
 

 

The molecular and phenotypic 

signature of human T-cell lymphotropic 

virus type 1 infected clones and their 

malignant potential 

 

A thesis submitted to Imperial College 

London for doctor of philosophy by 

 

Huseini Hatimbhai Kagdi 

Imperial College London 

  



2 

 

2 

 

 
 

  



3 

 

3 

 

Declaration 

 

The copyright of this thesis rests with the author and is made available under a 

Creative Commons Attribution Non-Commercial No Derivatives license. Researchers are 

free to copy, distribute or transmit the thesis on the condition that they attribute it, that they 

do not use it for commercial purposes and that they do not alter, transform or build upon it. 

For any reuse or redistribution, researchers must make clear to others the license terms of this 

work. 

 

All work presented in this thesis is the author’s own other than where clearly stated in 

the ‘Statement of Collaboration’. 

 

 

 

 

Signature: 

 

 

 

Date: 

 

  



4 

 

4 

 

Abstract 

Aggressive Adult T cell leukemia/lymphoma (ATL), a human T lymphotropic virus 

type 1 (HTLV-1) –associated disease, has a poor prognosis. There is an urgent need for 

effective prevention and treatment. Aggressive ATL develops in patients with non-malignant 

HTLV-1 (asymptomatic carriers (AC) and patients with HTLV-1 associated myelopathy 

(HAM)) over decades with evolution from high proviral load (PVL) and non-dominant clonal 

growth through emergence of dominant clones and indolent to aggressive ATL.  

The aim of these studies was to characterize the phenotypic and molecular signature 

of cells contributing to in vivo HTLV-1 infected clones in these clinical states. 

A retrospective study of peripheral blood samples from ten HTLV-1-uninfected 

subjects (UI), 54 patients with non-malignant HTLV-1 infection and 22 with ATL was 

performed. Clonality analysis was performed by LMPCR-HTS and TCR sequencing, 

phenotype analysis (immunophenotype and cytokine production) by flow cytometry (protein 

expression) and whole transcriptome analysis (mRNA expression). 

 

The cells of the dominant clone in all patients with ATL had CD4+CCR4+CD26-

CD7- immunophenotype (putative ATL cells) and produce little or no cytokines. ATL cells 

had a CCR7+CD127-Ki67hi immunophenotype in aggressive disease and were CCR7-

CD127+Ki67lo in indolent disease. Non-dominant infected clones containing cells with an 

ATL immunophenotype (‘ATL-like’ cells) were present in patients with non-malignant 

HTLV-1 infection as well as in ATL. ‘ATL-like’ cells were CCR7-CD127+Ki67lo and 

cytokine producing with higher anti- and lower pro-inflammatory cytokines compared to non 

‘ATL-like’ cells (predominantly un-infected cells). ‘ATL-like’ cells are mainly responsible 

for the differential plasma cytokine profile seen in patients with non-malignant HTLV-1 

infection as well as in ATL. 

 

In conclusion, non-malignant HTLV-1 infection with high PVL leads to increased 

frequency of non-dominant clones containing cytokine producing ‘ATL-like’ cells. Indolent 

ATL leads to the emergence of a dominant clone with selective growth of non-cytokine 

producing ATL cells whilst transformation to aggressive ATL leads to ATL cells acquiring a 

higher proliferative and infiltrative phenotype. 
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Adult T-cell leukemia/lymphoma (ATL) was first described as a distinct clinical 

entity in 1977 with peculiar clinical features of skin rash and hypercalcemia; and 

geographical clustering of cases in southern Japan(1). Human T-cell lymphotropic Virus type 

1 (HTLV-1) was isolated from a Black American patient, with similar clinical features, in 

1980(2) and subsequent in Japan(3). A neurodegenerative disease known as tropical spastic 

paraparesis (TSP) was subsequently associated with HTLV-1 in French Martinique in 1985 

(4) and HTLV-1-associated myelopathy (HAM) described as an entity in Japan in 1986(5). 

HTLV-1 has been since established as the causative agent of ATL and HAM/TSP. A 

complex interplay between HTLV-1, it’s host and micro-environment cells leading to ATL 

and HAM has since been elucidated.  Despite this, ATL and HAM remain difficult to predict, 

prevent, control or cure. 

 

1.1. Human T-lymphotropic virus type 1 

HTLV-1 belongs to the deltaretrovirus genus, orthoretrovirinae subfamily and 

retroviridae family. The viruses that infect humans are called HTLVs whilst the ones that 

infect non-human primates are called simian T-lymphotropic viruses (STLVs). Because of 

their close molecular and phylogenetic relatedness, HTLV and STLV are together referred to 

as primate T lymphotropic viruses. To date, four types of HTLVs (HTLV-1, HTLV-2, 

HTLV-3, and HTLV-4) and four types of STLVs (STLV-1, STLV-2, STLV-3, and STLV-5) 

have been identified(6, 7).  HTLV-1 and HTLV-2 viruses were the first human retroviruses to 

be discovered. HTLV-1 is of major clinical interest as it is the only HTLV established as the 

causative agent of clinical disease. 

1.1.1.Epidemiology 

The incidence of ATL follows the endemicity of HTLV-1 infection. HTLV-1 is 

present worldwide with areas of high endemicity situated close to areas where the virus is 

absent. The endemic areas include Southwestern Japan, the Caribbean basin, sub-Saharan 

Africa, South America, Middle East and Australo-Melanesia as shown in figure 1.1. Recent 

estimates, based on epidemiological studies in endemic areas, suggest that HTLV-1 infects 5-

10 million individuals worldwide(8). The prevalence within non-endemic areas is poorly 

studied. The origin of this peculiar geographically distribution is poorly understood but is 
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possibly due to a founder effect followed by persistence via higher transmission rates in 

certain ethnicities. The prevalence of HTLV-1 increases with age, especially in females. 

HTLV-1 prevalence is increasing in non-endemic areas, due to migration from endemic areas 

as well as transmission to the local population. There are an estimated 22,000 individuals 

infected with HTLV-1 in the United Kingdom.(9) 

HTLV-1 possesses a remarkable genetic stability with the few nucleotide substitutions 

observed among virus strains specific to the geographic origin of the patients rather than the 

pathology(10, 11). HTLV-1 has four major genotypes: Cosmopolitan, Central African, 

Central African/Pygmies, and the Australo-Melanesian. A limited number of strains found in 

Central Africa belong to other rare subtypes. Cosmopolitan group has further subsets: 

Transcontinental, Japanese, Western African and North African as shown in figure 1.2. There 

does not appear to be any clear association between the viral genotype and disease which 

suggests that host specific factors must account for the remarkable variation observed in the 

clinical manifestations of HTLV-1 infection. 

 

1.1.2. Transmission 

HTLV-1 requires the transfer of virus-infected cells by several routes: vertical 

(mother-to-child), sexual contact, transfusion and transplant. Ten to 25% of the breast-fed 

children born from HTLV-1 infected mothers will become infected. High level of HTLV-1 

proviral load in milk, in blood cells as well as high HTLV-1 antibody titers in the serum, and 

long duration of breast-feeding (>6 months) represent major risk factors for HTLV-1 

transmission. The risk is small (<3%) without breastfeeding but vertical transmission can 

occur (12-16). Sexual transmission occurs mainly but not exclusively from male to female. It 

is not clear precisely how HTLV-1 transfer occurs through the mucosal and epithelial barriers 

of the gastrointestinal and genitourinary tract(17-20). Transmission with contaminated blood 

products (containing HTLV-1 infected lymphocytes) was responsible for a large number of 

infections before the introduction of donor screening (21, 22). HTLV-1 infection is also 

present among some injecting drug users but to a lesser extent than seen with HTLV-2(17). 

Prior to routine blood testing, HTLV-1 infected blood transfusions have been associated with 

a 20-63% seroconversion rate. HTLV-1 infection is also present among the recipients of solid 

organ transplants(23). Zoonotic transmission events of STLV-1 to humans after contact with 

nonhuman primates through bites or bush meat slaughtering still occur in Africa. A recent 
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study found that more than 8% of individuals bitten by nonhuman primates in Africa are 

infected with HTLV-1(24)



Figure 1.1. Geographical distribution of HTLV-1 infection 

 

The pink circle denotes the estimate number of HTLV-1 infected individuals within a region(8). 
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Figure 1.2. Map of the geographical distribution of HTLV-1 subtypes (A–G), and the main modes of viral dissemination by 

movements of infected populations 
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Small arrows indicate the very probable interspecies transmission of STLV-1 (S) from monkeys to Humans (H) at the origin of some 

current HTLV-1 subtypes. These different subtypes comprise the Cosmopolitan A subtype with its different subgroups: TC (Transcontinental 

being the most frequent and widespread one), Awa (West African), Ana (North African), Ajp (Japanese), B or Central African being the most 

frequent in this large endemic area, C or Australo-Melanesian D, also from Central Africa and present especially in certain Pygmy groups and 

lastly E, F, G with very few strains yet reported (all in Central Africa)(8). 



1.1.3. HTLV-1 genome 

HTLV-1, similar to other complex deltaretrovirus, has a long terminal repeat (LTR) 

on both ends of an internal sequence of structural (gag, pol and env genes) and accessory 

genes as shown in Figure 1.3.  The gag region gives rise to three proteins: matrix (MA), 

capsid (CA), and nucleic acid–binding (NC) proteins. The pol region encodes a protease 

(PR), reverse transcriptase (RT) and integrase (IN). The env region encodes a surface protein 

(SU) and a small transmembrane protein (TM). The pX region, which exists between env and 

the 3'-LTR, encodes several accessory genes, which include the tax, rex, p12, p21, p30, 

p13 and HBZ genes(25-27). The accessory proteins play an important role in regulation of 

viral replication, persistence and leukemogenesis. 

 

1.1.4. Life cycle: Cell entry, integration and expression 

The mature virion is spherical in shape with an icosahedral capsid (CA) core 

contained within an inner protein envelope and an outer, host cell-derived, lipid membrane 

containing SU and TM proteins. HTLV-1 has the potential to infect a wide variety of cells, 

including T, B-lymphocytes, endothelial cells, myeloid cells and fibroblasts (28-31)due to the 

ability of the SU protein to interact with widely distributed cell surface receptors e.g. glucose 

transporter (GLUT1), heparin sulfate proteoglycan (HSPG), and neuropilin-1 (NRP-1). Once 

HTLV-1 has attached to the cell, the membrane fusion process occurs which allows for the 

CA core containing two copies of the 9 kb genomic RNA (gRNA) and viral proteins (RT, IN 

and PR) to enter the cytoplasm. Reverse transcription of gRNA to double-stranded DNA 

(dsDNA) occurs in the cytoplasm.  The partially disassembled core containing the reverse 

transcription complex (preintegration complex) is translocated to the nucleus where 

integration into the host cell chromosome occurs randomly to form the provirus. 
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Figure 1.3. The Human T-cell lymphotropic virus type 1 proviral genome 

 

 
 

Gag, Pol, and Env are viral structural proteins, others are viral regulatory or accessory 

proteins. All gene except HBZ is encoded by the plus strand. ORF: open reading frame (32). 
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The long terminal repeats (LTRs) of the HTLV-1 provirus contain the necessary 

promoter and enhancer elements to initiate RNA transcription with the polyadenylation signal 

located in the 3’LTR. Tax potently activates viral transcription by activating the promoter via 

recruiting multiple host cell transcription factors. Among these, Tax enhances viral gene 

transcription from the 5'-LTR via interaction with cyclic AMP responsive element binding 

protein (CREB). Several host factors e.g. T-cell specific transcription factor 1, lymphoid 

enhancer binding factor, Sirtuin interfere negatively with HTLV-1 viral transcription. Rex is 

a positive post-transcriptional regulator essential for splicing and transport of viral mRNA. 

