF data and the cytokine data, there were non-significant trends that

showed increased expression of Th1 cytokines IFN-γ and TNF in AC lPVL relative to AC

hPVL. AC lPVL also expressed significantly higher levels of IL-17A and IL-17F relative

to AC hPVL and patients with HAM, in agreement with the ROR-γt expression, and

higher levels of IL-10 relative to AC hPVL.

Overall, the HTLV-1-specific CD4+ T cell response in patients with HAM skews to-

wards Th1, but with increased IL-22 and IL-21, indicating an unfocused highly inflam-

matory response. Th17 responses, with high IL-10, were associated with HTLV-1 viral

control.
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3.2.9 Pathway enrichment analysis of HTLV-1-specific CD4+ T

cells in different HTLV-1-infected groups

Given the high number of DEGs detected between HTLV-1-infected groups, pathway

enrichment analysis was performed with XGR and pathway annotations from Reactome

[336]. Interestingly, pathways enrichment identified “NRAGE signals death through

JNK”, “G alpha (12/13) signaling events”, and “p75NTR receptor-mediated signaling”

to be upregulated in HAM relative to AC hPVL (Figure 3.17a). Upon closer inspection,

except GNA12, these pathways contained many of the same upregulated genes, including

FDG3, ABR, RIPK2, PREX1, ADCY7, ECT2, and ARDGAP4, which are all involved

in G alpha (12/13) signaling (Table 3.8). This increased GPCR signaling in patients with

HAM relative to AC hPVL is in agreement with the upregulated downstream GPCR

signaling seen in the HAM vs. UC analysis.
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Figure 3.17: Pathway enrichment analysis in HTLV-1-specific CD4+ T cells in different
HTLV-1-infected groups. a. Bar plots depicting significantly enriched pathways from Reactome for
HTLV-1-specific CD4+ T cells from HAM vs. AC lPVL, AC hPVL vs. AC lPVL, and HAM vs. AC
hPVL using upregulated genes (≥1.5 fold increase, FDR≤0.05). Fold enrichment is plotted as log2 (FC)
and bars are labeled with the adjusted p-value. b. Box and whisker plot showing p75NTR and TrkA
expression in HTLV-1-specific CD4+ T cells (n=11 AC lPVL, n=15 AC hPVL, n=9 HAM). c. Bar plots
depict significantly enriched (FDR≤0.05) pathways from Reactome for HTLV-1-specific CD4+ T cells
from HAM vs. AC lPVL, AC hPVL vs. AC lPVL, and HAM vs. AC hPVL using downregulated genes
(≥1.5 fold decrease, FDR≤0.05). Fold enrichment is plotted as log2 (FC) and bars are labeled with the
adjusted p-value. d. Box and whisker plot showing relative gene expression of genes in the G alpha 12/13
signaling events pathway relative to B2M measured by RT-PCR in sorted HTLV-1-specific CD4+ T cells
(n=11 AC lPVL, n=11 AC hPVL, n=9 HAM). e. Box and whisker plot showing relative gene expression
of TICAM1 relative to B2M measured by RT-PCR in sorted HTLV-1-specific CD4+ T cells (n=11 AC
lPVL, n=11 AC hPVL, n=9 HAM). b, d, e)Wilcoxon signed-rank unpaired test for comparisons between
AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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p75NTR and tropomyosin receptor kinase A (TrkA) are upstream of NRAGE and

JNK, and their ligands include nerve growth factor (NGF), BDNF, neurotrophin (NT)

3, and NT-4 [356]. p75NTR or TrkA were not differentially upregulated in HAM relative

AC hPVL in the RNA-seq data, and this was confirmed at a protein level, indicating

that the differences were downstream of the receptor (Figure 3.17b). Pathways that were

upregulated in HAM vs. AC lPVL but not AC hPVL vs. AC lPVL, included downstream

TCR signaling, co-stimulation by the CD28 family, and MHC class II antigen presentation

indicating more activated HTLV-1-specific CD4+ T cells with increased TCR signaling

in patients with HAM relative to AC lPVL. A full list of the DEGs in the upregulated

pathways can be seen in Table 3.8) for the HAM vs. AC hPVL analysis, Table 3.9 for the

AC hPVL vs. AC lPVL analysis, and Table 3.10 for the HAM vs. AC lPVL analysis.

There were no downregulated pathways in AC hPVL relative to AC lPVL. The down-

regulated pathway with the largest fold-change in patients with HAM relative to AC

hPVL was the unfolded protein response (UPR) (Figure 3.17c). The accumulation of un-

folded or misfolded proteins in the endoplasmic reticulum activates the UPR [357]. Many

acute and chronic viral infections activate the UPR [358]. The activation of the UPR

results in the reduction of protein translation, the degradation of misfolded proteins, and

the upregulation of molecular chaperone production, however in conditions of prolonged

stress the UPR can also induce apoptosis [358]. The downregulation of the UPR in pa-

tients with HAM could lead to the survival of stressed and highly inflammatory cells.

In addition to the UPR, patients with HAM downregulated “fatty acid, triacylglycerol,

and ketone body metabolism” relative to AC hPVL and downregulated “integration of

energy metabolism” relative to AC lPVL. The genes downregulated in the “fatty acid,

triacylglycerol, and ketone body metabolism” pathway in patients with HAM relative to

AC hPVL included AGPAT1, GPD1L, GRHL1, MED15, MED8, NR1D1, and PPARG.

Highly activated T cells tend to rely more on glycolysis relative to fatty acid oxidation,

therefore the downregulation of these pathways may indicate an increased reliance on

glucose and an increased activation state of HTLV-1-specific CD4+ T cells in patients

with HAM [359]. A full list of the DEGs in the downregulated pathways can be seen in

Table 3.11) for the HAM vs. AC hPVL analysis, and Table 3.12 for the HAM vs. AC

lPVL analysis.

To validate the differential gene expression in these detected pathways, the relat-
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ive gene expression of the genes in the G alpha (12/13) signaling events pathway was

measured by RT-PCR in an expanded cohort of patients (Figure 3.17d). As expected,

GNA12, GNA13, FDG3, ABR, RIPK2, PREX1, ADCY7, ECT2, and ARDGAP4 were

all expressed at higher levels in patients with HAM relative to AC hPVL. Interestingly,

GNA12, RIPK2, PREX1 and ECT2 several of the genes were also upregulated in AC

lPVL relative to AC hPVL, indicating that these genes may contribute to the maintenance

of a low PVL in AC lPVL, but contribute to pathology in high PVLs.

To validate some of the differentially expressed genes in the innate immune system

pathway which was upregulated in HAM relative to AC hPVL (Figure 3.17a), relative

TICAM1 expression was measured by RT-PCR in an expanded cohort of patients, and

again confirmed the increased expression levels in patients with HAM relative to AC

hPVL. Taken together, this data indicates that G alpha (12/13) signaling may be involved

in HTLV-1-specific CD4+ T cell dysfunction in patients with HAM and contribute to

HAM pathogenesis. However, the mechanisms by which this pathway drives inflammation

remain unclear.

104



3.2. Results

3.2.10 Characterization of bulk CD4+ T cells

Finally, to gain insight into whether the differences in T helper phenotypes of HTLV-

1-specific CD4+ T cells were also seen in the bulk CD4+ T cells across different HTLV-1

infected groups, I characterized bulk CD4+ T cells by flow cytometry. CD4+ T cells

were analyzed either ex vivo or after stimulation with PMA and ionomycin. The markers

CCR7 and CD45RA were used to classify ex vivo CD4+ T cells into central memory (CM),

näıve, tTDE and EM cells (Figure 3.18a). Overall there were very minor differences in

the antigen experience of bulk CD4+ T cells in the different HTLV-1-infected groups,

with no differences in the frequency of central memory or näıve cells (Figure 3.18b). High

PVL groups had an increased frequency of effector memory cells relative to AC lPVL, and

HTLV-1-infected individuals had a higher frequency of terminally differentiated effector

cells relative to UCs.
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Figure 3.18: Characterization of bulk CD4+ T cells in UCs, ACs, and patients with HAM.
Representative flow plots (a) and box and whisker plots (b) showing the frequency of central memory
(CM), näıve, effector memory (EM), and terminally differentiated effector (TDE) CD4+ T cells in different
study groups (n=11 UC, n=10 AC lPVL, n=11 AC hPVL, n=8 HAM). Representative flow plots (c)
and box and whisker plots (d) showing granzyme B and cytokine expression in CD4+ T cells in different
groups after a 4-hour stimulation with PMA and ionomycin (n=11 UC, n=11 AC lPVL, n=11 AC hPVL,
n=9 HAM). b, d) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, AC
lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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To characterize the cytokine expression profile of bulk CD4+ T cells in different HTLV-

1-infected groups and UCs, I stimulated total PBMCs with PMA and ionomycin for 4

h and characterized the cytokine expression by flow cytometry (Figure 3.18c). Overall

there were no statistically significant differences in cytokine or granzyme B expression

between UCs and AC lPVL, AC lPVL and AC hPVL, or AC hPVL and patients with

HAM (Figure 3.18d).

Figure 3.19: Characterization of surface markers on bulk CD4+ T cells in UCs, ACs,
and patients with HAM. Representative flow plots (a) and box and whisker plots (b) showing the
expression of cell surface markers in ex vivo CD4+ T cells (n=16 UC, n=20 AC lPVL, n=20 AC hPVL,
n=13 HAM). b) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, AC
lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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Finally, I characterized the expression of certain cell surface markers. I stained for

CD27 to gain insight into T cell activation, PD-1, T cell immunoreceptor with immun-

oglobulin and ITIM domain (TIGIT), Tim-3, and CD25 to gain insight into inhibitory

capacity, and CCR7 to assess lymph node homing capacity (Figure 3.19a and 3.19b).

There were no significant differences in PD-1 and Tim-3 expression. CCR7 expression de-

creased significantly with PVL in ACs and decreased even further in patients with HAM.

High PVL groups expressed higher levels of TIGIT and CD25, in agreement with previous

studies [304]. Overall these data indicate only minor differences in the bulk CD4+ T cell

populations between HTLV-1-infected groups and UCs, with all groups producing similar

levels of cytokines.
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3.3 Discussion

The overall aim of this chapter was to characterize HTLV-1-specific CD4+ T cells in dif-

ferent HTLV-1-infected groups to gain insight into HTLV-1-specific CD4+ T cell responses

associated with effective viral control, and signaling pathways and molecules associated

with HAM pathogenesis. Throughout this chapter, I identified HTLV-1-specific CD4+ T

cells by stimulating total PBMCs with heat-inactivated HTLV-1, and using CD154 ex-

pression as a marker for HTLV-1-specificity. When controlling for PVL between patients

with HAM and ACs, I observed that the frequency and number of HTLV-1-specific CD4+

T cells increased with PVL, but did not change with disease status. In agreement with

previous studies, I observed that HTLV-1-specific CD4+ T cells are infected at higher

rates than non-HTLV-1-specific CD4+ T cells [301], and this preferential infection is even

more pronounced in high PVL groups. HTLV-1-specific CD4+ T cells from patients with

HAM showed an increased effector memory phenotype and increased CD49d expression,

indicating an enhanced effector phenotype and capacity to travel to the CNS. I showed

that HTLV-1-specific CD4+ T cells from patients with HAM reduced the viability of astro-

cytes and induced proinflammatory astrocytes which expressed significantly higher levels

of CD40, iNOS, and CXCL10 relative to AC hPVL and IL-6 and and IFN-γ relative to

UCs. While HTLV-1-specific CD4+ T cells from all HTLV-1-infected groups induced the

upregulation of the antigen presentation machinery in microglia, HTLV-1-specific CD4+

T cells from patients with HAM induced significantly higher levels of CD80 expression and

reduced microglial viability relative to AC hPVL. To gain insight into the mechanisms by

which HTLV-1-specific CD4+ T cells induced these changes, I performed RNA-seq ana-

lysis on HTLV-1-specific CD4+ T cells from UCs, AC lPVL, AC hPVL, and patients with

HAM. I identified 628 differentially expressed genes in patients with HAM when compared

to AC hPVL, including the upregulation of EOMES, SEMA4A, IL17RA, IL17RC, and

genes associated with an unfocused Th1 phenotype. I validated the RNA-seq findings at

a protein level and showed that a Th17 response with some Th1 cytokine expression is

associated with a low PVL, while HTLV-1-specific CD4+ T cells in patients with HAM

have an unfocused Th1 phenotype with high levels of Th1 cytokines, IL-22, and IL-21

expression. Pathway enrichment analysis showed that patients with HAM upregulate G

alpha (12/13) signaling events, have increased NRAGE death signaling through JNK,
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and increased signaling by p75NTR relative to AC hPVL. These pathways, molecules,

and Th1 cytokines have the potential to modulate CNS resident cells and contribute to

HAM pathogenesis. In this chapter, I have gained insights into CD4+ T cells responses

associated with a low PVL, and dysfunctional and inflammatory responses associated

with HAM.

Previous studies identified HTLV-1-specific CD4+ T cells by stimulating total PBMCs

with a HTLV-1-peptide library for 6 h and using IFN-γ expression as a marker for HTLV-

1-specificity [300, 301]. These studies showed that patients with HAM had a 25-fold

greater frequency of IFN-γ+ HTLV-1-specific CD4+ T cells relative to ACs, and that

these IFN-γ+ HTLV-1-specific CD4+ T cells were infected with HTLV-1 at higher rates

relative to non-HTLV-1-specific CD4+ T cells [300, 301]. However, the patients with HAM

in these studies had significantly higher PVLs than the ACs, therefore it is likely, based

on my data, that these observed differences in HTLV-1-specific CD4+ T cell frequency

between patients with HAM and ACs were due to differences in PVL rather than disease

status.

In this chapter, I identified HTLV-1-specific CD4+ T cells by stimulating total PB-

MCs with heat-inactivated HTLV-1 for 12 hours and defining CD4+ T cells that expressed

CD154 as HTLV-1-specific [323]. The use of CD154 to identify HTLV-1-specific CD4+

T cells allows direct access to antigen-specific T cells from an unrestricted pool of epi-

topes, phenotypes, and TCR sequences [127, 316, 320, 323]. However, using CD154 as an

activation-induced marker has limitations. CD154 is not exclusively expressed by virus-

specific T cells; it can be upregulated in response to non-specific activation, which may

lead to the inclusion of non-HTLV-1-specific cells. This non-specific activation could ex-

plain the presence of CD154+ CD4+ T cells in UCs after HTLV-1 stimulation, as well

as the high proportion of näıve CD154+ CD4+ T cells in chronically infected patients.

Additionally, using the whole heat-inactivated virus to stimulate PBMCs, rather than

peptides, has its limitations. This approach depends on effective antigen processing and

presentation, which can vary across different cell types, potentially leading to inconsistent

T-cell activation. Moreover, whole virus stimulation may induce non-specific immune re-

sponses due to the presence of various viral components, whereas peptides provide more

targeted and specific activation of virus-specific T cells. Despite these limitations, this

technique remains a valuable tool that can offer significant insights into HTLV-1-specific
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responses.

While many factors contribute to HAM pathogenesis, the best predictor of risk remains

a high PVL. Therefore understanding the mechanisms by which some ACs can effectively

control HTLV-1 infection is essential for reducing the risk of HTLV-1-associated diseases.

The AC lPVL group had a lower frequency and number of HTLV-1-specific CD4+ T cells,

indicating that the HTLV-1-specific CD4+ T cell response is more efficient, and requires

fewer cells to control the infection than high PVL groups. While HTLV-1-specific CD4+

T cells in all HTLV-1-infected groups were infected at higher rates than non-HTLV-1-

specific CD4+ T cells, this preferential infection was less severe in the AC lPVL group.

While it is unclear if higher rates of preferential infection of HTLV-1-specific CD4+ T

cells in high PVL groups are a cause or consequence of high PVLs, high rates of infection

of HTLV-1-specific CD4+ T cells in high PVL groups may directly contribute to the

inability to control HTLV-1-infection. When highly-infected HTLV-1-specific CD4+ T

cells become activated by chronic HTLV-1-antigen expression, they proliferate and directly

contribute to higher PVLs. Furthermore, HTLV-1-specific CD4+ T cells in AC lPVL

expressed significantly higher levels of IL-10 than AC hPVL, which could reduce the

proliferation of infected lymphocytes thereby reducing the mitotic proliferation of HTLV-

1. In addition, HTLV-1-specific CD4+ T cells in AC lPVL appear less activated than in

high PVL groups, as shown by the pathway enrichment analysis relative to UCs (Figure

3.13f), despite being stimulated ex vivo with the same concentration of heat-inactivated

HTLV-1. The HTLV-1-specific CD4+ T cells in the AC lPVL group had significantly

lower frequencies of effector memory and terminally differentiated effector cells relative to

AC hPVL. Phenotypically, HTLV-1-specific CD4+ T cells in AC lPVL had an increased

Th17 phenotype, expressing high levels of ROR-γt, IL-17A, and IL-17F relative to AC

hPVL. HTLV-1-specific CD4+ T cells from AC lPVL also expressed non-significant trends

in increased T-bet and Th1 cytokine expression including IFN-γ, TNF, and CXCL10

relative to AC hPVL. While strong Th1 responses are generally associated with strong

antiviral functions [360], the role Th17 cells play in viral control is less understood [361].

Th17 responses have been associated with pathology in autoimmune and inflammatory

conditions such as MS, RA, and IBD [362]. In chronic viral infections like HIV, HIV-

specific CD4+ T cells from elite controllers, people spontaneously controlling the virus,

robustly expressed genes associated with Th1, Th17, and Th22 phenotypes, while HIV-
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specific CD4+ T cells in chronic HIV progressors showed a more Tfh phenotype [316].

While HTLV-1-specific CD4+ T cells in AC hPVL did not seem to upregulate genes

associated a Tfh phenotype, including BCL6, CXCR5, PDCD1, and did not express higher

levels of IL-21, I did observe strong Th1 and Th17 cytokine responses in AC lPVL relative

to AC hPVL. These data indicate that a small but efficient HTLV-1-specific CD4+ T cell

population, with strong Th1 and Th17 cytokine responses, and high IL-10 expression is

associated with effective viral control in HTLV-1 infection.

While a high PVL is the biggest known risk factor for HAM, over 50% of HTLV-1-

infected individuals have a PVL above 1%, and only a small minority go on to develop

HAM [212]. Therefore, high PVL in isolation is not enough to drive HAM pathogen-

esis. HTLV-1-specific CD4+ T cells from patients with HAM had an enhanced effector

memory phenotype and expressed higher levels of CD49d than AC hPVL, indicating an

enhanced capacity to migrate to the CNS. Anti-CD49d antibody natalizumab is an ap-

proved treatment for MS and has been shown to reduce lymphocyte infiltration in the

CNS [363]. Given the similarity of HAM and MS symptoms and disease pathology, it may

be of interest to further investigate the efficacy of natalizumab in reducing lymphocyte

infiltration in the CNS in patients with HAM.

