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ABSTRACT 

 

Human T-cell lymphotropic virus type 1 (HTLV-1)-associated myelopathy/tropical 

spastic paraparesis (HAM/TSP), a progressive and debilitating inflammatory syndrome of the 

central nervous system, affects 1–5% of HTLV-1-infected individuals. There is no vaccine for 

HTLV-1, and treatment options are limited. Cytotoxic T lymphocytes (CTL) play an important 

role in antiviral immunity and previous studies have shown that CTL dysfunction is associated 

with increased expression of negative checkpoint receptors (NCRs). NCR expression, 

particularly the expression of multiple co-expressed NCRs, and whether or not they impact CTL 

activity has not been fully explored in the context of HTLV-1 infection.  The purpose of this 

research was to determine the extent to which multiple NCRs are expressed on CD8 T cells in 

HTLV-1 infection and whether NCR blockade effectively enhances the functionality of CTLs in 

HAM/TSP. We hypothesized that patients with HAM/TSP co-express multiple NCRs on CD8 T 

cells, and that blocking more than one NCR would enhance CTL function to a greater degree 

than single-blockade strategies. Results from flow-cytometric analyses demonstrated that 

different individual NCRs are expressed on T cells from HTLV-1-infected asymptomatic carriers 

(AC) and HAM/TSP patients. Furthermore, CD8 T cells from HAM/TSP patients co-express 

multiple NCRs at higher frequencies than AC, including programmed cell death protein 1 (PD-

1), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), T-cell immunoglobulin and 

mucin domain-containing protein-3 (TIM-3) and lymphocyte-activation gene 3 (LAG-3). Higher 

frequencies of dendritic cells expressing ligands for PD-1 and TIGIT were also observed in 

HAM/TSP patients. Upon NCR blockade, expression of interferon-gamma (IFN-g), cluster of 

differentiation 107a (CD107a), and tumor necrosis factor-a (TNF-a) increased in CD8 T cells in 
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response to HTLV-1 virus to a greater extent when blocked with multiple (>3) blocking 

monoclonal antibodies (against PD-1, TIGIT, TIM-3 and LAG-3) compared to either single or 

dual combination blockade. Most interestingly, blockade of both single and multiple NCRs 

resulted in decreased frequency of IL-2+ CD8 T cells in HAM/TSP patients, but not in AC. The 

observed reduction in IL-2 expression after blockade may indicate that NCR blockade not only 

enhances anti-HTLV-1 CTL activity but decreases IL-2 production by anti-HTLV-1-specific 

CD8 T cells, perhaps leading to a reduction in infected CD4 T-cell proliferation. These results 

advance our understanding of NCR expression in HTLV-1 infection and supports future 

exploration of blocking multiple NCRs as a novel immunotherapeutic strategy for HAM/TSP.  
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INTRODUCTION  
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RETROVIRUSES AND DISCOVERY OF HTLV-1 

Introduction to Retroviruses 

Retroviruses were first discovered in the early 1900s by Danish and American research 

groups and represent a unique and diverse group of viruses, some of which cause serious disease 

in animals and humans. These viruses share similar structure and replicative properties, most 

notably, their ability to integrate into the host genome resulting in chronic infection [1, 2]. The 

genetic material of retroviruses exists as a homodimer of two identical single-stranded RNA 

molecules, consisting of three major coding domains that provide information for viral proteins: 

gag, pol and env. These coding domains are responsible for virion proteins including those that 

form the matrix, capsid and nucleoprotein (gag), proteins important in replication, including 

reverse transcriptase and integrase enzymes (pol), and proteins that form the viral envelope 

(env). Complex retroviruses have coding domains for additional regulatory proteins encoded in 

regions joined through RNA splicing.  

Taxonomic classification of the family Retroviridae include seven genera based on 

evolutionary relatedness, with some genera demonstrating oncogenic potential [2]. Oncogenic 

retroviruses have been well studied in animals, including livestock, and have only more recently 

been shown to cause cancer in humans. Other retroviruses principally cause disease via the 

targeted killing of specific cells and/or by inducing cellular dysfunction, as in the case of 

retroviruses belonging to the Lentivirus genus.  

Today, the word “retrovirus” is often synonymous with one such lentivirus, human 

immunodeficiency virus (HIV). The mystery surrounding this deadly virus and its ability to 

outmaneuver the human immune system served as a driving force for an immense amount of 

early research, which has provided much of our current understanding of retroviral infections. 
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Before HIV made headlines, however, it was the discovery of another retrovirus, human T-cell 

lymphotropic virus type 1 (HTLV-1), that paved the way for discovery of all known human 

retroviruses.  

 

Discovery of HTLV-1 

Prior to the discovery of HTLV-1, Japanese researchers suspected that a 

lymphoproliferative malignancy commonly found in certain regions of Japan might, in fact, be 

the result of a viral infection [3]. The curious clustering in certain age groups and in distinct 

prefectures in southern Japan further spurred interest in determining whether or not the 

malignancy stemmed from a viral infection.  

In 1979, a research group led by Robert Gallo, of the National Cancer Institute at the 

National Institutes of Health, was also interested in the possibility of associating hematologic 

malignancies with a human retrovirus, which up until that time had never been proven [4]. In 

1980, they reported the isolation of a type C retrovirus from a patient with cutaneous T-cell 

lymphoma, in the Proceedings of the National Academy of Sciences (PNAS) [5]. Despite having 

no known previous history of carcinogen exposure or family history of leukemia or lymphoma, 

malignant lymphomatous T cells were found in peripheral blood, skin, lymph nodes and bone 

biopsies of the patient. Furthermore, integrated proviral sequences were present in malignant T 

cells, but not in normal cells of the patient. Upon closer inspection, researchers discovered that 

the DNA polymerase activity of these cells closely resembled retroviral reverse transcriptase 

(RT). However, antibodies to cellular DNA polymerase as well as antibodies against RT derived 

from several animal retroviruses did not recognize this newly isolated virus. Viral proteins 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were 
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consistent with the expected bands of a retrovirus but were distinct from known primate 

retroviruses. It was concluded that this was a novel human-specific retrovirus, and was named 

human T-cell lymphotropic virus type 1 (HTLV-1).   

The discovery of HTLV-1 would not have been possible without key discoveries made 

by Gallo and his colleagues [6]. First, highly sensitive techniques for the detection of viral 

reverse transcriptase had to be developed. Second, researchers needed a way to culture primary T 

lymphocytes in order to isolate virus. These two major prerequisites were accomplished in the 

decade prior to the discovery of HTLV-1 [7-9]. Techniques for detecting reverse transcriptase 

that discriminated cellular DNA polymerases from animal and viral RT were accomplished first. 

Then came the discovery of interleukin-2 (IL-2), originally known as T-cell growth factor 

(TCGF), which provided a means for propagating primary human T cells – a discovery that 

continues to serve a vast array of research fields.   

Shortly after Gallo’s PNAS report was published, HTLV-2 and HIV were subsequently 

discovered. However, without the molecular tools provided by Gallo and colleagues and the 

discovery of HTLV-1, it is unlikely that the acquired immunodeficiency syndrome (AIDS) 

epidemic would have been so quickly traced to a human retroviral infection [6]. The monumental 

importance of these initial studies surrounding HTLV-1 and the groundwork that it laid for all 

subsequent retroviral discoveries deserves enormous recognition. In fact, it was this work that 

paved the way for the entirely new field of human retrovirology. 
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HTLV-1 EPIDEMIOLOGY, DIAGNOSIS, AND PREVENTION 

HTLV-1 Epidemiology 

HTLV-1 is a complex virus of the Orthoretrovirinae subfamily and belongs to the 

Deltaretrovirus genus, which also includes several closely related viruses: HTLV-2, HTLV-3 

and HTLV-4, as well as bovine leukemia virus (BLV). To date, only HTLV-1 is associated with 

severe disease in humans; HTLV-2 is rarely pathogenic and is only sporadically associated with 

neurological pathology, and HTLV-3 and HTLV-4 are not known to cause disease in humans 

[10]. Transmission of HTLV-1 occurs through three main modes: mother-to-child, sexual 

intercourse, and via contaminated blood products [11].  

 It is estimated that 10–20 million people are infected with HTLV-1 globally [12]. That 

number has been adjusted in recent years to 5–10 million, however, many would argue that that 

this is likely an underestimation of the true global burden of HTLV-1 infection [13]. 

Epidemiological studies that attempt to estimate prevalence or burden of disease must often rely 

on meta-analyses of small-scale studies [14]. Furthermore, these studies rely heavily on the use 

of blood donors, pregnant women and hospitalized patients. While these studies are useful, they 

are certainly not representative of the general population. To further complicate matters, the 

distribution of HTLV-1 is not homogeneous in most study areas. Areas of high prevalence abut 

areas with virtually no HTLV-1 present, making the task of accurately measuring prevalence for 

a whole region or country difficult, if not nearly impossible.  

 HTLV-1 can be found throughout the world with clusters of high endemicity in southern 

Japan (Kyushu), several countries in sub-Saharan Africa, the Caribbean, Central and South 

America, localized areas of Iran and Melanesia, and parts of central Australia [12, 13, 15]. The 

geographical distribution of HTLV-1 is often described as puzzling and peculiar due to its 
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tendency of being found in highly concentrated pockets, both in urban and rural areas. Subtyping 

and sequencing analysis have resulted in several theories that attempt to explain the biased 

prevalence in these areas, which is likely linked to a founder effect coupled with persistently 

high viral transmission rates [16, 17].  

While most individuals infected with HTLV-1 remain asymptomatic and never progress 

to disease, a small proportion (1–5%) develop one of two diseases: a T-cell malignancy called 

adult T cell leukemia/lymphoma (ATL) or a neurodegenerative inflammatory disease called 

HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). It remains unclear how 

such contrasting diseases result from a single infectious agent. While intensive efforts have been 

made to associate specific HTLV-1 strains with different diseases, the understanding of viral and 

host components that together promote disease progression still remains poor. ATL and 

HAM/TSP are described in more detail below.     

There are four subtypes of HTLV-1 lettered A to D: cosmopolitan subtype A, central 

African subtype B, Melanesian subtype C, and central African subtype D [18]. The cosmopolitan 

subtype, which is further broken down into several geographical subgroups (Japanese, West 

Africa and North African) is by far the most prevalent and widespread. Due to HTLV-1’s 

extremely low sequence variation, migratory and dissemination patterns are relatively easy to 

track for both recent and distant past [13, 19]. Genomic variation between strains has been found 

to be specific to geographic origin rather than pathogenicity [13].   

 

HTLV-1 Diagnosis 

Diagnosis of HTLV-1 infection mainly relies on serological assays for antibodies 

directed against HTLV-1 antigens [13]. Confirmatory tests include western blot (WB), indirect 
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fluorescent antibody (IFA) assay, and detection of integrated provirus through qualitative or 

quantitative polymerase chain reaction (PCR) [18].  

Recently, there has been concern across central Australia over long wait times of up to 6 

months for HTLV-1 screening in communities with high prevalence rates. To make matters 

worse, HTLV-1 serological testing is not free, which is a major concern when many of the 

countries with the highest prevalence rates often have the lowest per capita incomes and high 

levels of poverty [20].  

 

HTLV-1 Prevention 

Prevention of HTLV-1 transmission from mother-to-child is an important intervention, as 

infection early in life is associated with a higher risk of developing HTLV-1-associated disease, 

particularly ATL. High HTLV-1 proviral load in breast milk and in peripheral blood cells, as well 

as breastfeeding for prolonged periods (>6 months) are risk factors for transmitting HTLV-1 

from mother to child [21, 22]. While antenatal and perinatal infection can also occur, the risk of 

intra-uterine transmission is unclear. Up to 25% of children who are breastfed by HTLV-1-

positive mothers become infected, and the likelihood of infection increases significantly when 

proviral load is higher than 3% (i.e., the number of HTLV-1 copies detected per 100 cells 

exceeds 3 copies). The low level of infection among formula-fed babies has provided evidence 

for the avoidance of breastfeeding as a means of preventing transmission of HTLV-1 to babies 

born to HTLV-1-positive mothers. The steep decline in Japan’s overall HTLV-1 prevalence rates 

is largely attributed to aggressive antenatal screening and avoidance of breastfeeding [21, 23, 

24]. In areas, like Hawaii, where HTLV-1 prevalence was initially high among first- and second-

generation Japanese migrants (issei and nissei), the practice of formula feeding babies has been 
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associated with marked reductions in HTLV-1 prevalence [25-27]. Also contributing to the 

decline in prevalence is the low infectivity of HTLV-1-seropositive individuals living in a non-

endemic region and the high degree of miscegenation.  

Routine screening of blood products by blood banks in Europe, Asia, the Americas and 

some parts of Africa has also contributed to decreases in transmission of HTLV-1 via blood 

products. Transmission rates of HTLV-1 in southern Japan were as high as 8.3% before blood 

donor screening began in the late 1980s and dropped dramatically (<0.15%) when HTLV-1 

screening programs were established [28]. However, indeterminate serological patterns and 

lower specificity and sensitivity across various serological methods are a cause for concern. 

Moreover, the number of countries with established and stringent blood screening practices is not 

particularly high considering its utility in preventing transmission.   

 

HTLV-1 Vaccines 

The cumulative lifetime risk of developing one of the two life-threatening diseases 

associated with HTLV-1 infection is around 5%, which places HTLV-1 in the same category of 

viruses for which efficient and widely used vaccines are made and used. Factors that favor the 

feasibility of an HTLV-1 vaccine are that HTLV-1 displays relatively low antigenic variability, 

natural immunity does seem to occur in humans since many of those infected do not develop 

disease, and experimental vaccination with Env antigen has been successful in animal models.  

 A vaccine against HTLV-1 would have great value as a public health countermeasure, not 

only for reducing the incidence of HTLV-1-associated diseases but for further limiting 

transmission. Because of the wide range of diseases that can manifest from HTLV-1 infection, a 

vaccine would also serve the wider fields of oncology, neurology and HIV/AIDS [29].  
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HUMAN DISEASES CAUSED BY HTLV-1 

Introduction to HTLV-1-Associated Diseases and Pathology 

As previously discussed, the 1980s marked the discovery of several pathogenic human 

retroviruses. Of these viruses, two are associated with specific diseases – HIV with AIDS and 

HTLV-1 with ATL and HAM/TSP [30-33]. Although very similar in genome organization, HIV 

and HTLV-1 infection result in essentially opposite cell fate – cell death and profound depletion 

of CD4 T cells in HIV versus immortalization and hyperproliferation of CD4 T cells in HTLV-1. 

The resulting clinical diseases, therefore, are vastly different. 

HTLV-1 is a chronic infection that usually takes many years to develop into disease, 

except in the case of infection via blood transfusion or organ transplant. Only 1–5% of infected 

individuals develop disease and only after many years of infection [34, 35]. The two most 

common forms of HTLV-1-associated disease are discussed below. 

 

Adult T cell Leukemia/Lymphoma (ATL) 

Shortly after the discovery of HTLV-1, Hinuma and Miyoshi and colleagues identified 

HTLV-1 as the cause of ATL, a rapidly progressive T-cell malignancy with poor prognosis [36, 

37]. ATL occurs in about 2–5% of individuals infected with HTLV-1 and results in a fatal 

lymphoproliferative disorder of CD4 T cells after prolonged periods of viral latency. The risk for 

developing ATL is slightly higher in individuals who were infected at a young age and is 

estimated to be 6.6% for men and 2.1% for women [38].   

Clinically, ATL is characterized by an increased number of lymphocytes with multi-

lobulated nuclei, also known as flower cells, a hallmark of HTLV-1-induced ATL. Treatment 

includes chemotherapy combined with interferon alpha (IFN-a) and the reverse transcriptase 
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inhibitor, azidothymidine (AZT) [39]. However, 5-year survival rates remain extremely low as 

ATL is often refractory to chemotherapy and antivirals are not particularly effective. ATL can be 

divided into several categories: acute, smoldering, chronic and lymphomatous. Chronic and 

smoldering-type ATL have slightly better prognosis, however, acute or lymphoma-type ATL are 

often fatal within months [40].      