Rex specifically interacts with the LTR regions to reduce splicing of viral mRNA. The singly 

spliced (env) and unspliced (gag-pro-pol) mRNAs are then exported from the nucleus to the 

cytoplasm leading to the production of enzymatic and structural proteins. 

As soon as HTLV-1 mRNAs are exported to the cytoplasm, the host protein-synthesis 

machinery translates the viral proteins. The viral mRNAs and protein are transported from the 

cytoplasm to the plasma membrane. Viral particle formation occurs after Gag traffics from 

the cytoplasm to the plasma membrane (PM). Gag-gRNA, Gag-Gag and Gag-membrane 

interactions are all required for the assembly and budding of virus particles. The viral 

protease (PR) cleaves the Gag and Pol polyproteins during, and shortly after, the release of 

immature virus particles. The matrix protein (MA) subunit of Gag protein remains closely 

associated with the plasma membrane envelope while the capsid protein (CA) subunit forms 

a capsid shell that contains reverse transcriptase, integrase and the NC-coated gRNA. 
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Figure 1.4. HTLV-1 life cycle 
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A mature, infectious HTLV-1 virion attaches and fuses to the target cell membrane through interaction with the target cell surface 

receptors GLUT1/HSPG/NRP-1 via the HTLV-1 envelope surface and transmembrane domains of the envelope (Env) protein (A). Following 

fusion, the viral core containing the viral genomic RNA (gRNA) is delivered into the cytoplasm (B), and during and/or following entry the 

gRNA genome undergoes reverse transcription to convert the gRNA into double stranded DNA (dsDNA) (C). The dsDNA is then transported 

into the nucleus (D), and it is integrated into the host genome; (E, F). The provirus is then transcribed by cellular RNA polymerase II (G), as well 

as post-transcriptionally modified (H). Both full-length and spliced viral mRNAs are exported from the nucleus to the cytoplasm (I). The viral 

proteins are then translated by the host cell translation machinery (J), and the Gag, Gag-Pol and Env proteins transported to the plasma 

membrane (PM) along with two copies of the gRNA genome (K). These viral proteins and gRNA assemble at a virus budding site along the PM 

to form an immature virus particle (L). The budding particle releases from the cell surface (M), and undergoes a maturation process through the 

action of the viral protease, which cleaves the viral polyproteins to form an infectious, mature virus particle (N(26))



1.1.5. Persistence 

HTLV-1 viral burden in an individual is maintained by a combination of infectious 

spread and clonal expansion of infected cells. Phylogenetic and viral integration site analyses 

suggest that the infection burden is determined mainly by host cell proliferation rather than 

viral spread. Although HTLV-I can infect various types of cells the viral burden is mainly 

concentrated within CD4 T-lymphocytes in chronic infection. 

 

           1.1.5.1. Infectious spread 

In general, there are two distinct methods of virus transmission between cells: virus 

infection of cells in the absence of cell-to-cell contacts and virus infection involving cell-to-

cell contacts. In HTLV-I-infected individuals, no virions are detected in blood plasma(33). In 

addition, the infectivity of free virions is very poor compared with that of infected cells. 

These findings suggest that HTLV-I is spread by cell-to-cell transmission, rather than by free 

virions. Ex vivo analyses revealed that unstimulated HTLV-I-infected primary cells form 

"virological synapses" with uninfected cells from the same subject(34). Contact between an 

infected cell and a target cell induces microtubular re-arrangement and the accumulation of 

the viral proteins Gag and Env, and viral RNA at the point of cell-cell contact. The viral 

complex subsequently transfers into the target cell. HTLV-I may spread in similar cell-to-cell 

manner via such virological synapses in vivo. HTLV-1 particles have also been reported to 

have the ability to form a biofilm-like, carbohydrate-rich extracellular structure on the surface 

of cells. These structures are composed of collagen, agrin, tetherin, and galectin-3 and may 

function as a way to concentrate HTLV-1 particles in a single location to increase the 

likelihood of infection of a permissive target cell. 

 

            1.1.5.2. Clonal expansion 

The most compelling evidence in favor of a clonal expansion of HTLV-1 proviruses 

is the clonality of T-cells in infected individuals. It has been consistently found that the 

infected clones persist for decades in carriers(35). HTLV-1 DNA sequence is well conserved 

within an individual carrier which suggests a very low level infectious spread(10). Since 
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HTLV-1 persistence depends on the clonal expansion of infected T-cells, it is not surprising 

that HTLV-1 encodes for gene products that have been found to increase cell proliferation. 

Tax can interfere with host cell cycle regulation, apoptotic pathways, and proliferative 

pathways through a variety of mechanisms as described in section 1.2.1.4.3. HBZ plays a key 

role in the proliferation of T-cells. Taken together, the activities of both HBZ and Tax are 

essential for the transformation of T-cells. 

 

1.2. HTLV-1 associated diseases 

1.2.1. Adult T-cell leukemia/lymphoma 

Adult T cell leukemia/lymphoma (ATL) is a neoplasm of post thymic, antigen 

experienced, mature, predominantly CD4 T lymphocytes. The age at presentation is generally 

in 5th to 7th decades of life(36-39). ATL incidence is higher in men than women (Male: 

Female= 1.5:1). 

The common clinical manifestations are lymphadenopathy, B symptoms, skin lesions, 

pulmonary infiltrates and hypercalcemia. Lymphadenopathy is the most common clinical 

manifestation, generally spares mediastinum and is extensive in one third of patients. Hepato-

splenomegaly is seen in up to a quarter of case.  Skin involvement is also frequent and is 

present in approximately half of ATL patients. The skin lesions are variable and non-

pathognomic. B symptoms (unintentional weight loss, night sweats and unexplained fever) 

are present in approximately one-third patients. Bone lytic lesions in the metaphysis of long 

bones or axilla skeleton, a rare feature of lymphomas, is typically seen in ATL. Other organ 

involvement including lungs, GI tract and CNS is also seen. 

 

            1.2.1.1. Diagnosis and classification 

The diagnosis is based upon the presence of lymphocytosis, morphologically 

abnormal lymphocytes (‘flower cells’ are typical but not pathognomic), immunophenotyping 

and serological evidence of HTLV-1 infection(36, 40, 41). Lymphocytosis is seen in more 

than half of cases. Circulating abnormal lymphocytes are commonly detected. They are 

extremely pleomorphic with varying size, shape, nucleo-cytoplasmic ratio and degree of 

chromatin condensation. The ‘flower cell’ is a large cell with polylobated nuclei and 
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frequently seen.   Many other cytologic variants (large cells, immunoblastic and sezary-like 

cells) may also be observed. The lymph node histology is often similar to other peripheral T-

cell lymphoma with diffuse infiltration especially in the paracortical area. ATL cells are 

mainly CD4+ and frequently downregulate some T cell associated markers e.g. CD3, CD7, 

CD26. ATL cells frequently express interleukin 2 receptor alpha chain (CD25) and 

chemokine receptors (e.g. CCR4). The minimal immunophenotypic diagnostic criteria for 

ATL is CD3+, CD4+, CD25+ and CD7-. The immunophenotype in the tissues parallels that 

of the circulating neoplastic cells. HTLV-1 infection status is largely determined by serology. 

Serological testing is a two-step process with an initially screening test e.g. enzyme 

immunoassay (EIA) followed by confirmatory test e.g. western blot (WB). ATL diagnostic 

gold standard is the demonstration of monoclonal integration of HTLV-1 provirus in the 

tumor cells by integration site analysis. However, these assays are not routinely done. 
ATL has a highly variable clinical course ranging from asymptomatic blood test 

abnormality to rapidly fatal multisystem disease. Shimoyama et al first proposed 

classification of ATL into four subtypes based on clinical features (classification detailed in 

Appendix 1):  smoldering, chronic, acute and lymphoma. Smouldering and chronic ATL are 

categorized as indolent ATL while lymphoma and acute as aggressive ATL. The incidence of 

smoldering and chronic ATL is rising mainly due to early diagnosis, especially of skin 

manifestations. This classification is widely used to guide treatment and prognosis. However, 

there are difficulties in certain situations:  the acute subtype with bulky lymphadenopathy 

which behaves clinically like the lymphoma subtype; the smouldering subtype when the only 

abnormality is circulating abnormal lymphocytes which overlaps with non-malignant HTLV-

1 carriage; and the purely cutaneous subtype. 

 

            1.2.1.2. Treatment and outcome 

Smouldering ATL with purely cutaneous involvement is treated with topical treatment 

e.g. topical steroids, photochemotherapy(36, 42). Approximately 50% of patients with 

smouldering or chronic ATL develop progressive disease or aggressive transformation(43). A 

classification of chronic ATL into favourable and unfavourable group on the basis of elevated 

lactate dehydrogenase, blood urea nitrogen and low albumin, was suggested to predict the 

risk of progression(44). The favorable group, at low risk of progression, are managed with 

active monitoring or topical therapy. Immediate systemic therapy is indicated in unfavourable 
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chronic and aggressive ATL. The main stay of treatment has been combination 

chemotherapy. The outcome with chemotherapy is frequently poor in both indolent and 

aggressive ATL (7 – 48% and 11- 27% 4-year survival respectively)(37).  Patients with ATL 

have either primary refractory disease or relapse early suggesting resistance of ATL cells to 

steroids and cytotoxic agents. In addition, there is a high incidence of infectious complication 

especially opportunistic infections due to additive effect of disease and treatment associated 

immunosuppression. It is therefore essential to develop a treatment strategy which involves 

specific targeting of ATL cells. A meta-analysis of retrospectively studied cases indicated 

that outcomes with the combination of zidovudine (AZT) + interferon-α (IFNα) were more 

successful than chemotherapy in leukemic disease(45). The outcome was especially good in 

chronic ATL (100% 5-year survival). In acute ATL (22% 5-year survival) only 1/3 of 

patients respond, but those who do have a better prognosis than with chemotherapy. AZT+ 

IFNα combination is currently the subject of a randomized controlled trial in Japan to 

establish its efficacy. Monoclonal antibodies (e.g. anti-CD25 and CCR4), either alone or in 

combination with chemotherapy have shown mixed results with response rates also disease 

state dependent(46-49).  In summary, the outcome of first-line treatment in ATL remains 

poor. An array of novel agents targeting signaling pathways that control the cell cycle, 

apoptosis resistance and proliferation is now available for treatment. Characterization of the 

driving molecular abnormality of aggressive ATL might lead to identification of suitable 

novel agents. Identification of patients with non-malignant HTLV-1 infection at high risk of 

progression to ATL and treatment that might help prevent ATL. 