In addition to the increased capacity of HTLV-1-specific CD4+ T cells from patients

with HAM to migrate to the CNS, I showed that HTLV-1-specific CD4+ T cells from pa-

tients with HAM can directly contribute to CNS inflammation and induce inflammatory

glial cells. HTLV-1-specific CD4+ T cells from patients with HAM reduced the viability

of astrocytes and microglia, induced the upregulation of the antigen presentation ma-

chinery, and induced the production of proinflammatory cytokines in astrocytes relative

to AC hPVL. The PVL of the AC hPVL and HAM groups were matched, and the HTLV-

1-specific CD4+ T cells were infected at comparable rates, therefore differences observed

between AC hPVL and patients with HAM were not as a result of viral proteins or glial

innate immune activation by HTLV-1, but rather functional and phenotypic differences

between the HTLV-1-specific CD4+ T cells. HTLV-1-specific CD4+ T cells from patients

with HAM showed enhanced Th1 responses relative to AC hPVL. IFN-γ and TNF have

previously been shown to induce HLA-DR upregulation in astrocytes [364, 365], and as-

trocytes can act as antigen-presenting cells during Parkinson’s disease [366]. Furthermore,

microglia upregulated the antigen presentation machinery after co-culture with HTLV-1-
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specific CD4+ T cells from patients with HAM, and expressed significantly higher levels of

CD80 relative to AC hPVL. My data shows that both astrocytes and microglia have the

capacity to re-activate HTLV-1-specific CD4+ T cells in the CNS in patients with HAM,

and the high rate of HTLV-1-infection of HTLV-1-specific CD4+ T cells in patients with

HAM could serve as an HTLV-1 antigen reservoir.

In addition to the upregulation of the antigen presentation machinery in astrocytes,

HTLV-1-specific CD4+ T cells from patients with HAM, relative to AC hPVL, induced a

large and significant increase in CD40 expression and increased expression of proinflam-

matory cytokines and chemokines including IFN-γ, IL-6, and CXCL10. HTLV-1-specific

CD4+ T cells express CD154, and CD40-CD154 interactions have been shown to induce

the secretion of proinflammatory cytokines and chemokines in astrocytes, which trigger

an autocrine activation of these cells that aggravate EAE [367]. It has been shown that

stimulation of astrocytes with IFN-γ, TNF, or lipid polysaccharide (LPS), but not HIV

proteins, or IL-6 results in the upregulation of CD40 [368]. Once activated by HAM

HTLV-1-specific CD4+ T cells, the astrocytes expressed high levels of CXCL10, which is

elevated in the CSF of patients with HAM relative to both MS patients and UCs [351].

High levels of CXCL10 contribute to the recruitment of CXCR3 expressing cells, includ-

ing Th1 cells and CD8+ T cells, to the CNS. Interestingly, I did not see an increase

in C3 expression in the astrocytes, as C3 is usually expressed in A1 astrocytes with an

inflammatory phenotype [369].

Activated non-HTLV-1-specific CD4+ T cells from patients with HAM were also able

to induce more inflammatory glial cells relative to AC hPVL, indicating that both HTLV-

1-specific and non-specific CD4+ T cells in patients with HAM have the capacity to

contribute to neuroinflammation when activated. However, unlike HTLV-1-specific CD4+

T cells, non-HTLV-1-specific CD4+ T cells are unlikely to be chronically activated in

vivo. These findings build on earlier studies that observed phenotypic and morphological

differences in astrocyte cell lines co-cultured with HTLV-1-infected lymphocyte lines from

a patient with HAM or a control [288]. It has also previously been reported that contact

with HTLV-1-infected cells can alter astrocyte metabolism, homeostasis, and cytokine

secretion [278], however, the differences that I observed between AC hPVL and HAM

are not due to HTLV-1 infection as the HAM and AC hPVL group were matched by

PVL. When stimulated with PMA and ionomycin, non-HTLV-1 specific CD4+ T cells in
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patients with HAM produced similar levels of Th1 cytokines relative AC hPVL, however

there may be differences in cytokine expression over the 48 h stimulation with anti-CD3

and anti-CD28 during the glial co-culture between HAM and AC hPVL CD4+ T cells

driving these changes in glial cells. Overall, while I have demonstrated that CD4+ T cells

in patients with HAM are dysfunctional and can induce proinflammatory astrocytes and

microglia, much remains to be elucidated about underlying the mechanisms.

While the glial-CD4+ T cell co-cultures provide valuable insights into the capacity of

CD4+ T cells from patients with HAM to contribute to neuroinflammation and HAM

pathogenesis, several limitations must be acknowledged. First, the experiment lacks con-

current phenotypic analysis of T cells and glial cells at the same time point, which limits

the ability to fully correlate functional outcomes with specific cellular states. Additionally,

the use of cell lines (HMC3 microglia and CCF-STTG1 astrocytes) rather than primary

cells may not fully recapitulate the in vivo environment, potentially affecting the physiolo-

gical relevance of the findings. Moreover, CD4+ T cells were stimulated with HTLV-1,

then sorted, and subsequently cultured for 15 days with anti-CD3 and anti-CD28 stimu-

lation in the presence of IL-2. This culture period expands the HTLV-1-specific CD4+ T

cell populations from a few hundred cells to over a million cells, potentially leading to the

preferential expansion of certain clones, infection statuses, and phenotypes in the in vitro

culture. Finally, these CD4+ T cells were derived from peripheral blood, which may not

accurately reflect the activity of CD4+ T cells in the CNS/CSF. While valuable observa-

tions have been made, further mechanistic insights are warranted to better understand

the specific roles and interactions of these cells in HAM pathogenesis.

This chapter shows that ex vivo HTLV-1-specific CD4+ T cells in patients with HAM

have an unfocused Th1 response and expressed higher levels of IFN-γ, TNF, IL-21, and

IL-22 than AC hPVL. Previous studies have shown that an IFN-induced signature was

present in all circulating leukocytes in patients with HAM, and its intensity correlated

with the clinical severity of HAM [266]. Given the overlap in Type I and Type II IFN

inducible genes, the study was unable to determine the source of the signal, but the

data in this chapter suggest that HTLV-1-specific CD4+ T cells have the capacity to

contribute to this signature [266]. In addition to a strong Th1 response, HTLV-1-specific

CD4+ T cells in patients with HAM also expressed high levels of IL-22 and IL-21. IL-22

is a Th17 and Th22-associated cytokine and its role in neuroinflammation is not fully
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understood. Previous studies have shown that MS patients have elevated levels of IL-22

in their serum and CSF especially during the acute phase of an MS flare [370]. IL-22 has

been shown to disrupt the tight junctions of the BBB and increase permeability, which

enables increased infiltration of lymphocytes to the CNS [349]. In contrast, however, IL-22

has been shown to bind astrocytes and decrease the apoptosis of TNF-treated astrocytes

thereby showing a potential protective role [370]. IL-22 binding protein (IL22BP) is a

secreted monomeric protein acting as an IL-22 antagonist with inhibitory effects on IL-22

activity, and polymorphisms in IL22BP are associated with MS [371]. However, when

IL22BP was knocked down in mice, and researchers tried to induce EAE, the IL22BP

knock-out mice showed a decreased neuroinflammatory profile with an overall less severe

disease, strongly suggesting that IL-22 attenuates disease severity [369]. The role of IL-22

in patients with HAM is unclear, but the higher levels of IL-22 expression in HTLV-1-

specific CD4+ T cells may allow increased infiltration of HTLV-1-specific CD4+ T cells

into the CNS, and once in the CNS, IL-22 may reduce the apoptosis of inflammatory

astrocytes and induce the expression of anti-inflammatory proteins such as BDNF and

IL-10. In addition to the high levels of IL-22, HTLV-1-specific CD4+ T cells from patients

with HAM secreted high levels of IL-21, which drives strong B cell proliferation. However,

the contribution of IL-21, B cells, and antibody responses to neuroinflammation in HAM

have not been well characterized. Overall the Th1 response in patients with HAM has

the capacity to drive neuroinflammation, but the roles of IL-22 and IL-21 in contributing

to HAM pathogenesis remain unclear.

The transcriptional analysis of HTLV-1-specific CD4+ T cells identified increased EO-

MES, SEMA4A, IL17RA, and IL17RC expression in patients with HAM relative to AC

hPVL. While the exact function of EOMES in CD4+ T cells remains unclear, EOMES+

CD4+ T cells are increased in the CSF and periphery of progressive MS patients, and

EOMES expression is essential for the development of chronic neuroinflammation in EAE

[372, 373]. Recently it was shown that EOMES deletion in mice, was sufficient to protect

against CNS inflammation and EAE, and that EOMES is required for long-term mainten-

ance of CNS-infiltrating CD4+ T cells [374]. EOMES expression was shown to enhance

CD4+ T cell survival by increasing resistance to stress-induced cell death and increasing

mitochondrial respiratory capacity [374]. I also observed increased IL17RA and IL17RC

expression in HTLV-1-specific CD4+ T cells from patients with HAM. Increased IL-17
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signaling has been shown to increase effector CD4+ T cell resistance to immune suppres-

sion [375], and therefore increased IL-17 receptor expression in HTLV-1-specific CD4+ T

cells in patients with HAM may result in increased activation and contribute to aberrant

inflammation.

Lastly, the pathway enrichment analysis identified several interesting up and downreg-

ulated pathways in HTLV-1-specific CD4+ T cells in patients with HAM relative to AC

hPVL. G alpha 12/13 signaling events have a wide range of downstream effects. Some

upstream GPCRs for G alpha 12/13 signaling include sphingosine-1-phosphate (S1P) re-

ceptor and lysophosphatidic acid (LPA) receptor [376]. S1P signaling enables CD4+ T

cells to egress from the lymph node into the periphery [377, 378]. The reduced expres-

sion of CCR7 in HTLV-1-specific CD4+ T cells in patients with HAM indicates reduced

trafficking of HTLV-1-specific CD4+ T cells to lymph nodes. In MS, S1P signaling is

blocked by fingolimod to reduce lymphocyte egress from the lymph node thereby decreas-

ing lymphocyte infiltration in the CNS. Given similarities in MS and HAM pathology,

blocking S1P signaling in HAM may be an interesting avenue for further investigation

for treatment [377, 378]. Additionally, HTLV-1-specific CD4+ T cells from patients with

HAM downregulated the metabolism of fatty acids, triacylglycerol, and ketone bodies.

Generally, activated CD4+ T cells have a greater glycolytic dependency and a reduced

fatty acid oxidation dependency [379]. Interestingly one of the genes downregulated in this

pathway is AGPAT1, which encodes for an enzyme that converts LPA into phosphatidic

acid (PA) [380]. The downregulation of this gene may result in an increased concen-

tration of LPA, and therefore increased LPA signaling through G alpha 12/13 signaling

pathways. The role these pathways play in contributing to HAM pathogenesis warrants

further investigation and follow-up study to elucidate the mechanisms.

To summarize, I have shown in this chapter that a small population of highly efficient

Th17 HTLV-1-specific CD4+ T cells, some Th1 cytokine production, and high levels of IL-

10 are associated with a low PVL, and I have identified numerous signaling pathways and

molecules in HTLV-1-specific CD4+ T cells that are associated with HAM. I hypothesize

the following, HTLV-1-specific CD4+ T cells have an enhanced capacity to migrate to

the CNS due to an enhanced effector memory phenotype with high CD49d expression.

High levels of Th1 cytokines and IL-22 released by HTLV-1-specific CD4+ T cells in

patients with HAM may contribute to disrupting the BBB and lymphocyte infiltration
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into the CNS. Once in the CNS, HTLV-1-specific CD4+ T cells induce proinflammatory

microglia and astrocytes which upregulate the type II antigen presentation machinery,

CD40, and proinflammatory cytokines. The high level of HTLV-1-infection of HTLV-

1-specific CD4+ T cells and the activation of APCs in the CNS, would allow for the

re-activation of HTLV-1-specific CD4+ T cells in the CNS. Proinflammatory cytokines

and CD40-CD154 interactions between HTLV-1-specific CD4+ T cells and astrocytes

may induce further astrocyte activation and the secretion of proinflammatory cytokines

and chemokines which further drive inflammation in an autocrine and paracrine manner.

High levels of CXCL10 secreted by activated astrocytes recruit more Th1 and CD8+ T

cells to the CNS further driving CNS inflammation and HAM disease progression. An

upregulation of IL-17 receptors decreases susceptibility to immune suppression. Finally,

HTLV-1-specific CD4+ T cells in patients with HAM upregulate G alpha 12/13 signaling

events, and downregulate fatty acid, triacylglycerol, and ketone body metabolism, however

how these pathways contribute to HAM pathogenesis is unclear and further mechanistic

insight remains to be elucidated.
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3.4 Appendix

3.4.1 Pathway enrichment in HTLV-1 infected groups relative

to UC

Table 3.1: Enriched pathways from upregulated genes in all HTLV-1-infected groups relative to UCs

Pathway Name p adj Upregulated Genes

Interferon alpha/beta
signaling

0.0028 ADAR, EGR1, GBP2, IFI35, IFI6, IFIT1, IFIT2, IFIT3, IFITM1,
IFITM3, IP6K2, IRF1, IRF5, ISG20, MX1, MX2, OAS1, OAS2, OAS3,

OASL, PTPN1, SOCS3, USP18, XAF1

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in all the HTLV-1-specific CD4+ T cells from HTLV-1-infected groups relative to UCs.

Table 3.2: Enriched pathways from downregulated genes in all HTLV-1-infected groups relative to UCs

Pathway Name p adj Downregulated Genes

Transport of Mature
Transcript to
Cytoplasm

0.023 NUP188, NUP54, SRSF1, SRSF2, SRSF6

Processing of Capped
Intron-Containing

Pre-mRNA

0.046 NUP188, NUP54, PAPOLA, SF3A2, SRSF1, SRSF2, SRSF6

Significantly enriched (FDR≤0.05) pathways from Reactome for downregulated genes (≥1.5 fold decrease,
FDR≤0.05) in all the HTLV-1-specific CD4+ T cells from HTLV-1-infected groups relative to UCs.

Table 3.3: Upregulated pathways in AC lPVL relative to UC

Pathway Name p adj Upregulated Genes

Interferon alpha/beta
signaling

0.0039 ADAR, EGR1, GBP2, IFI35, IFI6, IFIT1, IFIT2, IFIT3, IFITM1,
IFITM3, IP6K2, IRF1, IRF5, ISG20, MX1, MX2, OAS1, OAS2, OAS3,

OASL, PTPN1, SOCS3, USP18, XAF1

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from AC lPVL relative to UCs.
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Table 3.4: Upregulated pathways in AC hPVL relative to UC

Pathway Name p adj Upregulated Genes

Interferon alpha/beta
signaling

0.000069 ADAR, EGR1, GBP2, IFI27, IFI35, IFI6, IFIT1, IFIT2, IFIT3, IFITM1,
IP6K2, IRF1, IRF4, IRF5, IRF7, ISG15, ISG20, MX1, MX2, OAS1,
OAS2, OAS3, OASL, PSMB8, PTPN1, RNASEL, SOCS1, SOCS3,

STAT1, STAT2, USP18, XAF1

Interferon gamma
signaling

0.0026 B2M, GBP1, GBP2, GBP4, GBP5, HLA-DPA1, HLA-DPB1, HLA-DQA1,
HLA-DQA2, HLA-DRB1, HLA-DRB5, ICAM1, IFNG, IRF1, IRF4, IRF5,

IRF7, JAK2, OAS1, OAS2, OAS3, OASL, PML, PRKCD, PTPN1,
SOCS1, SOCS3, SP100, STAT1

Cytokine Signaling in
Immune system

0.0026 ADAR, ARIH1, B2M, BTRC, CASP1, CHUK, CISH, CRKL, CSF2,
DDX58, EGR1, EIF2AK2, EIF4E, EIF4E3, GBP1, GBP2, GBP4, GBP5,

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQA2, HLA-DRB1,
HLA-DRB5, ICAM1, IFI27, IFI35, IFI6, IFIT1, IFIT2, IFIT3, IFITM1,
IFNG, IKBKB, IL1RN, IL2, IL2RA, IL2RB, IL3, IL5, IL6, IL7, IP6K2,
IRAK1, IRAK2, IRAK4, IRF1, IRF4, IRF5, IRF7, ISG15, ISG20, JAK2,
KPNA2, KPNA3, MAP2K1, MAP3K3, MAP3K8, MX1, MX2, NEDD4,
NOD2, NUP210, NUPL2, OAS1, OAS2, OAS3, OASL, PELI1, PIK3CA,
PML, PRKACB, PRKCD, PSMB8, PTPN1, RNASEL, SOCS1, SOCS2,
SOCS3, SP100, STAT1, STAT2, TAB3, TRAF6, UBA7, UBE2E1, USP18,

VAV1, XAF1, YES1, YWHAZ

Signaling by GPCR 0.0031 ABR, ADCY3, ADORA2A, ADORA2B, AKAP13, AKT1, AKT2,
ANXA1, ARHGEF1, ARHGEF12, ARHGEF18, ARHGEF3, CCL2,

CCL22, CCL28, CCL3, CCL3L1, CCL3L3, CCL4, CCL7, CCR2, CCR5,
CCR8, CD55, CDK5, CGA, CXCL10, DAGLB, DGKA, DGKD, DGKH,
F2RL1, F2RL2, FFAR3, FZD6, GNA12, GNA15, GNAO1, GNAQ, GNB1,

GNG10, GNG2, GNG4, GNGT2, GPR132, GPR18, GPR65, GRK5,
HBEGF, HRH1, HRH2, HRH4, HTR2B, ITPR2, ITSN1, MAP2K1, NMB,
NPW, P2RY14, PDE2A, PDE4B, PDE7A, PDE8A, PDE8B, PDPK1,
PIK3CA, PIK3CG, PIK3R5, POMC, PPP2CB, PPP3CB, PRKACB,

PRKAR2A, PRKCD, PTGER2, PTHLH, RASGRP1, RASGRP2, RGS1,
RGS2, RHOB, RPS6KA1, RPS6KA2, RPS6KA3, SOS2, TIAM2, VAV1,

WNT1, XCL1, XCL2

Nucleotide-binding
domain, leucine rich
repeat containing
receptor (NLR)

signaling pathways

0.023 AIM2, BIRC2, BIRC3, CASP1, CASP9, CHUK, CYLD, IKBKB, IRAK1,
IRAK2, MAPK14, NLRP1, NLRP3, NOD2, P2RX7, PANX1, PSTPIP1,

PYCARD, TAB3, TRAF6, TXN

G alpha (q) signalling
events

0.023 ANXA1, DAGLB, DGKA, DGKD, DGKH, F2RL1, F2RL2, FFAR3,
GNA15, GNAQ, GNB1, GNG10, GNG2, GNG4, GNGT2, GPR132,
GPR65, GRK5, HRH1, HTR2B, ITPR2, NMB, PIK3CA, PRKCD,

RASGRP1, RASGRP2, RGS2, XCL1, XCL2

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from AC hPVL relative to UCs.
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Table 3.5: Upregulated pathways in HAM pelative to UC

Pathway Name p adj Upregulated Genes

Interferon alpha/beta
signaling

1.2x10-7 ADAR, EGR1, GBP2, HLA-A, IFI27, IFI35, IFI6, IFIT1, IFIT2, IFIT3,
IFITM1, IP6K2, IRF1, IRF3, IRF4, IRF5, IRF7, ISG15, ISG20, MX1,
MX2, OAS1, OAS2, OAS3, OASL, PSMB8, PTPN1, RNASEL, SOCS1,