 

HTLV-1-Associated Myelopathy/Tropical Spastic Paraparesis (HAM/TSP) 

 Tropical spastic paraparesis (TSP) was first described over a century ago, followed by 

several reports throughout the early and mid-20th century of a neurologic syndrome of unknown 

origin [41-43]. It wasn’t until the mid-1980s that researchers discovered that this condition was 

linked to a viral infection [44, 45].  HTLV-1 seropositivity then became a common finding 

amongst patients and the condition was designated as HAM/TSP [44-46]. About 1–4% of 

HTLV-1-infected individuals develop HAM/TSP, which occurs mainly in adults aged 40-50 

years and is more common in women than in men [47]. HIV co-infection has been found to 

increase the risk for developing HAM/TSP [48, 49]. Infection via HTLV-1-infected blood 

products is also a major risk factor [46, 50, 51].  

HAM/TSP is a debilitating condition characterized by a slow-onset spastic paraparesis 

with variable degrees of sensory dysfunction. Clinically, patients often report stiffness and 

muscle weakness, especially in the lower extremities, resulting in problems with gait as well as 

bladder and sexual dysfunction. The clinical course of HAM/TSP is progressive without 

remission and results in severe disability and sometimes death [52]. Neurological disabilities 

tend to manifest in the early years of disease development, indicating an inflammatory phase 
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followed by a prolonged degenerative phase [53]. Symptomatic treatment remains the mainstay 

of current therapy regimens for HAM/TSP [47]. No curative treatment is available.   

Proviral HTLV-1 load is often high in HAM/TSP patients and high antibody titers against 

HTLV-1 antigens are commonly found in the serum and cerebral spinal fluid (CSF). Iwasaki et 

al. describes HAM/TSP as a progressive inflammatory process with infiltration of mononuclear 

cells into the gray and white matter of the brain resulting in severe white matter degeneration 

[54]. Magnetic resonance imaging of HAM/TSP patients reveals significant white matter lesions 

and atrophy of the thoracic spinal cord [55]. Immunologically, infected CD4 T cells are 

important in early disease development. However, dysfunctional CD8 T cells are the main 

concern in later stages of disease. The role of CD8 T cells in HTLV-1 infection is discussed in 

more detail below.    

  

Other HTLV-1-Associated Complications 

 Aside from ATL and HAM/TSP, individuals infected with HTLV-1 can develop several 

other inflammatory complications, including uveitis, polymyositis, synovitis, thyroiditis, and 

broncho-alveolar pneumonitis, arthritis and infective dermatitis [33]. In all of these conditions, 

the HTLV-1 genome and/or proteins have been detected in target tissues [56, 57]. In a cohort of 

prospective blood donors that included HTLV-1-seropositive and seronegative individuals, 

neurological examinations revealed that when overt HTLV-1-associated disease was not present, 

mild cognitive impairment and a spectrum of motor abnormalities occurred at higher rates in 

HTLV-1-infected individuals compared to uninfected donors [58]. 
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HTLV-1: GENOME STRUCTURE AND BIOLOGY 

Genome Structure 

 HTLV-1 is an enveloped, spherical virus, measuring about 80-100 nm in diameter. It 

consists of a central round nucleocapsid and a compact genome of 9 kb. Upon infection, reverse 

transcribed HTLV-1 cDNA integrates into the host cell genome, where it remains as integrated 

provirus. Three major coding regions ubiquitous across all retroviruses are also found in HTLV-

1: the structural gag and env genes as well as the enzymatic pol gene (Figure 1.1). These coding 

regions are flanked by long terminal repeats (LTR) at both ends. Additionally, HTLV-1 contains  

 

Figure 1.1 HTLV-1 genome structure and expression of viral genes. 
Schematic organization of the HTLV-1 proviral DNA, its transcripts and their translated 
products are shown.  
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several regulatory genes at the 3’-end of its genome that play important roles in viral 

pathogenesis and differentiates HTLV-1 from other closely related retroviruses [59, 60].  These 

genes are encoded by what is called the pX region, where five overlapping reading frames result 

from alternative splicing of the HTLV-1 genome. The function of some of the accessory proteins 

produced are not entirely understood but are known to be involved in the regulation of 

transcription, replication and the transport of viral RNA [60]. Other accessory proteins, like Tax 

and HTLV-1 basic leucine zipper factor (HBZ), are better characterized, but their exact 

mechanisms in promoting disease progression are not entirely understood [61]. They are 

discussed in further detail below.  

 

HTLV-1 Viral Spread and Persistence 

 In peripheral blood, HTLV-1 is known to preferentially infect C-C chemokine receptor 4 

(CCR4)-positive CD4 T cells. However, HTLV-1 can also infect CD8 T cells, macrophages, 

dendritic cells (DCs) and hematopoietic stem cells [62-64]. HTLV-1 enters target cells as a result 

of specific binding of its viral envelope glycoprotein, Env, with several cellular receptors [65]. 

Env first binds to heparan sulfate proteoglycans (HSPGs) and neuropilin 1 (NRP-1), followed by 

glucose transporter 1 (GLUT1) [62, 65-68]. These three molecules have been shown to work in 

concert to promote HTLV-1 binding to cells and allow fusion of the viral and cell membranes. 

The manner in which HTLV-1 spreads within the human body is a distinguishing feature 

of HTLV-1. While other retroviruses primarily spread via cell-free virus particles that bind and 

infect new cells, HTLV-1 remains a cell-associated virus that is transmitted almost exclusively 

through direct cell-cell interaction and clonal expansion of infected cells [69]. Consequently, 

human-to-human transmission of HTLV-1 also requires the transfer of virus-infected cells for 
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infection to occur. This is true for all routes of HTLV-1 transmission between individuals, 

including breastfeeding.  

Viral spread within a host via intercellular interactions is said to be 100–1000 times more 

efficient than infection by cell-free virus and occurs not only in HTLV-1 infection but other 

retroviral infections, like HIV [70-75]. For some time, HTLV-1 cell-free particles were believed 

to be poorly infectious. This idea was supported in part by the observation that individuals who 

received transfusions of HTLV-1-infected cellular blood readily acquired the infection; whereas 

individuals who received non-cellular blood products did not become infected [76]. In contrast, 

transfusion of plasma from HIV-infected individuals can result in seroconversion as high as 89% 

[77]. In vitro studies have shown, however, that cell-free HTLV-1 is not completely non-

infectious. T- and B-cell lines can become infected, but at very low levels. In contrast, DCs are 

easily infected by cell-free virus. Cell-free virus, as well as viral mRNA and proteins are very 

rarely detected in plasma or serum since most virus remains as integrated genomic DNA [78]. 

This lack of viremia further highlights the cell-to-cell interaction required for viral spread of 

HTLV-1 [79].  

  The exact modalities of cell-to-cell interaction were unknown for many years until 

advanced imaging techniques provided a method for characterizing the specific type of cell-to-

cell contact that occurs during viral spread [69]. Briefly, there are four main ways in which virus 

is transferred from infected to uninfected cells. First, a virological synapse can form between two 

cells. Budding virus is then oriented in the direction of a synaptic cleft and subsequently enters 

target cells via cellular receptors [80, 81]. Second, cellular conduits can be used to transfer virus 

to uninfected cells via transient membrane extensions that act as a sort of tunnel for the shuttling 

of virus between cells. Third, virus remains adhered to the cell surface after budding via a viral 
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biofilm until contact is made with an uninfected cell [75]. The fourth mode of infection involves 

the capture of free virus by DCs without infecting the DCs themselves, and then subsequent 

transfer of virus to uninfected CD4 T cells [82].  

HTLV-1 persists via two stages: the first occurring during the early stages of infection, 

where virus spreads via cell-to-cell interactions. Later, during chronic infection, replication of 

integrated provirus during cell division of infected cells leads to persistent expansion of HTLV-1 

clones. Throughout the course of infection, however, HTLV-1 exhibits remarkable genetic 

stability, which is uncommon for retroviruses and attributable to the clonal expansion that occurs 

rather than reverse transcription [69].  

In HTLV-1 infection, an individual with ATL will have between 500 and 5,000 clones, 

many of which have the same integration site, suggesting that a large numbers of infected cells 

derive from a single infected cell that is maintained over many years [83-85]. This is in stark 

contrast, to HIV, where the number of clones within one individual can exceed one million. Over 

time, these surviving T cells become susceptible to cellular dysfunction and genetic mutations 

that ultimately lead to the development of leukemia [86]. As discussed previously, Tax and HBZ 

play important roles in driving clonal expansion and ensuring prolonged survival of infected 

cells [87-89]. 

 

VIRAL AND HOST FACTORS THAT PROMOTE DISEASE PROGRESSION IN 

HTLV-1 INFECTION 

 The mechanisms by which HTLV-1 induces ATL or HAM/TSP are not yet clear. 

However, both host and viral factors are believed to be important contributors to HTLV-1 
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pathogenesis. Two viral factors have been widely recognized as important drivers of HTLV-1 

pathogenesis: Tax and HBZ.  

 

Tax  

Tax is prominently associated with immune dysregulation in HTLV-1 infection, 

underlying many of the characteristic immune abnormalities observed in both HAM/TSP and 

ATL patients. The 40-kDa Tax protein is the product of RNA splicing of exon 1, 2 and pX [33, 

90]. While Tax can be found in the cytoplasm of infected cells, it predominantly remains 

localized in the nucleus, and primarily functions as an activator of HTLV-1 gene expression. 

Rather than directly interacting with host gene promoters, Tax instead interacts with other 

transcription factors to initiate transcriptional activation. After forming an unstable complex with 

a cAMP responsive element binding protein (CREB), several other co-activators are recruited to 

the promoter in order for viral gene expression takes place [33, 91, 92]. Tax also induces the 

expression of a variety of cellular genes by activation of the nuclear factor-kb (NF-κB) and 

CREB/ATF pathways [93]. Since NF-κB and members of its family are known to regulate many 

genes that are involved in the immune response as well as cell proliferation and migration, this is 

one of the mechanism by which Tax is thought to promote HTLV-1 pathogenesis. Furthermore, 

Tax expression has been shown to induce the expression of cellular genes encoding IL-2 and IL-

15, which directly contributes to lymphocyte activation and further immunopathogenesis [87, 

94]. 

Tax has a wide range of activity on host genes; upregulation of growth-promoting genes 

as well as suppressive activity on growth-suppressing genes. Recognized to be an oncoprotein, 

Tax is able to create a cellular environment that favors aneuploidy and clastogenic DNA damage 
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[95]. These combined effects by Tax protein work to promote viral maintenance. However, Tax 

expression seems to be highest in early stages of infection. Studies have shown that HTLV-1 

infected cells that manage to escape immune detection have an inactivated tax gene either via 

mutagenesis of epigenetic alterations, indication that Tax may not be important in the final 

phases of cell transformation [53, 96-98].  In HAM/TSP patients, tax mRNA expression is found 

at significantly higher levels than in asymptomatic carriers [99].  

 

HBZ  
 HTLV-1 expresses most of its accessory genes via its positive sense strand; however, 

HBZ is a product of the anti-sense strand of HTLV-1 provirus. HBZ is the most recently 

discovered HTLV-1 protein and interest in it has increased over the years as researchers begin to 

better understand its multifaceted roles in HTLV-1 disease progression [100].  

 HBZ is a nuclear protein and the only HTLV-1 gene product that is constitutively 

expressed in infected cells and is detected in all cases of ATL, which further supports its key role 

in promoting longevity of HTLV-1-infected cells [101]. In contrast, Tax expression is usually 

low in ATL and is often undetectable. HBZ has several important functions. First, HBZ has the 

ability to promote FoxP3 expression, which leads to a regulatory T cell (Treg) phenotype in 

infected cells. By promoting a Treg phenotype in ATL cells, HTLV-1 is able to suppress 

immune responses and avoid detection. Second, the activation domain of the HBZ protein allows 

for HBZ interaction with the transcription factor, CBP/P300 [102]. Since CBP/P300 is also 

necessary for the formation of the Tax complex that forms at the LTR prior to HTLV-1 

transcriptional activation, competitive binding of CBP/P300 by HBZ limits Tax activity. It might 

sound counter-productive for HTLV-1 to be inhibiting its own viral activities, but Tax is easily 

detected by host immune cells and therefore, it is advantageous to halt Tax production after 
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initial stages of infection. Competitive binding of HBZ to CBP/P300 reduces the amount of Tax 

protein produced and allows HTLV-1 to escape immune detection. HBZ also promotes cellular 

proliferation and inhibit apoptosis via upregulation of anti-apoptotic genes [95, 100, 103, 104]. 

Furthermore, studies have shown HBZ suppressed the production of interferon-gamma (IFN-g) 

by CD4 T cells through various signaling pathways, resulting in impaired cellular immunity 

[105]. Interestingly, even though HBZ is immunogenic and can be recognized by human 

cytotoxic T lymphocytes (CTLs), studies have shown that HBZ-specific CTLs fail to effectively 

recognize HTLV-1 infected cells and are unable to lyse ATL cells [106]. Even so, HBZ is 

recognized as an important viral factor for HTV-1 persistence and immune evasion.  

 

Host Genetic Factors 

The risk of developing HTLV-1-associated diseases is, in large part, dependent on the 

efficiency of the immune response to the virus. Numerous studies have been conducted with the 

aim of elucidating why certain individuals progress to disease while other remain lifelong 

carriers of HTLV-1 without experiencing signs and symptoms of infection. Researchers have 

found that there is evidence of genetic susceptibility to both HAM/TSP and ATL. Certain human 

leukocyte antigen (HLA) class I alleles have been shown to correlate with lower proviral load 

and protection from disease [107-109]. Other alleles are associated with higher susceptibility to 

disease. Furthermore, heterozygosity in certain HLA class I loci has been associated with 

reduced proviral load in HAM/TSP patients compared to homozygous patients [110]. These 

findings point to the importance of HLA class I-restricted T-cell responses in HTLV-1 immunity 

and reduced risk of disease.  
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IMMUNOPATHOGENESIS OF HTLV-1 INFECTION 

CD4 T cells, which are a central component of the adaptive immune responses, are the 

main cellular target of HTLV-1 and spontaneous proliferation of these cells are implicated in the 

pathogenesis of HTLV-1. Increases in HTLV-1 proviral load results from the clonal expansion of 

infected CD4 T cells. This expansion of infected cells is largely driven by the molecular 

mechanisms discussed earlier. However, immunological mechanisms play an important role in 

the HTLV-1 pathogenesis, especially in HAM/TSP given the inflammatory nature of the disease.  

The development of HAM/TSP is a slow, insidious process with steady progression. 

Lymphocytes\ activation coupled with inflammatory processes compromises the integrity of the 

blood-brain barrier (BBB) and results in virus entry into the central nervous system (CNS) [111].  

A cascade of robust, yet detrimental host immune responses ensues including expanded CD4 and 

CD8 T cells, as well as a storm of proinflammatory cytokines [112-114]. The result is 

destruction of myelin-producing oligodendrocytes and degeneration of neuronal axons [115]. 

Macrophages are also found in damaged areas of the spinal cord parenchyma, especially early in 

disease. Although the exact mechanisms of these various immune-mediated pathologies have not 

been fully delineated in vivo, viral factors such as Tax are believed to be equally culpable in 

driving neurological disease progression [35].  

Immunological efficiency is also important in controlling proviral load, which is 

considered an indicator of risk of developing myelopathy [116]. HAM/TSP patients often have 

high proviral loads in their peripheral blood, with fast progressors having higher proviral loads 

than slow progressors [117, 118]. Proviral load has also been shown to correlate with soluble 

factors that are indicative of inflammation in the cerebral spinal fluid (CSF) like neopterin, 

CXCL9 and CXCL10 [119].  
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 Antibodies against HTLV-1 antigens can be found at high titers in both plasma and CSF 

of HAM/TSP patients [120]. High antibody titer is especially important for diagnostic purposes 

and determining CNS infiltration. Elevated cytokines such as interleukin 6 (IL-6) and interleukin 

2 (IL-2) in sera and CSF are common findings and indicative of systemic inflammatory 

processes. Other markers of inflammation like neopterin, b-macroglobulin, vascular adhesion 

molecule type 1 (VCAM-1) and complement are also observed at elevated levels in the CSF of 

HAM/TSP patients [120, 121].  