 

            1.2.1.3. Malignant evolution 

Study of the malignant evolution from non-malignant HTLV-1 infection to ATL will 

help prognostication, prevention and treatment. Epidemiological, clinical and laboratory 

studies have been undertaken to understand the process of malignant evolution. 

	
													1.2.1.3.1.	Epidemiological	and	clinical	evidence	

ATL arises de novo in patients with non-malignant HTLV-1 infection.  The 

cumulative lifetime incidence of developing ATL amongst AC is 2-7% (17, 38, 50, 51). The 
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annual incidence of ATL among ACs ranging from 0.5 to 1.5 per 1000 individuals. The 

incidence of ATL starts rising from 30 years of age through a peak at 60 to 70 years and 

declines beyond 80 years. The incidence of ATL and the trend of rising incidence with age is 

more prominent in males compared to females. The acquisition of HTLV-1 infection during 

infancy has been shown to be associated with higher incidence of ATL(17, 52). The 

incidence of ATL is also higher in patients with a family history of ATL suggesting an 

element of genetic predisposition(53-56). 

Proviral load (PVL) measurement in peripheral blood mononuclear cells (PBMC) by 

quantitative PCR has been used to study in vivo infection burden. PVL is most commonly 

reported as the HTLV-1 DNA copy number per 100 PBMC and abbreviated to %(57, 58). 

PVL varies up to five logs between ACs but remains fairly constant within an individual AC 

in chronic infection over several years (59-61). ACs with a PVL ≥ 1% (the highest two logs) 

have been consistently shown to be at risk of HAM whereas ACs with PVL<1% are at low or 

no risk of HAM(9, 59, 60). Patients with HAM almost invariably have a PVL ≥ 1% with a 

median of 14% compared to a median PVL in AC of ~1%. The majority of patients with 

ATL, and all those with malignant involvement of the blood, have a PVL ≥ 10% (highest 

log). Some patients with leukemic ATL have a PVL >100%, which is not seen in non-

malignant HTLV-1 infection (AC and patients with HAM). Patients with lymphomatous ATL 

however, may have PVL of 1<10% which is observed in some patients with non-malignant 

HTLV-1 infection.  Within the UK cohort, Incident ATL (ATL progression in patients with 

non-malignant HTLV-1 infection) occurred exclusively in patients with PVL >10%(62). 

However, this subgroup includes 37% of all patients with non-malignant HTLV-1 infection. 

The incidence of ATL in these patients was 13.3 per 1000 patient years compared to 5.4 per 

1000 patient years overall. Within the Japanese cohort, 13 out of 14 incident ATL occurred in 

AC within the highest quartile of baseline PVL (>4.54 %) and 1 occurred in the third quartile 

(1.60% -4.54 %), whereas no ATL developed in quartiles 1 and 2(< 1.60 %). The cumulative 

probability of progression to ATL reached 4.8% (95% CI, 1.9%-11.8%) at 5.4 years (63). In 

the multivariate analysis, the adjusted hazard ratio for the square-root transformed PVL per 

unit increase was 3.57 (95% CI, 2.25-5.68). A retrospective South American cohort study 

also highlighted the co-occurrence of HAM and ATL(42). 

The infection burden comprises thousands of small clones of HTLV-1 infected cells 

in non-malignant HTLV-1 infection and a single dominant clone amongst a background of 

hundreds of clones in patients with ATL(35). The infected clones persistent over decades in 
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patient with non-malignant HTLV-1 infection. A higher rate of incidental ATL has been 

reported in ACs in whom a dominant clone(s) has been demonstrated by southern blotting 

technique (incidence rate: 48.0 per 1000 person-years)(64-66). These patients were termed 

‘Pre-ATL’ and constitute 1.7% of all infected patients.  The risk was higher in individuals 

with leucocytosis especially lymphocytosis (Cumulative probability was 85.7% in the group 

with leucocytosis compared to 33.0% in those without). 

Aggressive ATL presents either de novo or as transformation from indolent ATL. 

Approximately half of patients with indolent ATL progress to aggressive ATL over a median 

period of 18 months(37, 63). There was no plateauing with duration of follow up and the risk 

is transformation persists even over a period of decades. The age of presentation of patients 

with aggressive ATL is also higher compared to indolent ATL. 

In summary, the epidemiological studies suggest HTLV-1 infected subjects can be 

stratified by risk of aggressive ATL being lowest in patients with non-malignant HTLV-1 

infection and low PVL and increasing incrementally with each additional feature: high PVL, 

presence of dominant clonal growth and leucocytosis through to indolent ATL (over a period 

of decades). These clinical states represent the malignant evolution from non-malignant 

HTLV-1 infection to aggressive ATL. Molecular and phenotypic characterization of infected 

clones in these clinical stages have the potential to identify the molecular driver of each stage 

and hence targets for prevention and treatment. 

 

														1.2.1.3.2.	Phenotypic	evidence	

CD4+ T cells are the main reservoir of HTLV-1 infection both in patients with 

chronic non-malignant HTLV-1 infection and in patients with ATL(36, 67-70). CD4 T cells 

harbor 95% of infection burden in patients with non-malignant HTLV-1 infection and ATL. 

The expression of molecules associated with CD4+ T-cells (Lineage, activation, co-

stimulation, chemokine, interleukin and adhesion) has been extensively studied to establish 

aberrations associated with non-malignant HTLV-1 infection and ATL. However very few 

studies have directly studied the immunophenotype of cells from the infected and dominant 

clone(s) (i.e. the putative ATL cells). The majority of PBMCs in patients with ATL are 

derived from the infected dominant clone and CD4+ T cells are the dominant PBMCs 

subtype. Hence, in patients with ATL the global CD4+ T cell expression profile is assumed to 

be that of ATL cells. CD4+ T cells in patients with ATL express CD4+ T-cell lineage 
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associated molecules e.g. CD2, CD3, CD5, TCR αß, HLA-DR but have aberrant diminished 

expression of CD3 and lack of expression of CD7 and CD26 (42, 71-74). CD7, one of the 

galectin-1 receptors, has crucial roles in galectin-1-mediated apoptosis of activated T-cells. 

CD7 downregulation in ATL might contribute to apoptosis resistance. CD26 downregulation 

in ATL has been showed to be due to promoter methylation and might represent the early 

methylation change in ATL. T-cell activation molecules e.g. OX40, CD40, glucocorticoid-

induced tumor necrosis factor receptor; chemokine receptors e.g. CCR4, CXCR4, CCR7, 

CCR8, CCR9, CCR10; interleukin receptors e.g. IL2Rα (CD25), IL4R (CD124), IL7R 

(CD127) and; adhesion molecular e.g. intercellular adhesion molecule-1 (ICAM-1), cell 

adhesion molecule 1 (CADM1) are also aberrantly expressed(75-79). The role of IL-2 and its 

receptor IL-2R α (CD25) has also been extensive studied in HTLV-1 infection and ATL. The 

autocrine role of IL-2 and CD25 has been shown to help ATL cell proliferation and 

survival(80-83). IL-7 has been reported to be essential for maintenance of T-cell homeostasis 

(84).  ATL cells have variable expression of CD127 (IL7-Rα)(76). Downregulation of CD127 

expression has been showed to be associated with cytokine independent growth in T-cell 

lines(85). CCR4 expression has been extensive studied in ATL. CCR4 is expressed in more 

than 90% of patients with ATL, is associated with frequent skin involvement and with poor 

outcome(86-88). CCR7 is expressed in patients with ATL who have extensive lymph node 

involvement and has been shown to be essential for CNS infiltration in T-cell leukemia(77, 

89). CCR4 and CCR7 genes are also frequently mutated in ATL(90).  No difference in 

immunophenotype of ATL cells between patients with aggressive and indolent ATL has been 

described. Higher proliferation and greater tissue infiltration have been described in 

aggressive ATL compared with indolent ATL. It is plausible that ATL cells in aggressive 

disease have high expression of proliferation markers (e.g. Ki67) and adhesion/chemokine 

molecules associated with higher tissue infiltration. 

CD4+ T cells in patients with non-malignant HTLV-1 infection are derived from a 

mixture of HTLV-1 infected and uninfected cells. The proportion of HTLV-1 infected CD4 T 

cells depends on PVL and is approximately double of PBMC PVL e.g. in patient with PVL of 

10% and relative frequency of CD4 T cells of 50%, 20% of CD4 T cells might be infected 

with HTLV-1.  In vitro developed cell lines from either Tax transformed cells or cells from 

patients with non-malignant HTLV-1 infection have shown that the HTLV-1 infected cells 

have similar expression of the molecules described above for ATL(91). Based on the 

technique of cell sorting and determining PVL within the sorted subsets, it has been possible 
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to study directly the immunophenotype of in vivo HTLV-1 infected cells.  HTLV-1 infected 

cells have been shown to express CCR4 and CD25; variable continuous expression of 

CADM1; and bimodal expression of CD7 and CD26(69-73). These data suggest aberration in 

expression of CCR4+ and CD25+ is early change associated with viral infection whilst CD7- 

and CD26- expression is intermediate change. This aberrant expression is present in the 

overwhelming majority of ATL cells suggesting that these changes are essential for 

malignant evolution towards ATL.  

CD4+ T cells play a central role in the immune response by controlling cells such as 

B cells, dendritic cells, and cytotoxic cells and their responses through cytokines. Patient with 

ATL have an immunocompromised clinical state whilst patient with HAM have immune 

activation associated neural damage. Patients with ATL have higher plasma concentrations of 

anti-inflammatory cytokines (e.g. IL-10) (92-95) whilst patients with HAM have higher 

concentrations of pro-inflammatory cytokines (e.g. IFNg) compared to uninfected healthy 

individuals and HTLV-1 asymptomatic carriers.CD4+ T cells in patients with ATL have been 

shown to be capable of mainly anti-inflammatory cytokine production including TGF-β (96), 

IL-2/IL-9(80), IL-10 (97, 98). HTLV-1 infected cells in patients with HAM has been shown 

to be capable of pro-inflammatory cytokine production e.g. IFNg.(69, 70, 99) These data 

suggest cells from dominant clone (ATL cells) secrete anti-inflammatory cytokine and drive 

the immunosuppressed clinical state whilst infected cells secrete pro-inflammatory cytokine 

in patients with HAM and drive the immune activation associated clinical state.  

In summary, the immunophenotype of ATL and infected cells overlap.  HTLV-1 

infected cells produce pro-inflammatory cytokine in patients with inflammatory disorder e.g. 

HAM and anti-inflammatory cytokine in patients with ATL. However, there is a paucity of 

direct evidence of the immunophenotype and cytokine producing capacity of both in vivo 

HTLV-1 infected and ATL cells. 

 

														1.2.1.3.3.	Clonal	evolution	

The study of clonality within infected cells in patients with non-malignant HTLV-1 

infection and ATL has been extensively used to study molecular changes in patients with 

non-malignant HTLV-1 infection and ATL.  HTLV-1 provirus is randomly integrated into 

the human genome and the majority of infected cells carry a single copy of provirus. This has 

prompted the use of variability of proviral integration site as a method of choice to study 
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clonality.  The proviral integration site analysis techniques have evolved over the years from 

southern blotting, through PCR followed by gel electrophoresis, to high throughput 

sequencing of PCR products. The early clonality studies by southern blotting performed 

enzyme digestion of DNA extracted from patients PBMC followed by electrophoretic 

separation of digested DNA and staining by HTLV-1 DNA probes. The southern blot 

techniques identified the presence of a dominant clone in patients with ATL. Southern 

blotting confirmed the integration of HTLV-1 provirus into the host cell genome of the 

putative leukemic clone and helped establish HTLV-1 as the causative agent of ATL. 