SOCS3, STAT1, STAT2, USP18, XAF1

Interferon gamma
signaling

0.00002 B2M, GBP1, GBP2, GBP4, GBP5, HLA-A, HLA-DPA1, HLA-DPB1,
HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5, ICAM1, IFNG,

IRF1, IRF3, IRF4, IRF5, IRF7, JAK2, OAS1, OAS2, OAS3, OASL, PML,
PRKCD, PTPN1, SOCS1, SOCS3, SP100, STAT1

Interferon Signaling 0.000039 ADAR, B2M, DDX58, EGR1, EIF2AK2, EIF4E, FLNB, GBP1, GBP2,
GBP4, GBP5, HLA-A, HLA-DPA1, HLA-DPB1, HLA-DQA1,

HLA-DQA2, HLA-DRB1, HLA-DRB5, ICAM1, IFI27, IFI35, IFI6, IFIT1,
IFIT2, IFIT3, IFITM1, IFNG, IP6K2, IRF1, IRF3, IRF4, IRF5, IRF7,
ISG15, ISG20, JAK2, KPNA2, KPNA3, MX1, MX2, NEDD4, NUP210,
NUP214, OAS1, OAS2, OAS3, OASL, PML, PRKCD, PSMB8, PTPN1,
RNASEL, SOCS1, SOCS3, SP100, STAT1, STAT2, UBA7, UBE2E1,

USP18, XAF1

Cytokine Signaling in
Immune system

0.0015 ADAM17, ADAR, B2M, CASP1, CHUK, CISH, CSF2, DDX58, EGR1,
EIF2AK2, EIF4E, FLNB, GBP1, GBP2, GBP4, GBP5, HLA-A,
HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQA2, HLA-DRB1,

HLA-DRB5, ICAM1, IFI27, IFI35, IFI6, IFIT1, IFIT2, IFIT3, IFITM1,
IFNG, IKBKB, IL2, IL2RA, IL2RB, IP6K2, IRAK2, IRAK4, IRF1, IRF3,
IRF4, IRF5, IRF7, ISG15, ISG20, JAK2, KPNA2, KPNA3, MAP2K4,

MAP3K8, MX1, MX2, NEDD4, NOD2, NUP210, NUP214, OAS1, OAS2,
OAS3, OASL, PELI1, PIK3R1, PML, PRKACB, PRKCD, PSMB8,
PTPN1, RNASEL, SOCS1, SOCS2, SOCS3, SP100, STAT1, STAT2,

STAT3, TAB3, TRAF6, UBA7, UBE2E1, USP18, XAF1, YES1, YWHAZ

GPCR downstream
signaling

0.0015 ABR, ADCY7, ADORA2A, ADORA2B, AKAP13, AKT1, AKT2,
ANXA1, ARHGAP4, ARHGEF1, ARHGEF18, ARHGEF3, ARHGEF6,
CCL28, CCR10, CCR2, CCR5, CCR8, CGA, CXCL10, DAGLB, DGKA,
DGKD, DGKE, DGKH, F2RL1, F2RL2, FFAR3, FGD3, GNA12, GNA15,
GNAQ, GNG2, GNG4, GNGT2, GPR132, GPR65, GRK5, HRH1, HRH2,

HTR2B, ITPR2, ITSN1, NET1, NPW, P2RY14, PDE7A, PDE8A,
PDE8B, PDPK1, PIK3R1, PIK3R5, POMC, PREX1, PRKCD, PTGER2,

PTGER3, PTHLH, RAMP1, RASGRP1, RASGRP2, RGS1, RGS2,
RHOB, TIAM2, XCL1, XCL2

Signaling by GPCR 0.023 ABR, ADCY7, ADORA2A, ADORA2B, AKAP13, AKT1, AKT2,
ANXA1, ARHGAP4, ARHGEF1, ARHGEF18, ARHGEF3, ARHGEF6,
CCL2, CCL22, CCL28, CCL3, CCL4, CCL7, CCR10, CCR2, CCR5,

CCR8, CD55, CDK5, CGA, CXCL10, DAGLB, DGKA, DGKD, DGKE,
DGKH, F2RL1, F2RL2, FFAR3, FGD3, FZD6, GNA12, GNA15, GNAQ,

GNG2, GNG4, GNGT2, GPR132, GPR65, GRK5, HBEGF, HRH1,
HRH2, HTR2B, ITPR2, ITSN1, NET1, NPW, P2RY14, PDE7A, PDE8A,

PDE8B, PDPK1, PIK3R1, PIK3R5, POMC, PREX1, PRKACB,
PRKCD, PTGER2, PTGER3, PTHLH, RAMP1, RASGRP1, RASGRP2,

RGS1, RGS2, RHOB, RPS6KA1, TIAM2, WNT1, XCL1, XCL2

G alpha (q) signalling
events

0.025 ANXA1, DAGLB, DGKA, DGKD, DGKE, DGKH, F2RL1, F2RL2,
FFAR3, GNA15, GNAQ, GNG2, GNG4, GNGT2, GPR132, GPR65,

GRK5, HRH1, HTR2B, ITPR2, PIK3R1, PRKCD, RASGRP1,
RASGRP2, RGS2, XCL1, XCL2

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from HAM relative to UCs.
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Table 3.6: Downregulated pathways in AC lPVL Relative to UC

Pathway Name p adj Downregulated Genes

Transport of Mature
Transcript to
Cytoplasm

0.0009 NUP188, NUP54, SRSF1, SRSF2, SRSF6

Processing of Capped
Intron-Containing

Pre-mRNA

0.014 NUP188, NUP54, PAPOLA, SF3A2, SRSF1, SRSF2, SRSF6

RNA Polymerase II
Transcription

0.035 PAPOLA, SRSF1, SRSF2, SRSF6, TCEA1

Significantly enriched (FDR≤0.05) pathways from Reactome for downregulated genes (≥1.5 fold decrease,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from AC lPVL relative to UCs.

Table 3.7: Downregulated pathways in AC hPVL relative to UC

Pathway Name p adj Downregulated Genes

Transport of
Ribonucleoproteins

into the Host Nucleus

0.003 KPNB1, NUP188, NUP43, NUP50, NUP54, NUP62, NUP93

Interactions of Vpr
with host cellular

proteins

0.005 HMGA1, NUP188, NUP43, NUP50, NUP54, NUP62, NUP93

Transport of Mature
Transcript to
Cytoplasm

0.012 NUP188, NUP43, NUP50, NUP54, NUP62, NUP93, SRSF1, SRSF2

Metabolism of
non-coding RNA

0.016 NUP188, NUP43, NUP50, NUP54, NUP62, NUP93, PRMT5

Processing of Capped
Intron-Containing

Pre-mRNA

0.016 HNRNPM, LSM2, NUP188, NUP43, NUP50, NUP54, NUP62, NUP93,
SF3B4, SNRNP40, SRSF1, SRSF2, YBX1

Host Interactions of
HIV factors

0.037 AP1S1, HMGA1, KPNB1, NUP188, NUP43, NUP50, NUP54, NUP62,
NUP93, PSMD1, PSMD5

Significantly enriched (FDR≤0.05) pathways from Reactome for downregulated genes (≥1.5 fold decrease,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from AC hPVL relative to UCs.
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3.4.2 Pathway enrichment in HTLV-1 infected groups

Table 3.8: Upregulated pathways in HAM relative to AC hPVL

Pathway Name p adj Upregulated Genes

NRAGE signals death
through JNK

0.011 ABR, ARHGAP4, ECT2, FGD1, FGD3, PREX1

G alpha (12/13)
signalling events

0.017 ABR, ARHGAP4, ECT2, FGD1, FGD3, GNA12, PREX1

p75 NTR
receptor-mediated

signalling

0.032 ABR, ARHGAP4, ECT2, FGD1, FGD3, PREX1, RIPK

Innate Immune
System

0.033 CASP10, CFH, CREBBP, CTSS, IRAK2, LGMN, NLRX1, PIK3R4,
PYCARD, RIPK2, TICAM1, UBA7

Generic Transcription
Pathway

0.046 CREBBP, MED12, NR3C2, ZKSCAN5, ZNF138, ZNF155, ZNF227,
ZNF263, ZNF28, ZNF43, ZNF431, ZNF519, ZNF530, ZNF544, ZNF558,

ZNF597, ZNF611

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from HAM relative to AC hPVL.

Table 3.9: Upregulated pathways in AC hPVL relative to AC lPVL

Pathway Name p adj Upregulated Genes

GPCR ligand binding 0.0024 CCR8, CGA, F2R, FZD6, HTR2B, PTHLH, XCL2

GPCR downstream
signaling

0.0024 CCR8, CGA, F2R, GRK5, HTR2B, PDE8B, PTHLH, TIAM2, XCL2

Metabolism of lipids
and lipoproteins

0.032 CGA, CYP7B1, GK, HMGCS1, NCOA2, PNPLA2, RXRA, SGPP2,
SLC27A2, TIAM2

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from AC hPVL relative to AC lPVL.
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Table 3.10: Upregulated pathways in HAM relative to AC lPVL

Pathway Name p adj Upregulated Genes

GPCR ligand binding 0.0012 ADORA2B, CCL22, CCR8, CD55, CGA, F2R, FZD6, GPR132,
PTGER4, WNT1

Downstream TCR
signaling

0.0055 HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5, IKBKB

Signaling by GPCR 0.0055 ADORA2B, CCL22, CCR8, CD55, CGA, F2R, FZD6, GPR132, PDE8B,
PRKCA, PTGER4, TIAM2, WNT1

Immune System 0.0055 ADAM17, ANAPC4, CBLB, CD200R1, CD55, CDH1, CYLD, EGR1,
GAN, HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5, HUWE1,

IKBKB, IL1RAP, IL2RA, IRAK2, ITGB1, MAP3K8, MTOR, NEDD4,
PIK3R4, REL, SEC24D, TICAM1, TNFAIP3, UBE3

Costimulation by the
CD28 family

0.0057 HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5, MAP3K8, MTOR

PPARA Activates
Gene Expression

0.0057 GLIPR1, HMGCS1, MED22, NCOA2, RXRA, TIAM2, TXNRD1

Metabolism of lipids
and lipoproteins

0.0057 ACSL4, CGA, CYP7B1, GK, GLIPR1, HMGCS1, MED22, NCOA2,
PI4K2A, PIK3R4, RXRA, SGPP2, SMPD4, STARD4, TIAM2, TXNRD1

Cytokine Signaling in
Immune system

0.0071 ADAM17, EGR1, HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5,
IKBKB, IL1RAP, IL2RA, IRAK2, MAP3K8, NEDD4

Developmental
Biology

0.024 EZR, FURIN, ITGB1, MED22, NCOA2, RGMB, RXRA, SEMA4D,
ST8SIA4, WNT1

MHC class II antigen
presentation

0.029 HLA-DQA1, HLA-DQA2, HLA-DRB1, HLA-DRB5, SEC24D

Significantly enriched (FDR≤0.05) pathways from Reactome for upregulated genes (≥1.5 fold increase,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from HAM relative to AC lPVL.
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Table 3.11: Downregulated pathways in HAM relative to AC hPVL

Pathway Name p adj Downregulated Genes

Generic Transcription
Pathway

0.00092 MAMLD1, MED15, MED8, NR1D1, NR4A3, PPARG, ZIK1, ZKSCAN8,
ZNF222, ZNF398, ZNF416, ZNF45, ZNF552, ZNF582, ZNF773

Unfolded Protein
Response

0.031 ERN1, EXOSC6, KHSRP, KLHDC3, MBTPS2

Fatty acid,
triacylglycerol, and

ketone body
metabolism

0.031 AGPAT1, GPD1L, GRHL1, MED15, MED8, NR1D1, PPARG

Significantly enriched (FDR≤0.05) pathways from Reactome for downregulated genes (≥1.5 fold decrease,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from HAM relative to AC hPVL.

Table 3.12: Downregulated pathways in HAM relative to AC lPVL

Pathway Name p adj Downregulated Genes

Peptide chain
elongation

0.0015 RPL10, RPL11, RPL12, RPL3, RPL31, RPL7, RPLP0, RPS18, RPS3A,
RPS6

Metabolism of mRNA 0.017 HSPB1, PSMD2, RPL10, RPL11, RPL12, RPL3, RPL31, RPL7, RPLP0,
RPS18, RPS3A, RPS6

Integration of energy
metabolism

0.041 ADCY3, AGPAT1, GNAQ, PRKAR2A, SLC25A5

Significantly enriched (FDR≤0.05) pathways from Reactome for downregulated genes (≥1.5 fold decrease,
FDR≤0.05) in HTLV-1-specific CD4+ T cells from HAM relative to AC lPVL.
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4
CD8+ T cells in HTLV-1 infection

4.1 Introduction

CD8+ T cells play a crucial role in antiviral immunity. However, despite their essential

role in antiviral responses, the HTLV-1-specific CD8+ T cell response remains relatively

uncharacterized. Demonstrating the importance of the HTLV-1-specific CD8+ T cell

response in HTLV-1 viral control, certain HLA-I alleles have been shown to be protective

against HAM by being associated with a low PVL [193]. The HLA-A*02 allele was found

to be protective as it binds several Tax epitopes unusually strongly, allowing for the

induction of a more rapid CD8+ T cell response [243]. While the majority of HTLV-1-

specific CD8+ T cell immunodominant antigens were found within the Tax protein [308],

a robust HBZ-specific CD8+ T cell response was required for efficient viral control in

ACs [307, 309, 310, 311]. HLA-I alleles that present a high frequency and diversity of

HBZ epitopes were found to be protective against the development of high PVLs [309].

Furthermore, previous studies found that the frequency of HTLV–1-specific CD8+ T cells

was significantly higher in patients with HAM relative to ACs, and that this frequency

correlated positively with PVL and with the severity of disease [299, 313].

Very little is known about the role of CD8+ T cells in HAM pathogenesis. While
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CD4+ T cells predominate in the early HAM lesions, the CD4:CD8 T cell ratio shifts

as the CNS lesions become more chronic, and CD8+ T cells predominate in older HAM

lesions [158, 259]. While certain HLA-I genes have been associated with either low or high

PVLs, no HLA-I genes have been directly implicated in HAM pathogenesis [193]. Tax

HTLV-1-specific CD8+ T cells in patients with HAM have been shown to downregulate

Tim-3 expression relative to ACs, indicating less exhaustion in patients with HAM [381].

Given that CD8+ T cells predominate in older HAM lesions [259], CD4+ T cells are likely

the instigators of HAM pathogenesis, and CD8+ T cells contribute to the chronicity of

inflammation and CNS damage. However, how CD8+ T cells are recruited to the CNS or

the mechanism by which they contribute to pathology remains unclear.

In this chapter, I identified HTLV-1-specific CD8+ T cells by stimulating total PB-

MCs with heat-inactivated HTLV-1 for 12-20 h and identifying HTLV-1-specific CD8+

T cells using the activation-induced markers CD137 and CD69 [75, 329]. High PVL

groups had an increased frequency and number of HTLV-1-specific CD8+ T cells, and

HTLV-1-specific CD8+ T cells were infected at higher rates with HTLV-1 relative to non-

HTLV-1-specific CD8+ T cells. HTLV-1-specific CD8+ T cells from patients with HAM

expressed significantly higher levels of IL-17A and increased trends in IFN-γ relative to

AC hPVL. Furthermore, HTLV-1-specific CD8+ T cells from patients with HAM induced

the upregulation of the antigen presentation machinery and increased astrocyte expres-

sion of proinflammatory cytokines, demonstrating the potential of HTLV-1-specific CD8+

T cells to contribute to HAM pathogenesis. Finally, I characterized bulk CD8+ T cells

in HTLV-1-infected individuals and showed that HTLV-1-infected individuals have more

terminally differentiated effector CD8+ T cells relative to UCs, but there were no ma-

jor differences in the cytokine secretion profiles of CD8+ T cells in UCs, AC lPVL, AC

hPVL, and patients with HAM. CD8+ T cells from patients with HAM expressed higher

levels of CD49d relative to AC hPVL, indicating an enhanced capacity to migrate to the

CNS and contribute to CNS inflammation. The data in this chapter provides a deeper

understanding of both bulk and HTLV-1-specific CD8+ T cells in HTLV-1 infection and

their potential to contribute to HAM pathogenesis.
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4.2. Results

4.2 Results

4.2.1 Identification and characterization of HTLV-1-specific CD8+

T cells

As in the previous chapter, HTLV-1-infected individuals were grouped into ACs with

a PVL under 3% (AC lPVL), ACs with a PVL above 3% (AC hPVL), and patients with

HAM. Again, the PVLs of the AC hPVL and HAM groups were matched to control for

differences due to HTLV-1-infection. Throughout this chapter, unless otherwise stated,

I focused my statistical comparisons between UC and AC lPVL to identify changes that

occur due to HTLV-1 infection, between AC lPVL and AC hPVL to identify differences

as a result of PVL, and between AC hPVL and HAM to identify difference due to disease

status. CD8+ T cells were identified by flow cytometry using the gating strategy shown

in Figure 4.1.

Figure 4.1: Gating strategy for the identification of CD8+ T cells from total PBMCs.
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To identify HTLV-1-specific CD8+ T cells, total PBMCs were stimulated with heat-

inactivated HTLV-1, and HTLV-1-specific CD8+ T cells were identified based on the

co-expression CD69 and CD137 on pre-gated CD8+ T cells (Figure 4.2a) [75, 329]. The

frequency and number (in 10 million PBMCs) of HTLV-1-specific CD8+ T cells were char-

acterized in UCs and the different HTLV-1-infected groups (Figure 4.2b). Unsurprisingly,

UCs that had never been exposed to HTLV-1 had very few CD69+CD137+ CD8+ T cells.

In agreement with previous studies, the number and frequency of HTLV-1-specific CD8+

T cells significantly increased with PVL (Figure 4.2b) [313]. There were no differences in

the number or frequency of HTLV-1-specific CD8+ T cells between AC hPVL and patients

with HAM.

Figure 4.2: Ex vivo HTLV-1-specific CD8+ T cell identification and characterization. a.
Representative flow plots showing CD69 and CD137 expression after a 12 h stimulation with heat-
inactivated HTLV-1 or a control. b. Box and whisker plots showing the number and frequency of
HTLV-1-specific CD8+ T cells identified from 10 million PBMCs (n=15 UC, n=15 AC lPVL, n=17 AC
hPVL, n=13 HAM). c. Scatter plot of Tax expression after 12 h in culture vs. the PVL measured
by ddPCR (n=7 AC hPVL, n=5 HAM). Representative flow plots (d) of Tax expression and box and
whisker plots (e) of Tax+ HTLV-1-specific CD8+ T cells in different HTLV-1-infected groups (n=15 AC
lPVL, n=17 AC hPVL, n=13 HAM); b) Wilcoxon signed-rank unpaired test for comparisons between UC
and AC lPVL, AC lPVL and AC hPVL, and AC hPVL and HAM; c) Pearson correlation coefficient (R)
and p-value; e) Wilcoxon signed-rank paired test with Holm correction; *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001.