 

CD8 T cells in HTLV-1 Infection  

 It has been hypothesized that clonal expansion of HTLV-1-infected CD4 T cells results in 

increased expression of viral antigens, which in turn leads to increased CD8 T-cell activation. 

Activated CD8 T cells that make their way into the CNS then produce inflammatory cytokines 

that damage CNS tissues. [122]. [123, 124]. CNS autopsy specimens from patients with 

HAM/TSP provide evidence of retroviral associated immune-mediated damage to CNS tissues 

[35]. Radiologic data corroborate these findings. Specifically, high levels of HTLV-1-specific 

CTLs are observed in peripheral blood and CSF. These CD8+ major histocompatibility complex 

class I (MHC-1) restricted CTLs predominantly recognized viral products of the pX region of 

HTLV-1 [125]. These cellular responses are not seen in asymptomatic, HTLV-1-seropositive 

individuals. In fact, in chronic HAM/TSP patients (those with disease longer than 5 years), the 

phenotypes of T cells are almost exclusively CD8 [126, 127]. At this point, CD4 T cells are rare 

and B cells are virtually absent. This implies a crucial role for these HTLV-1-specific CD8 T 

cells in the pathogenesis of HAM/TSP, especially in the context of neurological disease 

manifestations. The high frequencies of CD8 T cells are also responsible for elevated levels of 
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neurotoxic Th1 cytokines like IFN-g, tumor necrosis factor-alpha (TNF-a), macrophage 

inflammatory proteins (MIP)-1a, MIP-1b, IL-16 and matrix metalloproteinase (MMP)-9 making 

CD8 T cells an important source of proinflammatory mediators that likely further contribute to 

HAM/TSP pathogenesis [127]. At the same time, Bangham et al. has shown that high frequency 

of activated CTLs are not confined only to patients with HAM/TSP, but are also found in 

asymptomatic carriers [128]. This raises some questions as to the exact role CD8 T cells play in 

HTLV-1 pathogenesis. 

 If CD8 T cells are an important immune component of anti-HTLV-1 immune responses, 

an abundance of CD8 T cells in later stages of HAM/TSP should indicate robust and effective 

immunity working to clear infection. CD8 T cells are key immune players in every viral 

infection and are one of the main cellular components of the adaptive immune system. However, 

unresolved chronic infections can create a different picture for these important cells [129]. In 

acute viral infection, CD8 T cells work in concert with other immune cells to rapidly clear virus-

infected cells. Chronic infections, characterized by continued antigen presence and prolonged 

inflammatory states, can result in CD8 T-cell exhaustion and dysfunction and sub-optimal viral 

control [130]. Under normal circumstances, immunogenic MHC I-peptide complexes are 

recognized by T cell receptor (TCR) on CD8 T cells resulting in T cell activation. These 

activated CD8 T cells, or CTLs, main role is to kill infected or damaged cells. However, CD8 T 

cells also have the ability to produce cytokines.  

The molecular pathways involved in T cell exhaustion are not fully understood, but a 

clearer picture is emerging as this occurrence is studied in more experimental and clinical 

settings. In HTLV-1 infection, CD8 T cells have been shown to express higher levels of negative 

immune checkpoint receptors (NCRs), which under normal conditions, are involved in 
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maintaining homeostasis and preventing aberrant immune responses. The study of NCRs in other 

disease contexts have revealed that increased expression of these receptors is, in fact, a molecular 

signature of CD8 T cell exhaustion and dysfunction [131-134]. This “exhaustion” is 

characterized by lack of polyfunctionality and diminished proliferative and cytotoxic capacity 

[133]. It is likely that after many years of chronic infection with HTLV-1, CD8 T cells transition 

from effective controllers of viral spread to exhausted cells, whose diminished function allows 

virus-infected cells to replicate and persist, leaving the door open for further disease progression 

[135]. Therefore, while CD8 T cells are an important component of antiviral immunity, they also 

play important pathogenic roles, ultimately contributing to disease pathogenesis. 

 

ANIMAL MODELS OF HTLV-1 INFECTION 

 Several animal models have been established for HTLV-1 infection including models in 

mice, rats, rabbits and non-human primates [136-138]. While rabbits are useful as a model for 

studying HTLV-1 infection and viral persistence, they do not develop disease [139]. Rats, 

however, readily develop HAM/TSP-like neurological disease, making this model important for 

understanding HAM/TSP disease development [140-142]. Primates are infrequently used in 

HTLV-1 pathogenesis studies but have been useful for vaccine efficacy studies [143-145].  

 Mouse models remain the most efficient model for understanding the biology of HTLV-1 

infection [146-148]. Both Tax and HBZ transgenic mice are able to develop leukemia/lymphoma 

similar to that of ATL and have been important in exploring how specific viral proteins induce 

disease. However, these transgenic models do not fully recapitulate HTLV-1-associated disease 

[149-151]. As a result, humanized mouse models have been developed to study the natural 

course of infection in HTLV-1, from the exact time of infection through disease onset and 
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progression [152]. In addition to understanding early infection stages, humanized mouse models 

have also contributed to demonstrating the mechanism of Tax activity in HTLV-1 malignancy as 

well as neuropathogenesis [153, 154].  

 

HTLV-1 TREATMENT: CURRENT STRATEGIES AND FUTURE DIRECTIONS 

Mogamulizumab: An Anti-CCR4 Treatment for ATL and HAM/TSP 

Recently, several treatments for ATL have shown promise in small clinical studies. 

Allogenic stem cell transplantation results in about 40% of aggressive ATL cases surviving long-

term, although transplant-related mortality can be as high as 40–50% [155-157]. Even more 

promising has been the use of an anti-CCR4 antibody called mogamulizumab. Infusion of 

humanized IgG1 monoclonal antibodies results in enhanced antibody-dependent cellular 

cytotoxicity (ADCC) via high-affinity binding to the T cell receptor on target cells. Because 

CCR4 is expressed on the surface of almost all HTLV-1 infected cells in ATL, it is an ideal 

target for immunotherapy. The overall response rate for mogamulizumab treatment in a 2014 

Phase II multicenter Japanese study of 37 individuals with peripheral T-cell lymphoma (PTCL) 

and cutaneous T-cell lymphoma (CTCL) was 35%, with 14% achieving complete remission 

[158, 159]. In another study conducted by Kurosawa et al., mogamulizumab improved overall 

survival in patients with ATL, but triggered graft-versus-host disease in hematopoietic stem cell 

transplant recipients [160].  

Mogamulizumab immunotherapy has also been tested in patients with HAM/TSP. In an 

uncontrolled Phase I-2a study, a reduction in spasticity was observed in 79% of patients as well 

as a 32% decrease in motor disability. Furthermore, mogamulizumab decreased the number of 

HTLV-1-infected cells and the levels of inflammatory markers [161]. Concurrently, 
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mogamulizumab has also been shown to enhance virus-specific CD4 and CD8 T-cell responses 

in a simian T-cell lymphotropic virus (STLV) model by simultaneously targeting and 

suppressing CCR4+ effector Tregs and promoting phagocytosis of CCR4+ infected cells by 

macrophages [162].   

 

Negative Immune Checkpoint Inhibitors as an Immunotherapeutic Strategy 

 The first NCR, or coinhibitory receptor, was discovered in 1987 by Jean-Francois Brunet 

and colleagues, who detected a protein on the surface of T lymphocytes, which they named 

‘cytotoxic T lymphocyte-associated antigen 4’ (CTLA-4) [163]. They published their findings in 

Nature that same year, however, were unable to define the exact role of this molecule in immune 

signaling. They found that CTLA-4 had clear similarities to other molecules in the 

immunoglobulin superfamily, had a structure that suggests membrane anchoring and was mainly 

expressed by activated lymphocytes. 

In 1995, two groups working independently, James Allison, at the University of 

California Berkeley, and Jeffrey Bluestone, at the University of California San Francisco, 

showed that CTLA-4 was an important molecule for regulating immune responses by inhibiting 

the activity of T lymphocytes [164-166]. As with all NCRs, binding of ligand induces a cascade 

of signaling pathways, which ultimately results in dampened or in some cases, complete 

cessation of cellular function. In these settings, T cells become tolerant to their environments and 

are unable to induce further immune activation or direct killing of virus-infected or cancerous 

cells.   

 Since then, a number of additional NCRs have been identified (Figure 1.2). Although 

NCRs are still a relatively new development in the field of immunology and cancer research, 
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these receptors are now understood to be key in regulating immune responses. Because they 

serve as “checkpoints” for either the initiation or blocking of immune responses, these receptors 

provide a rational approach for targeted immunotherapy. The first checkpoint inhibitor to be 

approved by the Food and Drug Administration (FDA) was ipilimumab in 2011. Marketed as 

Yervoy® by Bristol-Myers Squibb, ipilimumab, a monoclonal antibody that targets CTLA-4, 

works to re-invigorate T cells by blocking CTLA-4 receptors, where engagement of the receptor 

would normally function to downregulate immune responses. The clinical benefits of these  

 

 

Figure 1.2. Immune checkpoint receptors and ligands. Immune checkpoint receptors on T 
cells can either positively or negatively regulate T-cell activation and function upon binding with 
cognate ligand on antigen presenting cells. Adapted from [167].  
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checkpoint inhibitors have been remarkable and durable resulting in progression free survival in 

many cancer patients. Today, the list of approved checkpoint inhibitor therapies has grown to 

include blockade of not only CTLA-4, but also programmed cell death protein 1 (PD-1) and its 

ligand, programmed death-ligand 1 (PD-L1) [168].  These checkpoint inhibitors have been 

approved to treat a wide range of cancers, including bladder cancer, non-small cell lung cancer 

and Merkel cell carcinoma [169].  

CTLA-4 and PD-1 are two molecules that have immunomodulatory activity [170-176]. 

Blocking of the PD-1 pathway reinvigorates simian immunodeficiency virus (SIV)-specific CD8 

T cells, reduces plasma viremia and delays viral rebound in vivo [177, 178]. However, responses 

to NCR inhibitors can vary quite substantially between individuals. Current research is now 

focused on blocking more recently discovered NCRs, such as lymphocyte-activation gene 3 

(LAG-3), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), T cell immunoglobulin 

and mucin-domain containing 3 (TIM-3), V-domain Ig suppressor of T cell activation (VISTA), 

and B- and T-lymphocyte attenuator (BTLA), as well as combination strategies that may prove 

more effective than any single therapy [179, 180].  

 

Table 1.1 Expression of immune checkpoint receptors during retrovirus infection based on 
literature.

 
Adapted and modified from [132]. 
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This system for regulating immune activation and function is not simple and involves 

very complex layers of negative regulation as a result of multiple co-expressed inhibitory 

receptors. In a LCMV model, co-expression of up to seven distinct NCRs was associated with 

greater T cell exhaustion and more severe infection [181]. In HTLV-1 infection, NCR expression 

profiles have been partially characterized. However, study findings are often conflicting and 

inconsistent. Furthermore, NCR expression is often evaluated for only a single NCR and does 

not take into consideration the array of NCRs that are likely contributing to T cell dysfunction 

(Table 1.1). This sets the stage for our rationale to delve deeper into the role multiple NCRs may 

be playing in HTLV-1 pathogenesis as well as the potential to target these receptors as a novel 

approach for treating HTLV-1-associated diseases. 

 

RATIONALE AND RESEARCH OBJECTIVES 

Rationale 

Immune inhibition mediated by various NCR pathways is required for normal 

homeostasis and control of aberrant immune responses; there is a constant balancing act 

occurring between immune activation and inhibition in order to maintain this homeostasis. 

During an infection, however, the balance should favor the activation of immune responses. 

Instead, elevated levels of these receptors often lead to dampened immune responses and CD8 T-

cell exhaustion. While previous studies have characterized general expression of specific single 

NCRs in various diseases, it is often unknown how multiple NCRs may be working, perhaps in 

concert, to dysregulate immune responses. Understanding the extent to which multiple receptors 

are expressed and the utility in blocking multiple receptors is important for the development of 
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novel treatment strategies. Without this understanding, it is impossible to determine which 

receptors may be important for targeted therapies and enhanced functioning of T cells. 

In the past decade, checkpoint inhibitor-based immunotherapies have experienced 

unprecedented success for many previously difficult-to-treat cancers. Since the first FDA-

approved PD-1 inhibitor, Nivolumab (Opdivo, BMS), was approved for use in 2014, other 

checkpoint inhibitors have been approved and many more are being evaluated in clinical trials. 

With respect to infectious diseases, several studies targeting the PD-1/PD-L1 pathway have been 

conducted in HIV infection models. These studies demnstrate that checkpoint blockade is able to 

restore HIV-specific responses, reduce viral load, and preserve CD4 T-cell counts. However, 

beyond the PD-1 angle, other co-inhibitory receptor-ligand pairs and their roles are less well 

defined. HTLV-1 provides a good model for studying the role of these receptors in both the 

context of chronic viral infection and neuroinflammatory disease. By first assessing and gaining 

a more comprehensive understanding of the expression pattern(s) of various NCRs in HTLV-1 

infection, it will be possible to guide pre-clinical testing of combination therapeutic strategies 

that target these receptors. The overarching goal of this research is to devise a blockade strategy 

that targets key inhibitory receptors and ligands that will be able to enhance CD8 T-cell function 

in HAM/TSP patients. We hypothesize that targeting multiple co-expressed NCRs will result in 

enhanced restoration of immune responses as measured by CD8 T-cell function compared to 

current single blockade strategies.  

 

Significance 

HTLV-1 remains a public health concern in many regions and countries. There is 

currently no vaccine to prevent infection or to effectively treat it. Individuals who develop 
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disease are left with debilitating conditions and poor prognoses. Our current understanding of 

NCRs in HTLV-1 is limited to single or dual co-expression; more comprehensive studies have 

not been conducted to date. The proposed research will explore in vitro blockade strategies that 

may provide knowledge and guidance for applications in animal models and further pre-clinical 

testing. By reversing multiple immune pathways, the approach has the potential to increase the 

capacity of T cells to eliminate HTLV-1-infected cells, limit viral spread and ultimately improve 

clinical outcomes for HAM/TSP patients. Furthermore, the knowledge gained from this study 

could potentially be applied to other infectious diseases of broader public health relevance, such 

as HIV, and will provide much needed insights into the potential benefits of using 

immunotherapies to mitigate NCR-driven T-cell exhaustion during chronic viral infection.  

 

Study Objectives 

Objective 1. Analyze the expression patterns of individual and multiple co-expressed NCRs in 

symptomatic and asymptomatic HTLV-1 infection. 

Hypothesis: We hypothesize that HTLV-1-infected individuals will express higher levels 

of NCRs compared to seronegative controls and that expression of individual and co-

expressed NCRs will differ between asymptomatic and symptomatic HTLV-1 infection.  

Approach: Surface expression of NCRs on T cells will be comprehensively assessed 

using PBMCs from HTLV-1-infected asymptomatic carriers (AC), HAM/TSP patients, 

and seronegative controls. PBMCs will be stained for PD-1, TIGIT, TIM-3 and LAG-3 

expression on both CD4 and CD8 T cells, as well as memory T-cell subsets. NCR ligand 

expression will also be assessed on APCs.   
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Impact: Currently, comprehensive profiling of NCR expression in the setting of HTLV-1 

does not exist. The results of this investigation will provide useful information on 

immune checkpoint expression in HTLV-1 infection, which can be used to guide in vivo 

blockade studies to limit symptoms and reduce the burden of HTLV-1 infection. 

Objective 2. Devise and test in vitro combination blockade strategies to enhance the 

functionality and cytolytic potential of CD8 T cells in HAM/TSP patients. 

Hypothesis: We hypothesize that blocking certain single and/or multiple co-expressed 

NCRs will enhance CTL activity.  