Southern blotting studies in patients with non-malignant HTLV-1 infection showed 

polyclonal or dominant clones over a polyclonal background. The infected clones were 

persistent in vivo for many years suggesting that clonal expansion rather than infectious 

spread played a dominant role in proviral persistence. The southern blotting techniques 

suffered from multiple pitfalls including low sensitivity, high input DNA requirement, time 

consumption and being labour intensive. 

To overcome the low sensitivity of southern blot methods, PCR based techniques 

such as inverse PCR, vectorette, LMPCR-HTS were developed. These techniques use PCR 

amplification of the 3’ end of HTLV-1 genome and adjacent human genome from enzyme 

digested DNA followed by gel electrophoresis of the PCR products. These techniques, which 

have improved sensitivity and specificity compared with Southern blotting, confirmed and 

extended the earlier findings increasing the estimated number of HTLV-1 infected clones 

from tens to hundreds in patients with non-malignant HTLV-1 infection. However, these 

techniques also had limitations including inability to quantify, non-random DNA 

fragmentation by restriction enzymes, a low dynamic range and the need for high input of 

DNA especially in patients with low PVL. 

The study of clonality was revolutionized by the advent of next generation 

sequencing. Gillet et al developed the pioneering ligation mediated PCR amplification of 

randomly sonicated DNA followed by high throughput sequencing of PCR products 

(LMPCR-HTS)(35). This improved the sensitivity and specificity of clonality assaying and 

provided a quantitative measure of clonal abundance (size). They described the presence of 

thousands rather than hundreds of infected clones in the PBMC of patients with non-

malignant HTLV-1 infection. The largest clone contributed less than 10% of total infection 

burden, suggesting an absence of dominant clones in these patients. The number and not the 

abundance of infected clones correlated positively with PVL and patients with high PVL 
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have a greater number of clones than patients with low PVL, with no change in size 

distribution of the clones. There was no difference in clonality between ACs and patients 

with HAM. The persistent of specific HTLV-1 clones over the course of several years was 

also confirmed. In addition, even though the PVL remains stable over time in an individual 

with non-malignant HTLV-1 infection, the abundance of bigger clones increased confirming 

clonal expansion rather than infectious spread as the predominant basis of proviral 

persistence in chronic infection. This finding explains the remarkable stability of the HTLV-1 

genome. Interestingly patients with ATL also had hundreds of infected clones but a single 

dominant clone contributed a median 99.4% of the PVL (range 35 to 100%). Twenty four 

percent patients with ATL had an additional clone contributing to more than 10% PVL 

suggesting oligoclonal proliferation of infected clones in some patients with ATL (35, 67, 

100-103). In summary, patients with non-malignant HTLV-1 infection have thousands of 

non-dominant clones and those with high PVL have more, rather than larger, clones. The size 

of the largest clones increased over time. Patients with ATL have a single dominant clone and 

hundreds of non-dominant clones with a minority of patients having an additional 

intermediate size clone. 

This raises the question of whether the presence of the dominant clone precedes or 

occurs at ATL presentation? The longitudinal study of clonality in patients with non-

malignant HTLV-1 infection who progressed to ATL (incident ATL) has provided some 

answers.  A Japanese study, which included long term follow-up, showed ACs with a 

dominant clone(s) as determined by southern blotting technique have a high risk of 

progression to ATL(64, 65). The lifetime risk of ATL in these individuals was 10% and in 

those with a raised white cell count the risk approached 30%. These individuals had dominant 

clone(s) many years before ATL presentation. There is a paucity of data by LMPCR-HTS on 

incident ATL. Cases of patients with incidental ATL in whom a dominant clone could be 

detected by LMPCR-HTS months to years before clinical presentation have reported (35, 

104-106). The clones with the largest abundance progressed to be the dominant ATL clone in 

the majority but not in all cases. The phenomenon of clonal succession was also seen at ATL 

transformation from indolent to aggressive subtype and with treatment (106). 

In summary, patients with non-malignant HTLV-1 infection and ATL have thousands 

of in vivo non-dominant infected cells which expand clonally. A single dominant clone on a 

polyclonal background of non-dominant clones is present in patients with ATL. The presence 

of the dominant clone probably precedes the presence of leucocytosis or overt clinical 
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manifestation in patients with ATL. There is a progressively higher risk of developing ATL 

in patients with non-malignant HTLV-1 infection from those with low PVL, through those 

with higher PVL and an increasing number of clones, to those patients with dominant clones. 

The study of the phenotypic and molecular changes in infected cells derived from persistent 

clones especially the largest clones in patients with non-malignant HTLV-1 infection will 

improve the understanding of the drivers of proviral persistence and leukaemogenesis. 

 

													1.2.1.3.4.	Viral	protein	changes	

Tax, Px region viral protein, can interfere with host cell cycle regulation, apoptotic 

pathways, and proliferative pathways through a variety of mechanisms. The most commonly 

studied pathway through which Tax increases cellular proliferation is via the NF-κB/Rel 

family of proteins(107, 108). Tax has roles in a variety of other cell proliferation pathways. In 

particular, Tax interacts directly or indirectly with cyclin-dependent kinases (CDK), 

phosphoinositide 3-kinase (PI3K), transforming growth factor β-1 (TGFβ-1) and p53.Tax 

plays a key role in the proliferation of T-cells but is known to be a highly immunogenic 

protein, and Tax-expressing cells are targeted by cytotoxic T-cells(109). Excess Tax 

expression is also toxic to the infected cells(110). HBZ plays a key role in the proliferation of 

T-cells(111-115). Interestingly, the HBZ mRNA appears to play a different role in T-cell 

proliferation than the HBZ protein. HBZ RNA attenuates apoptosis while HBZ protein 

promotes S-phase entry. HBZ has been reported to interact with proteins that are essential in 

CREB-dependent cellular proliferation. Additionally, HBZ interacts with the Jun family of 

transcription factor. Taken together, the activities of both HBZ and Tax are essential for the 

transformation of T-cells. Tax mRNA transcripts were only found in 34% of all cases in 

patients with ATL and in a median 50% of infected cells in patients with non-malignant 

HTLV-1 infection, indicating that down regulation mechanisms are in place to prevent 

HTLV-1-infected cells from being destroyed by the immune system(116). Several 

mechanisms regulate the down-regulation of Tax expression. Many tax genes become 

mutated so that non-functional transcripts are produced(117, 118). Additionally, the tax gene 

is often methylated, leading to gene silencing(119, 120). Finally, the HTLV-1 bZIP factor 

(HBZ) works to downregulate transcription of many HTLV-1 genes, including Tax. HBZ 

mRNA transcripts have been found in virtually all ATL cells(27, 110, 121). 
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													1.2.1.3.5.	Genetic	and	epigenetic	changes	

The molecular features of unsorted PBMCs has been extensively studied in patients 

with ATL. Chromosomal analysis by G/Q banding showed 96% of ATL cases had an 

abnormal chromosome pattern(122, 123); 184 gain/loss and 373 structural variation reported 

with higher frequencies in aggressive than indolent ATL. Early whole genome analysis by 

comparative genomic hybridization (CGH) array using normal human DNA as reference 

showed a high number of chromosomal imbalances, losses (6q and 13q), and gains 

(Chromosomes 14q, 7q and 3p) especially in aggressive ATL(107, 122, 124, 125). CGH 

array also identified multiple sub-clones with differential genetic abnormalities in aggressive 

ATL. Recently, an integrated molecular analysis by whole-genome, whole-exome, 

transcriptome and targeted sequencing, as well as array-based copy number and methylation 

analyses revealed 6,404 somatic mutations including 6,096 single-nucleotide variants 

(SNVs), 308 insertion-deletions and ~ 60 structural variations per patient(90). This vast 

number of genetic changes are reflective of underlying genetic instability within ATL. Fifty 

genes were shown to be frequently mutated, of which 13 genes were recurrent (present in 

more than 10% of ATLs). The genes are highly enriched for T-cell receptor/NF-κB signaling, 

the G-protein coupled receptor associated with T-cell migration, and other T-cell-related 

pathways as well as immune surveillance related genes. There is a predominance of 

activating alterations (gain-of-function mutations and focal amplifications) found in the 

proximal components of TCR signaling (PLCG1, VAV1 and FYN), a co-stimulatory receptor 

(CD28), more distal TCR signaling molecules belonging to the NF-κB pathway (PRKCB and 

CARD11), and their downstream mediators involved in transcriptional regulation (IRF4) and 

cytoskeletal organization (RHOA)(126, 127). By contrast, loss-of-function mutations or 

deletions affect negative regulators of TCR/NF-κB signaling, including CBLB, TRAF3, 

TNFAIP3 and CSNK1A1.This leads to persistent activation of TCR NF-kB signaling in 

ATL. Another major category of molecules altered are the G-protein coupled receptors e.g. 

CCR4, CCR7. Most CCR4 and CCR7 mutations enhance surface receptor expression, 

impaired receptor internalization and downstream signaling leading to gain of function. ATL 

cells frequently have genetic defects associated with immune response. The most notable 

alteration among them is PD-L1 SV disrupting the 3′-UTR, thereby leading to PD-L1 

constitutive activation, marked increase in PD-L1 expression, promoting tumor progression 

and immune evasion in vivo. Moreover, more than half of the ATL cases have deteriorating 
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mutations or focal deletions in the components of the MHC class 1 (HLA-A, HLA-B and 

B2M) and other molecules involved in T and natural killer cell-mediated immune response 

(CD58 and FAS). In addition to their genetic alterations, ATL cells frequently show 

hypermethylation and transcriptional silencing of the MHC class 1 genes. Therefore, defects 

of antigen presentation through MHC class 1 abnormalities are mediated by multiple 

mechanisms, accounting for 90% of ATL cases. Several transcription factors that are 

indispensable for lymphocyte activation and differentiation e.g. IRF4, GATA3, IKZF2 (or 

HELIOS), are recurrently altered in ATL(128). 

Epigenetic disturbances are also frequently seen in patients with ATL(129-131). DNA 

methylation analysis revealed that more than one-third of ATL cases show widespread 

hypermethylation of CpG islands, termed as CpG island methylator phenotype(132). Cys2-

His2 (C2H2) zinc finger proteins are hypermethylated and silenced genes which might help 

ATL cells avoid HTLV-1 restriction activities. The histone modification is the loss of H3K4 

methylation and is thought to be mediated by the aberrant upregulation of polycomb 

repressive complex (PRC) 2 proteins, such as EZH2, in ATL. In addition, disturbance of 

microRNAs is also common. 