As with the HTLV-1-specific CD4+ T cells, Tax expression in CD8+ T cells correlated

with the PVL measured by ddPCR allowing Tax expression to be used as a reliable readout
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for HTLV-1 infection in CD8+ T cells after 12 h in culture (Figure 4.2c). I characterized

the HTLV-1-infection rate of the HTLV-1 specific CD8+ T cells by staining for the HTLV-

1 protein Tax (Figure 4.2d). Again, I observed that HTLV-1-specific CD8+ T cells were

infected at higher rates relative to the non-HTLV-1 specific CD8+ T cells (Figure 4.2e).

This preferential infection was more significant in high proviral load groups, with on

average, only 11.3% of HTLV-1-specific CD8+ T cells in AC lPVL expressing Tax, and

30.6% and 36.0% of HTLV-1-specific CD8+ T cells expressing Tax in AC hPVL and HAM,

respectively. The trends in HTLV-1-specific CD8+ T cell frequency and numbers mirror

the trends seen with HTLV-1-specific CD4+ T cells, with increased rates of infection of

HTLV-1-specific CD8+ T cells and increased frequency of HTLV-1-specific CD8+ T cells as

PVL increases. There were no differences in the number, frequency, and HTLV-1 infection

rate of HTLV-1-specific CD8+ T cells between AC hPVL and patients with HAM, again

indicating that HTLV-1-specific CD8+ T cell frequency and HTLV-1-infection of HTLV-

1-specific CD8+ T cells are not driving factors of HAM pathogenesis.
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4.2.2 Phenotypic characterization of HTLV-1-specific CD8+ T

cells

To assess differences in the phenotype of HTLV-1-specific CD8+ T cells between differ-

ent HTLV-1-infected groups, total PBMCs were stimulated with heat-inactivated HTLV-1

for 20 h and the cytokine expression patterns of HTLV-1-specific CD8+ T cells were as-

sessed by flow cytometry (Figure 4.3a). HTLV-1-specific CD8+ T cells from patients

with HAM expressed significantly higher levels of IL-17A relative to both AC lPVL and

AC hPVL, and IFN-γ relative to AC lPVL, indicating a proinflammatory Tc17 and Tc1

phenotypes in patients with HAM (Figure 4.3b). There were no significant differences

in granzyme B or IL-2 expression between different HTLV-1-infected groups. HTLV-1-

specific CD8+ T cells from AC hPVL expressed significantly higher levels of IFN-γ and

increased trends in TNF relative to AC lPVL.
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Figure 4.3: Characterization of HTLV-1-specific CD8+ T cells. Representative flow plots (a)
and box and whisker plots (b) showing cytokine expression in HTLV-1-specific CD8+ T cells after a
20 h stimulation with heat-inactivated HTLV-1 in different HTLV-1-infected groups (n=17 AC lPVL,
n=16 AC hPVL, n=13 HAM). c. tSNE plot obtained from a concatenated sample of HTLV-1-specific
CD8+ T cells (n=10 AC hPVL, n=10 HAM) showing the density of HTLV-1-specific CD8+ from AC
hPVL and patients with HAM. d. tSNE plots displaying the levels of expression of different markers on
HTLV-1-specific CD8+ T cells from AC hPVL and patient with HAM. e. Box and whisker plots showing
the expression of internal and cell surface markers in HTLV-1-specific CD8+ T cells in different HTLV-
1-infected groups; b, e) Wilcoxon signed-rank unpaired test with Holm correction; *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001.

HTLV-1-specific CD8+ T cells from AC hPVL and patients with HAM exhibit partially

distinct clustering patterns on a t-SNE plot using the markers Tim-3, Foxp3, CD127, PD-
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1, and CD25 (Figure 4.3c). Foxp3, CD127, and CD25 are markers often used to identify

Tregs [377], while the inhibitory markers PD-1 and Tim-3 after often used to identify

exhausted cells [186, 381]. CD127 and Tim-3 were the main markers driving separation

between AC hPVL and patients with HAM (Figure 4.3d). There were no differences

in CD25, Foxp3, PD1, Tim-3, and CD127 expression between HTLV-1-infected groups

(Figure 4.3e). Overall these data show that HTLV-1-specific CD8+ T cells from patients

with HAM have an enhanced Tc17 phenotype relative to AC hPVL.

4.2.3 HTLV-1-specific CD8+ T cells from patients with HAM

induce inflammatory astrocytes

Given that CD8+ T cells predominate in older HAM CNS lesions [158, 259] and the

enhanced expression of IL-17A by HTLV-1-specific CD8+ T cells from patients with HAM,

I wanted to observe the effect of HTLV-1-specific CD8+ T cells on CNS resident cells.
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HTLV-1-specific CD8+ T cells from UCs, AC lPVL, AC hPVL, and patients with

HAM were sorted and grown in vitro for 17 days, and then placed in co-culture with

an astrocyte cell line (CCF-STTG1) for 48 h with anti-CD3 and anti-CD28 stimulation.

Using a fixable viability dye and staining for Annexin V, I was able to identify alive (An-

nexin V- and Live/Dead Dye-), early apoptotic (Annexin V+ and Live/Dead Dye-), late

apoptotic (Annexin V+ and Live/Dead Dye+), and necrotic (Annexin V- and Live/Dead

Dye+) astrocytes after a 48 h culture alone or with HTLV-1-specific CD8+ T cells from

different patient groups (Figure 4.4a). There was a moderate but significant decrease in

the viability of astrocytes co-cultured with HAM HTLV-1-specific CD8+ T cells relative

to astrocytes co-cultured with UC HTLV-1-specific CD8+ T cells (Figure 4.4b). Overall

the viability remained very high with little difference between AC lPVL, and AC hPVL,

and patients with HAM.

Figure 4.4: The effect of HTLV-1-specific CD8+ T cells on astrocytes viability, and CXCL10
and iNOS expression. Representative flow plots (a) and box and whisker plots (b) showing the
frequency of alive, early apoptotic, late apoptotic, and necrotic astrocytes after 48 h alone in culture or
co-cultured with HTLV-1-specific CD8+ T cells from different patient groups (n=5 only astrocytes, n=3
UC, n=3 AC lPVL, n=6 AC hPVL, n=6 HAM). Representative histograms (c) and box and whisker
plots (d) showing the gMFI of CXCL10 and iNOS expression in astrocytes after 48 h alone in culture or
co-culture with HTLV-1-specific CD8+ T cells (n=5 only astrocytes, n=3 UC, n=3 AC lPVL, n=6 AC
hPVL, n=6 HAM). b, d) T test with Holm correction; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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In addition to a moderate reduction in the viability of astrocytes by HTLV-1-specific

CD8+ T cells from patients with HAM, there was a trend in increased iNOS expression

in astrocytes co-cultured with HTLV-1-specific CD8+ T cells from patients with HAM

relative to AC hPVL, but the difference was not statistically significant (Figure 4.4c and

4.4d). HTLV-1-specific CD8+ T cells from all groups induced a moderate increase in

CXCL10 and iNOS expression relative to astrocytes alone in culture (Figure 4.4d).
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Figure 4.5: Representative flow staining of astrocytes after 48 h alone in culture or after
co-culture with HTLV-1-specific CD8+ T cells from different groups.

Furthermore, astrocytes in co-culture with HTLV-1-specific CD8+ T cells from all
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groups significantly upregulated the antigen presentation machinery (Figure 4.5 and Fig-

ure 4.6). Astrocytes in co-culture with HTLV-1-specific CD8+ T cells from patients with

HAM induced significantly more upregulation of HLA-DR, and there were trends in in-

creased CD80 expression relative to AC hPVL (Figure 4.6). Furthermore, astrocytes

co-cultured with HAM HTLV-1-specific CD8+ T cells significantly upregulated CD40 re-

lative to AC hPVL. I observed trends in higher levels of IL-6 and IFN-γ expression in

astrocytes co-cultured with HAM HTLV-1-specific CD8+ T cells relative to AC hPVL,

but the differences were not statistically significant. HTLV-1-specific CD8+ T cells did not

induce the upregulation of CD86, and there were no significant differences between UCs

and HTLV-1-infected groups in the induction of C3 in astrocytes. HTLV-1-specific CD8+

T cells from patients with HAM induced increased BDNF expression in astrocytes relative

to AC hPVL, and there were similar trends seen in IL-10. Overall, HTLV-1-specific CD8+

T cells from patients with HAM induced the upregulation of HLA-DR, CD40, and BDNF

with increased trends in the expression of CD80, IFN-γ, IL-6, IL-10, and iNOS relative

to AC hPVL.

Figure 4.6: The effect of HTLV-1-specific CD8+ T cells on astrocytes. Box and whisker plots
showing the expression of cell surface markers and cytokines by astrocytes after 48 h alone in culture or
co-culture with HTLV-1-specific CD8+ T cells from different groups (n=5 only astrocytes, n=3 UC, n=3
AC lPVL, n=6 AC hPVL, n=6 HAM). Wilcoxon signed-rank unpaired test for comparisons between
only astrocytes and HAM, UC and HAM, AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001.

136



4.2. Results

4.2.4 HTLV-1-specific CD8+ T cells from all HTLV-1-infected

groups activate microglia

Given that HTLV-1-specific CD8+ T cells from patients with HAM-induced inflam-

matory astrocytes, I wanted to observe the impact of HTLV-1-specific CD8+ T cells on

microglia. I sorted HTLV-1-specific CD8+ T cells from UCs and HTLV-1-infected groups,

grew them in vitro for 17 days, and then placed them in co-culture with a microglial cell

line (HMC3-CRL-3304) for 48 h with anti-CD3 and anti-CD28 stimulation.

Figure 4.7: The effect of HTLV-1-specific CD8+ T cells on the microglia viability, and iNOS
and CXCL10 expression. Representative flow plots (a) and box and whisker plots (b) showing the
frequency of alive, early apoptotic, late apoptotic, and necrotic microglia after 48 h alone in culture or
co-culture with HTLV-1-specific CD8+ T cells (n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8 AC
hPVL, n=8 HAM). Representative histograms (c) and box and whisker plots (d) showing the gMFI of
CXCL10 and iNOS of microglia after 48 h alone in culture or co-culture with HTLV-1-specific CD8+ T
cells (n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). b, d) T test with Holm
correction; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

There were no significant differences in the frequency of alive microglia co-cultured

with HTLV-1-specific CD8+ T cells from patients with HAM relative to both microglia

cultured alone or UCs and ACs, but HAM cells did induce increased necrosis (Figure

4.7a and 4.7b). All HTLV-1-specific CD8+ T cells induced the upregulation of iNOS, and

iNOS expression appeared higher after co-culture with cells from HTLV-1-infected groups

indicating increased microglial activation (Figure 4.7c and 4.7d). All groups induced the
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upregulation of CXCL10 expression and there were no significant differences between UCs

and patients with HAM.

Figure 4.8: Representative flow staining of microglia alone in co-culture or after co-culture
with HTLV-1-specific CD8+ T cells from different groups for 48 h.
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Figure 4.9: The effect of HTLV-1-specific CD8+ T cells on microglia. Box and whisker plots
showing the expression of cell surface markers and cytokines by microglia after 48h alone in culture or
co-culture with HTLV-1-specific CD8+ T cells (n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM).
Wilcoxon signed-rank unpaired test for comparisons between just microglia and HAM, UC and HAM,
AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.

Microglia co-cultured with HTLV-1-specific CD8+ T cells from all groups induced the

upregulation of the antigen presentation machinery and T cell co-stimulation molecules

including HLA-DR, CD80, CD86, and CD40 (Figure 4.8 and Figure 4.9). There were

no significant differences between UCs and HTLV-1-infected groups. All HTLV-1-specific

CD8+ T cells induced the upregulation of IL-1a, IFN-γ, IL-6, and C1q relative to mi-

croglia alone in culture. Overall these data show that HTLV-1-specific CD8+ T cells from

all HTLV-1-infected groups induce microglia to express proinflammatory cytokines and

induce the upregulation of the antigen presentation machinery. There were no significant

differences induced by HTLV-1-specific CD8+ T cells from patients with HAM relative to

AC hPVL.
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4.2.5 Non-HTLV-1-specific CD8+ T cells from patients with

HAM induce astrocyte and microglia activation

To determine whether the trends I observed in both astrocytes and microglia were

unique to HTLV-1-specific CD8+ cells, I repeated the experiments with non-HTLV-1-

specific CD8+ T cells. Total PBMCs were stimulated heat-inactivated HTLV-1 for 12 h

and the CD69-CD137- CD8+ T cells were sorted and grown for 17 days in vitro, and then

placed into co-culture with either astrocytes or microglia for 48 hours with anti-CD3 and

anti-CD28 stimulation.

Figure 4.10: The effect of non-HTLV-1-specific CD8+ T cells on astrocytes. a. Box and
whisker plots showing the frequency of viable astrocytes after 48 h alone in culture or co-culture with
non-HTLV-1-specific CD8+ T cells (n=5 only astrocytes, n=3 UC, n=3 AC lPVL, n=6 AC hPVL, n=6
HAM). b. Box and whisker plots showing the gMFI of CXCL10 and iNOS of astrocytes after 48 h alone
in culture or co-culture with non-HTLV-1-specific CD8+ T cells (n=5 only astrocytes, n=3 UC, n=3
AC lPVL, n=6 AC hPVL, n=6 HAM). c. Box and whisker plots showing the expression of cell surface
markers and cytokines of astrocytes after 48 h alone in culture or co-culture with non-HTLV-1-specific
CD8+ T cells (n=5 only astrocytes, n=3 UC, n=3 AC lPVL, n=6 AC hPVL, n=6 HAM). a, b) T-test
with Holm correction; c) Wilcoxon signed-rank unpaired test for comparisons between only astrocytes
and HAM, UC and HAM, AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001.

There were no significant differences in the viability of astrocytes cultured alone or

with non-HTLV-1-specific CD8+ T cells from different patient groups (Figure 4.10a). All

non-HTLV-1-specific CD8+ T cells increased CXCL10 expression (Figure 4.10b). Non-

HTLV-1-specific CD8+ T cells from patients with HAM induced significantly higher iNOS

expression in astrocytes relative to AC hPVL.

Non-HTLV-1-specific CD8+ T cells from all groups induced the upregulation of CD80

and HLA-DR, with trends of increased HLA-DR expression in astrocytes co-cultured with

HAM non-HTLV-1-specific CD8+ T cells relative to AC hPVL (Figure 4.10c). As with
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the HTLV-1-specific CD8+ T cells, CD40 expression was upregulated in all groups and

patients with HAM induced significantly higher levels of CD40 expression relative to AC

hPVL, but the levels induced by HTLV-1-specific CD8+ T cells were higher than those

induced by non-HTLV-1-specific CD4+ T cells (Figure 4.6 and 4.10c). There were no

significant differences between groups in IL-6, IFN-γ, IL-10, BDNF, or C3 expression.

When placed in co-culture with microglia, non-HTLV-1-specific CD8+ T cells from

all groups reduced the viability of microglia, mainly through increased necrosis (Figure

4.11a). There were no significant changes in CXCL10 and iNOS expression in microglia

(Figure 4.11b). The antigen presentation machinery, HLA-DR, CD80, and CD86, in

addition to CD40 were upregulated in all non-HTLV-1-specific CD8+ T cell co-cultures,

but there were no significant differences between HTLV-1-infected groups (Figure 4.11c).

There were no significant differences between HTLV-1-infected groups in C1q, IL-10, IL-6,

IL-1a, and IFN-γ expression. Overall, non-HTLV-1-specific CD8+ T cells from patients

with HAM were also able to induce more pro-inflammatory astrocytes relative to AC

hPVL, but there were no significant differences observed in microglia co-cultured with

non-HTLV-1-specific CD8+ T cells from different HTLV-1-infected groups.

Figure 4.11: The effect of non-HTLV-1-specific CD8+ T cells on microglia. a. Box and
whisker plots showing the frequency of alive, early apoptotic, late apoptotic, and necrotic microglia after
48 h alone in culture or co-culture with non-HTLV-1-specific CD8+ T cells (n=5 only microglia, n=3 UC,
n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). b. Box and whisker plots showing the gMFI of CXCL10 and
iNOS of microglia after 48 h alone in culture or co-culture with non-HTLV-1-specific CD8+ T cells (n=5
only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL, n=8 HAM). c. Box and whisker plots showing
the expression of cell surface markers and cytokines of microglia after 48h alone in culture or co-culture
with non-HTLV-1-specific CD8+ T cells (n=5 only microglia, n=3 UC, n=4 AC lPVL, n=8 AC hPVL,
n=8 HAM). a, b) T-test with Holm correction; c) Wilcoxon signed-rank unpaired test for comparisons
between only astrocytes and HAM, UC and HAM, AC lPVL and AC hPVL, and AC hPVL and HAM;
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001..
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4.2.6 Characterization of bulk CD8+ T cells

Finally, determine whether the differences I observed in phenotype and cytokine ex-

pression in HTLV-1-specific CD8+ T cells between HTLV-1-infected groups also occurred

in the bulk CD8+ T cell population, I deeply characterized the phenotype of bulk CD8+

T cells by multidimensional flow cytometry.
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Figure 4.12: Characterization of bulk CD8+ T cells in UCs, ACs, and patients with HAM.
Representative flow plots (a) and box and whisker plots (b) showing the frequency of central memory
(CM), näıve, effector memory (EM), and terminally differentiated effector (TDE) CD8+ T cell populations
in different groups (n=11 UC, n=10 AC lPVL, n=11 AC hPVL, n=8 HAM). Representative flow plots
(c) and box and whisker plots (d) showing granzyme B and cytokine expression in CD8+ T cells in
different groups after a 4 h stimulation with PMA and ionomycin (n=11 UC, n=11 AC lPVL, n=11 AC
hPVL, n=9 HAM). e. Box and whisker plots showing the gMFI of cell surface markers in ex vivo CD8+

T cells (n=12 UC, n=12 AC lPVL, n=13 AC hPVL, n=8 HAM). f. Box and whisker plots showing the
gMFI of CD49d and CXCR3 in CD8+ T cells (n=10 UC, n=13 AC lPVL, n=17 AC hPVL, n=10 HAM).
b, d, f) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, AC lPVL and
AC hPVL, and AC hPVL and HAM; e) T test for comparisons between UC and AC lPVL, AC lPVL
and AC hPVL, and AC hPVL and HAM; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.
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As in the previous chapter, CCR7 and CD45RA were used to classify ex vivo CD8+ T

cells into central memory, näıve, terminally differentiated effector, and effector memory

cells (Figure 4.12a) [18, 82, 83]. While there were no differences in the antigen experience

of the bulk CD8+ T cell population between HTLV-1-infected groups, HTLV-1-infected

groups had higher frequencies of terminally differentiated effector cells relative to UCs

(Figure 4.12b).

To characterize the cytokine expression profile of the bulk CD8+ T cell population in

different HTLV-1-infected groups and UCs, total PBMCs were stimulated with PMA and

ionomycin for 4 h, and cytokine expression was characterized by flow cytometry (Figure

4.12c). Overall there were no statistically significant differences in cytokine or granzyme

B expression when comparing UCs and AC lPVL, AC lPVL and AC hPVL, or AC hPVL

and patients with HAM (Figure 4.12d).