Approach: PBMCs from HTLV-1-infected AC and HAM/TSP patients will be 

stimulated with HTLV-1 followed by NCR blockade using fully humanized monoclonal 

antibodies against PD-L1, TIGIT, TIM-3 and LAG-3. Single and combination NCR 

blockade will be tested and CTL activity will be measured via intracellular cytokine 

expression of IFN-g, TNF-a, and IL-2. Cytolytic potential will be measured by 

expression of CD107a.  

Impact: Presently, there is no effective treatment for HAM/TSP. Not all NCRs are 

created equal [182] and the effectiveness of immune checkpoint inhibitors either alone or 

in combination warrants further exploration. The results of these in vitro blockade studies 

will provide new understanding for treatment approaches for control of HTLV-1 

infection and its associated diseases (i.e., HAM/TSP).  
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CHAPTER 2 
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ABSTRACT 

HTLV-1 infection results in the clonal expansion of infected T cells and inflammation-

driven neuropathology, known as HTLV-1-associated myelopathy/tropical spastic paraparesis 

(HAM/TSP), in up to 5% of infected individuals. Chronic antigenic stimulation has been shown 

to induce the upregulation of negative immune checkpoint receptors (NCRs) on T cells, which 

can lead to T-cell exhaustion and failure to control viral infection. The role of T-cell exhaustion 

in HTLV-1 infection is complicated by the fact that the pathogenesis of disease may be in part 

driven by the exuberant T-cell activity associated with an ineffective anti-HTLV-1 T-cell 

effector response. PD-1 serves as a key negative regulator of immune responses and has been 

found to be decreased on HTLV-1-specific T cells in individuals with HAM/TSP compared to 

asymptomatic carriers. On the other hand, TIGIT is increased on HTLV-1-infected CD4 T cells 

and has been shown to suppress T-cell responses against the HTLV-1 viral protein, Tax. Other 

NCRs like TIM-3 have been observed at lower levels on T cells in HTLV-1 infection. Given 

these variable NCR expression profiles, decisions as to which targeted single or combinatorial 

blockade strategies might better restore anti-HTLV-1 T-cell immunity is still a matter of debate. 

Here, we report that CD4 and CD8 T cells both exhibit increased levels of multiple co-expressed 

NCRs in HTLV-1-infected individuals as compared to uninfected controls and at higher levels in 

patients with HAM/TSP. Moreover, increased frequencies of PD-1+TIGIT+ CD4 T cells 

correlated with higher proviral load, which has been shown to be an indicator of HTLV-1 disease 

progression. Ligands for PD-1 and TIGIT were also found at higher levels in patients with 

HAM/TSP as compared to asymptomatic carriers. These findings reinforce the hypothesis that 

multiple pathways with regard to immune checkpoints may be contributing to HTLV-1 
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pathogenesis and that future studies that focus on blocking a combination of co-expressed NCRs 

may be effective in reversing T-cell exhaustion and limiting HAM/TSP disease progression.  
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INTRODUCTION 

 Despite nearly 40 years since the discovery of human T-cell lymphotropic virus type 1 

(HTLV-1), treatments for HTLV-1-associated diseases remain limited. New treatment strategies 

have been slow to develop, in part because of the limited understanding of the interplay between 

host and virus intrinsic factors that contribute to HTLV-1-associated disease progression, as well 

as the precise mechanisms driving ineffective immunologic responses against HTLV-1.  

The human immune system is designed to achieve appropriate levels of immune 

activation in response to insult or injury, while also taking care to avoid aberrant activation and 

indiscriminate attacks on healthy cells. One mechanism for achieving this balance is through the 

expression of co-stimulatory and co-inhibitory receptors [183]. Binding of ligand on antigen 

presenting cells (APCs) to checkpoint receptors on T cells delivers either a positive (stimulatory) 

or negative (inhibitory) signal to T lymphocytes that regulates downstream effector function. In 

many disease states, this system is hijacked, leading to T-cell exhaustion and ineffective immune 

responses [131]. Cancers and chronic infections are known to manipulate this system as a means 

of avoiding host immune surveillance and attack by immune cells. In fact, it is believed that this 

highly complex network of co-inhibitory and co-stimulatory receptors may be key to regulating 

the outcome of virus-specific CD8 T-cell responses and hence virus control and disease 

outcomes in viral infections [132, 184]. The list of co-inhibitory molecules and pathways that 

have been identified has continued over the past decade and will likely continue to expand [170, 

176]. 

 Programmed cell death 1 (PD-1), T-cell immunoglobulin and ITIM domain (TIGIT), T- 

cell immunoglobulin and mucin-containing domain 3 (TIM-3), and lymphocyte activation gene 3 

(LAG-3) are just some of the negative immune checkpoint receptors (NCRs) shown to be 
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expressed in HTLV-1 infection [132]. CTLs expressing these NCRs have impaired cytokine 

production and cytotoxicity. The expression patterns of specific receptors and their ligands are 

sometimes conflicting in the literature making it difficult to determine which checkpoint 

pathways may be important in HTLV-1 pathogenesis as well as serve as strategic therapeutic 

targets. Furthermore, since HTLV-1 can infect multiple cell types, it is important to consider the 

effects of inhibitory receptors on both uninfected effector CD8 T cells and infected CD4 target 

cells in order understand the role that NCRs may be playing in HTLV-1-associated disease 

development and progression.  

PD-1, TIGIT, TIM-3, and LAG-3 all belong to the immunoglobulin superfamily (IgSF) 

of T cell co-signaling molecules, which include many of the classic co-inhibitory receptors. PD-1 

is expressed on both CD4 and CD8 T cells with dramatically elevated levels of PD-1 expression 

observed on HTLV-1-specific cytotoxic T cells (CTLs) from asymptomatic carriers (AC) and 

individuals with adult T-cell leukemia (ATL) compared to healthy controls [185]. At the same 

time, PD-1 expression is increased in ATL patients and on HTLV-1-infected CD4 T cells from 

HAM/TSP patients in addition to TIGIT [186, 187]. While the expression of PD-1 and TIGIT are 

found to be increased in HBZ gene-transduced cells, the expression of other NCRs like B and T 

lymphocyte attenuator (BTLA) and leukocyte-associated immunoglobulin-like receptor 1 

(LAIR-1) have been found to be suppressed, showing a selectively enhanced NCR profile in 

HTLV-1 infection. PD-L1, the ligand for PD-1, is also expressed at elevated levels in ATL cases. 

In contrast, TIM-3 expression is downregulated on both CD4 and CD8 T cells in individuals with 

HAM/TSP compared to AC and seronegative controls [188, 189].  

Recently, an anti-PD-1 antibody induced rapid progression of ATL in HTLV-1-infected 

individuals who received the antibody immunotherapy [190]. PD-1 normally functions as a 
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tumor suppressor in T-cell lymphomas [191]. However, the tumor-suppressive effects of PD-1 

are seemingly hindered in HTLV-1-infected cells as infected CD4 T cells become 

hyperproliferative in ATL. This emphasizes the need to carefully assess the hierarchical 

importance of inhibitory receptors as well as the co-expression of PD-1 with other inhibitory 

receptors in the context of HTLV-1. 

To date, multiple co-expressed NCR expression profiles in HTLV-1 infection have not 

been investigated, but over expression of these molecules on exhausted T cells suggests that 

characterizing NCR expression patterns in HTLV-1 infection may be helpful in guiding 

therapeutic strategies to combat HTLV-1-associated diseases.  Here, we investigate the 

expression profiles of several immune checkpoint receptors that may be playing a role in HTLV-

1 pathogenesis and disease progression, particularly in HAM/TSP patients.  

 

MATERIALS AND METHODS 

Patient characteristics  

A subset of 38 study participants from the University of California San Francisco (UCSF) 

HOST cohort were used in this study. The HOST cohort consists of blood donors aged >18 years 

from five major US blood donation centers in Baltimore, Detroit, Oklahoma City, San Francisco 

and Los Angeles with detectable HTLV-1 or HTLV-2 infection at the time of attempted blood 

donations in addition to HTLV-1-seronegative donors enrolled at the same centers. Details of the 

cohort enrollment have been previously published [192]. HTLV-1-seronegative controls were 

matched 2:1 to HTLV-1-infected participants based on age, sex, race or ethnicity, and blood 

center. The cohort is stratified into three groups: 20 HTLV-1-positive asymptomatic carriers 
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(AC), 6 HTLV-1-positive individuals diagnosed with HAM/TSP and 10 HTLV-1-seronegative 

controls (Table 1).  

 

Quantification of HTLV-1 proviral load 

HTLV-1 proviral load was measured from cryopreserved peripheral blood mononuclear 

cells (PBMCs) from all HTLV-1-seropositive specimens (n=26) as well as 3 seronegative 

controls as described by Furtado et al [193]. Briefly, cellular DNA was isolated from PBMCs by 

column extraction using the QIAamp DNA Mini Kit (Qiagen, Ventura, CA). HTLV-1 proviral 

load was quantified via real-time PCR on an ABI Prism 7300 Sequence Detector System 

(Applied Biosystems In., Foster City, CA). The 186-bp fragment of the pol gene was amplified 

using SK110 forward (5’-CCCTACAATCCAACCAGCTCAG-3’) and SK111 reverse (5’- 

GTGGTGAAGCTGCCATCGGGTTTT-3’) primers. In order to calculate the number of HTLV-

1 copies per cell, the albumin gene was quantified in parallel separate reactions using ALB-S 

forward (5’-GCTGTCATCTCTTGTGGGCTGT-3’) and ALB-AS reverse (5’-

AAACTCATGGGAGCTGCTGGTT-3’) primers. Approximately 240 ng of DNA (or the 

equivalent of 40,000 cells) were use in each reaction together with 1X SYBR Green PCR Master 

Mix (Applied Biosystems) and 200 nM of each primer. Cycling conditions were 2 min at 50˚C 

and 10 min at 95˚C followed by 40 cycles of 15 sec at 95˚C and 1 min at 65˚C. Specimens were 

assayed in duplicate reaction wells and copy number was determined by extrapolation against a 

6-point standard curve (1–100,000 copies) generated from serial dilution of DNA from MT2 

cells and normalized to three copies of HTLV-1 pol gene and two copies of albumin gene per 

MT2 cell. Values for HTLV-1 proviral load is reported as (pol average copy number)/(albumin 

average copy number/2) x102 cells.  
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Immunophenotyping and flow cytometric analysis  

Cryopreserved PBMCs were rapidly thawed in warm cRPMI (RPMI 1640 medium; 

Hyclone, Logan, UT) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 

(Hyclone), 1% penicillin-streptomycin (Hyclone), 10 mM HEPES (Hyclone) and 2 mM L-

glutamine (Hyclone) and washed twice with cRPMI. Cells were resuspended in PBS + 2%FBS 

before being stained for viability using yellow or aqua amine reactive dye (YARD/AARD; 

Invitrogen, Carlsbad, CA). Fluorochrome-conjugated anti-human monoclonal antibodies (mAbs) 

were then used to stain the cells for various surface markers. The following mAbs were used in 

various panels: from BD Biosciences (San Jose, California), Brilliant Violet 421-conjugated anti-

OX40 (Clone: Ber-ACT35), Brilliant Violet 510-conjugated anti-CD4 (OKT4), Flourescein 

isothicyanate (FITC)-conjugated anti-CD8 (HIT8a), Phycoerythrin (PE)-conjugated anti-CD151 

(14A2.H1), PE-Cy7-conjugated anti-CD19 (SJ25C1), PE-Cy7-conjugated anti-CD20 (2H7), 

Qdot 605-conjugated anti-CD8, APC-conjugated anti-CD57 (HCD57), V450-conjugated anti-

CD45RA (HI100), PerCP-Cy5.5-conjugated anti-CD3 (SK7), PE-conjugated anti-PVR (SKII.4), 

PE-Cy7-conjugated anti-CD7 (6B7), APC-conjugated anti-HLA-DR (G46-6), FITC-conjugated 

anti-Ki67 (35/Ki67); from BioLegend (San Diego, CA), Brilliant Violet 711-conjugate anti-CD3 

(OKT3), Brilliant Violet 605-conjugated anti-CD14 (M5E2), PerCP-eFluor 710-conjugated anti-

TIGIT (MBSA43), APC-Cy7-conjugated anti-PD-1, Alexa Fluor 700-conjugated anti-CD4 

(RPA-T4), Alexa Fluor 647-conjugated anti-CCR7 (G043H7), Brilliant Violet 421-conjugated 

anti-PD-L1 (29E.2A3), Brilliant Violet 510-conjugated anti-CD11b (ICRF44), Brilliant Violet 

605-conjugated anti-CD14 (M5E2), Brilliant Violet 711-conjugated anti-CD16 (3G8), FITC-

conjugated anti-CD123 (7G3); from Invitrogen/eBioscience (San Diego, CA), Super Bright 645-
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conjugated anti-LAG-3 (3DS223H), PE-Cy7-conjugated anti-CD28 (CD28.2), FITC-conjugated 

anti-LAG-3 (3DS223H), Alexa Fluor 700-conjugated CD11c (3.9); from R&D Systems 

(Minneapolis, MN), PE-conjugated anti-TIM-3 (344823); from Beckman Coulter (Fullerton, 

CA), ECD-conjugated anti-CD3 (UCHT1). CCR7 was added to cells prior to other antibodies 

and incubated at 37˚C for 10 min followed by staining with other surface antibodies. In some 

experiments, cells were fixed with 1X Lyse buffer (BD Biosciences) followed by 1X BD FACS 

Permeabilizing Solution 2 (BD Biosciences) and stained with FITC-conjugated anti-Ki67 (35/Ki-

67). Cells were washed twice between and/or after staining with PBS + 2% FBS and fixed in 1% 

paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield Pennsylvania) before acquiring 

cells on a custom four laser LSRFortessa flow cytometer (BD Biosciences) using FacsDiva 

software (BD Bioscience). Between 50,000 and 500,000 events based on a live lymphocyte gate 

were collected for each sample. Fluorescence minus one (FMO) samples were used to set gates. 

UltraComp eBeads (Thermo Fisher Scientific, Carlsbad, CA) were individually stained with each 

fluorochrome-conjugated antibody for software-based compensation. Data was analyzed using 

Flowjo Software Version 10.5.3 (Treestar, Ashland, OR). 

 

Pentamer staining  

Cryopreserved PBMCs were rapidly thawed as described above and stained with APC 

labelled HTLV-1 Tax A*02:01 LLFGYPVYV Pentamer obtained from Proimmune Ltd. 

(Oxford, UK). Cells were incubated at room temperature for 10 min and washed with PBS + 

0.1% BSA before staining with surface antibody cocktail that included OX40, CD4, CD14, 

LAG-3, CD3, CD8, TIGIT, CD19, CD20, TIM-3 and PD-1. Cells were then washed twice with 
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PBS + 2% FBS before acquiring on a BD FACS ARIA (BD Biosciences). Gating was facilitated 

by FMOs and data was analyzed using FlowJo Software.  

 

Statistical Analysis  

One-way ANOVA using Kruskal-Wallis and Dunn’s multiple comparisons test were used 

for multiple comparisons. Wilcoxon matched-pairs signed rank test was used for paired samples 

and Mann-Whitney test for unpaired samples. Spearman’s rho test was used for correlation 

analyses. Means are shown with standard deviation and central tendency is expressed as medians 

and interquartile ranges (IQRs; 25th percentile, 75th percentile). All statistical analysis was 

conducted using GraphPad Prism Version 8.0.1 (GraphPad Software, San Diego, CA). P-values 

of less than 0.05 were considered statistically significant.  

 

RESULTS 

Single and multiple co-expressed negative immune checkpoint receptors are upregulated 

on CD4 and CD8 T cells during HTLV-1 infection, but not on virus-specific CD8 T cells. 

In order to evaluate the relative expression of single and multiple co-expressed NCRs on 

CD4 and CD8 T cells in HTLV-1 infection, cryopreserved PBMCs from HTLV-1-infected 

asymptomatic carriers (AC, n=20), HTLV-1-infected individuals diagnosed with HAM/TSP 

(HAM/TSP, n=6) and healthy donors (HD, n=12) were assessed for surface expression of PD-1, 

PD-1, TIGIT, TIM-3 and Lag-3. (Table 2.1; Figure 2.1 A-D; Supplemental Figure 2.1). 