The genetic and epigenetic aberration seen in patients with ATL is a cumulative effect 

of viral persistence and leukaemogenesis. The direct study of molecular features of in vivo 

HTLV-1 infected cells has been difficult as discussed above. For the identification of HTLV-

1–infected T cells in vivo, fluorescence-activated cell sorting (FACS) sorting of a CD4+ T 

cell subset with an aberrant immunophenotype associated with HTLV-1 infection was 

developed. This method enabled molecular characterization of in vivo HTLV-1-infected T 

cells during both immortalization and transformation. Expression array analysis of these 

CD4+CADM1+CD7- cells revealed that H3K27m3 target genes were suppressed in HTLV-

1-infected cells as well as in terminally transformed ATL cells; suppression was more 

extensive in the latter cells(71). These data provided evidence that epigenetic abnormalities 

were one of the earlier leukemogenic events of HTLV-1-infected T cells. 

There is no direct data on the molecular features of in vivo HTLV-1 infected cells. 

The clinical, phenotypic and molecular features of malignant evolution from non-

malignant HTLV-1 infection to aggressive ATL is summarized in table 1.1. Epidemiological 

studies suggest malignant evolution from patients with non-malignant HTLV-1 infection (AC 

or patients with HAM) and high PVL through a state characterized by the presence of 

dominant clones, through indolent ATL to aggressive ATL. The infection burden in patients 
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with non-malignant HTLV-1 infection is derived from thousands of non-dominant clones or a 

dominant clone amongst a multitude of non-dominant clones but predominantly from a 

dominant clone(s) despite a polyclonal background in indolent and aggressive ATL. The 

immunophenotype of HTLV-1 infected cells are similar irrespective of clinical states. HTLV-

1 infected cells are capable of pro-inflammatory cytokine production in patients with HAM 

and anti-inflammatory cytokines in patients with ATL.  There is a vast amount of somatic 

abnormality leading to sustained activation of signaling pathways resulting in impaired cell 

cycle control, proliferation, invasiveness, immune evasion and apoptosis occurs in ATL. The 

somatic abnormalities are more prevalent in aggressive ATL compared to indolent ATL. The 

somatic abnormalities represent cumulative effect of changes due to viral persistence, 

neoplastic and malignant transformation. The somatic aberration seems to be enriched in 

cellular pathways deranged by HTLV-1 protein Tax and HBZ. The direct characterization of 

molecular features of HTLV-1 infected cells in malignant evolution from patients with non-

malignant HTLV-1 infection with high PVL through dominant clones, indolent to aggressive 

ATL may help in understanding the changes associated with viral persistence, early 

leukemogenic as well as clarify exclusive ATL driver mutations which in turn may help 

select suitable novel agents for prevention and treatment of aggressive ATL. 
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Table 1.1. Malignant evolution from non-malignant HTLV-1 infection to ATL 

 

 

Features non-malignant ATL 

Malignant 

evolution 

Epidemiology low PVL high PVL dominant clones Indolent Aggressive 

Clinical features AC AC/HAM 

low 

proliferation and 

invasiveness 

High proliferation 

and invasiveness 

HTLV-1 

infected cells 

Immunophenotype 
CD4+CCR4+CD25+CD127±CADM1+ 

CD7±CD26-CCR7±) 

CD4+CCR4+CD25+CD127±CADM1+CD7

-CD26-CCR7±) 

cytokines producing 

capacity 
HAM: pro-inflammatory anti-inflammatory 

Clonality 
thousands of non-

dominant clones 

dominant clones 

amongst non-

dominant clones 

dominant clones amongst non-dominant 

clones 

Viral protein Variable Tax expression, HBZ constitutively expressed as low level 

Molecular features Hypermethylation 

Genetic (TCR/NF-κB, G-protein, immune 

surveillance, transcription factors) and epigenetic 

(Hypermethylation) modifications 
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1.2.2. HTLV-1 associated myelopathy 

The lifetime risk for developing HTLV-1 associated myelopathy/tropical spastic 

paraparesis (HAM/TSP) is 0.25-4% (133)and is characterized by a gradual symmetric 

paraparesis of lower limbs with signs of pyramidal tract involvement, which progresses 

slowly and without remissions.AC with high proviral load have higher risk of HAM/TSP(9, 

59, 134). The first symptoms are of weakness and stiffness of the lower limbs and lumbar 

pain. Some patients present with urinary and sexual problems. The weakness in the lower 

limbs is associated with signs of upper motor neurone disturbance in the form of spasticity, 

up-going plantar reflexes and hyperreflexia. Vibratory sense is frequently impaired with 

relatively preserved proprioception. As the disease progresses, the weakness and the 

spasticity increase, and the gait deteriorates. Neuropathic pain becomes common as the 

disease advances. Autonomic dysfunction of bladder and bowel are a common cause of 

morbidity resulting in recurrent urinary tract infections and resultant chronic renal failure. 

The major histopathological changes found at post mortem in patients with HAM/TSP 

are long tract degeneration and demyelination affecting pyramidal, spino-cerebellar and 

spinothalamic tracts and hyalinoid thickening of media and adventitia of blood vessels in the 

brain, spinal cord and subarachnoid. Immunostaining of post mortem biopsies shows that 

early in the disease process the leptomeninges, blood vessels and parenchyma are infiltrated 

with both CD4+ lymphocytes and CD8+ lymphocytes, B- lymphocytes and foamy 

macrophages whereas later in the disease CD8+ lymphocytes predominate with subsequent 

progression to a relatively acellular, atrophic pattern with axonal and myelin degeneration. 

The entire spinal cord can be affected, although the lower thoracic level is predominantly 

affected. 

Cerebrospinal fluid samples (CSF) may show mild pleomorphic lymphocytosis with 

mild to moderate increase in protein. Antibodies against HTLV-1 are present in the CSF and, 

in general, the HTLV-1 proviral load measured in the CSF of individuals with HAM/TSP are 

typically greater than twice their load in the peripheral blood, whereas the ratio of CSF to 

peripheral blood HTLV-1 proviral loads in asymptomatic carriers are typically lower, 

reflecting either recruitment or expansion of HTLV-1 infected cells in the CNS. There is no 

evidence that HTLV-1 directly infects neuronal cells, astrocytes or microglia. However, 

HTLV-1 specific CD8+ and HTLV-1 infected CD4 lymphocytes that secrete the neurotoxic 

cytokines, IFN-γ and TNF-α are present supporting a bystander damage effect. 
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1.2.3. Other HTLV-1-associated diseases 

HTLV-1 has been associated with a wide variety of other inflammatory diseases, such 

as infective dermatitis(135), uveitis(136), polymyositis, Sjogren’s syndrome(137) and 

bronchiectasis(138). HTLV-1 carriers are susceptible to serious outcomes following 

secondary infection with pathogens such as Strongyloides stercoralis. 

HTLV-1 contributes to 17% of all uveitis in endemic regions of Japan. Non-malignant 

HTLV-1 infection is associated with intermediate uveitis with or without mild iritis and mild 

retinal vasculitis and sparing of retina and choroid. HTLV-1 infected cells expression viral 

protein is detected in the ocular infiltrating cells. ACs with high PVL are at increased risk of 

uveitis. An association with co-occurrence of thyroiditis, rheumatoid arthritis, interstitial 

pneumonitis, HAM/TSP and ATL is seen in patients with uveitis. The main stay of treatment 

is topical corticosteroids. 

Keratitis conjunctivitis sicca (KCS) is a chronic, bilateral discomfort of the 

conjunctiva and cornea due to insufficient and poor-quality tears with a tear breakup time of 

shorter than 10 seconds. The prevalence of decreased tear breakup time was significantly 

higher in HTLV-1 carrier blood donors compared to healthy individuals. Sjögren's syndrome 

is one of the representative systemic diseases that cause KCS. An association between 

Sjögren's syndrome and HTLV-1 infection has been reported in several studies. In an HTLV-

1 endemic area, the prevalence of Sjögren's syndrome was significantly higher in HTLV-1 

carriers than in the uninfected control group. KCS and Sjögren's syndrome is associated with 

high PVL and seems to be directly mediated by HTLV-1 infected cells. The use of 

lubricating eye drops is selected to reduce tear film disorders and to prevent the ocular 

surface from developing superficial punctate keratitis and corneal ulcers. Interstitial Keratitis 

was reported in 10% of HTLV-1-infected patients and was strongly associated with 

HAM/TSP, of which the HTLV-1 provirus load in PBMC was very high compared with other 

HTLV-1-related diseases. 

HTLV-1-associated infective dermatitis, which is the main manifestation of HTLV-1 

in children and diagnosed by exudative eczematous eruption, is frequently associated with 

further development of TSP/HAM and in some cases of ATLL. Apart from inflammatory 

manifestations, HTLV-1 infection can also lead to opportunistic infections in patients with 

ATLL and altered presentation of other infections such as disseminated Strongyloides 

stercoralis, crusted (Norwegian) scabies, tuberculosis or leprosy(139). 
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1.3. Aim 

To characterize the phenotypic and molecular features of infected cells in the 

malignant progression from non-malignant HTLV-1 infection in carriers with high PVL to 

aggressive ATL through two intermediate states of the presence of dominant clones and 

indolent ATL. 

 

1.4. Hypothesis 

 

ATL cells from putative leukemic clone in vivo have CD4+CCR4+CD25+CD26-

CD7- immunophenotype. ATL cells in patients with aggressive ATL are CD127-CCR7+, 

highly proliferating and secrete anti-inflammatory cytokines whilst in patients with indolent 

ATL are CD127+ CCR7-, low proliferating and do not secrete cytokines. 

HTLV-1 infected cells with immunophenotype similar to ATL cells (‘ATL-like’ 

cells) exist in patients with non-malignant HTLV-1 infection. ‘ATL-like’ cells are made of 

infected clones of high relative abundance, low proliferating and secrete pro-inflammatory 

cytokines. 
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Chapter 2. MATERIALS AND METHODS 
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2.1. Patient cohort and materials 
 

2.1.1. Patient cohort 

The patient cohort is based at the National Centre for Human Retrovirology (NCHR) 

at St Mary’s Hospital, Paddington, London, UK and University of Miami School of 

Medicine, Miami, USA. Diagnosis of HTLV-1 infection, HAM and ATL was made 

according to World Health Organization criteria. Patients attending the NCHR are invited, 

regardless of diagnosis and treatment, to participate in research through tissue banking. 

Following written informed consent additional blood samples for HTLV research are 

obtained during routine venesection for clinical tests. The materials used in the studies are 

part of the HTLV tissue collection of the Communicable Diseases Research Tissue Bank at 

Imperial College Healthcare NHS Trust, approved by the UK National Research Ethics 

Service (references 09/H0606/106 and 15/SC/0089) and from the University of Miami 

School of Medicines Institutional Review Board approved study "Study of Blood, Tissue and 

Body Fluids of Viral Associated Malignancies" (EPROST No. 20030608).  Samples are 

stored under license in accordance with the Human Tissues Act 2004. Samples from the 

patients with ATL were collected at diagnosis or relapse prior to systemic therapy. 

 

2.1.2. Materials 

            2.1.2.1. Primary cells and plasma 

Peripheral blood mononuclear cells (PBMCs) and plasma was separated from fresh 

whole blood by density gradient centrifugation on Histopaque-1077 (Sigma-Aldrich, St 

Louis, USA). Plasma was harvested from the top layer and stored at -80° C. PBMCs were 

harvested from the interface, washed in phosphate buffer saline (PBS, Sigma-Aldrich), 

cryopreserved in 10% dimethyl sulphoxide (Sigma-Aldrich) and 90% heat inactivated fetal 

calf serum (FCS) (Gibco, Carlsbad, USA), and stored in liquid nitrogen until use. 