Finally the ex vivo expression of certain cell surface markers including CD127, NK

group 2 member (NKG2) A, NKG2D, panKIR, lymphocyte activation gene-3 (LAG-3),

Tim-3, PD-1, and CD25 were characterized (Figure 4.12e). In agreement with previous

studies, CD8+ T cells from patients with HAM showed decreased Tim-3 expression relative

to AC hPVL [381]. Patients with HAM also expressed decreased levels of the inhibitory

NKG2A receptor, CCR7, and KIRs relative to AC hPVL. There were no significant dif-

ferences in CD127, NKG2D, LAG-3, PD-1, or CD25 expression between HTLV-1-infected

groups. Given the decreased expression of the lymph node homing marker CCR7, I meas-

ured the expressed of CD49d and CXCR3, and observed increased expression of CD49d in

CD8+ T cells in patients with HAM relative to AC hPVL indicating an enhanced capacity

to migrate to the CNS (Figure 4.12f). AC hPVL also expressed significantly lower levels

of CD49d relative to AC lPVL, indicating AC hPVL may downregulate CD49d expression

as PVL increases, with possible protective effects. There were no differences in CXCR3

expression between HTLV-1-infected groups or UCs. Overall these data indicate only

minor differences in the bulk CD8+ T cell populations between HTLV-1-infected groups,

with all groups producing similar levels of cytokines and comparable levels of antigen

experience. CD8+ T cells from patients with HAM appear to have an enhanced capacity

to migrate to the CNS due to increased CD49d expression.

144



4.3. Discussion

4.3 Discussion

In this chapter, I showed that high PVL groups had an increased frequency and num-

ber of HTLV-1-specific CD8+ T cells, and HTLV-1-specific CD8+ T cells were infected

at higher rates with HTLV-1 relative to non-HTLV-1-specific CD8+ T cells in all HTLV-

1-infected groups. HTLV-1-specific CD8+ T cells from patients with HAM expressed

significantly higher levels of IL-17A relative to AC hPVL, and appear to have an en-

hanced capacity to migrate to the CNS due to increased CD49d expression. When in

co-culture with cells from the CNS, both HTLV-1-specific and non-specific CD8+ T cells

from patients with HAM induced the upregulation of the antigen presentation machinery

and increased astrocyte expression of proinflammatory cytokines, demonstrating the po-

tential of both HTLV-1-specific and non-specific CD8+ T cells to contribute to HAM

pathogenesis. Finally, I showed that despite an increased frequency of terminally dif-

ferentiated effector CD8+ T cells in HTLV-1-infected individuals relative to UCs, CD8+

T cells had similar cytokine secretion profiles regardless of HTLV-1-infection or disease

status. The data in this chapter provides a deeper understanding of CD8+ T cells in con-

trolling HTLV-1-infection and their potential contribution to CNS inflammation during

HAM pathogenesis.

Previous studies characterizing HTLV-1-specific CD8+ T cells used either tetramers

or IFN-γ secretion after stimulation with a HTLV-1 peptide library as a read-out for

HTLV-1-specificity [299, 313]. In agreement with these studies, I observed an increased

frequency of HTLV-1-specific CD8+ T cells in high PVL groups. These studies also

reported an increased frequency of HTLV-1-specific CD8+ T cells in patients with HAM,

and the frequency was correlated with disease severity, leading to the suggestion that

HTLV-1–specific CD8+ T cells are the main subset of pathogenic lymphocytes HAM

[299, 313]. However, the authors did not match the PVL of the AC and HAM groups,

and the mean PVL in patients with HAM and ACs was 39.4% and 1.5%, respectively

[313]. When controlling for PVL, I observed no differences in the frequency of HTLV-1-

specific CD8+ T cells in patients with HAM relative to AC hPVL. Additionally, I observed

that HTLV-1-specific CD8+ T cells were preferentially infected with HTLV-1, and this

preferential infection was more extreme in high PVLs. This could be both a driver or a

consequence of a high PVL.
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In HIV infection, there does not appear to be a correlation between HIV viral loads and

HIV-specific CD8+ T cell frequencies [199]. HIV-specific CD8+ T cells in elite controllers,

HIV-infected individuals who appear to spontaneously control HIV infection without anti-

retroviral treatment, are more polyfunctional than in chronic progressors [199]. However,

again it is difficult to assess whether this is a cause or consequence of HIV viral loads,

as HIV-specific CD8+ T cells in individuals with lower HIV viral loads are likely to be

less exhausted. In HTLV-1-specific CD8+ T cells, I observed increased IFN-γ expression

in AC hPVL relative to AC lPVL, which may be a consequence of HTLV-1-infection

rather than HTLV-1-specific CD8+ T cells responses as HTLV-1-infected T cells have

been shown to spontaneously express IFN-γ [382]. The lack of differences in cytokine or

granzyme B expression between AC lPVL and AC hPVL indicates that the phenotype

of HTLV-1-specific CD8+ T cells does not play a large role in HTLV-1 viral control.

The diversity of Tax and HBZ epitopes presented to CD8+ T cells, controlled by HLA

genotypes, identified in previous studies appear to have a larger impact on HTLV-1 viral

control [243, 307, 309, 310, 311].

This work demonstrates that both HTLV-1-specific and non-specific CD8+ T cells

have the capacity to contribute to CNS inflammation. CD8+ T cells predominate in both

older HAM and MS CNS lesions and the ratio between CD4+ and CD8+ T cells can be as

extreme as 1:10 [158, 161, 251, 259]. In addition to HAM CD8+ T cells having an enhanced

capacity to migrate to the CNS due to high CD49d expression, HTLV-1-specific CD8+

T cells from patients with HAM expressed significantly higher levels of IL-17A relative

to AC hPVL. IL-17 has been heavily implicated in MS pathogenesis, and interestingly

a large percentage of CD8+ T cells in MS lesions express high levels of IL-17A [383].

IL-17A is associated with the breakdown of the BBB in relapsing-remitting MS [384].

Furthermore, when placed in co-culture with astrocytes, HTLV-1-specific CD8+ T cells

from patients with HAM induced significant upregulation of HLA-DR and CD40, with

increased trends in iNOS, CD80, IFN-γ, and IL-6 relative to cells from AC hPVL. The

expression of pathogenic cytokines like IL-17A and IFN-γ by HTLV-1-specific CD8+ T

cells, and the ability of both HTLV-1-specific and non-specific CD8+ T cells to induce

inflammatory astrocytes demonstrate their capacity to contribute and drive the chronicity

of inflammation in the CNS. As with the glial-CD4+ T cell co-cultures, the glial-CD8+

T cell co-culture experiments provide valuable insights into the capacity of CD8+ T cells
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from patients with HAM to contribute to neuroinflammation and HAM pathogenesis.

However, the same limitations previously discussed apply. Without concurrent phenotypic

analysis of T cells and glial cells at the same time point, the ability to gain insight into

the mechanisms driving these changes in glial cells in the in vitro culture remains limited.

The mechanisms by which CD8+ T cells induce these changes in astrocytes remain to

be elucidated, underscoring the need for further mechanistic studies to fully understand

these interactions.

Given that CD8+ T cell dysfunction or exhaustion is common in chronic viral infection,

I also characterized the bulk CD8+ T cell population. Exhausted CD8+ T cells are

characterized by progressive loss of effector functions, such as cytokine production and

killing function, and the expression of multiple inhibitory receptors such as PD-1, LAG-3,

and Tim-3 [385]. In agreement with previous studies, I observed lower Tim-3 expression

in CD8+ T cells from patients with HAM relative to AC hPVL [381], but no differences

in PD-1 or LAG-3. Bulk CD8+ T cells in HTLV-1-infected groups also produced similar

levels of cytokines, indicating no major differences between HTLV-1-infected groups in

CD8+ T cell exhaustion. The decreased Tim-3 expression in CD8+ T cells in patients

with HAM has been proposed to lead to a persistent and deleterious effector CD8+ T

cells leading to more inflammation. I observed no differences in Tim-3, Foxp3, or PD-1

expression in HTLV-1-specific CD8+ T cells and similar cytokine secretion profiles between

AC lPVL and AC hPVL indicating that there are no major differences in HTLV-1-specific

CD8+ T cells associated with increased PVL.

Several interesting questions arise from this work, including questions about the mech-

anisms by which CD8+ T cells induce proinflammatory astrocytes and the role Tc17 cells

play in driving neuroinflammation. These questions warrant further follow-up. Overall,

the data in this chapter shows that patients with HAM have enhanced Tc17 HTLV-1-

specific CD8+ T cell responses, and CD8+ T cells have the capacity to contribute to

neuroinflammation in HAM.

147



5
CD4+CD8+ T cells in HTLV-1 infection

This chapter has been adapted from my published article: Maher, A.K., Aristodemou

A., Giang N., Tanaka, Y., Taylor G.P., Bangham R.M C., Dominguez-Villar M. HTLV-1

induces an inflammatory CD4+ CD8+ T cell population in HTLV-1-Associated Myelo-

pathy. JCI Insight. 2024;9(1):e173738. https://doi.org/10.1172/jci.insight.173738. JCI

insight allows for the reuse of materials without permission as long as the original source

is cited. I collected all the data in this paper, and all the written text is my work, guided

and corrected by my supervisor Dr. Margarita Dominguez-Villar. Figures and text have

been adapted for this thesis.

5.1 Introduction

Mature CD4+CD8+ double positive (DP) T cells account for approximately 1-3% of

peripheral T cells in UCs [61, 162, 163]. DP T cells exhibit phenotypic heterogeneity and

increased frequencies in various diseases, including autoimmune conditions like MS, SS,

and RA, viral infections such as HIV, HCV, and EBV, and certain cancers. DP T cells

appear cytotoxic in viral infections, suppressive in autoimmune diseases like SS and IBD,

and display variable functionalities in cancers [61, 162]. Given the different behavior of
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DP T cells in the context of chronic viral infection, autoimmunity, and cancer, studies

on DP T cells in HTLV-1-infected individuals may be particularly insightful into the

diverse functions of DP T cells as HTLV-1 is a chronic viral infection that can result

in either ATL or inflammatory conditions. DP T cells in HTLV-1-infected individuals

remain uncharacterized. There have been several reported cases of CD4+CD8+ ATL which

described a more aggressive form of the disease with a worse prognosis, but CD4+CD8+

ATL remains very rare [386, 387]. A previous study showed that HTLV-1 infection of

CD8+ single positive (SP) T cells, but not CD4+ SP T cells, resulted in the emergence of

a CD4+CD8+ population after 2 weeks in culture (n=3), however, there were no controls

for the effects of long-term in vitro tissue culture or co-culture with the HTLV-1-infected

lymphocyte cell line MT2. There have been no previous studies on ex vivo DP T cells in

HTLV-1 carriers or studies that explored the role of DP T cells in HAM.

The overall aim of this chapter was to gain a greater understanding of DP T cells dur-

ing HTLV-1-infection by characterizing the frequency of DP T cells in different HTLV-

1-infected groups, by characterizing the phenotype and contribution of DP T cells to

anti-HTLV-1-immunity and inflammation, and by investigating the origin of mature peri-

pheral DP T cells in HTLV-1 infection. In this chapter, I show that patients with HAM

have a higher frequency of peripheral DP T cells than ACs with a similar PVL. Moreover,

DP T cells are infected with HTLV-1 at a higher rate than CD4+ or CD8+ SP T cells and

account for approximately 8% of the total HTLV-1 PVL. In HTLV-1-infected individuals,

DP T cells are proinflammatory and express high levels of IFN-γ, TNF, IL-17A, IL-21

and granzyme B, suggesting both cytotoxic and helper phenotypes, and contain increased

frequencies of HTLV-1-specific cells as compared to their CD4+ and CD8+ SP counter-

parts. Mechanistically, I demonstrate that HTLV-1 infection of SP T cells triggers the

emergence of DP T cell populations from both CD4+ and CD8+ SP T cells in vitro by

modulating the expression of the transcription factors ThPOK and RunX3. I show that

chemokine and integrin receptors involved in lymphocyte migration to the CNS, including

CD49d and CXCR3 are more highly expressed by DP T cells than by CD4+ and CD8+

SP cells, suggesting that DP T cells possess an enhanced ability to migrate to the CNS.

Finally, DP T cells induce proinflammatory astrocytes in vitro which express high levels

of CXCL10, IFN-γ, and IL-6 indicating that DP T cells have the capacity to directly

contribute to CNS pathology.
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5.2 Results

5.2.1 Patients with HAM have an increased frequency of DP T

cells

As in the previous chapters, HTLV-1-infected individuals were grouped into ACs with

a PVL under 3% (low PVL, AC lPVL), ACs with a PVL above 3% (high PVL, AC hPVL),

and patients with HAM. The PVLs of the AC hPVL and HAM groups were matched to

control for differences due to HTLV-1 infection (Figure 5.1a).
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Figure 5.1: Frequency and HTLV-1 infection of DP T cells. a. Box and whisker plot showing
the HTLV-1 PVL in total PBMCs (n=19 AC lPVL, n=18 AC hPVL, n=13 HAM). Representative flow
plot (b) and box and whisker plots (c-d) showing the frequency of T cells and DP T cell sub-populations
in different groups (n= 14 UC, n=19 AC lPVL, n=18 AC hPVL, n=13 HAM). e. Representative flow
plots showing Tax expression in a patient with HAM in different T cell populations after 12 h in culture.
f. Box and whisker plots of Tax expression in different T cell populations after 12 h in culture (n=15
AC lPVL, n=17 AC hPVL, n=13 HAM). g. Scatter plot of Tax expression after 12 h in culture vs. the
PVL measured by ddPCR (CD4 and DN: n=7 AC hPVL, n=6 HAM; CD8 and DP: n=7 AC hPVL, n=5
HAM). h. Box and whisker plots displaying the contribution of CD4+ SP, CD8+ SP, DP, and DN T cells
to total Tax expression in CD3+ T cells (n=15 AC lPVL, n=16 AC hPVL, n=13 HAM). i. Box and
whisker plots of Tax expression in DP T cell sub-populations (n=15 AC lPVL, n=16 AC hPVL, n=13
HAM). c, d) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, UC and
HAM, AC lPVL and AC hPVL, and AC hPVL and HAM; f, h) Wilcoxon signed-rank paired test with
Holm correction for multiple comparisons; g) Pearson correlation coefficient (R) and p-value; i) Wilcoxon
signed-rank unpaired test for comparisons between AC lPVL and AC hPVL, and AC hPVL and HAM;
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted from Maher A.K et al., 2024 [1]).
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I initially examined the ex vivo frequencies of peripheral CD4+ SP, CD8+ SP, DP,

and double negative (DN) T cells in HTLV-1-infected individuals and UCs (Figure 5.1b).

DP cells displayed varying levels of CD4+ and CD8+ expression. Thus, 3 sub-populations

could be identified, i.e. CD4+ CD8dim CD8+CD4dim, and CD4+ CD8+ (CD4brightCD8bright)

(Figure 5.1b). Patients with HAM displayed a higher frequency of DP T cells compared

to ACs and UCs with a mean DP T cell frequency of 1.03%, 0.95%, 1.02%, and 1.64%

in UCs, AC lPVL, AC hPVL, and patients with HAM respectively (Figure 5.1c). CD3+

T cells from patients with HAM also contained higher frequencies of CD4+ SP T cells

and a lower frequency of DN T cells than both ACs and UCs. CD4+CD8dim T cells

had the highest frequency in all HTLV-1-infected groups (Figure 5.1d). The higher fre-

quency of DP T cells in patients with HAM was mainly driven by increased frequencies

of CD4+CD8dim and CD4dimCD8+ T cells (Figure 5.1d).

To determine whether DP T cells were infected by HTLV-1, I examined the expression

of the HTLV-1 protein Tax in different T cell populations after 12 h in culture (Figure

5.1e). The frequency of Tax expressing cells was higher in DP T cells as compared to CD4+

SP T cells, which are considered to be the main HTLV-1 reservoir [196], CD8+ SP T cells,

and DN T cells in all HTLV-1-infected groups (Figure 5.1f). In AC hPVL and patients

with HAM, there was a 2-fold higher frequency of Tax expression in DP cells as compared

to CD4+ SP T cells (6.65% and 8.84% Tax+ cells in CD4+ SP T cells in AC hPVL and

HAM, respectively, compared to 14.1% and 18.3% Tax+ cells in DP T cells, respectively).

Although Tax is expressed dynamically by infected cells [209, 212], in my experimental

setting Tax expression by T cells after 12 h in culture strongly correlated with the PVL

of sorted CD4+ SP, CD8+ SP, DP and DN T cells measured by ddPCR (Figure 5.1g)

[388], which allowed me to use Tax expression at 12 h as a reliable readout for PVL and

infection rate. The high levels of Tax expression in DP T cells were not due to different

Tax expression dynamics in the different T cell populations (Figure 5.1g). Overall, the

mean DP T cell contribution in all HTLV-1-infected groups to the PVL burden was 8.2%,

despite DP T cells accounting for less than 2% of the total CD3+ T cell population (Figure

5.1h). In AC hPVL and patients with HAM, CD8+ SP T cells and DP T cells contributed

equally to the total HTLV-1 PVL burden, while the majority of the HTLV-1 PVL in hPVL

groups was carried in CD4+ SP T cells, in agreement with previous studies [196]. However,

the PVL burden in AC lPVL was distributed more evenly between CD4+ and CD8+ SP
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T cells with 47% and 42% of the total Tax expression, respectively. Patients with HAM

and AC hPVL did not differ in their PVL distribution and CD4+ and CD8+ SP T cells

expressed on average 78% and 13% of the total Tax, respectively. Moreover, high rates

of Tax expression were seen in all DP T cell sub-populations (Figure 5.1i). Patients with

HAM displayed significantly higher rates of HTLV-1 infection in CD4+CD8+ T cells than

AC hPVLs and there was a similar trend in CD4+CD8dim T cells, which harbored the

highest rate of infection of all DP T cell sub-populations. Overall, DP T cells are more

abundant in patients with HAM compared to ACs and are infected at higher rates with

HTLV-1 than all other T cell populations.

5.2.2 DP T cells are a distinct T cell population in ACs

Given the high rate of HTLV-1 infection of DP T cells, I characterized the phenotype

of DP T cells from UCs and HTLV-1-infected groups ex vivo by high dimensional flow

cytometry and compared them to CD4+ and CD8+ SP T cells. I examined the expression

of Tim-3, PD-1, TIGIT, CD25, Foxp3, CCR7, CD45RA, and CD27 as markers of exhaus-

tion, activation, and antigen experience (representative flow stainings shown in Figure 5.2

and 5.4a).
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Figure 5.2: DP T cells ex vivo phenotyping flow staining. Representative flow plots of DP T
cells from UCs and HTLV-1-infected groups expressing various ex vivo markers. (Figure adapted from
Maher A.K et al., 2024 [1]).
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I focused my analysis on characterizing the phenotype of DP T cells in ACs (n=12

AC lPVL and n=12 AC hPVL) to gain insight into the phenotype of the DP T cell

population in asymptomatic HTLV-1 infection. Dimensionality reduction demonstrated

that the phenotype of DP T cells in ACs was different from those of CD4+ and CD8+ SP

T cells on a tSNE plot (Figure 5.3a and 5.3b). In addition, the DP T cell sub-populations

are also partially clustered separately from each other (Figure 5.3c). The main markers

driving the clustering were CD27, Foxp3, PD-1, TIGIT, and CCR7 (Figure 5.3d). Relative

to both SP T cell populations, DP T cells expressed less CD27, and more PD-1, Tim-3,

and CD127 (Figure 5.3e). DP T cells expressed more TIGIT and CD25 than CD4+ SP T

cells but the level of these markers was lower (TIGIT) or equal to (CD25) than on CD8+

SP T cells. In addition, DP T cells expressed similar levels of Foxp3 as CD4+ SP T cells

and higher than CD8+ SP T cells, but lower levers of the lymph node homing marker

CCR7 than CD4+ SP T cells.