Significant increases in single expressing TIM-3 and LAG-3 CD4 T cells were observed when 

comparing healthy donors with HTLV-1-infected individuals. We also observed significant 

increases in expression of TIM-3 on CD8 T cells when comparing healthy donors and 
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individuals infected with HTLV-1. PD-1 did not seem to be differentially expressed amongst the 

three groups on either CD4 or CD8 T cells and a non-significant increase in TIGIT expression 

was observed on CD4 and CD8 T cells in HTLV-1-infected individuals. Among HTLV-1-

infected individuals, LAG-3 on CD4 T cells was the only NCR with significantly increased 

expression when comparing AC to HAM/TSP.  

When looking at multiple co-expressed NCRs on CD4 and CD8 T cells, triple (PD-1+ 

TIGIT+TIM-3+) and quadruple positive (PD-1+TIGIT+TIM-3+LAG-3+) expressions on both CD4 

and CD8 T cells were found to be significantly increased in HTLV-1-infected individuals 

compared to HD, with significant increases also observed between AC and HAM/TSP (Figure 

2.1 C-D). We did not observe differences between groups for dual NCR (PD-1+TIGIT+) 

expression on CD4 and CD8 T cells.  

Despite literature suggesting that HTLV-1-specific T cells are likely more exhausted 

therefore leading to ineffective CTL responses, we did not observe significantly higher 

expression of single or multiple NCRs on HTLV-1 Tax specific CD8 T cells (Figure 2.2). The 

number of samples that could be assessed for NCR expression on HTLV-1 specific CD8 T cells 

was limited due to the specific HLA-type of the pentamer used (HLA-A*02:01). Tax-specific 

CD8 T cells were gated based on HTLV-1 negative controls and positive samples exceeded a 

frequency threshold of 0.4% of CD8 T cells (Supplemental Figure 2.5).  

 

Frequency of T cells expressing multiple NCRs are increased in individuals with HAM/TSP 

in various differentiated T-cell subsets 

Since HTLV-1 predominantly infects CD4 T cells but is known to affect CD8 T-cell 

function, it is important to consider the effects of inhibitory receptors on both cell types. CD4 
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and CD8 T cells were first immunophenotyped in order to determine their degree of 

differentiation into various T-cell subsets. Among CD4 T cells, transitional memory (TM) CD4 

T cells were found to have the highest frequencies (Supplemental Figure 2.2A). Frequencies of 

naïve, central memory (CM), effector memory (EM) and terminally differentiated (TD) subsets 

did not vary substantially between groups. However, EM CD4 T cell frequencies were 

significantly higher in AC compared to HD.  Amongst CD8 T cells, TM and EM CD8 T cells 

had the highest frequencies (Supplemental Figure 2.2B). Significant differences between 

frequencies of CM, TM and EM CD8 T cells were observed between AC and HAM/TSP, with 

the frequency of CM and EM CD8 T cells being higher in AC as compared to HAM/TSP and a 

significant decrease in the frequency of TM CD8 T cells in HAM/TSP as compared to AC.  

We then assessed T-cell differentiation in the context of NCR expression on CD4 and CD8 T 

cells (Supplemental Figure 2.3A-H, Supplemental Figure 2.4, Figure 2.2). Single PD-1 

expression on CD4 T cells was highest in EM CD4 T cells and followed a gradual upward trend 

as T cells became more differentiated (Supplemental Figure 2.3A). However, no significant 

differences in PD-1 expression on various subsets were seen between groups. Single TIGIT 

expression was highest on TM CD4 T cells and significantly higher on naïve and TM CD4 T 

cells in HAM/TSP (Supplemental Figure 2.3C). Single TIM-3 expression on CD4 and CD8 T 

cells followed similar trends and were found at significantly higher levels in individuals with 

HAM/TSP compared to AC in all differentiated T-cell subsets (Supplemental Figure 2.3 E and 

F). Single LAG-3 expression was observed at higher frequencies on naïve CD4 T cells in 

HAM/TSP but there were no differences between groups on other CD4 T-cell subsets 

(Supplementary Figure 2.3G).  
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Single expression of NCRs on differentiated CD8 T cells showed slightly different 

trends, which is to be expected as they serve different roles from CD4 T cells in antiviral 

immunity and NCR expression on certain CD8 subsets may be more advantageous for virus 

survival. Single PD-1 expression on CD8 T cells was highest in TM CD8 T cells with a 

significant increase in CM CD8 T cells in HAM/TSP compared to AC (Supplemental Figure 

2.3B). Single TIGIT expression was highest in TD CD8 T cells with a gradual increase in TIGIT 

expression relative to differentiation. There were no statistically significant differences in TIGIT 

expression on any of the subsets between groups. LAG-3 was found at significantly higher levels 

on naïve and CM CD8 T cells but not any other subsets (Supplementary Figure 2.3G). 

 Triple (PD-1+TIGIT+TIM-3+) and quadruple (PD-1+TIGIT+TIM-3+LAG-3+) expressed 

NCRs on differentiated CD4 and CD8 T cells showed marked differences between HAM/TSP 

and AC (Figure 2.3 A-D). PD-1+TIGIT+TIM-3+ co-expression was found at higher frequencies 

on naïve, CM and TM, but not EM and TD CD4 T cells in HAM patients compared to AC 

(Figure 2.3A). Similarly, increases in quadruple NCR expression were seen on all differentiated 

CD4 T subsets except in effector memory CD4 T cells (Figure 2.3C). In regards to CD8 T cells, 

naïve, CM, TM, and TD subsets had higher frequencies of triple and quadruple NCR expressing 

CD8 T cells in individuals with HAM/TSP (Figure 2.3B); EM CD8 T cells quadruple-positive 

for NCRs were also increased in individuals with HAM/TSP (Figure 2.3D).  

 

TIGIT and PD-1/TIGIT co-expression on CD4 T cells correlates with HTLV-1 proviral 

load 

HTLV-1 proviral load has been shown to correlate with HTLV-1-associated disease 

progression. Accordingly, significantly higher proviral loads were observed in individuals with 
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HAM/TSP compared to AC (Figure 2.4A). In order to determine whether a relationship between 

NCR expression (shown in Figure 2.1) and proviral load exists, frequencies of T cells expressing 

single and multiple NCRs were correlated with proviral load measurements. Higher proviral load 

correlated with higher frequency of single TIGIT+ as well as dual PD-1+/TIGIT+ CD4 T cells 

(Figure 2.4 B and C). We did not observe any other significant correlations between proviral 

load and other single or multiple NCR expression patterns.  

 

NCR ligand expression on myeloid and plasmacytoid dendritic cells is increased in 

individuals with HAM/TSP but not in AC 

 PD-L1 and PVR are ligands for PD-1 and TIGIT, respectively, and also show to be 

upregulated in cancer and chronic viral infection. In order to assess whether expression of these 

ligands may also play a role in the modulation of T-cell responses in HTLV-1 infection, PD-L1 

and PVR expression on myeloid (mDCs) and plasmacytoid dendritic cells (pDCs) were 

measured. mDCs and pDCs were first immunophenotyped based on expression of CD11c and 

CD123 (Supplemental Figure 2.6). mDCs were defined as Lin- (CD3-CD14-CD7-CD19-CD20-) 

CD11c+CD123- cells. pDCs were defined as Lin- CD11c- CD123+ cells. PD-L1, a ligand for PD-

1, was increased on both mDCs and pDCs in HAM/TSP patients (Figure 2.5). PVR, the ligand 

for TIGIT, was increased in HAM/TSP patients on pDCs. Dual expression of both PD-L1 and 

PVR were increased on both mDCs and pDCs. Interestingly, there were significant decreases in 

PD-L1 expression between HD and AC on both mDCs and pDCs. However, statistically 

significant decreases were not observed for PVR expression between HD and AC on either 

mDCs or pDCs.  
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DISCUSSION 

 Presently, it is unclear which viral, host and immune components are responsible for 

driving HTLV-1-associated diseases. That is, why some HTLV-1-infected individuals develop 

disease and others do not remain unclear. Studies have reported an association between immune 

exhaustion of T cells and the expression of NCRs [131-134]. Suppression of T-cell activity in 

HTLV-1-infected individuals is believed to contribute to disease pathogenesis [132, 175, 194].  

However, which NCRs are expressed on T cells in HTLV-1 infection has not been fully 

elucidated. The objective of this study was to assess the expression of multiple NCR on CD8 T 

cells in HAM/TSP patients. Because hierarchical loss of function has been associated with 

increased expression of multiple NCRs, co-expression of NCRs on CTLs may provide insights 

into T-cell dysfunction during HTLV-1 infection.  

In this study, individuals with HAM/TSP showed elevated levels of TIGIT and TIM-3 on 

CD4 and CD8 T cells as well as increased LAG-3 expression on CD4 T cells. Results show that 

PD-1 expression was not elevated, which agrees with previous studies looking at PD-1 

expression in HAM/TSP patients [195]. Significant increases of triple and quadruple 

combinations of NCRs on both CD4 and CD8 T cells from HAM/TSP patients suggest that 

multiple NCR co-expression may be an important in HAM/TSP pathogenesis. Furthermore, an 

increase in triple and quadruple NCR expressing CD8 CM and EM T cells, that is, cells that kill 

virus-infected cells, suggests that these cells may be dysfunctional, leading to virus persistence 

and disease progression. At the same time, the significant increases in TIGIT and TIM-3 

expression may indicate that some NCRs play a more significant role than others in modulating 

T cell responses during HTLV-1 infection [182]. 
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In addition to NCR expression, evidence suggests that high proviral load and the constant 

expression of the viral transactivator protein, Tax, promote disease development and progression 

[99, 117, 196-198]. As expected, proviral load was found to be higher in individuals with 

HAM/TSP. However, it was not found to correlate with higher frequencies of HTLV-1 Tax-

specific CD8 T cells in either asymptomatic carriers or individuals with HAM/TSP. An inverse 

relationship between proviral load and Tax-specific CD8 T cells would explain poor control of 

viral replication due to an insufficient number of virus-specific CD8 T cells, however, this 

relationship was not observed. Instead, results suggest that the sheer number of virus-specific 

CD8 T cells may be less important than the ability of these T cells to mount effective antiviral 

responses. Furthermore, NCR expression on Tax-specific CD8 T cells did not differ significantly 

between asymptomatic carriers and individuals with HAM/TSP. A larger spread in the 

frequencies of Tax-specific CD8 T cells was observed in AC, indicating that the number of 

virus-specific CD8 T cells amongst infected individuals varies more substantially in 

asymptomatic infection. Our ability to detect Tax-specific CD8 T cells may have been limited by 

the single epitope Tax pentamer used (Tax 11-19) and HLA-A02-restricted binding. Thus, 

although NCR expression on Tax-specific CD8 T cells did not reveal significant differences 

between AC and HAM/TSP patients, it is possible that increased sample size or availability of 

pentamers for more HLA types and epitopes could reveal differences between the two groups.  

 It is also important to consider the expression of NCR ligands on APCs as they are 

important components of negative immune checkpoint pathways. Both PD-L1 (ligand for PD-1) 

and PVR (ligand for TIGIT) were found to be elevated in HAM/TSP patients. Interestingly, the 

elevated expression of PD-L1 on mDC and pDC in HAM/TSP did not mirror that of its receptor, 

PD-1, on CD4 and CD8 T cells, suggesting that increases in NCR ligand expression does not 
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drive increased expression of cognate receptors. However, the increased availability of NCR 

ligand may also be an important in modulating T-cell function.  

Previous studies have shown that inhibitory receptor signaling dampens effector T cell 

responses. Another consequence of inhibitory signaling is decreased T-cell proliferation. HTLV-

1 has ways of circumventing this. HBZ, a viral oncoprotein expressed by the negative-sense 

strand of the HTLV-1 transcript, has been shown to induce the expression of NCRs while also 

blocking their suppressive effects on the proliferation of infected cells [199]. Consequently, 

HTLV-1-infected cells proliferate in vivo despite the upregulation in surface NCR expression. 

CD151/Ki67 co-expression represents a hyperproliferative phenotype of T cells, which was 

shown to be increased on CD4 T cells in HAM/TSP. This supports our general understanding of 

HTLV-1 pathogenesis, where expansion of infected CD4 T-cell clones eventually outpaces the 

immune system’s capacity to clear infected cells. Interestingly, markers of replicative senescence 

on CD4 T cells in individuals with HAM/TSP do not differ from AC, indicating that individuals 

with HAM/TSP are likely experiencing an expansion of their CD4 T-cell compartment, perhaps 

due to impaired CD8 T cell cytotoxicity.  

While the results of this study would have been further supported by a larger sample size, 

it has been demonstrated that the expression of multiple NCRs on T cells is a distinguishing 

feature of HTLV-1-infected individuals that have progressed to disease. Though the exact 

mechanism by which expression of multiple NCRs translates to clinical outcome remains 

unknown, the findings from this study support further exploration of NCRs as 

immunotherapeutic targets for the treatment of HAM/TSP. 
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TABLES 

 

Table 2.1 Participant characteristics (n=38). 

 

  

HTLV-1 Negative
HAM/TSP

(n=6)
AC

(n=20)
Total

(n=26)
HAM/TSP vs AC

p value
HDs

(n=12)
HTLV-1+ vs HTLV-1-

p value

>0.999 >0.999

Male 17 (1) 15 (3) 15 (4) - 17 (2) -
Female 83 (5) 85 (17) 85 (22) - 83 (10) -

45.2 + 8.8 46.5 + 7 46.2 + 7.3 0.639 46.2 + 8.3 0.930

0.9172 0.9191
Asian 16.6 (1) 10 (2) 11.5 (3) - 16.6 (2) -
Black 33.3 (2) 35 (7) 34.6 (9) - 33.3 (4) -
Hispanic 16.6 (1) 10 (2) 11.5 (3) - 16.6 (2) -
White 33.3 (2) 45 (9) 42.3 (11) - 33.3 (4) -

4.5 + 2.7 - - - - -

610 (161, 861) 27 (0, 1740) 72.5 (0, 1740) 0.0112 0 (0, 0) -

AC = Asymptomatic Carrier
HD = Healthy Donor

Proviral Load
(copies/100 cells)
Median (Min, Max)

HTLV-1 Positive

Race % (n)

Gender Distribution 
% (n)

Age (Years)
Mean, SD

Parameters

Time since diagnosis
(Years) 
Mean, SD
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FIGURES 

 