 

            2.1.2.2. Cell lines 

MT2 cell line was used as control for proviral load (PVL) measurement, flow 

cytometry and intracellular cytokine staining. Tarl2 is a rat lymphoid cell line, containing one 
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integrated copy HTLV-1 provirus per cell (Tateno et al., 1984) and was used for 

quantification of proviral load in sorted cells and as a positive control for ligation mediated 

PCR. A Jurkat cell line was used as the negative control for ligation mediated PCR. 

 

2.2. METHODS 
 

2.2.1. Thawing cells 

Cryopreserved PBMCs are thawed by incubation at 37° C for 2 minutes in water bath. 

PBMCs were washed thrice by suspending cells in 10 ml 1% FCS followed by centrifugation 

at 600g for 5 minutes at 4° C. Cell count was performed using trypan blue staining after the 

first wash. 

2.2.2. Flow cytometry 
																2.2.2.1.	Immunophenotyping	

Thawed cryopreserved PBMCs were incubated sequentially in infrared fixable 

viability stain followed by flurochrome conjugated monoclonal antibodies for 30 minutes in 

total at room temperature (RT) at a concentration of 106 cells/ 50µl.  Flurochrome conjugated 

monoclonal antibodies are listed in appendix 2. The cells were then fixed using fixation 

buffer from Foxp3 / Transcription Factor Staining Buffer Set (eBioscience, San Diego, USA) 

and stored at 4o C in 1% FCS overnight until analysis on a Becton Dickinson LSR II or 

Fortessa II. For Ki67 staining, the fixed cells were washed with permeablization buffer 

followed by incubation with BV510 Ki67 antibody (Biolegend) for 15 minutes at RT. A 

minimum of 20,000 events were recorded for analysis. The flurochrome antibodies used are 

list in appendix 2. Compensation was computed using BD FACS diva software using single 

staining of Comp ebeads (eBioscience) and checked manually.  

Data were analysed by flowjo© software. Fluorescent minus one control (antibody 

cocktail containing all antibodies except one) was used to set the threshold of positive and 

negative expression for gating.  CD4+ T cells were gated using the strategy shown in figure 

2.1. The immunophenotype of CD4+ T-cell subsets was determined using gating strategy 

shown in figure 2.2. All expression was classified as a positive immunophenoype if the 

frequency of positive cells was more than 30% of the parent population. 
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            2.2.2.2. Intracellular cytokine staining 

Thawed cryopreserved PBMCs were incubated in either complete media (CM) 

comprising 10% heat inactivated FCS in RPMI with L-glutamine plus 1% Penicillin only, 

CM with phytohemaggulutinin (PHA, final concentration of 5 µg/mL, Sigma) or CM with 

2% cell activation cocktail (containing phorbol 12-myristate 13-acetate (PMA) and 

ionomycin, (BioLegend)) at 37°C, in 5% CO2 at a concentration of 106 cells/ 50 µL for 6 

hours. Brefeldin A (BioLegend) was added for the last five hours. All washes were done by 

suspending cells in PBS containing 1% FCS followed by centrifugation at 600g for 5 minutes 

twice.  PBMCs were washed thrice at the end of incubation and stained sequentially with 

near infrared fixable viability stain followed by flurochrome conjugated monoclonal 

antibodies against cell surface markers (CD3, CD4, CD7, CD8 and CCR4) for 30 minutes at 

room temperature (RT).   The cells were then fixed using fixation buffer from FoxP3 / 

Transcription Factor Staining Buffer Set (eBioscience, San Diego, USA). The fixed cells 

were washed with permeablization buffer followed by incubation with fluorochrome-

conjugated monoclonal antibodies against IL-6, IL-10, TNFα and IFNγ for 15 minutes at RT. 

PBMCs were then washed twice and stored at 4°C in PBS 1% FCS overnight until analysis 

on Becton Dickinson Fortessa II. A minimum of 20,000 events were recorded for analysis. 

Compensation was computed using BD FACS diva software using single staining of Comp 

ebeads (eBioscience) and checked manually. Fluorescence minus one control (antibody 

cocktail containing all antibodies except one) was used for gating. 

Data were analysed by flowjo© software. The relative frequency of cytokine 

producing cells was determined using gating CD4+ T-cell subsets using gating shown in 

figure 2.3.
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Figure 2.1. CD4+ T cells gating strategy 

 
Single live lymphocytes were gated using forward (FSC) and side scatter (SSC) data as shown in images in first row. Viable T cells were 

selecting CD3 positive and live dead stain negative single live lymphocytes. CD4+ T cells were gated as CD4 positive viable T cells. 
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Figure 2.2 Representative plots of immunophenotyping in non-malignant (non-

ATL) HTLV-1 infection and ATL 

 
Histogram plots of CCR4 expression in CD4+ T cells (A), pseudocolor plots of CD26 

and CD25 expression within CD4+CCR4+ T cells (B) and CD7, CD127, CCR7 and Ki67 

expression within CD4+CCR4+CD26- T cells (C) in patients with non-malignant HTLV-1 

infection and ATL.
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Figure 2.3. Gating strategy to determine cytokine producing cells 

Column 1 shows gating strategy for CD4 T cells and its CCR4+CD7- and non CCR4+CD7- subsets. The histogram shows the expression in 

count of cytokine staining CD4 (2A), CD4+CCR4+CD7- (2B) and non CCR4+CD7- CD4 (2C) cells in representative patient with asymptomatic 

carriers (orange), HTLV-1 associated myelopathy (blue) and adult T-cell leukemia/ lymphoma (red).
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2.2.3. Cell sorting 

            2.2.3.1. Fluorescent activated cell sorting 

The currently available best technique for bulk high purity cells sorting is based on 

fluorescent activated cell sorting (FACS). HTLV-1 is a pathogen which requires handling 

within a category 3 laboratory for cellular studies. Category 2 FACS facilities are widely 

available but a category 3 facility is not available locally. Hence FACS was performed on 4% 

PFA fixed cells.  Cellular staining for immunophenotype was performed as described above. 

CCR4-, CCR4+CD26+ and CCR4+CD26- subsets of CD4 T cells were sorted on BD Aria III 

and collected into staining buffer. Purity >80% was confirmed by re-analysing the sorted 

cells as shown in a representative sample in figure 2.4.  Downstream experiments were 

performed on these sorted fixed cells. DNA of good purity and yield was isolated using this 

technique. However, RNA isolation was unsuccessful using this technique despite repeated 

attempts using Trizol and column based commercially available techniques. 

 

            2.2.3.2. Magnetic activated cell sorting 

Magnetic activated cell sorting (MACS) could be performed in Category 3 without 

the need to PFA fix the cells. Additionally, this technique requires less hands-on time which 

is preferable for cells viability. This provides the advantage of isolating RNA of good yield 

and purity. However, this technique has lower purity and the cell subsets which could be 

isolated was limited in comparison to FACS. 

MACS was performing by negative selection in order to isolate CD4 T-cell subsets 

for RNA sequencing. Thawed PBMCs were incubated with primary biotinylated antibodies 

(CD26, CD8, CD14, CD15, CD16, CD19, CD36, CD 56, CD123, TCR TCR γ/δ, CD235a 

[Miltenyi Biotec Ltd., United Kingdom and Biolegend, USA]) at 4°C for 10 min and 107 

cells/100 µl. All washes were done by suspending cells in 1% BSA (Sigma) followed by 

centrifugation at 600g for 5 minutes twice.  Labelled PBMCs were washed and incubated 

with 30% dilution of streptavidin conjugated microbeads at a final concentration of 107 

cells/100 µL.  Microbead-conjugated PBMCs were washed and magnetically sorted twice on 

LS Columns according to the manufacturer’s directions. The flow-through containing 

CD3+CD4+CD26- cells were then subjected to a second round of MACS using biotinylated 



57 

 

57 

 

CD7 antibody to obtain CD3+non ‘ATL-like’ and CD3+CD4+CD26-CD7- T cells 

respectively. 

The purity of CD3+CD4+CCR4+CD26-CD7+ and CD3+CD4+CCR4+CD26-CD7+ 

within MACS sorted CD3+non ‘ATL-like’ and CD3+CD4+CD26-CD7- T cells was 

determined by using 104 cells for immunophenotyping. Purity >80% similar to FACS sorting 

was confirmed by re-analysing the sorted cells as shown for a representative sample in figure 

2.5.  A good yield of high quality RNA was obtained by this technique. 
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Figure 2.4. Purity check of FACS sorted CD4+ T-cell subsets 

 
The first row shows frequency of CD4+ T cells and its subsets (CCR4-, 

CCR4+CD26+, CCR4+CD26-CD7+ and CCR4+CD26-CD7-) in unsorted peripheral blood 

mononuclear cells (PBMCs).  The second row shows frequency of CD4+CCR4- cells within 

sorted CD3+CD4+CCR4- T cells was 94.4% suggesting a purity of 94.4%. Similarly, the 

purity of CCR4+CD26+ (83.6%), CCR4+CD26-CD7+ (95.7%) and CCR4+CD26-CD7- 

(92%) is shown in third, fourth and fifth rows respectively. 
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Figure 2.5. Purity check of MACS sorted CD4+ T-cell subsets 

 
In patients with non-malignant HTLV-1 infection (HHL, figure A), the first row 

shows frequency of CD4+ T cells and its subsets (CD26-CD7+, CD26-CD7- and CCR4 ±) in 

unsorted peripheral blood mononuclear cells (PBMCs).  The second row shows frequency of 

CD4+CCR4+CD26-CD7+ cells within sorted CD3+CD4+CD26-CD7+ T cells was 85% 

suggesting a purity of 85%. Similarly, the purity of sorted CD3+CD4+CCR4+CD26-CD7- 

was 94.5%.  Similar purity of sorted CD3+CD4+CCR4+CD26-CD7- (93%) was seen in 

patient with ATL (LGL, figure 2.5). 
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2.2.4. Electrochemiluminescence assay 

Plasma cytokine concentrations of the following nine cytokines were determined with 

sensitive and specific V_PLEX immunoassays ( Meso Scale Discovery, Gaithersburg, USA): 

Human pro-inflammatory cytokines: interferon gamma (IFNγ), interleukin (IL)-2, IL-6, IL-7, 

IL-10, IL-17α, tumour necrosis factor (TNF)-α; anti-inflammatory cytokines: IL-10 and 

chemokines: macrophage-derived chemokine (MDC)- and  C-X-C motif chemokine 10 

(CXCL-10) or IFNγ-induced protein 10 (IP-10)) using the manufacturer’s protocol. 