Figure 5.3: Characterization of DP T cells in HTLV-1 ACs. a. tSNE plot obtained from a
concatenated sample of ex vivo CD3+ T cells (n=14 AC lPVL, n=14 AC hPVL). b and c. tSNE plots
showing the density of CD4+ SP, CD8+ SP, and DP or CD4+ CD8dim, CD4dimCD8+, and CD4+ CD8+

T cells. d. tSNE plots displaying the levels of expression of different markers. e. Box and whisker
plots showing the percentage expression of markers in ex vivo in CD4+ SP, CD8+ SP, and DP T cells
from ACs (n=20 AC lPVL, n=20 AC hPVL). e) Wilcoxon signed-rank paired test with Holm correction
for multiple comparisons; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted from Maher
A.K et al., 2024 [1]).
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Figure 5.4: Characterization of DP T cells antigen experience and cytokine expression
in HTLV-1 ACs. Representative flow plots showing (a) and box and whisker plots (b) showing the
frequency of central memory (CM), näıve, terminally differentiated effector (TDE), and effector memory
(EM) in DP T cells (n=10 AC lPVL, n=11 AC hPVL). c. Box and whisker plot showing the gMFI of
CD49d and CXCR3 (n=12 AC lPVL, n=14 AC hPVL). d. Box and whisker plot of the expression of
cytokines and granzyme B after a 4 h stimulation with PMA and ionomycin (n=11 AC lPVL, n=11 AC
hPVL). b, d) Wilcoxon signed-rank paired test with Holm correction for multiple comparisons; c) T test
with Holm correction for multiple comparisons; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure
adapted from Maher A.K et al., 2024 [1]).

CCR7 and CD45RA were used to classify cells into central memory (CM), näıve,

terminally differentiated effector (TDE), and effector memory (EM) cells (Figure 5.4a)

[18, 82, 83]. Interestingly, approximately 50% of the DP T cells had a näıve phenotype,

similar to their respective CD4+ and CD8+ SP T cells populations (Figure 5.4b). In

contrast, DP cells displayed a distinct distribution of memory phenotypes compared to

SP CD4+ and CD8+ T cells, and while DP cells contained a higher frequency of CM and

EM than CD8+ SP T cells, this frequency was lower than in CD4+ SP T cells. A larger

proportion of DP T cells had a TDE phenotype compared to CD4+ SP T cells, but that

proportion was smaller than in CD8+ SP T cells.

While DP T cells expressed lower levels of the lymph node homing marker CCR7

than CD4+ SP T cells (Figure 5.3e), they expressed higher levels of the tissue homing

marker CD49d than both SP T cells populations and higher levels of CXCR3 than CD4

SP T cells (Figure 5.4c), suggesting increased migratory capacity to tissues. To explore

the functionality of DP T cells in ACs, I determined the cytokine expression profile ex

vivo after a 4 h stimulation with PMA and ionomycin (Figure 5.4d, representative flow

stainings shown in Figure 5.5). DP T cells displayed a proinflammatory phenotype clearly

different from their SP CD4+ and CD8+ T cell counterparts. DP T cells expressed

high levels of TNF, comparable levels of IFN-γ and granzyme B to those of CD8+ SP
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T cells, and levels of IL-17A and IL-21 similar to CD4+ SP T cells. DP T cells also

expressed higher levels of GM-CSF, IL-10, and IL-13 than either SP T cell population,

but the overall expression was low. These data suggest the DP T cells are polyfunctional,

proinflammatory, and display both helper and cytotoxic phenotypes in HTLV-1 ACs.

Figure 5.5: DP Cytokine phenotyping in AC hPVL. Representative flow plots showing cytokine
expression by DP T cells from an AC hPVL after stimulation with PMA and ionomycin for 4 h. (Figure
adapted from Maher A.K et al., 2024 [1]).
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5.2.3 Contribution of DP T cells to anti-HTLV-1 immune re-

sponse

Given the high proinflammatory cytokine potential of DP T cells, I investigated the

contribution of DP T cells to anti-HTLV-1 immunity and inflammation. PBMCs from

ACs were stimulated with heat-inactivated HTLV-1 and HTLV-1-specific CD4+ and CD8+

SP T cells were identified based on the expression of CD154 or the co-expression of CD69

and CD137 respectively (Figure 5.6a and 5.6b) [324, 329]. Intriguingly, there was no

significant difference in the expression of CD154 or CD137 and CD69 by DP T cells

stimulated with HTLV-1 or a vehicle-stimulated control in HTLV-1-infected carriers (5.6c

and 5.6d), suggesting the DP T cells may have been recently activated by their cognate

antigen in vivo. Additionally, despite expressing high levels of CD154, DP T cells only

accounted for approximately 6.5% of HTLV-1-specific CD4+ expressing T cells in HTLV-

1-infected people.
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Figure 5.6: Contribution of DP T cells to HTLV-1-specific immunity. Representative flow plots
showing the expression of CD154 and Tax by CD4+ SP and DP T cells (a) or the expression of CD69
and CD137 by CD8+ SP T and DP T cells (b) in an AC hPVL after a 12 h stimulation with HTLV-1. c,
d. Box and whisker plots showing CD154 expression by CD4+ SP and DP T cells or CD69 and CD137
co-expression by CD8+ SP and DP T cells in ACs and patients with HAM after stimulation with HTLV-1
or a control (n= 14) e, f. Box and whisker plots showing the frequency of CD4+ SP and DP T cells
expressing CD154, or CD8+ SP and DP T cells co-expressing CD69 and CD137 (n= 10 UC, n= 12 AC
lPVL, n=16 AC hPVL, n=13 HAM). g, h. Box and whisker plots comparing the frequency of CD154+

CD4+ SP and DP T cells, or CD69+CD137+ CD8+ SP and DP T cells (n= 10 UC, n= 12 AC lPVL,
n=16 AC hPVL, n=13 HAM). i. Box and whisker plots comparing the frequency of CD69+CD137+ T
cells in DP T cell sub populations (n= 10 UC, n= 12 AC lPVL, n=16 AC hPVL, n=13 HAM). j. Box
and whisker plots showing the expression of cytokines and granzyme B in CD4+ SP, CD8+ SP, and DP T
cells from ACs after stimulation with HTLV-1 for 20 h (n= 17 AC lPVL, n=16 AC hPVL). k. Box and
whisker plots showing Ki67 and CXCL10 expression in CD4+ SP, CD8+ SP, and DP T cells from ACs
after stimulation with HTLV-1 for 12 h (n= 12 AC lPVL, n=14 AC hPVL). c-f, j, k) Wilcoxon signed-
rank paired test with Holm correction for multiple comparisons; g-i) Wilcoxon signed-rank unpaired test
for comparisons between UC and AC lPVL, AC lPVL and AC hPVL, and AC hPVL and HAM; *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted from Maher A.K et al., 2024 [1]).
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The frequency of CD154+ and CD69+CD137+ cells were higher in DP T cells than

CD4+ or CD8+ SP T cells (Figure 5.6e and 5.6f). This trend was consistent across UCs,

ACs, and patients with HAM. There were no significant differences in the frequency of

CD154+ HTLV-1-specific DP T cells among the different HTLV-1-infected groups (Figure

5.6g). DP T cells, similarly to CD8+ SP T cells in the previous chapter, contained a higher

frequency of CD69+CD137+ cells in high proviral load groups, and CD4dimCD8+ DP T

cells from patients with HAM expressed significantly higher levels of CD69+CD137+ than

AC hPVL (Figure 5.6h and 5.6i).

In agreement with the results obtained by polyclonal stimulation (Figure 5.4d), DP T

cells produced higher levels of inflammatory cytokines than SP T cells following stimu-

lation with HTLV-1 and expressed high levels of IFN-γ, TNF, and IL-17A (Figure 5.6j).

However, it is unclear whether these responses are truly HTLV-1-specific as both HTLV-

1-stimulated and unstimulated DP T cells expressed high levels of AIMs (Figure 5.6c and

5.6d) possibly indicating recent activation by their cognate antigen in the periphery be-

fore in vitro stimulation with HTLV-1. Again, DP T cells expressed levels of granzyme B

similar to CD8+ SP T cells and levels of IL-21 similar to CD4+ SP T cells. In addition to

producing high levels of proinflammatory cytokines, DP T cells also displayed increased

proliferation measured by marker of proliferation Kiel 67 (Ki67) and expressed higher

levels of CXCL10 relative to SP T cells (Figure 5.6k). Overall, these data suggest that

DP T cells contain an increased frequency of activated cells compared to both CD4+ and

CD8+ SP T cells and display a polyfunctional, proinflammatory phenotype.

5.2.4 HTLV-1-specific DP T cells are phenotypically distinct in

ACs and patients with HAM

To determine whether HTLV-1-specific DP T cells were different in UCs, ACs, and

patients with HAM, I characterized DP T cells in these different groups (n=11 in each

group) after stimulation with heat-inactivated HTLV-1.
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Figure 5.7: Phenotype of DP T cells in UCs, ACs, and patients with HAM. a. tSNE plots
from a concatenated sample of DP T cells (n=11 each group). b. tSNE plot depicting the cell clusters
identified by Phenograph. c. Pie charts showing the fraction of cells within each cell cluster in UCs
or HTLV-1-infected groups. d. Bar graph showing the distribution (fraction) of cells from each patient
group in each identified cluster. e. Heatmap of the expression of markers by each cluster displayed as
modified z-scores using median values. f. Box and whisker plots showing the expression of cell surface
markers in ex vivo DP T cells (n= 16 UC, n= 20 AC lPVL, n=20 AC hPVL, n=13 HAM). g. Box and
whisker plots showing cytokine, Ki67, and granzyme B expression by DP T cells after stimulation with
heat-inactivated HTLV-1 for 20 h (n= 16 UC, n= 17 AC lPVL, n=16 AC hPVL, n=13 HAM). h. Box
and whisker plots showing cytokine, Ki67, and granzyme B expression by Tax- DP T cells and HTLV-
1-infected Tax+ DP T cells after stimulation with heat-inactivated HTLV-1 for 20 h (n=13 AC hPVL,
n=11 HAM). f, g) Wilcoxon signed-rank unpaired test for comparisons between UC and AC lPVL, AC
lPVL and AC hPVL, and AC hPVL and HAM; h) Wilcoxon signed-rank paired test with Holm correction
for multiple comparisons; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted from Maher
A.K et al., 2024 [1]).
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Dimensionality reduction tools demonstrated that while there was some overlap in the

global phenotype of the four groups, HTLV-1-specific DP T cells from these four groups

were distinct from each other on a tSNE plot (Figure 5.7a). To further describe the

phenotypic differences, I applied a clustering algorithm using markers of T cell activation

(CD154, CD69, CD137), Treg-associated markers (CD25, CD127, Foxp3), and other in-

hibitory markers (PD-1, Tim-3). 12 sub-populations of DP T cells were identified based

on the expression of these markers (Figure 5.7b). The size and proportion of cells in these

sub-populations varied between HTLV-1-infected groups and UCs (Figure 5.7c and 5.7d).

Clusters 3 and 5 were predominant in UCs; clusters 1, 4, and 6 were predominant in AC

lPVL; clusters 1, 2, and 8 made up large proportions of the DP T cells in AC hPVL,

and a large proportion of HAM DP T cells fell into clusters 2, 3, and 8 (Figure 5.7c).

Moreover, HAM DP T cells were over-represented in clusters 2, 3, 8, 11, and 12 and were

under-represented in clusters 1, 4, 5, and 6 (Figure 5.7d). Cluster 12 was almost entirely

composed of HAM DP T cells and was characterized by the expression of high levels of

T cell activation markers (CD154, CD137, CD69, and CD25), high levels of Tim-3 and

moderate to low expression of Foxp3, and CD127 (Figure 5.7e). Cluster 5, which consisted

mainly of DP T cells from UCs and AC lPVL, was characterized by the expression of high

levels of CD127, and low levels of CD69 (Figure 5.7e). Ex vivo DP T cells from HTLV-1

carriers expressed lower levels of CD27 than UCs, TIGIT was expressed at higher levels

on DP T cells from AC hPVL relative to both AC lPVL and HAM, and there was a trend

towards increased CD25 expression with increased PVL (Figure 5.7f).

The cytokine expression profiles of DP T cells after stimulation with heat-inactivated

HTLV-1 were also compared between groups. DP T cells from ACs expressed higher levels

of granzyme B than UCs (Figure 5.7g). High PVL groups expressed higher levels of IFN-

γ and TNF than AC lPVL. HAM DP T cells produced more TNF than ACs and UCs,

but the difference was only statistically significant with UCs. There were no significant

differences in the levels of IL-2, IL-13, IL-17A, IL-21, and IL-10 expression between HTLV-

1-infected groups and UCs. DP T cells from HTLV-1 carriers had increased proliferation

compared to UCs as measured by Ki67 expression. These data suggest that HTLV-

1-specific DP T cells are phenotypically different among HTLV-1-infected groups but

display similar capacity to secrete proinflammatory cytokines and cytotoxic molecules.

Given the heterogeneity of the DP T cell population, I wanted to elucidate whether this
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proinflammatory cytotoxic helper phenotype was due to HTLV-1-infected or uninfected

DP T cells or both. I used Tax expression in high PVL groups to identify HTLV-1-infected

DP T cells and characterized the cytokine expression profile of Tax+ and Tax- DP T cells

after a 20 h stimulation with heat-inactivated HTLV-1 (Figure 5.7h). There was no

difference in the expression of IL-2, IL-17A, IL-21, and IL-10 between Tax+ and Tax- DP

T cells. Tax+ DP cells expressed less granzyme B than DP Tax- cells, and more IFN-γ,

IL-13, TNF, and Ki67. The mean granzyme B expression in CD4+ SP, CD8+ SP, Tax-

DP, and Tax+ DP T cells was 4.7%, 36.6%, 35.2%, and 15.3% respectively. Despite Tax+

DP T cells expressing less granzyme B than Tax- DP T cells, they were still significantly

more cytotoxic than CD4+ SP T cells. Overall, both Tax+ and Tax- DP T cells are

highly proinflammatory when stimulated with HTLV-1 and express high levels of IL-21

and other helper cytokines, but Tax+ DP T cells appear to be more proinflammatory and

less cytotoxic than Tax- DP T cells.
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5.2.5 DP T cells induce proinflammatory astrocytes

Given the increased migratory capacity of DP T cells due to high CD49d and CXCR3

expression, their proinflammatory cytotoxic helper phenotype, and their increased fre-

quency in patients with HAM, I wanted to explore the role DP T cells may play in HAM

pathogenesis in the CNS.

Figure 5.8: Astrocyte co-cultured with HTLV-1-stimulated DP cells. a. Representative plots
showing the viability and Annexin V staining of astrocytes after 36 h of co-culture with pre-HTLV-1
stimulated CD4+ SP, CD8+ SP, or DP T cells from a patient with HAM. Dying astrocytes can be
separated into alive, early apoptotic, late apoptotic, and necrotic. b. Box and whisker plots showing the
percentage of alive and dying astrocytes (n=2 UC, n=2 AC, n=2 HAM). Representative flow plots (c)
and summary box and whisker plots (d) showing the expression of cell surface markers, cytokines, and
chemokines in astrocytes co-cultured with HTLV-1-stimulated CD4+ SP, CD8+ SP, or DP T cells (n=2
UC, n=2 AC, n=2 HAM). b, d) Wilcoxon signed-rank paired test for comparisons between CD4+ SP
and DP or CD8+ SP and DP; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted from
Maher A.K et al., 2024 [1]).
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I stimulated total PBMCs with heat-inactivated HTLV-1 for 12 h and then flow-

sorted CD4+ SP, CD8+ SP, and DP T cells from UCs, ACs, and patients with HAM, and

placed these HTLV-1-stimulated sorted cells in co-culture with an astrocyte cell line (CCF-

STTG1) for 36 h. There was no significant difference in the viability of the astrocytes

in the different co-culture conditions (Figure 5.8a-b). Intriguingly, viability seemed to be

higher in astrocytes co-cultured with DP T cells relative to astrocytes co-cultured with

CD4+ SP T cells, but the trend was not significant (Figure 5.8b). To determine whether

DP T cells could change the phenotype of the astrocytes relative to CD4+ and CD8+

SP T cells, a combination of different cell surface markers, cytokines and chemokines

were measured by flow cytometry (Figure 5.8c). DP T cells induced a large statistically

significant increase in CXCL10, IFN-γ, CD80, and CD86 expression, especially in the

astrocytes co-cultured with DP T cells from patients with HAM (Figure 5.8d). Astrocytes

co-cultured with DP T cells expressed significantly more IL-6 than those co-cultured with

CD8 SP T cells but not CD4 SP T cells. No difference in IL-10 expression was seen.

These data clearly show that DP T cells, and particularly DP T cells from patients with

HAM, induce proinflammatory astrocytes which have the potential to contribute to CNS

pathology.