Figure 2.1 NCR expression on T cells in HTLV-1 infection.  
Cryopreserved PBMCs from HTLV-1-infected asymptomatic carriers (AC, n=20), HTLV-1-
infected individuals diagnosed with HAM/TSP (HAM/TSP, n=6) and healthy donors (HD, n=12) 
were thawed and immunophenotyped for NCR expression on CD4 and CD8 T cells. Frequency 
of single expression of PD-1, TIGIT, TIM-3 and Lag-3 on CD4 T cells (A), CD8 T cells (B) are 
shown in the upper panels. Lower panels show frequency of multiple negative checkpoint 
receptor expression on CD4 T cells (C) and CD8 T cells (D). Double NCR expression includes 
PD-1 and TIGIT; triple NCR expression includes PD-1, TIGIT, TIM-3; quadruple NCR 
expression includes PD-1, TIGIT, TIM-3, LAG-3. Multiple NCR expression was determined 
using Boolean gating. Significance was calculated using Kruskal-Wallis multiple comparisons 
test (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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Figure 2.2 NCR expression on HTLV-1 Tax-specific CD8 T cells 
Cryopreserved PBMCs from all HTLV-1-infected asymptomatic carriers (AC, n=6) and HTLV-
1-infected individuals diagnosed with HAM/TSP (HAM/TSP, n=4) were thawed and stained 
with HTLV-1 Tax A*02:01 LLFGYPVYV MHC Class I pentamer before being stained for 
surface expression of single (A) and multiple NCRs (B). Significant differences between AC and 
HAM/TSP were assessed using Mann-Whitney test with p-value < 0.05 considered to be 
significant. No statistically significant differences were observed.  
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Figure 2.3 Multiple NCR expression on differentiated T-cell subsets.     
Cryopreserved PBMCs were surface stained for multiple NCRs co-expressed on various CD4 
(A, C) and CD8 (B, D) T-cell subsets in HD, AC and individuals with HAM/TSP. Graphs show 
frequency CD4 (A) and CD8 (B) T-cell subsets simultaneously co-expressing PD-1, TIGIT, 
TIM-3 as well as CD4 (C) and CD8 (D) T-cell subsets quadruple positive for PD-1, TIGIT, TIM-
3, LAG-3. T-cell subsets were defined as naïve (CD28+CD45RA+CCR7+), central memory (CM, 
CD28+CD45RA-CCR7+), transitional memory (TM, CD28+CD45RA-CCR7-), effector memory 
(EM CD28-CD45RA-CCR7-) and terminally differentiated (TD, CD28-CD45RA+CCR7-). 
Significant differences between groups were calculated using Kruskal-Wallis multiple 
comparisons test with p-values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p 
< 0.0005). 
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Figure 2.4 Proviral load and correlations with NCR expression. 
Proviral load was measured from whole PBMCs of HTLV-1-seropositive study participants (AC 
and HAM/TSP) as well as three HTLV-1-seronegative controls (A). Real-time PCR 
amplification of a 185-bp fragment of the pol gene was conducted in parallel with albumin, 
which served as a reference gene. Proviral loads were calculated using a standard curve and 
reported as copies per 100 cells. Frequencies of NCR expressing T cells from all HTLV-1+ study 
participants were correlated with proviral load measurements to determine if any relationship 
between proviral load and NCR expression exists. Lower panels show correlations with 
significant p values (<0.05): frequency of TIGIT+ CD4 T cells vs proviral load (B) and frequency 
of dual PD-1+TIGIT+ CD4 T cells (C). Red dots indicate individuals with HAM/TSP; black dots 
are AC. Spearman’s rho tests were performed for correlations (B, C) and student t-test for 
difference in proviral loads amongst HTLV-1 positive study participants. P-values < 0.05 
considered to be significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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Figure 2.5 Expression of NCR ligands on mDCs and pDCs in HTLV-1 infection. 
Cryopreserved PBMCs from HD, AC and HAM/TSP were immunophenotyped for assessment of 
NCR ligand expression on two dendritic cell (DC) lineages, myeloid DC (mDCs) and 
plasmacytoid DC (pDCs). mDCs were defined as Lin- (CD3-CD14-CD7-CD19-CD20-) 
CD11c+CD123- cells; pDCs were defined as Lin- CD11c- CD123+ cells. PD-L1 (PD-1 ligand) 
and PVR (TIGIT ligand) single expression and co-expression are shown. Mann-Whitney tests 
were used to determine statistical differences between groups. P-values < 0.05 considered to be 
significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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SUPPLEMENTAL FIGURES 

 

 
Supplemental Figure 2.1. Gating strategy for immune checkpoint receptor surface 
expression in HTLV-1 infection.  
Representative flow cytometry plots showing gating strategy is shown. A singlet gate was first 
used to exclude doublets, followed by gating of lymphocytes and exclusion of dead cells, B cells 
and monocytes. CD3 cells were then gated on expression of CD4 or CD8. Representative 
expression of PD-1, TIM-3, LAG-3, TIGIT and OX40 are shown against side scatter.  
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Supplemental Figure 2.2 Differentiation of CD4 and CD8 T cells in HTLV-1 infection.  
Cryopreserved PBMCs were immunophenotyped for markers of T-cell differentiation of CD4 
(A) and CD8 (B) T-cell subsets in HD, AC and patients with HAM/TSP. Graphs show frequency 
CD4 (A) and CD8 (B) T-cell subsets: naïve (CD28+CD45RA+CCR7+), central memory (CM, 
CD28+CD45RA-CCR7+), transitional memory (TM, CD28+CD45RA-CCR7-), effector memory 
(EM CD28-CD45RA-CCR7-) and terminally differentiated (TD, CD28-CD45RA+CCR7-). 
Significant differences between groups were calculated using Kruskal-Wallis multiple 
comparisons test with p-values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p 
< 0.0005). 
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Supplemental Figure 2.3 Single NCR expression on differentiated T-cell subsets.  
Cryopreserved PBMCs were immunophenotyped for markers of T-cell differentiation on CD4 
(A) and CD8 (B) T-cell subsets in HD, AC and individuals with HAM/TSP. Graphs show 
frequency CD4 (left panel) and CD8 (right panel) T cells expressing PD-1 (A, B), TIGIT (C-D), 
TIM-3 (E, F) and LAG-3 (G, H). T-cell differentiation was determine by differential expression 
of CD28, CD45RA and CCR7 as follows: naïve (CD28+CD45RA+CCR7+), central memory (CM, 
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CD28+CD45RA-CCR7+), transitional memory (TM, CD28+CD45RA-CCR7-), effector memory 
(EM CD28-CD45RA-CCR7-) and terminally differentiated (TD, CD28-CD45RA+CCR7-). 
Significant differences between groups were calculated using Kruskal-Wallis multiple 
comparisons test with p-values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p 
< 0.0005). 
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Supplemental Figure 2.4 Dual PD-1/TIGIT expression on differentiated T cells.     
Cryopreserved PBMCs were surface stained for PD-1 and TIGIT in order to determine co-
expression of NCRs on various CD4 (A) and CD8 (B) T-cell subsets in HD, AC and individuals 
with HAM/TSP. Graphs show frequency CD4 (A) and CD8 (B) T-cell subsets simultaneously 
co-expressing PD-1 and TIGIT, with differentiated T-cell subsets defined as naïve 
(CD28+CD45RA+CCR7+), central memory (CM, CD28+CD45RA-CCR7+), transitional memory 
(TM, CD28+CD45RA-CCR7-), effector memory (EM CD28-CD45RA-CCR7-) and terminally 
differentiated (TD, CD28-CD45RA+CCR7-). Significant differences between groups were 
calculated using Kruskal-Wallis multiple comparisons test with p-values < 0.05 considered to be 
significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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Supplemental Figure 2.5 HTLV-1 Tax-specific CD8 T cell gating in HTLV-1 positive 
A*02:01 study participants. 
Gating of Tax-specific CD8 T cells in HTLV-1-uninfected controls, individuals with HAM/TSP 
and AC are shown. Negative controls (HTLV-1 uninfected and HIV+) were used to set pentamer 
positive gates. Non-specific staining was accounted for using a negative control pentamer. 
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Supplemental Figure 2.6 Markers of replicative senescence and hyperproliferation on CD4 
and CD8 T cell in HTLV-1 infection. 
Markers of replicative senescence (CD57 and CD28) and hyperproliferation (CD151 and Ki67) 
were assessed on CD4 (upper panel) and CD8 T cells (lower panel) in HD, AC, and HAM/TSP 
groups. Mann-Whitney tests were conducted to determine significant differences between 
groups. P-values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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ABSTRACT  

During chronic antigenic stimulation, expression of negative checkpoint receptors 

(NCRs) on T cells increases resulting in T-cell exhaustion. Negative checkpoint inhibitors have 

been revolutionary and transformative as a therapeutic for a growing list of cancers. However, 

not all patients respond to checkpoint blockade indicating the complexity of each NCR pathway 

in T cell exhaustion. Recent studies show that the co-expression of three or more NCRs on CD4 

and CD8 T cell differed significantly between HTLV-1 infected asymptomatic controls (AC) and 

HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients. Here, we 

aimed to determine whether targeting specific NCRs in combination would improve anti-HTLV-

1 immunity. Peripheral blood mononuclear cells (PBMCs) from HTLV-1-infected AC and 

HAM/TSP patients stimulated with HTLV-1 whole virus were used to first characterize baseline 

CTL activity. We observed that HAM/TSP patients had markedly higher frequencies of CD8 T 

cells expressing interferon-gamma (IFN-g), cluster of differentiation 107a (CD107a) and 

interleukin-2 (IL-2). Next, using targeted monoclonal antibodies, we tested a series of in vitro 

blockade strategies targeting various NCRs alone or in combination. Increased frequencies of 

IFN-g+, CD107a+ and tumor necrosis factor-alpha (TNF-a)+ CD8 T cells were observed in 

HAM/TSP patients compared to AC. Interestingly, the frequency of IL-2 expressing CD8 T cells 

dramatically decreased after checkpoint blockade in both single and combination strategies, but 

only in the HAM/TSP group. This marked decrease in IL-2 expression by CD8 T cells could 

reflect an effort on the part of CD8 T cells to reduce the proliferation of infected T cells via 

downregulation of its own IL-2 production. These data reinforce the hypothesis that NCRs on 

CD8 T cells have an important role in modulating HTLV-1 immune responses and that targeting 
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these pathways through various blockade strategies leads to enhanced restoration of CTL 

responses and possible IL-2-mediated regulation of T cell proliferation.   

  



 65 

INTRODUCTION 

Human T cell lymphotropic virus type 1 (HTLV-1) infection results in an inflammatory 

disease called HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) in about 

1-4% of infected individuals. CD8 T cells are a critical component of an effective immune 

response against HTLV-1 and impaired CTL responses are thought to contribute to HTLV-1 

associated disease progression. Activation of T cells and effective downstream responses rely on 

antigen recognition by the T cell receptor as well as a second signal by the CD28-CD80/CD86 

co-stimulatory pathway. A multitude of other signals further serve to shape the T cell response, 

one of them being negative immune checkpoint receptors (NCRs) [200]. In normal homeostatic 

conditions, NCRs play an important role in suppressing excess or aberrant immune responses by 

modulating the length and magnitude of the response upon activation [167]. In the last decade, 

these surface receptors have been implicated as key contributors to ineffective T-cell responses 

in a number of disease settings from cancer to chronic viral infections. Overexpression of these 

molecules has been shown to be a marker of T cell “exhaustion”, where T cells exhibit inferior 

effector function and poor recall responses [130, 131, 134, 175]. Many pathogens and cancers 

exploit this system as a means of evading host immunity.  

Why these CD8 T cells fail to control infection resulting in disease progression is 

unclear. NCRs have been implicated as drivers of HTLV-1 pathogenesis but, until recently, have 

not been well characterized. Recent studies show that individuals with HAM/TSP express 

significantly higher levels of multiple NCRs. Blocking the interaction between NCRs and their 

ligands has been shown to be an effective means of restoring cytotoxic T lymphocyte (CTL) 

function in the setting of chronic infections, such as HIV and Hepatitis B infection, suggesting 

that this may be an effective strategy for controlling symptomatic HTLV-1 disease as well [201-
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204]. Furthermore, the success of immune checkpoint blockade as a cancer immunotherapy, 

where T cell dysfunction is also commonly observed [205, 206], further supports the rationale 

for exploring NCR blockade as a potential treatment for HTLV-1-associated disease.   

FDA-approved immunotherapies targeting CTLA-4, PD-1 and PD-L1 in oncology as 

well second-tier NCRs, such as TIGIT, TIM-3, LAG-3 and CD160, have been shown to reverse 

CD8 T-cell exhaustion as well as enhance antiviral immunity, and are being vigorously pursued 

in several human viral infections [207-213]. In vivo blockade of the PD-1/PD-L1 axis in simian 

immunodeficiency virus (SIV) infection models results in reduced viremia and immune 

activation, as well as restoration of SIV-specific T cell and humoral responses [177, 214, 215]. In 

vitro combination blockade of PD-1 and TIGIT in individuals with HTLV-1 results in increases 

of interferon-gamma (IFN-g)-producing cells relative to single blockade strategies, suggesting 

that combination strategies may be more effective than currently approved single blockade 

therapies [187]. Since not all features of exhausted T cells are restored through a single pathway 

[181, 208], simultaneous blockade of multiple receptors may have synergistic effects and may 

result in enhanced antiviral responses in a higher proportion of individuals [216-219]. In this 

study, we explore the effects of various combination NCR blockades on CTL function as a 

means for devising in vivo immunotherapeutic strategies for treating HAM/TSP. 

 

MATERIALS AND METHODS 

Patient characteristics  

A subset of study participants (n=25) from the University of California San Francisco 

(UCSF) HTLV-1 OPTIONS Study (HOST) were used in this study: 17 HTLV-1-positive 

asymptomatic carriers (AC), 5 HTLV-1-positive donors diagnosed with HAM/TSP and 3 HTLV-
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1 seronegative healthy donors. The HOST cohort consists of blood donors aged >18 years from 

five major US blood donation centers in Baltimore, Detroit, Oklahoma City, San Francisco and 

Los Angeles with detectable HTLV-1 infection at the time of blood donation in addition to 

HTLV-1-seronegative donors enrolled at the same centers. Details of the cohort enrollment have 

been previously published [192].  

 

Anti-PD-L1, anti-TIGIT, anti-TIM-3 and anti-LAG-3 monoclonal antibodies 

Anti-PD-L1 and TIGIT monoclonal blocking antibodies were a kind gift from Bristol-

Myers Squibb and previously described in [220]. Anti-TIM-3 and LAG-3 mAb were obtained 

through an industry collaboration initiated by LCN.  

 

Generation of HTLV-1 virions from MT-2 cell line 

MT-2 cells, a cell line generated by co-culturing normal human cord blood leukocytes 

with leukemic T cells from a patient with adult T-cell leukemia, are continuous producers of 

HTLV-1 virions in culture. MT-2 cells (NIH AIDS Reagent Program, Germantown, MD) were 

grown in RPMI 1640 medium (Hyclone, Logan, UT) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS) (Hyclone) and split approximately every three days until culture 

supernatants were ready for harvest. Culture supernatants were pooled and filtered through a 

0.45um polyethersulfone (PES) low protein-binding filter (MilliporeSigma, St. Louis, MO) prior 

to use. Retro-X Concentrator (Takara Bio, Shiga, Japan) was then used to concentrate virus from 

culture supernatant following the manufacturer’s protocol. Briefly, culture supernatant 

containing virus was incubated overnight at 4˚C at a ratio of 3 volumes of clarified MT-2 

supernatant to 1 volume of Retro-X Concentrator. Sample was then centrifuged at 1500 x g for 
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45 min at 4˚C after which an off-white pellet was visible. The pellet was resuspended in a 

volume of 1X PBS (Hyclone) equivalent to the 1/100th the original volume of supernatant. An 

HTLV-1 p19 antigen ELISA (ZeptoMetrix Corporation, Buffalo, NY) was used to determine the 

concentration of the resuspended pellet per manufacturer’s protocol. Concentrated virus stock 

was used at a final concentration of 100 ng/mL.  

 

In vitro NCR blockade assay 

For intracellular cytokine stimulation assays, cryopreserved PBMCs from asymptomatic 

carriers (n=17) and individuals with HAM/TSP (n=5) were rapidly thawed and cultured in 96-

well round-bottom plates at approximately 5x105 cells per well in RPMI supplemented with 10% 

heat-inactivated FBS (Hyclone), 1% penicillin-streptomycin (Hyclone), 10mM HEPES 

(Hyclone) and 2 mM L-glutamine (Hyclone) along with 5 µg/mL brefeldin A and 5 µg/mL 

monensin (Sigma-Aldrich) in each well (Supplemental Figure 3.1). MT-2 cell-derived HTLV-1 

whole virus or anti-CD3/anti-CD28 Dynabeads (Life Technologies, San Diego, CA) were added 

to appropriate wells in the presence or absence of purified isotype IgG control, anti-PD-L1, anti-

TIGIT, anti-TIM-3, and anti-LAG-3 mAbs separately or in combination. After 16 hours of 

overnight incubation at 37˚C with 5% CO2, cells were washed and stained for viability using 

aqua amine reactive dye (AARD, Life Technologies) and followed by incubation with anti-CD8 

antibody. Cells were then fixed using 1X Lyse buffer (BD Biosciences) and permeabilized using 

1X BD FACS before being stained for intracellular markers including CD3, IFN-g, CD107a, 

TNF-a, and IL-2. Cells were washed twice with PBS + 2% FBS before fixation with 1% 

paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield Pennsylvania). Fixed cells 

were acquired on a custom four laser LSRFortessa flow cytometer (BD Biosciences) within 24 
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hours. UltraComp eBeads (Thermo Fisher Scientific, Carlsbad, CA) were individually stained 

with each fluorochrome-conjugated antibody for software-based compensation. Data was 

analyzed using Flowjo Software Version 10.5.3 (Treestar, Ashland, OR) (see Supplemental 

Figure 3.2 for representative gating strategy). Fluorescence minus one (FMO) samples were used 

to approximate the placement of positive gates. 