Immediately before the cytokine assay, cryopreserved plasma was thawed by 

incubation at 37° C for 2 minutes followed by centrifugation at 2000g for 3 minutes to 

remove particles. Briefly, 50 µL of samples diluted 1:2 in a dilution buffer or calibrators were 

dispensed into separate wells of the plates and incubated for 2 hours with vigorous shaking at 

room temperature. The samples and calibrators were discarded and the plates were washed 

three times with PBS and 0.05% Tween-20, followed by the addition of 25 µL of the 1x 

Detection Antibody Solution (Meso Scale Discovery) into each well. Plates were then 

incubated for 2 hours with vigorous shaking at room temperature. The detection antibody was 

removed and the plates were washed three times. To each well were added 150 µL of 2x 

Read Buffer T (Meso Scale Discovery), and the signals were read by the SECTOR® Imager 

2400 (Meso Scale Discovery). Standard curves were generated, and the assay values of the 

samples were interpolated from the curves. For samples with concentrations below the limits 

of detection, missing values were replaced with 99% of the lowest detectable concentration. 

 

2.2.5. DNA and RNA extraction 

DNA and RNA was extracted from PBMCs and sorted cells using Allprep DNA/RNA 

column-based extraction kits (Qiagen) as per the manufacturer’s instructions. 

2.2.6. Proviral load 

Proviral load measurements was performed as previously described(60). DNA 

extracted from MT-2 cell lines was serially diluted 10-fold to generate standard curves 

ranging from 2 to 20,000 β-globin copies and 7 to 70,000 HTLV-1 tax copies. Real time 

polymerase chain reaction (PCR) was performed using LightCycler FastStart DNA 

MasterPLUS SYBR Green 1 (Roche), 0.6U LightCycler Uracil DNA Glycosylase (Roche, 
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Germany), 5 pmol of each forward (F) and reverse (R) primer for Tax (F: 5′-

CGGATACCCAGTCTACGTGT-3′, R: 5′-GAGCCGATAACGCGTCCATCG-3′) and β-

globin (F: 5′-GCAAGGTGAACGTGGATG-3′, R: 5′-TAAGGGTGGAAAATTGACC-3′), 

750 ng - 7.5 ng DNA per reaction, in a Roche LightCycler 1.5. Thermal cycler conditions 

were: denaturation at 40°C for 8 min and 95°C for 10 min, followed by 45 amplification 

cycles of 95°C for 10 s, 58°C for 5 s, 72°C for 8 s, and a single 10 s acquisition at 85°C for 

Tax and 81°C for β-globin. A final melting curve was performed with continuous acquisition 

between 60° and 95°C. HTLV-1 DNA copy number was calculated from the standard curves 

and standardized to the number of β-globin copies divided by 2 and reported as HTLV-1 

DNA copies/100 PBMCs (%). Genomic DNA was extracted from PBMCs using QIAamp 

DNA mini kit a (Qiagen). 

 

2.2.7. Vectorette assay 

The integration site analysis is performed to detect HTLV-1 integration site host 

flanking sequences and clonal expansion of HTLV-1 bearing T-cells. The technique involves 

ligation of a vectorette linker to fragmented genomic DNA, which enables PCR amplification 

between known sequences in the viral LTR and the linker using two specific proviral primers, 

BIO2 and BIO3. This method is adopted to investigate clonality in ATL and non ATL 

HTLV-1 infection. 

 

            2.2.7.1. Method 

A linker mediated PCR assay was developed based on the VectoretteTM Genomic 

Systems (Sigma –Aldrich, USA).  The method enables PCR amplification of DNA sequences 

which lie between a single known primer and a nearby restriction site. The linkers (or 

vectorette units) consist of a pair of annealed oligonucleotides that contain two regions of 

complementary nucleotide sequence flanking a non-complementary segment. The 5' terminus 

of one of these complementary regions is phosphorylated and displays a restriction enzyme-

specific sticky end that permits ligation of the linkers (vectorette units) to both ends of a 

restriction fragment. Primers VP1 and VP2, directed toward the phosphorylated end, have 

most of their sequences in the non-complementary region of the vectorette. These 
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oligonucleotides cannot function as PCR primers on vectorette units without synthesis of a 

complementary strand from a primer located in the ligated DNA. Thus, although vectorette 

units will ligate to themselves and to all restriction fragments with matching ends, only DNA 

flanked by a specific primer and a vectorette will be amplified.  

Construction of the Vectorette unit: four vectorette units, one for each restriction 

site chosen, were constructed and are detailed in appendix 3. For each vectorette the upper-

arm oligonucleotides were combined with the corresponding lower arm oligonucleotides at a 

final concentration of 10 µM, in annealing buffer (100 mM Tris-HCl, pH 7.5, 1 M NaCl, 10 

mM EDTA). The oligonucleotide solution was heated to a temperature of 94° C for 10 

minutes and then removed from the heating block and allowed to cool slowly to room 

temperature (at least one hour). The 10 µM annealed vector solutions were stored as a stock 

solution at -20°C. 

The Vectorette system consists of three key steps: 

1. Digestion of genomic DNA with restriction enzymes 

2. Ligation of the Vectorette units to the restriction digested DNA fragments, 

generating a Vectorette library. 

3. PCR using one primer directed at the Vectorette unit and a primer targeting 

the known DNA sequence. This allows PCR of a fragment of DNA between the known 

sequence and the restriction site used to cut the target DNA. 

Digestion: One microgram of DNA is digested using four restriction endonucleases 

(ApaL1, Acl1, EcoR1 and Pci1 (New England Biolabs Inc.), none of which cut within the 

HTLV-1 genome.  A DNA library with an average fragment length of 1000 base pairs was 

generated, thus minimising bias arising from preferential PCR amplification of shorter 

products. 

Ligation: One µl of each Vectorette units is ligated to the digested DNA sample 

(diluted 10 times with water) using 1 unit of T4 DNA ligase (New England Biolabs, UK). 

The reaction is incubated at room temperature for 15 minutes and the ligated DNA (diluted 

1/5) is used as a template for the Linker mediated PCR. 

Linker mediated PCR: Two step touchdown PCRs are carried out using one primer 

identical to a sequence in the mismatched region of the vectorette (VP1 for the first round 

and VP2 for the second round) and one primer specific for the HTLV-1 5´ long terminal 

repeats (BIO2 for the first round and BIO3 for the second round). For a 25 µl PCR reaction 

the following reagents were combined in a sterile microcentrifuge tube: 
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First round: one µl of Vectorette library, 2.5 µl of 10x PCR buffer, 0.5 µl of 10mM 

dNTPs mix, 0.25 µl of 10µM Vectorette primer 1(VP1), 2.5 µl of 10µM HTLV-1 specific 

primer (BIO2), 1.25 µl of 1U/µl Taq DNA polymerase (JumpStart REDAccuTaq LA DNA 

polymerase, Sigma-Aldrich, St. Louis, MO). Reaction is amplified using the following 

conditions: 94°C, 15 seconds, 70°C, 5 minutes – 4 cycles; 94°C, 15 seconds, 68°C, 5 minutes 

– 25 cycles; 68°C, 10minutes – 1cycle 4°C. PCR product is diluted 1 in 5 before second 

round is performed. 

Second round: one µl of ligated DNA, 2.5 µl of 10x PCR buffer, 0.5 µl of 10mM 

dNTPs mix, 1 µl of 10µM Vectorette primer 2(VP2), 1 µl of 10µM HTLV-1 specific primer 

(BIO3), 1.25 µl of 1U/µl Taq DNA polymerase. Reaction is amplified using the following 

conditions: 94°C, 15 seconds, 70°C, 5 minutes – 4 cycles; 94°C, 15 seconds, 68°C, 5 minutes 

– 40 cycles; 68°C, 10minutes – 1cycle 4°C. 

Samples are analysed in triplicate to distinguish dominant bands (present in all 

replicates) from the polyclonal background (bands not present in all replicates) as shown in 

figure 2.6. If a clone has a large number of cells, it will be detected consistently in every 

replicate that uses these PCR-based assays and will be considered a dominant clone. If a 

clone has only a small number of cells, it will be detected inconsistently and will be 

considered a minor clone. We defined a Dominant band as a band present consistently in all 

the replicates of the test, and divided the clonal patterns in:  monoclonal, oligoclonal and 

polyclonal. 
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Figure 2.6. Vectorette assay 

Vectorette assay showing multiple small clones with no dominant band (A), dominant band (B) and dominant band on polyclonal background 

(c) respectively. All samples tested in triplicates. 
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2.2.8. Ligation mediated PCR followed by high throughput sequencing 

Ligation mediated PCR followed by high throughput sequencing (LMPCR-HTS) 

technique was used to study the clonality within infected cells in patients with non-malignant 

HTLV-1 infection and ATL. LMPCR-HTS is the technique of choice to determine the 

number and size of infected clones. 

LMPCR-HTS is based on the principle of splinkette PCR wherein the unknown 

genomic sequencing (human genome) flanking the known genomic sequence (HTLV-1 

genome) are selected and amplified by two rounds of nested PCR. The PCR products are then 

sequenced using a next generation sequencing platform.  The output reads are then aligned to 

human and HTLV-1 genomes to confirm the site of HTLV-1 integration in the human 

genome as well as provide quantitative measure of the size of the clones. 

Gillet et al first proposed an LMPCR-HTS technique based on DNA sonication to 

generate random fragments followed by splinkette PCR and high throughput sequencing(35). 

They identified hundreds of thousands of infected clones in patients with HTLV-1 infection. 

The clonal size was estimated by extrapolation from a standard curve and showed a single 

dominant clone contributing more than 90% of the infection burden in the majority of 

patients with ATL and absence of a dominant clone (largest clone less than 10% of infection 

burden) in patients with non-malignant HTLV-1 infection.  Berry et al provide a 

mathematical model to estimate clonal size. They raised concerns about the accuracy of using 

extrapolation from standard curve to determine clonal size(140). Firouzi et al proposed an 

alternative approach wherein a unique molecular barcode was introduced to each DNA 

fragment to accurately quantify the clonal size(103). This provides direct measure of clonal 

size. However, extensive bioinformatics support, including access to a supercomputer, is 

needed. In addition, both of the aforementioned techniques require custom multiplexing 

barcodes and HTLV-1 specific sequencing primers. 

In order to overcome some of the difficulties, we optimized the library preparation 

protocol adding multiplexing barcodes of the NEXTERA XT Kit (Illumina) and generic 

illumina sequencing primers to the technique of sonication, splinkette PCR and unique 

molecular barcode. The purpose of LMPCR is to generate a PCR template which includes the 

unknown human genome abutting the HTLV-1 genome as well as flanking oligonucleotide 

sequences which contain the flow cell binding primer (to bind to the high throughput 

sequencing platform), multiplexing barcode (to analyse multiple samples), sequencing primer 
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(to start sequencing reaction) and unique molecular tags (to improve clone quantification) as 

shown in figure 2.7. The final PCR product of our LMPCR compared to previously published 

methods is shown in figure 2.7. This is achieved by designing custom linker, PCR1 and 

PCR2 primers. I confirmed that the PCR product of the new assay was correct by comparing 

with LMPCR using previously published primers and with my primers on restriction enzyme 

digested DNA from Tarl2 (positive control) and Jurkat cell lines. The gel electrophoresis 

images are shown in figure 2.8. Figure 2.8A shows a single LMPCR product ~ 250 bp and a 

smear by using previously published primer by Gillet et al, figure 2.8B shows a single 

LMPCR product ~ 250 bp and shows a single LMPCR product of slightly bigger size ~ 250 

bp a smear by using previously published primer by Gillet et al and my primer respectively 

and; Figure 2.8C shows a single LMPCR product ~ 250 bp and a smear by using my primer.  