5.2.6 HTLV-1 infection of SP T cells gives rise to a DP T cells

population

Given that the increased frequency of DP T cells in patients with HAM compared to

ACs did not seem to be due to increased proliferation, I questioned how this expanded

highly HTLV1-infected DP T cell population arose. I infected flow-sorted SP CD4+

and CD8+ T cells from uninfected individuals with HTLV-1 by co-culturing them with

irradiated MT-2 cells, a leukemic HTLV-1-infected cell line [389]. CD4+ and CD8+ SP T

cells were also co-cultured with irradiated MT-2 cells in the presence of raltegravir [390],

and with the non-HTLV-1-infected leukemic cell line Jurkat (JKT) as controls. SP T cells

co-cultured with MT-2 cells and raltegravir (MT-2+R) were therefore exposed to HTLV-1

virions/proteins and other materials secreted by MT-2 cells but were not stably infected

by HTLV-1 [391, 392], and JKT cells were used to control for long term in vitro culture

and exposure to foreign non-HTLV-1 proteins and other secreted materials [393]. If a
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DP T cell population were to emerge from the sorted SP T cells co-cultured with MT-2

cells, these controls would allow me to determine whether it was due to stable HTLV-1

infection, the activity or exposure to HTLV-1 virions and proteins, or T cell activation

due to exposure to other foreign materials such as exosomes and cytokines.
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Figure 5.9: Origin of DP T cells in HTLV-1 infection. a. Representative flow plots (a) and line
graphs (b, c) showing the frequency of emerged DP T cells during co-culture of SP T cells with JKT,
MT-2+R, or MT-2 cells. Representative flow plots showing CD4 and CD8 expression, and Tax expression
in SP T cells and DP T cells during co-culture with MT-2 cells (d) or MT-2+R (g). e, f. Line graphs
showing Tax expression by SP T cells and the emerged DP T cells during co-culture with MT-2 cells. h.
Box and whisker plot showing Tax expression in CD4+ SP T cells, emerged DP T cells from CD4+ SP T
cells, CD8+ SP T cells, emerged DP T cells from CD8+ SP T cells, and naturally occurring DP T cells on
day 15 of co-culture with MT-2 cells (n= 4). i-l. Box and whisker plots showing cytokine and granzyme
B expression, and the gMFI of cell surface markers in SP T cells and the newly emerged DP T cells, after
stimulation with PMA and ionomycin (n=6). b, c, e, f) mean ± standard error of the mean (SEM)
error (n=15). b, c)Wilcoxon signed-rank unpaired test, *p≤0.05, **p≤0.01, ***p≤0.001 for comparisons
between MT-2 and MT-2+R; #p≤0.05, ##p≤0.01, ###p≤0.001 for comparisons between MT-2 and
JKT; $P≤0.05, $$P≤0.01, $$$P≤0.001 for comparisons between MT-2+R and JKT; e, f) Wilcoxon
signed-rank paired test for comparisons between SP T cells and DP T cells at each time point; i-k)
Wilcoxon signed-rank paired test and l) Paired T-test; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
for comparisons between SP T cells and DP T cells. (Figure adapted from Maher A.K et al., 2024 [1]).
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By measuring CD4 and CD8 expression every 2-3 days in the sorted SP T cell popu-

lations, I observed the emergence of DP T cell populations from both the sorted CD4+

and CD8+ SP T cells co-cultured with MT-2 cells, but not from the JKT controls (Fig-

ure 5.9a-c). A small DP T cell population appeared to emerge from CD8+ SP T cells

co-cultured with MT-2+ raltegravir, but the DP T cell population is significantly smaller

than that induced by the MT-2 cell co-culture and shorter-lived (Figure 5.9c). Most of

the DP T cells that emerged from CD4+ and CD8+ SP T cells were CD4+ CD8dim and

CD4dimCD8+ respectively (Figure 5.9a). DP T cell frequency peaked between days 6-11

in the sorted CD4+ SP T cells and between days 11-15 in the sorted CD8+ SP T cells. The

DP T cell population that emerged from CD8+ SP T cells was larger than that derived

from CD4+ SP T cells (Figure 5.9b and 5.9c).

I measured Tax expression in the cultured cells to track HTLV-1 infection (Figure

5.9d). DP T cells derived from both CD4+ and CD8+ SP T cells expressed higher levels

of Tax than their parent SP T cell population, indicating higher rates of infection in

the newly generated DP T cell populations (Figure 5.9e and 5.9f) and consistent with

the increased infection of ex vivo DP T cells (Figure 5.1f). There was no/very little

Tax expression in cells that were co-cultured in the presence of raltegravir, confirming

that HTLV-1 was not able to productively infect these cells (Figure 5.9g). I also sorted

naturally occurring peripheral DP T cells from UCs and co-cultured them with MT-2

cells. Sorted naturally occurring DP T cells expressed levels of Tax similar to the SP T

cells co-cultured with MT-2 cells and less Tax than the DP T cells that emerged from the

SP T cells (Figure 5.9h), suggesting that naturally occurring DP T cells from UCs are

not preferentially infected with HTLV-1 in vitro, and supporting the notion that the high

level of DP T cell infection is due to HTLV-1-infected SP T cells differentiating into DP

T cells.

To assess whether the DP T cells I generated in vitro reflected the phenotype of ex

vivo DP T cells in HTLV-1 carriers, I characterized the cytokine expression profiles and

cell surface markers in the emerged DP T cell population. I stimulated the cells with

PMA and ionomycin for 4 h on day 11 or 15 of the sorted CD4+ or CD8+ SP T cell-MT-2

co-cultures, respectively, and compared the phenotype of the emerged DP T cells to the

remaining parent SP T cell population. The DP T cells that emerged from the CD4+ SP T

cells upregulated granzyme B and became more proinflammatory, expressing significantly
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higher levels of IFN-γ, IL-13, IL-17A, IL-21, and TNF (Figure 5.9i). I also observed an

increase in CXCR3 and CD49d expression in the DP T cells when compared to CD4+

SP T cells (Figure 5.9j). The DP T cells that emerged from CD8+ SP T cells expressed

higher levels of IL-21 than their parent population which would result in an increased

helper phenotype (Figure 5.9k). These DP T cells also upregulated the expression of

IL-10 and CD49d, but there was no significant change in the expression of granzyme B,

IFN-γ, IL-13, IL-17A, TNF, and CXCR3 (Figure 5.9k and 5.9l). These data are consistent

with my observations ex vivo where DP T cells expressed comparable levels of granzyme B

and IFN-γ to CD8+ SP T cells and higher than CD4+ SP T cells, lower levels of CXCR3

than CD8+ SP T cells and higher than CD4+ SP T cells, and higher levels of IL-13,

IL-17A, IL-21, TNF and CD49d than either SP T population (Figure 5.4c and 5.4d).

5.2.7 Involvement of ThPOK and RunX3 in DP T cell genera-

tion and stability

Little is known about how peripheral DP T cells emerge in UCs or during chronic viral

infections. The transcription factors RunX3 and ThPoK have been shown to regulate

thymic CD8+ and CD4+ T cell lineage commitment respectively and are thought to be

mutually exclusively expressed in näıve T cells [394, 395, 396].
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Figure 5.10: Mechanism of CD4 and CD8 co-expression. a. Representative examples (a) and
summary gMFI (b) of ex vivo Runx3 and ThPOK expression in CD4+ SP, CD8+ SP, and DP T cells
(n= 11). c, d. Box and whisker plots showing the ex vivo gMFI of ThPOK and RunX3 (n=4 UC,
n=4 AC lPVL, n=3 AC hPVL). e. Histograms showing the expression of RunX3 and ThPOK in sorted
CD4+ and CD8+ SP T cells on Day 1 of co-culture with MT-2 cells. f, g. Line graphs showing the
gMFI of RunX3 or ThPOK in emerged DP T cells and CD4+ SP or CD8+ T cells during co-culture with
MT-2 cells; mean ± SEM error (n= 5). Representative flow plots (h) and line graph (i) showing the
percentage of CD4+ SP, CD8+ SP, DP, and DN T cells that emerge from sorted naturally occurring DP
T cells co-cultured with MT-2 cells; mean ± SEM error (n= 3). j, k. Line graphs showing the gMFI
of ThPOK or RunX3 in CD4+ SP, CD8+ SP, DP, and DN T cell populations that emerged from sorted
naturally occurring DP T cells co-cultured with MT-2 cells; mean ± SEM error (n=3). b) Wilcoxon
signed-rank paired test with Holm correction; c, d) Wilcoxon signed-rank unpaired test for comparisons
between UC and AC lPVL, and AC lPVL and AC hPVL. f, g) Paired T-test for comparisons between
SP and DP T cells at each time point; *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (Figure adapted
from Maher A.K et al., 2024 [1]).
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Ex vivo DP T cells from UCs and ACs expressed an intermediate level of ThPOK

relative to CD8+ and CD4+ SP T cells, and comparable Runx3 levels to CD8+ SP T cells

(Figure 5.10a and 5.10b). Interestingly, both CD4+ SP and DP T cells from AC hPVL

expressed lower levels of ThPOK as compared to AC lPVL who in turn expressed lower

levels than UCs (Figure 5.10c). There was no difference in RunX3 expression between

patient groups (Figure 5.10d).

While expression of ThPOK and RunX3 is thought to be mutually exclusive in näıve

T cells, I decided to examine the expression of both transcription factors in SP T cells

as they were co-cultured with MT-2 cells to induce DP T cells. Sorted CD4+ and CD8+

SP T cells expressed high levels of ThPOK and RunX3 respectively after 24 h in co-

culture with MT-2 cells (Figure 5.10e), but both RunX3 and ThPOK levels varied during

the 18-day co-culture with MT-2 cells (Figure 5.10f and 5.10g). Significantly increased

expression of RunX3 in the emerging DP T cell population compared to the parent CD4+

T cell population was observed at later time points (Figure 5.10f). In the sorted CD8+ SP

T cells, the emerged DP T cell population expressed significantly higher ThPOK levels

compared to CD8+ SP T cells, which gradually became more similar to that of the bulk

CD8+ SP T cell population over time (Figure 5.10g).

The expression of CD4 and CD8 in the sorted, naturally occurring, DP T cells from

UCs was not stable over time when co-cultured in vitro with MT-2 cells (Figure 5.10h

and 5.10i). While the majority of sorted DP T cells remained DP, CD4+ SP, CD8+ SP,

and DN T cell populations emerged (Figure 5.10h and 5.10i). The emerged CD8+ SP

and DN T cells downregulated ThPOK, but not the CD4+ SP T cell population (Figure

5.10j). RunX3 was upregulated by the CD8+ SP T cell population that emerged and

downregulated by the DN population (Figure 5.10k). These results suggest that ThPOK

is associated with CD4+ expression in SP T cells and RunX3 is associated with CD8+

SP T cells. However, ThPOK and RunX3 expression appears to be dynamic and was not

always correlated with CD4+ or CD8+ expression. It is likely that other transcription

factors and/or HTLV-1 proteins are involved in DP T cell differentiation in infected cells.
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5.3. Discussion

5.3 Discussion

The overall aims of this chapter were to explore the phenotype, frequency, and antigen-

specificity of DP T cells in HTLV-1 infection. In this chapter, I showed that DP T cells

in HTLV-1 carriers were highly HTLV-1-infected, were more abundant in patients with

HAM, and were highly proinflammatory with a helper/cytotoxic phenotype. These DP T

cells expressed high levels of CD49d and CXCR3 suggesting an enhanced capacity to mi-

grate to the CNS, and DP T cells were able to induce proinflammatory astrocytes demon-

strating their potential to contribute to HAM pathogenesis. Mechanistically I showed

that HTLV-1-infected DP T cell populations were generated by infection of SP CD4+

and CD8+ T cells. The increased migratory capacity and proinflammatory phenotype

of DP T cells, and their ability to induce proinflammatory astrocytes suggest that they

could contribute to CNS pathology. A summary of the findings in this chapter is shown

in Figure 5.11.

Figure 5.11: Hypothesized contribution of DP T cells neuroinflammation in HAM. HTLV-1
infects SP T cells and a small subset of HTLV-1-infected SP T cells differentiate into highly proinflammat-
ory DP T cells with a helper and cytotoxic phenotype. High CXCR3 and CD49d expression facilitates
the migration of DP T cells to the CNS, where DP T cells induce proinflammatory astrocytes which
secrete high levels of CXCL10. CXCL10 recruits more CXCR3-expressing cells to the CNS, establishing
a positive inflammatory feedback loop contributing to HAM disease progression. Figure created using
BioRender (Figure adapted from Maher A.K et al., 2024 [1]).

DP T cells in HTLV-1-infected individuals are heterogeneous, but they all display a

highly inflammatory phenotype with high levels of activation-induced markers and proin-

flammatory cytokines. The co-expression of helper cytokines, granzyme B, and CD154

suggests that DP T cells can act as both helper cells, providing help to both B and
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5.3. Discussion

CD8+ T cells [397], but that they can also perform cytotoxic functions that are poten-

tially detrimental in patients with HAM. Approximately half of DP T cells in ACs are

antigen-experienced, as shown by the downregulation of CD27, which is associated with

T cell differentiation, and higher levels of CD127 than SP T cells. While HTLV-1 in-

fection has been shown to increase Foxp3+ expression, higher Foxp3 expression in DP

T cells relative to CD8+ SP T cells could be indicative of an activated non-regulatory

phenotype [304, 398, 399]. Despite this proinflammatory effector phenotype, DP T cells

also expressed high levels of inhibitory receptors PD-1, Tim-3, and TIGIT. High levels

of inhibitory receptor expression in chronic viral infections are often associated with T

cell exhaustion [400]. However, DP T cells in persons infected with HTLV-1 are still able

to proliferate at a higher rate than SP T cell populations when stimulated with HTLV-1

and have a higher cytokine secretion potential. This observation, in addition to the high

levels of activation-induced marker expression observed, suggests that DP T cells are an

active effector T cell population in HTLV-1 infection.

The increased frequency of highly inflammatory DP T cells in patients with HAM

may contribute to tissue damage in the CNS. CD4+CD8+ T cells in patients with HAM

were infected at higher rates and CD4dimCD8+ T cells expressed significantly more CD69

and CD137 than AC hPVL. Expanded DP T cell populations have been associated with

other inflammatory diseases including MS and RA as well as in viral infections such as

HIV, HCV, and EBV [167, 166, 168, 169, 170, 401], but it is unclear if these expanded

DP T cell populations cause inflammation or are a consequence of inflammation, both

may likely be true. I showed that DP T cells induced proinflammatory astrocytes causing

them to secrete high levels of CXCL10, IFN-γ, and IL-6, and upregulate CD80 and CD86.

My results support the hypothesis that inflammatory DP T cells in HTLV-1- infection

can contribute to HAM pathogenesis. Indeed, DP T cells in HTLV-1 carriers express

high levels of molecules involved in T cell migration to tissues, including CXCR3 and

CD49d. CD49d is a major integrin that allows activated T cells to cross the BBB, and

antibodies blocking VLA-4 are a current MS treatment [184, 402, 403]. In agreement

with this, DP T cells have been shown to be enriched in the CSF relative to the periphery

of patients with MS and patients with non-inflammatory neurological diseases [184]. In

addition to producing CXCL10 themselves, DP T cells are able to induce proinflammatory

astrocytes which produce high levels of CXCL10 which chemoattracts CXCR3 expressing
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5.3. Discussion

cells including Th1 cells, CD8+ T cells, and DP T cells [283, 284, 404, 405]. CXCR3 has

been shown to activate peripheral immune cells, microglia, and CNS resident macrophages

during brain injury to direct them to the lesion site [281, 282, 283, 284, 285, 286]. CXCL9

and CXCL10 are found at higher concentrations in the CSF of patients with HAM than

in MS patients, who in turn have significantly higher levels than healthy controls, and the

main source of CXCL10 in the CSF of patients with HAM is thought to be astrocytes

[287]. Despite DP T cells being enriched in the CSF of MS patients, DP T cells did

not appear to be present in active MS lesions from autopsy material from MS patients

[287]. This is consistent with my in vitro data where I did not see a decrease in astrocyte

viability during the co-culture with DP T cells, but I did observe changes to the astrocyte

phenotype that would recruit more T cells to the CNS and drive inflammation. DP T

cells in HTLV-1 carriers also expressed high levels of activation-induced markers CD154,

CD137, and CD69 in response to HTLV 1 stimulation, and CD49d+CD154+ lymphocytes

have been shown to reprogram oligodendrocytes into immune reactive cells in MS [406],

further supporting the potential for DP cells in HTLV-1 infection to contribute to CNS

pathology. DP T cells caused the upregulation of the co-stimulatory molecules CD80 and

CD86 in astrocytes, which could help re-activate T cells once in the CNS. In addition, the

high HTLV-1 infection rate of DP T cells also provides a potential source of antigen for

local reactivation once in the CNS. These results warrant further studies on the role DP

T cells play in recruiting other T cells to the CNS, their contribution to inflammation in

the CNS, and their role in CNS pathology.

My data suggest that the majority of infected DP T cells arise from SP T cells. These

data are in agreement with works demonstrating that CD4+CD8+ T cells in an HIV

infected person share their TCR sequence with CD4+ SP T cells [163, 407], excess IL-4

has been shown to induce CD8 expression on CD4+ SP T cells but not CD8+ SP T cells

[408], and CD4dimCD8+ T cells have previously been described as an activated CD8+ T

cell phenotype [409, 410]. Moreover, mature antigen-stimulated CD4+ T cells have been

shown to terminate the expression of ThPOK and activate the expression of genes of

the CD8+ T cell lineage, resulting in cytotoxic CD4+CD8+ T cells which were MHC-II-

restricted [411]. My results demonstrate that HTLV-1 infection drives the emergence of a

DP T cell population from both SP T cell populations which are highly HTLV-1-infected.

High proliferation rates of infected DP T cells likely contribute to expanding the HTLV-
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5.3. Discussion

1-infected DP T cell population in addition to the de novo HTLV-1 infection. The DP

T cell population that emerged during MT-2 co-culture of SP T cells from UCs appeared

to be partially stable and whether this is the case for in vivo generated DP T cells in

HTLV-1-infected people remains to be determined. My data suggest that de novo HTLV-1

infection of SP T cells results in the co-expression of CD4 and CD8 in a subset of infected

cells and correlates with ThPOK and RunX3 expression, but other transcription are likely

involved in the re-acquisition of CD4 or CD8 expression. The underlying mechanisms of

how HTLV-1 induces this population warrant further investigations: possibilities include

the specific location of the HTLV-1 integration site in the host cell genome, the cytokine

milieu, or the activity of HTLV-1 proteins.

Several interesting questions emerge from this work, including elucidation of whether

these DP T cells are MHC-I or MHC-II restricted, molecular mechanisms by which HTLV-

1 infection and viral proteins induce the DP T cell population, and identification of integ-

ration sites of HTLV-1-infected DP and SP infected T cells to determine if the integration

site loci drive the co-expression of CD4 and CD8. Follow-up studies on the role and

generation of DP T cells in HTLV-1 infection are warranted to answer these questions.
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6
Discussion and Conclusion

The overall aim of this PhD was to explore mechanisms of T cell dysfunction dur-

ing HTLV-1 infection. T cell dysfunction in the context of this thesis included T cell

exhaustion, T cell dysfunction in cytokine production, HTLV-1-specific T cells polarized

towards a particular phenotype, the inability to maintain a low PVL, and the direct

contribution of T cells to CNS inflammation. I aimed to gain insight into the T cell

responses in ACs with a low PVL effectively controlling the virus relative to ACs with

a high PVL, to gain insights into mechanisms of effective viral control. I also wanted to

gain insight into the mechanisms by which T cells in patients with HAM contribute to

CNS inflammation and HAM pathogenesis. I have addressed the four main aims of this

PhD and gained significant insight into both bulk and HTLV-1-specific T cell responses

in UCs, AC lPVL, AC hPVL, and patients with HAM. My work builds on several studies

that started to characterize HTLV-1-specific T cell responses in HTLV-1-infected groups

[298, 300, 301, 308, 412]. However, to the best of my knowledge, this is the first work that

uses AIMs to identify HTLV-1-specific T cells rather than cytokine secretion or tetramers,

allowing access to a larger and less biased antigen-specific T cell population. Furthermore,

very few previous studies have matched the PVL of AC hPVL and patients with HAM to

be able to make comparisons based on disease status while controlling for differences due
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to HTLV-1 infection [244, 298]. Controlling for the PVL between AC hPVL and patients

with HAM, allows me to make conclusions based on disease status, and gives insight into

the transition from AC hPVL to HAM.

In this thesis, I identified HTLV-1-specific CD4+ and CD8+ T cells by stimulating

total PBMCs with heat-inactivated HTLV-1 for 12-20 h. CD4+ T cells expressing CD154

were defined as HTLV-1-specific, while HTLV-1-specific CD8+ T cells were identified

based on CD69 and CD137 expression. Using AIMs allowed access to a diverse antigen-

specific T cell pool, not restricted by TCR sequences or cytokine expression [127, 316,

320, 323, 329]. While previous studies on HTLV-1-specific CD4+ T cells used IFN-γ

secretion after stimulation with HTLV-1-peptides to identify HTLV-1-specific CD4+ T

cells, this will have biased the population identified to a particular phenotype [300, 301].