 

RESULTS 

HAM/TSP patients show higher levels of anti-HTLV-1 CD8 T cell responses compared to 

asymptomatic carriers 

Before assessing the effect of various blockade strategies on CD8 T-cell function, 

baseline ex vivo expression of intracellular cytokines was assessed. Our previous studies showed 

that NCR expression on both CD4 and CD8 T cells in individuals with HAM/TSP were higher 

than seen in AC, potentially indicating function exhaustion of these T cells. However, instead we 

observed markedly higher levels of CD107a and IL-2 expression in CD8 T cells in individuals 

with HAM/TSP compared to AC and HD, respectively (Figure 3.2). Additionally, some 

individuals with HAM/TSP showed much higher expression of IFN-g, but the group as a whole 

did not express significantly higher levels of IFN-g compared to AC. Differences in TNF-a 

expression across all three groups was not statistically significant.  

In addition to ex vivo baseline measurements of cytokine expression, cytokine expression 

after 16-hour stimulation with 100ng/mL final concentration of HTLV-1 whole virus 

concentrated from the MT-2 cell line was also assessed. MT-2 cells are an HTLV-1-infected cell 

line with the phenotypic and functional characteristics of human regulatory T cells (Tregs) 

derived from normal human cord leukocytes of a healthy donor cocultured with cells from a 
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leukemic patient with ATL [37, 221]. The transformed cell-line constitutively produce HTLV-1 

virions. After stimulation with HTLV-1, CD8 T cell cytokine expression was again assessed in 

order to establish a more relevant baseline for subsequent blockade studies that would also 

involve stimulation with HTLV-1 (Supplemental Figure 3.1). Again, virus-specific CD8 T-cell 

function, measured via intracellular cytokines (IFN-g, CD107a, TNF-a and IL-2) was found to 

be significantly higher in the HAM/TSP group than in AC for all cytokines except TNF-a, which 

was elevated but not statistically significant. These data indicate that both ex vivo baseline and in 

vitro stimulated CD8 T cells from individuals with HAM/TSP express higher levels of 

intracellular cytokines despite the fact that previous studies show that they also express higher 

levels of NCRs, an indicator of T-cell exhaustion [130].  

 

Single and combination NCR blockade results in greater HTLV-1-specific CD8 T cell 

cytokine responses in AC compared to HAM/TSP patients 

To assess the effect of various blockade strategies in enhancing CD8 T-cell function, 

clinical grade fully humanized monoclonal antibodies targeting one of more NCR were added to 

thawed PBMCs from HTLV-1-infected donors. PBMCs were then stimulated with HTLV-1 in 

order to capture virus-specific cytokine expression in response to checkpoint blockade. Fold 

change ((frequency of CD8 T cells after blockade – frequency of CD8 T cells in response to 

isotype control)/frequency of isotype control) was used as the measure of response to blockade. 

Both single and combination blockade strategies boosted CD8 T-cell function to a greater degree 

in AC than in individuals with HAM/TSP (Figure 3.3). Likewise, significant differences in 

cytokine expression between single and combination blockade were observed in the 

asymptomatic group particularly with regard to CD107a (TIGIT vs. TIGIT/PD-L1/TIM-3 
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blockade, (p = 0.0235) and TNF-a (PD-L1 vs TIGIT/PD-L1/TIM-3 blockade, (p = 0.0437 ). Due 

to the limited number of cells available for testing various blockade strategies, we were unable to 

assess more triple and quadruple NCR combination blockades. However, since TIM-3 

expression was found to be significantly upregulated in individuals with HAM/TSP in previous 

studies, TIM-3 was chosen over LAG-3 for the triple combination blockade. When comparing 

dual TIGIT/PD-L1 versus triple TIGIT/PD-L1/TIM-3 blockade in AC, the addition of TIM-3 in 

triple combination showed slight additive effects, especially with respect to TNF-a expression, 

but was not statistically significant. Interestingly, single TIM-3 blockade yielded the greatest fold 

change increase in TNF-a-producing HTLV-1-specific CD8 T cells. This may implicate TIM-3 

as an important modulator of anti-HTLV-1 TNF-a responses.  

 

NCR blockade in HAM/TSP patients results in lower anti-HTLV-1 IL-2 expression in CD8 

T cells compared to AC 

 Single and combination blockade strategies for HAM/TSP patients resulted in higher 

levels of cytokine expression, which would indicate higher functioning CTLs, but not in all 

patients (Fig. 3.3). Single blockade resulted in increases in some cytokines and decreases in 

others depending on the receptor being targeted. Of note, anti-TIGIT blockade resulted in 

increases in IFN-g and CD107a in some individuals but decreases in TNF-a and IL-2 expression 

in all HAM/TSP patients, suggesting that some blockade strategies will result in increases in 

certain cytokines and not others. Combination triple blockade (TIGIT/PD-L1/TIM-3) resulted in 

higher levels of IFN-g, CD107a and TNF-a expression in most HAM/TSP patients. However, 

triple blockade also resulted in marked decreases in cytokine expression in some patients. 

Overall, triple blockade resulted in higher positive fold changes in a higher proportion of patients 
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than single and double combination blockade, except for IL-2. Perhaps the most interesting 

finding was the decrease in IL-2 expression in almost all individuals regardless of blockade 

strategy. With the exception of several individuals in the PD-L1 and triple blockade groups, both 

single and combination blockade strategies resulted in substantial decreases in intracellular IL-2 

expression, with the largest IL-2 reduction observed in the triple blockade group. TIGIT, TIM-3, 

LAG-3 and dual TIGIT/PD-1 blockade each yielded consistent reduction in IL-2 expression for 

all individuals. Decreases in IL-2 expression in the AC group were also observed but not to the 

same extent and not as consistently across all individuals for each blockade, which could be due 

to low number of samples in the HAM/TSP group compared to the AC group.  

 

DISCUSSION 

Previous studies have implicated that the higher levels of multiple NCR expression in 

individuals with HAM/TSP may be driving disease progression in HTLV-1 infected individuals. 

Increased expression of multiple NCRs has also been shown to be a hallmark of progressive T-

cell exhaustion. The results from this study, however, show that key CD8 T cell cytokines 

important in antiviral immunity [222, 223] are expressed at significantly higher levels in 

HAM/TSP patients than in AC, indicating that the functionality of CD8 T cells are not severely 

compromised in HAM/TSP despite elevated expression of exhaustion markers. Interestingly, T-

cell exhaustion has been shown to exist on a spectrum, where T cells adopt varying degrees of 

exhausted states depending on several factors, including CD4 T cell help and viral antigen levels 

[130]. Expression of various cytokines by CD8 T cells, particularly IL-2, TNF-a and IFN-g, are 

functional indicators of the degree of exhaustion. That being said, it is still possible for T cells on 

the spectrum of exhaustion to produce cytokines. Decreases in CD4 T cell help and increases in 
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antigen levels during viral infection result in increased NCR expression and a hierarchical loss of 

cytokine production as T-cell exhaustion proceed toward terminal states. Loss of IL-2 is an early 

indicator of exhaustion, followed by loss of TNF-a and finally IFN-g in severely exhausted 

states [194, 224, 225]. Our data suggests that HTLV-1 infection perhaps does not follow the 

same pattern of exhaustive markers seen in other chronic viral infections, like lymphocytic 

choriomeningitis (LCM) [224], since IL-2 levels remain elevated in individuals with HAM/TSP. 

TNF-a expression, however, did seem to decrease relative to HTLV-1-seronegative controls. 

IFN-g expression was high in two HAM/TSP patients and low in others, perhaps supporting the 

theory that exhaustion occurs on a spectrum and that some individuals may be experiencing T-

cell exhaustion to a greater extent than others. Interestingly, IFN-g expression in individuals with 

HAM/TSP decreases after antigenic stimulation with only minute increases observed for 

CD107a and TNF-a. HTLV-1-specific CD8 T cells have been shown to lack recall responses to 

HTLV-1 antigen, which may explain the decrease in IFN-g  expression upon stimulation [195]. 

The reintroduction of HTLV-1 antigen could also be driving further states of T-cell exhaustion, 

hence the decrease in IFN-g expression.  

A recent study suggests that HTLV-1-intrinsic factors may regulate TIGIT expression. 

TIGIT on CD4 T cells increased in individuals with ATL and the frequency of IFN-g-secreting 

cells increased in some individuals following TIGIT blockade,  [187]. Moreover, dual anti-

TIGIT and anti-PD-1 blockade resulted in further increases in IFN-g secreting cells in addition to 

higher proportions of responding individuals, highlighting the potential added benefit of blocking 

multiple NCRs in order to enhance CTL function. Increases in IFN-g expression was observed in 

only one HAM/TPS patient in this study upon both PD-1 and TIGIT blockade. However, dual 

blockade resulted in greater CD107a expression in almost all HAM/TSP patients. Triple 
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blockade resulted in more consistently higher levels of IFN-g, CD107a, and TNF-a expression, 

suggesting synergistic effects of blocking multiple NCRs. This same effect was also seen in AC, 

particularly with regard to TNF-a expression. The addition of TIM-3 blockade to dual PD-

1/TIGIT blockade resulted in increased IFN-g and TNF-a expression in HAM/TSP patients, 

which may indicate hierarchical importance of TIM-3 in HTLV-1 infection. As a whole, these 

findings support the theory of hierarchical importance of NCRs and that devising strategies to 

block these receptors in order to boost T-cell function likely depends on the specific CTL 

response that is desired.  

When comparing AC and HAM/TSP following blockade, the degree of cytokine 

expression between the two groups was noticeably different suggesting that carrier versus 

disease state may also be important to consider when devising blockade strategies as certain 

strategies may be useful for preventing disease development and others for curbing disease 

progression. However, the marked increases in T-cell function in response to blockade in AC 

compared to HAM/TSP could also be due to the fact that AC expressed lower levels of these 

cytokines to begin with, thus allowing for more dramatic increases in expression upon blockade. 

It is plausible that CD8 T cells in HAM/TSP, while seemingly functional are teetering on the 

edge of dysfunction and that the degree of T cell restoration that they are able capable of is lower 

than that of AC.  

Perhaps the most interesting finding in the comparison of various blockade strategies was 

the dramatic decreases in IL-2 expression observed in the HAM/TSP after blockade. While IL-2 

can be used as a measure of effective T-cell function and is produced in large quantities upon 

antigen-mediated activation, it is part of a feedback loop that promotes the maintenance of 

regulatory T cells, the main cell type infected by HTLV-1. Checkpoint blockade in HAM/TSP 
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patients may be limiting IL-2 production in CD8 T cells as a means to control proliferation of 

infected CD4 T cells. Measuring Ki67 expression in CD4 T cells before and after checkpoint 

blockade would elucidate whether this IL-2 reduction plays a direct role in limiting the clonal 

expansion of virus-infected cells. 

Whether or not T cell dysfunction due to increased levels of NCR expression results in 

disease progression in HTLV-1 is not fully understood. However, the results generated in this 

study point to a lower capacity of CD8 T cells in HAM/TSP to respond to checkpoint blockade 

compared to AC, who may not be experiencing the same degree of T-cell exhaustion. It is clear 

that different disease states may benefit from different blockade strategies and that combination 

strategies may be more effective for boosting certain T-cell responses. These results serve to 

better guide future in vivo blockade studies that may yield new treatments for HTLV-1-

associated diseases. 
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FIGURES 

 

 

 

Figure 3.1 Ex vivo cytokine expression profile of CD8 T cells during HTLV-1 infection.  
Cryopreserved PBMCs from 17 AC, 4 HAM/TSP patients and 3 HD were immunophenotyped 
for various intracellular cytokine expression in CD8 T cells at baseline. Frequency of live, 
CD3+CD8+ T cells expressing IFN-g, CD107a, TNF-a, and IL-2 are shown. Significant 
differences between groups were calculated using the Dunn’s multiple comparisons test with p-
values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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Figure 3.2 Virus-specific cytokine expression profile of CD8 T cells during HTLV-1 
infection.  
Cryopreserved PBMCs from 17 AC, 5 HAM/TSP patients and 3 HD were immunophenotyped 
for various intracellular cytokine expression in CD8 T cells after stimulation with HTLV-1 from 
MT-2 cell culture supernatant for 16 hours. Frequency of CD3+CD8+ T cells expressing IFN-g, 
CD107a, TNF-a, and IL-2 are shown. Significant differences between groups were calculated 
using Dunn’s multiple comparisons test with p-values < 0.05 considered to be significant (*p < 
0.05; **p < 0.005; ***p < 0.0005). 
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Figure 3.3 Effect of various single and combination blockade strategies on cytokine 
expression in CD8 T cells in HTLV-1 infection.  
Humanized IgG blocking antibodies against PD-L1, TIGIT, TIM-3 and LAG-3 or an appropriate 
isotype control were added individually or in combination to thawed PBMCs from HTLV-1- 
infected AC and individuals with HAM/TSP. PBMCs were then stimulated with either whole 
virus concentrated from MT-2 cell culture supernatant or anti-CD3 + anti-CD28 Dynabeads. 
After a 16-hour incubation and expansion of virus-specific CD8 T cells, cells were washed and 
stained with anti-IFN-g, anti-CD107a, anti-TNF-a, and anti-IL-2 for assessment of changes in 
CD8 T cell cytokine expression after various single and combination blockade strategies (x-
axis). Box and whisker plots show median with 25% and 75% interquartile range. Significant 
differences between blockades were calculated using the Friedman multiple comparisons test 
with p-values < 0.05 considered to be significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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SUPPLEMENTAL FIGURES 

 

 

 

Supplementary Figure 3.1. Experimental design of NCR blockade and functional assay.  
Humanized IgG blocking antibodies against PD-L1, TIGIT, TIM-3 and LAG-3 or appropriate an 
isotype control were added individually or in combination to thawed PBMCs from HTLV-1- 
infected AC and HAM/TSP patients in cRPMI in the presence of BFA/monensin. PBMCs were 
then stimulated with either whole virus concentrated from MT-2 cell culture supernatant or anti-
CD3/anti-CD28 Dynabeads. After a 16-hour overnight incubation and expansion of virus-
specific CD8 T cells, cells were washed and stained with anti-IFN-g, anti-CD107a, anti-TNF-a, 
and anti-IL-2 for assessment of CD8 T-cell function.  
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Supplementary Figure 3.2. Representative flow cytometry gating of cytokine expression on 
CD8 T cells.   
PBMCs stimulated with HTLV-1 whole virus and blocked with various blocking antibodies were 
stained for viability (AARD), T cell markers (CD3, CD4 and CD8) and intracellular cytokines 
(IFN-g, CD107a, TNF-a and IL-2). First, doublets were excluded followed by exclusion of dead 
cells. Lymphocytes were gated based on size and granularity. Intracellular cytokine expression 
was then assessed on CD3+CD8+ T cells. FMOs were used to approximate positive gates. 
Representative flow plots and gating strategy are shown.  
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Forty years of research on HTLV-1 have provided us with several key pieces of 

information to guide further investigations. First, proviral load is a good indicator of burden of 

infection. However, both HTLV-1-infected asymptomatic carriers (AC) and HAM/TSP patients 

display large overlaps in proviral load levels, and magnitude alone is not a reliable determinant 

of clinical status or risk of developing disease [118]. Second, effective CTL responses are 

important in anti-HTLV-1 immunity, as exemplified by associations between strong CTL 

responses and low proviral loads [196, 197, 226, 227]. Third, CTLs are seemingly unable to 

control HTLV-1 replication, which likely results in HTLV-1-associated disease pathogenesis 

[228]. A fine balance exists between the survival and proliferation of infected T cells and 

clearance of infected cells via efficient CTL activity and any tip in the scale is likely to influence 

the likelihood of an individual developing disease [98, 229]. 