Furthermore, it would have been impossible to sort and culture HTLV-1-specific T cells

identified by intracellular cytokine expression. In addition, using cytokine expression to

identify HTLV-1-specific T cells is particularly challenging given that HTLV-1-infected

T cells spontaneously produce IFN-γ and TNF after more than 6 hours in culture [209].

Given that I was using whole heat-inactivated HTLV-1, stimulation experiments were

at least 12 h long to allow the ACPs to process and present the antigen to the T cells.

This longer stimulation time would make it difficult to differentiate between activated T

cells and HTLV-1-infected T cells. For the reasons outlined above, throughout this thesis

AIMs were used to identify HTLV-1-specific T cells, however, there are also limitations

when using AIMs. As previously discussed AIMs are not always uniquely expressed by

virus-specific T cells and can be elevated due to non-specific activation, which may result

in the inclusion of non-HTLV-1-specific cells in the analysis. As discussed in the CD4+

T cell chapter, this non-specific activation could explain the presence of HTLV-1-specific

T cells in UCs after HTLV-1 stimulation, in addition to the high proportion of näıve

T cells in chronically infected patients. Furthermore, cytokine expression in HTLV-1-

specific T cell populations was low, despite these cells not appearing exhausted based

on inhibitory receptor expression and their proliferative capacity in vitro. Additionally,

using the whole heat-inactivated virus to stimulate PBMCs, rather than peptides, presents

both strengths and limitations. Using the entire viral proteome means that T cells will

encounter an unrestricted pool of epitopes processed and presented in a physiologically

relevant manner by APCs. However, this approach relies on effective antigen processing
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and presentation, which can vary across different APC types and may vary between

patient groups, potentially leading to inconsistent T-cell activation. This issue may be

more pronounced for CD8+ T cells, as it generally takes more time for APCs to process

and present antigens to CD8+ T cells compared to CD4+ T cells. Ultimately, while the

methods employed in this thesis to identify HTLV-1-specific T cells offer valuable insights,

they also present certain challenges and limitations that should be carefully considered.

In the CD4+ and CD8+ T cell chapters, I show that despite an increased terminally

differentiated effector phenotype in HTLV-1-infected groups, bulk CD4+ and CD8+ T

cells and from UCs, AC lPVL, AC hPVL, and patients with HAM are phenotypically

very similar, with no significant differences in their cytokine expression profiles. When

focusing my analysis on HTLV-1-specific T cells, I showed that both the frequency and

number of HTLV-1-specific CD4+ and CD8+ T cells increase with PVL. Furthermore,

both HTLV-1-specific CD4+ and CD8+ T cells are infected at higher rates than non-

HTLV-1-specific CD4+ T cells, and this preferential infection is more pronounced and

severe in high PVL groups. It is unclear whether this increased infection of the HTLV-

1-specific T cell populations in high PVL groups relative to low PVL groups is a cause

or consequence of high PVLs. I showed that a Th17-type HTLV-1-specific CD4+ T cell

response, with Th1 cytokine expression, and high IL-10 expression is associated with a

low PVL. There were no major differences in the phenotypes of HTLV-1-specific CD8+

T cells between AC lPVL and AC hPVL. Overall, robust Th17-responses are associated

with HTLV-1 viral control.

In this work, I show that several different T cell populations in patients with HAM are

able to induce pro-inflammatory astrocytes and microglia, suggesting that they have the

capacity to contribute to CNS inflammation in vivo. Both HTLV-1-specific CD4+ and

CD8+ T cells in patients with HAM induce significantly higher upregulation of the antigen

presentation machinery, CD40, and pro-inflammatory cytokines in astrocytes relative to

AC hPVL. Similar trends were seen with bulk CD4+ T cells and CD8+ T cells stimulated

with anti-CD3 and anti-CD28, and DP T cells stimulated with HTLV-1. Acute infections

may activate antigen-specific T cell populations which could instigate or contribute to

CNS inflammation. However, only HTLV-1-specific T cells, and possibly auto-reactive

T cells, would be persistently chronically activated in vivo, and therefore the HTLV-1-

specific T cells are still likely to be the main instigators and drivers of CNS inflammation.
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To confirm this hypothesis, the antigen specificity of T cells in the CNS lesions and CSF

of patients with HAM would need to be characterized. There currently is no evidence of

auto-reactive or cross-reactive T cells in the literature in relation to HTLV-1 infection.

To gain insights into the mechanisms by which HTLV-1-specific CD4+ and CD8+ T

cells from patients with HAM-induced proinflammatory glial cells, I deeply characterized

both populations by flow cytometry and subjected HTLV-1-specific CD4+ T cells to RNA-

seq analysis. I identified 628 differentially expressed genes in patients with HAM when

compared to AC hPVL, including the upregulation of EOMES, IL17RA, IL17RC, and

genes associated with an unfocused Th1 phenotype. Th1 cytokines, such as IFN-γ, and

TNF are neurotoxic at high concentrations and can cause bystander damage [156, 157,

158, 264, 265]. Furthermore, IFN-γ regulates the passage of leukocytes into the CNS

[266, 267]. In addition, IL-17 has been also shown to play a key role in driving chronic

CNS inflammation in many neurological diseases [126]. Interestingly, HTLV-1-specific

CD8+ T cells from patients with HAM showed a strong Tc17 phenotype relative to AC

hPVL and expressed high levels of IL-17A. DP T cells stimulated with HTLV-1 also

expressed high levels of IL-17A, and IL-17A from both these populations have the capacity

to contribute to neuroinflammation. Furthermore, HTLV-1-specific CD4+ T cells from

patients with HAM expressed significantly higher levels of IL17RA and IL17RC compared

to AC hPVL. This increased expression enhances IL-17 signaling, known to boost the

resistance of effector CD4+ T cells to immune suppression [375].

RNA-seq pathway enrichment analysis showed that patients with HAM upregulate

G alpha (12/13) signaling events, have increased NRAGE death signaling through JNK,

and increased signaling by p75NTR relative to AC hPVL. Increased signaling through

GPCRs is upregulated in patients with HAM, but the ligands driving this signaling remain

unidentified and the impact of the GPCR signaling on the CD4+ T cell phenotype or

functionality is unclear. It would be interesting to understand more about the mechanism

by which these pathways contribute to HAM pathogenesis, such as whether they are

involved in T cell activation, migration, cytokine secretion, or another process entirely.
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Figure 6.1: Summary of new insights into the hypothesized mechanism of HAM pathogen-
esis. Figure created using BioRender.

Taken together these data contribute to a greater understanding of the mechanisms

of HAM pathogenesis and can inform the current hypothesis surrounding HAM patho-

genesis, summarized in Figure 6.1. Overall my data and data from previous studies

indicate that poor control of HTLV-1 infection due to a lack of Th17 responses, a high

infection rate of the HTLV-1-specific T cell populations, and certain HLA-genotypes res-

ults in a high PVL [193]. Chronic high level of HTLV-1 antigen expression persistently

activates a large, inefficient, and highly HTLV-1-infected HTLV-1-specific CD4+ T cell

populations. High CD49d expression facilitates migration to the CNS, and high levels of

IFN-γ, TNF, and IL-22 expression disrupt BBB tight junctions allowing easier passage of

lymphocytes into the CNS. Once in the CNS, HTLV-1-specific CD4+ T cells activate and

induce proinflammatory astrocytes and microglia, which can act as APCs and re-activate

HTLV-1-specific T in the CNS. Inflammatory astrocytes and microglia secrete high levels

of pro-inflammatory cytokines and chemokines such as IFN-γ, IL-6, and CXCL10. High

levels of CXCL10 recruit more CXCR3 expressing cells such as Th1 cells, CD8+ T cells,

and DP T cells to the CNS. Both Tc17 HTLV-1-specific CD8+ T cells and highly proin-

flammatory DP T cells further contribute to CNS inflammation, establishing a positive

feedback inflammatory cycle, eventually resulting in persistent chronic inflammation in

the CNS and disease progression.

This work has identified CD49d as an interesting target for HAM treatment. CD49d
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is expressed at higher levels on HTLV-1-specific CD4+ T cells, CD8+ T cells, and DP T

cells in patients with HAM relative to AC hPVL. Anti-CD49d antibody natalizumab is

an approved treatment for MS and has been shown to reduce lymphocyte infiltration in

the CNS [363]. Given that both HTLV-1-specific and non-specific CD4+ T cells, CD8+

T cells, and DP T cells were able to induce pro-inflammatory glial cells, reducing any

lymphocyte entry into the CNS is likely to reduce CNS inflammation. Furthermore,

targeting S1P signaling may also be of interest in HAM treatment, as S1P is upstream of

G12/G13 alpha signaling [413], which was upregulated in HTLV-1-specific CD4+ T cells in

patients with HAM relative to AC hPVL. However, the mechanism by which this pathway

contributes to HAM needs to be further elucidated and the ligands driving this signaling

first need to be identified. Overall this thesis has characterized T cell responses that are

associated with a low PVL and efficient viral control, in addition to gaining insight into T

cell phenotypes, signaling pathways, and molecules that are associated with the transition

from AC to HAM.
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7
Final Words and Future Directions

This thesis has made several significant observations that increase our understanding

of the mechanisms of effective HTLV-1 control and HAM pathogenesis. However, this

thesis is limited to the study of peripheral T cells and extrapolating observations to the

CNS. While studying peripheral T cells can give insights into systemic trends and phen-

otypes, they are unlikely to completely capture the T cell dysfunction that is happening

within inflamed tissues. Studying mechanisms of HAM pathogenesis has historically been

incredibly difficult as there is no suitable mouse model and collecting CSF from patients

with HAM is difficult. Lumbar punctures for patients with HAM are extremely infrequent

in the UK and tend to occur when treatments are failing, and ACs do not receive lumbar

punctures at the National Centre for Human Retrovirology. Peripheral blood is much

less difficult to acquire. Furthermore, T cells are first activated in the periphery before

traveling to inflamed tissues, and therefore insights can still be gained from peripheral T

cells which can then be validated in cells from the CSF of patients with HAM.

My observations in peripheral T cells in ACs and patients with HAM raise several

interesting questions and open up many future avenues for exploration. Firstly, it would

be interesting to characterize the antigen-specificity of T cells in the CSF of patients

with HAM and determine their transcriptional profile. Secondly, it would be valuable to
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determine whether HTLV-1-specific T cells in the CSF of patients with HAM are cross-

reactive with other auto-antigens or pathogens. When sorting HTLV-1-specific CD4+ T

cells from UCs for RNA-seq analysis, only 50% of these cells expressed CD45RA (Fig-

ure 3.11b), indicating that the remaining 50% were antigen-experienced. Identifying the

antigens that induce cross-reactive HTLV-1-specific CD4+ T cells would provide import-

ant insights. Additionally, understanding whether pre-existing cross-reactive T cells offer

protection against high PVLs during new HTLV-1 infections would be highly informative.

The RNA-seq data raises a lot of interesting questions about the of role G alpha

(12/13) signaling events, increased NRAGE death signaling through JNK, and signaling

by p75NTR in HAM pathogenesis. Follow-up experiments are needed to determine how

these pathways affect CD4+ T cell phenotypes, migration to the CNS, and interactions

with glial cells. Some upstream GPCRs for G12/G13 signaling include the S1P and

LPA receptor [376]. Future experiments could include observing changes in cytokine

expression patterns in bulk memory CD4+ T cells from UCs when stimulated with S1P

or LPA. Furthermore, the glial-T cell co-culture experiments could repeated to gain further

insight using the following modification: before HTLV-1-specific CD4+ T cells from AC

hPVL are placed in co-culture with glial cells, they could also be pre-stimulated with

S1P or LPA and then placed in co-culture to determine whether the activation of these

pathways induces more pro-inflammatory astrocytes or microglia than without the pre-

stimulation with S1P and LPA. The RNA-seq data also identified the down-regulation

of the metabolism of fatty acids, triacylglycerol, and ketone bodies in HTLV-1-specific

CD4+ T cells in patients with HAM relative to AC hPVL. A full characterization of the

metabolic profile of HTLV-1-specific CD4+ T cells in different HTLV-1-infected groups

by SCENITHTM or Seahorse could give insight into the energetic status of the cells and

the impact on their effector phenotype [335]. In addition, the role of EOMES on the

phenotype and effector functions of CD4+ T cells in patients with HAM needs to be

further explored.

Finally, the identification of a HAM-like phenotype in previous studies [244] in a subset

of high PVL ACs allows us to assess the role of the differentially expressed pathways and

molecules between AC hPVL and patients with HAM in early HAM pathogenesis. Follow-

up studies characterizing T cell populations in this HAM-like cohort are warranted.

Overall I have made several interesting observations that contribute to our understand-
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ing of effective HTLV-1-control and T cell contribution to HAM pathogenesis which need

to be validated in T cells from the CSF of patients with HAM. Uncovering more about the

mechanism by which HTLV-1-specific CD4+ T cells induce pro-inflammatory astrocytes

using the RNA-seq data to guide experimental design could identify novel targets for

HAM treatment. This thesis offers a deep characterization of T cell responses in HTLV-

1-infected individuals, insight into the mechanisms of virus-induced neuroinflammation,

and identifies novel potential targets for HAM treatment.
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List of Acronyms

ACs asymptomatic carriers

AC hPVL AC high PVL

AhR aryl hydrocarbon receptor

AIDS acquired immune deficiency syndrome

AIMs activation induced markers

ALCAM activated leukocyte cell adhesion molecule

AC lPVL AC low PVL

APCs antigen presenting cells

ARTE antigen-specific T cell enrichment

ATL adult T-cell leukemia/lymphoma

B2M beta-2 microglobulin

BBB blood-brain barrier

Bcl-6 B-cell lymphoma 6

BCR B cell receptor

BDNF brain-derived neurotrophic factor

C1q complement component 1q

C3 complement component 3

CBP CREB binding protein

CCL CC motif chemokine ligand

CCR C-C chemokine recptor

CD cluster of differentiation

cDNA complementary DNA
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CM, CCR7+CD45RA- central memory

CNS central nervous system

CREB cyclic adenosine monophosphate cAMP response element binding protein

CSF cerebrospinal fluid

CSFE carboxyfluorescein succinimidyl ester

Ct cycle threshold

CTLA-4 cytotoxic T-lymphocyte associated protein 4

CXCR C-X-C motif receptor

CXCL10 chemokine IFN-γ inducible protein 10 kDa

DEGs differentially expressed genes

DENV dengue virus

ddPCR digital droplet PCR

DMSO dimethyl sulfoxide

DN double negative, CD4-CD8-

DNA deoxyribonucleic acid

DP double positive, CD4+CD8+

EAE experimental autoimmune encephalomyelitis

EBV Epstein-Barr virus

EGFR epidermal growth factor receptor

ELISA enzyme-linked immunosorbent assay

EM, CCR7-CD45RA- effector memory

EOMES Eomesodermin

FasL Fas ligand

FBS fetal calf serum

FC fold change

FcϵRI low-affinity IgE receptor

FcϵRII high-affinity IgE receptor

FcR Fc receptor

FDR false discover rate

186



FMOs fluorescence minus one controls

Foxp3 forkhead box P3

FSC forward scatter

GATA3 GATA-binding protein 3

GLAST glutamate aspartate transporter

GLT-1 glutamate transporter 1

GLUT-1 Glucose transporter 1

GM-CSF granulocyte-macrophage colony-stimulating factor

gMFI geometric mean fluorescence intensity

GPCR G protein-coupled receptors

h hours

HAM/TSP HTLV-1-associated myelopathy/tropic spastic paraparesis

HBZ HTLV-1 basic leucine zipper factor

HCMV human cytomegalovirus

HCV hepatitis C virus

HIV human immunodeficiency viruse

HLA-I Human leukocyte antigens class I

hnRNP-A1 anti-heterogeneous nuclear ribonuclear protein A1

HS human serum

hTERT human telomerase reverse transcriptase

HTLV-1 Human T Cell Leukemia Virus Type 1

HSC hematopoietic stem cells

HSPGs heparan sulfate proteoglycans

IBD inflammatory bowel disease

ICAM-1 intercellular adhesion molecule 1

ICOS inducible T-cell COStimulator

IFN interferon

IFNs-I/III type I and III interferons

Ig immunoglobulin
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IL interleukin

IL17RC IL-17 receptor C

IL22BP IL-22 binding protein

iNOS inducible nitric oxide synthase

IRF3 interferon regulatory factor 3

IRF4 interferon regulatory factor 4

ISGs interferon-stimulated genes

iTreg induced Treg

JKT Jurkat cells

JNK c-Jun N-terminal kinases

Ki67 marker of proliferation Kiel 67

KIR killer immunoglobulin-like receptor

LAG-3 lymphocyte activation gene-3

LPA lysophosphatidic acid

LPS lipid polysaccharide

LTR long terminal repeat

MHC major histocompatibility complex

MHC-I major histocompatibility complex class I

MHC-II major histocompatibility complex class II

min minutes

MS multiple sclerosis

mRNA messenger ribonucleic acid

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NGF nerve growth factor

NK natural killer

NKG2 NK group 2 member

NRP-1 neuropilin-1

NRAGE novel melanoma antigen gene protein

NT neurotrophin
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nTregs natural Tregs

p75NTR p75 neurotrophin receptor

PA phosphatidic acid

PAMPs Pathogen-associated molecular patterns

PBMC periphreal blood mononuclear cell

PBS phosphate buffered saline

PCA Principal component analysis

PC principal component

PCR polymerase chain reaction

PD-1 programmed cell death protein 1

PI propidium iodide

PMA phorbol 12-myristate 13-acetate

PRRs pattern recognition receptors

PVL provial load

RA rheumatoid arthritis

ROR-γt retinoic acid-related orphan receptor γt

RT reverse transcription

RT-PCR real-time reverse transcription–polymerase chain reaction

RNA ribonucleic acid

RNA-seq RNA sequencing

RunX3 runt-related transcription factor 3

S1P sphingosine-1-phosphate

SNPs single nucleotide polymorphisms

SP single positive, CD4+CD8- or CD4-CD8+

SSC side scatter

SEM standard error of the mean

SEMA4A semaphorin-4A

SS systemic sclerosis

STAT1 signal and transducer of activation 1
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T-bet T-box expressed in T cells

TBK1 TANK-binding kinase 1

Tc T cytotoxic

TCR T cell receptor

TDE, CCR7-CD45RA+ terminally differentiated effector

TGF-β Transforming growth factor-β

Th T helper

ThPOK T-helper-inducing POZ/Krüppel-like factor

TIGIT T cell immunoreceptor with immunoglobulin and ITIM domain

Tim-3 T-cell immunoglobulin and mucin-domain containing-3

TFs transcription factors

Tfh follicular helper T cell

TNF tumour necrosis factor

TNFR TNF receptor

Tr1 regulatory type 1 cells

Tregs regulatory T cells

TrkA tropomyosin receptor kinase A

TRM tissue resident memory

TSCM stem cell-like memory

tSNE t-distributed Stochastic Neighbor Embedding

UCs uninfected controls

UPR unfolded protein response

UTR untranslated region

VDJ variability, diversity, and joining

VLA-4 very late antigen-4

vs. versus

WHO World Health Organization

Zap70 zeta-chain-associated protein kinase 70
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