 

NCR EXPRESSION PATTERNS IN HTLV-1 

In an effort to understand the role that immune checkpoint receptors (NCRs) play in 

HTLV-1 infection, particularly with regard to CTL activity, this dissertation research utilized a 

cohort of 38 individuals from the UCSF HTLV Outcomes Study, which consists of AC and 

patients with HAM/TSP identified through blood donation screenings from five major US blood 

banks. Age-matched, HTLV-1-seronegative controls were also included in the study cohort. The 

goal of the study was to characterize the expression patterns of multiple NCRs in HTLV-1 

infection in order to guide preclinical development of NCR blockade strategies for the treatment 

of HAM/TSP. Previous studies have attempted to characterize NCR expression and determine 

the effects of blocking these receptors on T cells. However, these studies focused on 

characterizing single NCRs [185, 187, 190, 207].  
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In the cancer therapeutics arena, single NCR blockade has proven to be a remarkably 

effective strategy against many cancers, although not all individuals respond equally well to 

therapy. Further investigation of NCRs and blockade strategies are warranted. Combination NCR 

blockade is one strategy that shows promise [219]. With an appreciation for the fact that these 

receptors display great diversity in expression and function and are largely disease context 

dependent, we sought to comprehensively assess NCR expression in HTLV-1 infection and the 

potential for targeting these receptors as part of a therapeutic strategy. This is the first study to 

look at multiple NCR expression, including triple and quadruple combinations of NCRs, in the 

context of HTLV-1 infection. 

Assessment of several well-characterized NCRs (PD-1, TIGIT, TIM-3 and LAG-3) along 

with their ligands (PD-L1 and PVR) revealed patterns of simultaneous expression of multiple 

NCRs at higher frequencies in patients with HAM/TSP compared to asymptomatic carriers (AC) 

and HTLV-1-seronegative healthy donors (HD) (Fig 2.1). Single expression of TIM-3 and LAG-

3 on CD4 T cells was significantly higher in patients with HAM/TSP. In the CD8 T cell 

compartment, only TIM-3 showed significant increases in AC and HAM/TSP compared to HDs. 

Interestingly, TIM-3 expression did not differ significantly between AC and HAM/TSP on either 

CD4 or CD8 T cells. This result may indicate that while HTLV-1 infection results in higher 

levels of NCR expression compared to uninfected controls, single NCRs expression levels do not 

definitively distinguish between infected individuals who remain asymptomatic from those who 

develop disease. 

The literature shows that higher levels of PD-1 expression occur in individuals infected 

with HTLV-1 [185]. However, increases in PD-1 expression were not observed in this cohort. In 

a lymphocytic choriomeningitis virus (LCMV) model of chronic infection, it was shown that 
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cytokine production does not strictly correlate with PD-1 expression on CD8 T cells [230]. 

However, the capacity of T cells to degranulate and kill was tightly linked to PD-1 expression. 

Our results show limited expression of PD-1 on both CD4 and CD8 T cells and significantly 

higher levels of CD107a expression, a marker of degranulation, on CD8 T cells from HAM/TSP 

patients compared to AC supporting previous findings. Studies have theorized that a hierarchical 

order of NCR expression exists depending on the degree of exhaustion. PD-1 expression is 

thought to occur soon after T-cell activation and early in T-cell exhaustion, whereas the 

expression of other NCRs, like TIGIT and Tim-3, indicates more terminal stages of T-cell 

dysfunction [170, 189]. The low levels of PD-1 expression observed in this study may be due to 

the long natural course of infection in HTLV-1, and that markers indicating more terminal 

dysfunction, like TIM-3 and TIGIT, may become elevated after disease onset.  

When assessing NCR expression on virus-specific T cells, specifically cells specific to 

HTLV-1 Tax peptide, differences in NCR expression on CD8 T cells between AC and 

HAM/TSP patients were not observed despite elevated levels of NCR expression on global CD8 

T-cell populations. Since robust virus-specific CTL responses have been shown to be associated 

with reduced risk of developing HAM/TSP, we expected to find increased NCR expression on 

Tax-specific CD8 T cells in HAM/TSP patients, indicating greater CTL exhaustion in 

individuals who developed disease. However, this was not observed. Nevertheless, the 

frequencies of NCR expression on Tax-specific CD8 T cells, regardless of disease state, was 

much higher than observed in global T-cell populations, indicating that virus-specific responses 

may be compromised in HTLV-1 infection. In a study involving the stimulation of CD8 T cells 

from HIV-positive individuals with HIV Gag peptide, TIGIT expression was not found to be 
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significantly increased, showing that antigen-specific cells may not necessarily express higher 

levels of NCRs [220].  

In addition to characterizing NCR expression on all T cells, the CD4 and CD8 T-cell 

compartments were further investigated to assess NCR expression on various memory T-cell 

subsets. Again, NCR expression was significantly increased in HTLV-1-infected individuals 

compared to HD across most T-cell subsets in both T-cell compartments. Although PD-1 and 

TIGIT expression did not reveal significant differences, certain T-cell subsets did express higher 

levels of NCRs and these patterns differed between CD4 and CD8 T-cell compartments. PD-1 

expression on CD4 T cells increased in memory subsets as they became more terminally 

differentiated. In contrast, PD-1 expression on CD8 T cells was highest in earlier stages of T-cell 

differentiation. This may further support an earlier point, that PD-1 expression is more indicative 

of recent T-cell activation and early stages of exhaustion. TIGIT, which is believed to be a 

marker of more terminally exhausted CD8 T cells, was most highly expressed on terminally 

differentiated (TD) CD8 T cells. Expression of TIGIT increased as CD8 T cells became more 

differentiated. Effector memory (EM) and TD T cells are the most active CD8 T-cell subsets in 

immune responses to foreign pathogens [231]. Hence, elevated expression on NCRs in these 

subsets of CD8 T cells may result in impaired T-cell immunity against HTLV-1. TIM-3 

expression on various subsets was found to be remarkably stable and was elevated in HAM/TSP 

in both the CD4 and CD8 compartments as seen with bulk CD4 and CD8 T cells. Stable 

expression of TIM-3 requires persistent antigenic stimulation and TIM-3 co-expression with PD-

1 has been shown to be a marker of the most highly dysfunctional T cells in LCMV models [170, 

232, 233]. The stable expression of TIM-3 across various stages of T-cell differentiation likely 
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points to persistent antigen presence in HTLV-1 infection and perhaps an important role TIM-3 

may be playing in T-cell modulation.  

Expression of multiple NCRs on CD4 T cells also indicates an exhausted state, which has 

implications for CD8 T-cell function. Literature shows that in addition to viral antigen 

persistence, CD4 T-cell help, or lack thereof, is also a major contributing factor to CD8 T-cell 

dysfunction [130, 134]. The HTLV-1 bZIP factor (HBZ) gene, which encodes for a viral 

oncoprotein important in HTLV-1 pathogenesis, has recently been shown to upregulate TIGIT 

expression on ATL cells and CD4 T cells from individuals with HAM/TSP in vivo, 

demonstrating a virus-intrinsic factor that promotes NCR expression. This could indicate a 

feedback loop starting with the upregulation of NCR expression on infected CD4 T cells 

modulated by HBZ resulting in exhausted CD4 helper T cells, which in turn contributes to CD8 

T-cell dysfunction and survival of virus-infected cells.   

When evaluating multiple simultaneously expressed NCR expression on T-cell subsets, 

dual NCR expression in the CD4 and CD8 compartments seemed to mirror one another, but 

triple and quadruple NCR expression patterns differed quite substantially between CD4 and CD8 

cells. Triple and quadruple NCR expression on CD4 T cells was highest on EM and TD subsets, 

dissimilar to single NCR expression, where central memory (CM) and transitional memory (TM) 

subsets showed the highest levels of NCR expression. Interestingly, triple and quadruple NCR 

expression on CD8 T cells also differed from single NCR expression patterns. Instead of EM and 

TD expressing the highest levels of multiple NCRs, CM and TM had the highest frequencies of 

multiple NCRs. The fact that EM T cells, which are the largest producers of IFN-g and TNF-a, 

did not express the highest levels of multiple NCRs may explain why cytokine expression in 

individuals with HAM/TSP remains intact. While expression of NCRs on global T cells confirms 
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that multiple NCR expression occurs at higher frequencies in HAM/TSP patients, assessment of 

memory T-cell subsets reveals a shift in high frequencies of EM CD8 T cells to CM CD8 T cells 

as more NCRs are expressed. This may indicate that earlier stages of exhaustion allow EM CD8 

T to retain some function in the periphery, but CM CD8 T cells, which are known to traffic to 

lymphoid tissues, may be terminally exhausted. CM CD8 T cells are known to persist beyond 

acute infection, produce high levels of IL-2 and can be highly proliferative after antigen re-

encounter [231, 234]. If these cells are displaying the highest levels of NCRs and are therefore 

terminally exhausted, this may explain why CD8 T cells are not able to effectively combat virus-

infected cells during HTLV-1 infection.  

 

IN VITRO BLOCKADE STRATEGIES IN HTLV-1 INFECTION 

Next, we attempted to determine if a combination NCR blockades was more effective at 

enhancing CD8 T-cell responses than single blockade. Intracellular cytokine expression before 

and after NCR blockade was used as a measure of CD8 T-cell function. Enhanced cytokine 

production after various NCR blockades also supports the theory of hierarchical importance of 

certain receptors in CTL dysfunction. Owing to the limited cell numbers available, only one 

double and triple combination blockade could be tested. Overall, greater changes in CD8 T-cell 

responses were observed in the AC group. Triple blockade against TIGIT, PD-L1 and TIM-3 

yielded significant differences when compared to single TIGIT blockade with respect to CD107a 

expression (p-value 0.0235) and single PD-L1 blockade with respect to TNF-a expression (p-

value 0.0437). The larger fold changes observed in AC may be due to the fact that cytokine 

expressing CD8 T cells were lower at baseline prior to blockade, thus resulting in more dramatic 
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increases. It is also possible that since AC displayed NCR expression patterns that indicate a 

lesser degree of T-cell exhaustion, they were better positioned to respond to blockade.  

In the HAM/TSP group, increases in T-cell responses were less pronounced and a greater 

spread amongst individuals within a given blockade strategy was observed. The spread may be 

due to varying degrees of disease severity among patients and/or different length of time since 

disease onset amongst members of the group. In cancer patients, immunotherapies are able to 

achieve durable clinical responses for many difficult-to-treat cancers. However, poor response 

rates remain a challenge for clinicians. The variable responses in individuals with HAM/TSP 

point to the existence of multi-layered mechanisms involved in the modulation of T-cell 

responses, where NCR expression alone cannot explain the immune dysfunction occurring 

during HTLV-1 infection. A larger sample of HTLV-1-positive individuals, particularly those 

with HAM/TSP, would better validate whether or not combination blockade enhances CD8 T-

cell function and whether responsiveness increases in combination strategies. 

 Surprisingly, checkpoint blockade resulted in rather dramatic decreases in IL-2 

expression for both single and combination blockades in HAM/TSP patients. Earlier, IL-2 was 

briefly discussed with regard to CM CD8 T cells as an important cytokine that promotes T cell 

proliferation in memory populations. CM CD8 T were found to have the highest expression of 

triple and quadruple NCRs. Although triple blockade did not result in the greatest decreases in 

IL-2, blockade with PD-L1/TIGIT resulted in consistently decreased IL-2 expression in all 

individuals of the HAM/TSP group. TIGIT, TIM-3 and LAG-3 yielded similar results. Whether 

or not blockade serves to limit IL-2 expression by CD8 T cells as a means of modulating the 

cytokine milieu and proliferation of virus-infected cells warrants further study.  
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Figure 4.1 Graphical summary of NCR expression in HAM/TSP and effect of combination 
NCR blockade on CD8 T-cell cytokine expression. 
Co-expression of multiple NCRs is significantly elevated in HAM/TSP patients compared to 
asymptomatic carriers and seronegative controls. Despite these elevated levels of NCRs, CD8 T 
cells from HAM/TSP patients are able to produce cytokines important in antiviral responses. 
Upon combination NCR blockade, CD8 T-cell function is enhanced as demonstrated by 
increased levels of IFN-g, CD107a and TNF-a expression. IL-2, however, is dramatically 
decreased in HAM/TSP patients upon checkpoint blockade. 
 

 

One study found that gamma-chain cytokines, including IL-2, IL-7, IL-15 and IL-21, 

directly upregulate NCRs on CD8 T cells during HIV infection [235]. CD8 T cells expressing 

IL-2 were found at significantly higher frequencies in HAM/TSP patients than in HD and AC, 

which could also be a possible reason for the increased surface expression of NCRs in 

HAM/TSP patients. Further assessment of the direct effect of IL-2 and other gamma-chain 

cytokines on NCR expression in HTLV-1 infection is warranted.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

T-cell exhaustion is a common occurrence during chronic viral infection that prevents 

optimal immune control of infection. In this study, we show that CD8 T cells are subject to a 

complex system of immune regulation as a result of increased co-expression of multiple NCRs 

during HTLV-1 infection. These CD8 T cells can simultaneously express at least four inhibitory 

receptors and co-expression of multiple distinct NCRs is higher in individuals who have 

developed HAM/TSP. Several things may be driving this increased expression, including 

elevated IL-2 expression in CD8 T cells and CD4 T-cell exhaustion resulting in decreased CD4 

T-cell help. Furthermore, increased expression of multiple NCRs on certain CD8 T-cell subsets, 

particularly CM and EM T cells, may be decreasing the capacity of these important T-cell 

populations to control the spread of infection. Increased expression of NCR ligands on antigen 

presenting cells in HAM/TSP may also be contributing to increased activation of inhibitory 

pathways but does not seem to drive the increased expression of NCRs on T cells.  

NCR blockade in HTLV-1 infection shows potential for enhancing CD8 T-cell function 

in both AC and HAM/TSP. Blockade strategies that increase or decrease the frequency of CD8 T 

cells producing certain cytokines differ between AC and HAM/TSP patients, indicating that 

different blockade strategies may be useful for different individuals depending on disease state. 

Furthermore, combination blockade strategies increases CD8 T-cell cytokine expression 

especially in HAM/TSP patients. However, responsiveness still remains an issue. 

Determining the potential clinical benefit of enhanced CD8 T-cell function for an 

infection where the immunological mechanisms of disease pathogenesis are not well understood 

can be rather difficult. In the setting of HTLV-1, decreased proliferation of virus-infected cells 

and lower proviral load is a useful measure of enhanced CTL activity and viral control. Though 
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we were unable to measure Ki67 after blockade, future studies that include this marker of 

proliferation as an indicator enhanced viral control will be informative. Alternatively, measuring 

the frequency of virus-infected cells before and after blockade would also provide insight as to 

the extent of clinical benefit provided by blockade enhanced CTL responses.   

For the purposes of better understanding the role NCRs play in the development of 

HAM/TSP, longitudinal follow-up of AC, who may have eventually progressed to disease, 

would be useful in determining whether higher expression of NCRs in AC is a prognostic marker 

of future HAM/TSP development. Furthermore, the ability to characterize larger sets of NCRs 

simultaneously in conjunction with T-cell function, which is possible with new and enhanced 

flow-cytometric technologies, may provide better guidance for refining NCR blockade strategies.  

From the results of this study, it is clear that NCRs play a role in modulating T-cell 

responses during HTLV-1 infection. The findings from this study enhance our understanding of 

NCR blockade in HTLV-1 infection and identify targets that may enhance T-cell function upon 

blockade. Still, there are substantial gaps in our knowledge about the exact modalities by which 

NCRs on T cells may be promoting disease pathogenesis in HTLV-1. Further studies are 

warranted to confirm whether NCR blockade can be used to reduce the expansion of virus-

infected cells and perhaps counter virus-intrinsic factors that promote HTLV-1 replication and 

persistence. Future studies that combine other strategies that enhance T-cell function, e.g., use of 

co-stimulatory receptor agonists, in conjunction with NCR blockade may also further improve 

efficacy and responsiveness.  
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