Subsequently we confirmed the integration site on Chromosome 13 of the rat genome using 

high throughput sequencing. 

We devised a bioinformatics pipeline using Shell and R based codes which can be 

performed using a standard personal computer. These interventions make it feasible to 

perform a large number of analyses with a low sample input. 

This integration site analytic technique can be translated into clinical practice for 

routine diagnosis and monitoring. The details of the methods are described in Wet 

experiment and in silico analysis below. 

 

            2.2.8.1. Wet experiment 

The wet experiment involves four steps: 1.DNA isolation and shearing; 2. Pre-PCR 

manipulations (end repairs and ligation); 3. PCR1 and PCR2 and library quality control(QC); 

4. Library sequencing. This is summarized in figure 2.9. and the reaction mixtures are shown 

in appendix 4. Each step was carried out in a specific room and the sample flow was 

unidirectional, to minimize the risk of PCR contamination.
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Figure 2.7. LMPCR design 

 
Schematic picture of desired (A), previously published (B&C) and our (D) LMPCR product. P5 and P7 are flow cell (FC) binding 

primer. Read 1 and 2 SP are sequencing primer. TAG is the 8bases unique molecular barcode. 
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Figure 2.8. Confirmation of desired LMPCR product 

 
Gel electrophoresis images of LMPCR product of Tarl 2(+, positive control ) and Jurkat (-, negative control) DNA using previously used 

primers (Gillet et al, labelled 1) and our designed primer (labelled 2).  Figure  A showed presence (1+) and absence (1-) of single band over a 

smear (1+) by LMPCR of positive and negative control DNA using Gillet et al  primers. Figure B shows single band of slight bigger size using 

our method (2+) compared to  Gillet et al method (1+)  and figure C shows   presence (1+) and absence (1-) of single band over a smear (1+) by 

LMPCR of positive and negative control DNA using our primers  respectively. 

A. B. C.

1+ 1-
2+ 1+

2+ 2-

Figure	2:	Gel	electrophoresis	images	of	LMPCR	product	of	Tarl 2(+)	and	Jurkat	(-)	using	CRMB
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Figure 2.9. LMPCR experiment plan 

 
 

a) LMPCR: The six steps of LMPCR consist of random fragmentation by sonication of genomic DNA , end repair, 3’ A tailing, linker 

ligation and two rounds of  nested PCR to generate an amplicon. b) Amplicon structure: This consist of the flow cell binding primer (P5), 

multiplexing barcode (i5), read 1 sequencing primer, 3’ HTLV sequence, unknown human sequence, unique molecular barcode (TAG), read 2 

sequencing primer, multiplexing barcode (i7) and flow cell binding primer (P7) in 5’->3’ orientation  
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2.2.8.1.1.		DNA	isolation	and	shearing: DNA was isolated from fresh and 

formaldehyde fixed cells using the technique described DNA was quantified flurometrically 

using Qubit dsDNA BR Assay Kit (ThermoFisher scientific, USA). One microgram of DNA 

in a volume of 100µl of Elution Buffer (EB, Qiagen) were sheared by sonication with a 

Covaris instrument (Covaris). The operating conditions were the following: water bath at 6 to 

8°C, 5 seconds at 20% duty cycle, intensity level 5 and 200 cycles per burst and 90 seconds 

at 5% duty cycle, intensity level 3 and 200 cycles per burst. 

 

2.2.8.1.2.	End	repair,	A	tailing	and	linker	ligation: Sonicated DNA ends were end-

repaired using 15 units of T4 DNA polymerase (New England Biolabs, Ipswich, 

Massachusetts), 5 units of DNA polymerase I Klenow fragment (New England Biolabs), 50 

units of T4 polynucleotide kinase (New England Biolabs) and 0.8 mM of dNTP (Sigma) in 

T4 DNA ligase buffer (NEW ENGLAND BIOLABS ) at 20°C during 30 min. DNA was then 

cleaned using a Qiaquick PCR purification kit (Qiagen) and eluted in 64µl of EB. Addition of 

an adenosine at the 3’ ends of the DNA was performed by adding 0.2mM of dATP (Sigma) 

and 15 units of Klenow Fragment 3’ to 5’ exo- (NEW ENGLAND BIOLABS) in buffer 2 

(New England Biolabs) at 37°C for 30 min. DNA was then cleaned using a Qiaquick PCR 

purification kit and eluted in 40µl of EB. One hundred pmol of a partially double stranded 

DNA linker was ligated to the DNA ends using a Quick ligation kit (New England Biolabs). 

Three different linkers were constructed, each one with a specific 8 bp multiplexing barcode 

(similar to i7 barcode from NEXTERA XT kit), 8 random nucleotide unique molecular 

barcode [TAG], illumina read 2 sequencing primer and flow cell binding primer (P7) as list 

in primer list below.  DNA was cleaned using a Qiaquick PCR purification kit and eluted in 

105µl of EB. 

 

2.2.8.1.3.	Polymerase	chain	reactions: The 105 µl of ligated product was then split 

into 3 aliquots of 35µl and each aliquot was used in a separate PCR1 reaction. For each PCR 

reaction, 35µl of ligated product was mixed with 0.2mM of dNTP (Sigma), 50pmol of BIO3 

primer (binds HTLV-1 LTR), 10pmol of BIO4 primer (which anneals to the strand of the 

linker generated by the amplification from Bio3), 1 unit of Phusion DNA polymerase 

(Finnzyme, New England Biolabs) in High Fidelity buffer (Finnzyme, New England 

Biolabs). The following thermal protocol was used: 96°C 30sec; (94°C 5sec, 72°C 1min) 7 

cycles; (94°C 5 sec, 68°C 1 min) 23 cycles; 68°C 9 min; hold 4°C until user stops. The 3 
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PCR1 products, derived from the same sample were then pooled, the DNA cleaned using a 

Qiaquick PCR purification kit and eluted in 150µl of EB. To perform PCR2, 1ul of the 

cleaned PCR1 product was mixed with 0.2mM of dNTP (Sigma), 25pmol of P5BIO5, 

25pmol of P7 primer (binds the linker), 1 unit of Phusion DNA polymerase in High Fidelity 

buffer. Six different P5BIO5 primer were constructed to include HTLV-1 LTR binding 

primer (BIO5), a specific 8bp multiplexing barcode (similar to i5 barcode from Illumina 

NEXTERA XT kit), Illumina read 1 sequencing primer and flow cell binding primer (P5) 

respectively. The following thermal protocol was used: 96°C 30sec; (94°C 5sec, 72°C 1min) 

7 cycles; (94°C 5 sec, 68°C 1 min) 23 cycles; 68°C 9 min; hold 4°C until user stops. The 

sequences of B3, B4, P5B5 and P7 primers are listed in appendix 5. DNA was then cleaned 

using a Qiaquick PCR purification kit and eluted in 50µl of EB. 

 

2.2.8.1.4.	Library	QC	and	sequencing: The PCR2 products were quantified using 

Qubit dsDNA BR Assay Kit and fragment size checked by High Sensitivity D1000 Screen 

Tape on a Bioanalyser Tape Station (Agilent). Four µM concentration of each PCR2 product 

was then prepared using quantity and size data using the formula given below 

Molarity(nM)= ng/ul X 10^6/(median fragment size*607.4)+157.9 

A library was constructed by pooling the different PCR2 products (each one 

possessing two specific multiplexing barcodes). The pooled library along with 5% PhiX 

spiking was loaded on MiSeq sequencer using MiSeq Reagent Micro Kit, v2 (300 cycles) to 

generate two 8 bp multiplex barcode reads and two 150 bp sequencing reads.  The run was 

quality checked using sequencing analysis view for clustering and Fastq metrics.  On-board 

MiSeq reporter was used to generate two Fastq files (Read 1 and Read 2 for forward and 

reverse direction respectively) for each sample by de-multiplexing using the two barcodes. 
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Figure 2.10. Bioinformatics flowchart for LMPCR-HTS 
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a) Integration site read alignment: The 66-150 bases of filtered integration site (IS) reads are aligned to reference human 

genome (hg38). The 6-65 bases of Aligned IS reads are then aligned to reference HTLV genome to get Aligned True IS reads. b). Shear 

site read alignment: The 22-150 bases of filtered shear site (SS) read are aligned to reference human genome (hg38) which is used to filter the 

TAGs. All alignments were performed using Bowtie2 and filtering by Trimmonatic tools respectively.  c) Integration site identification and 

quantification: The Aligned True IS, Aligned SS and TAG are merged using flow cell location to get amplicons, each with specific TAG using. 

All amplicons with same start location are identified as one integration site. All amplicons with same size within each integration are quantified 

as one shear sites. The duplicates are count of all amplicons within each shear site of an integration site while sisters are amplicons with unique 

TAGs. All read illustrated in 5’ -> 3’ orientation. 
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2.2.8.2. In silico analysis 

In silico analysis consist of two steps: 1. Read manipulation and alignment and 2. 

Integration site identification and quantification respectively. The analysis pipeline is shown 

in figure 2.10. 

The following definitions were used. Read 1 (Forward read) provides information 

about the human genome flanking the HTLV-1 genome and hence is known as the 

“integration site (IS) read” while Read 2 (Reverse read) provides information about the 

random shearing of human genome and hence is called the “shear site (SS) read” 

respectively.  An “amplicon” is a molecule generated during LMPCR and its size is the 

distance between start of IS read and end of SS read; “A unique integrate site” is the sum of 

all amplicons sharing the same human genomic coordinate of IS read and is a marker of the 

individual infected clone. “shear count” are the sum of amplicons with different shear sites 

but the same unique integration site; “duplicates” are the total number of amplicons with 

same integration and shear sites while “Sisters” are amplicons from same integration site with 

unique TAGs. “Corrected duplicates” and “Corrected sister” are sum of duplicates and sisters 

for all shear sites with the same integration site. Shear count, Corrected duplicates and sisters 

are the measure of size of each clone. 

 

2.2.8.2.1.				Read	manipulation	and	alignment:  IS and SS read fastq files generated 

for each sample were quality check by freely downloadable JAVA runtime environment 

FastQC tools (Babraham Bioinformatics). Before read mapping, clean reads were obtained by 

removing reads that contained adapter or poly-N, and low quality reads from raw data by 

using Trimmomatic, a flexible read trimming tools (Version 0.36,(141)). At the same time, 

Q20, Q30, and GC contents of the clean data were calculated using FastQC (Babraham 

Bioinformatics). 

IS reads with more than 101 bases containing 5 random nucleotides (inserted to 

generate good quality sequences), 60 bases from HTLV 3’UTR region and at least 36 bases 

of unknown flanking sequencing (minimal requirement for good quality alignment) were 

filtered using Trimmomatic. The filtered IS read were than aligned to human reference 

genome, hg38 (University of California Santa Cruz [UCSC]) and HTLV reference genome 
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(taxamony:11108) using Bowtie2 sequencing read alignment tools(142). These reads were 

hence a true integration site and saved as a True IS SAM file. 

SS read with length of more than 57 bases containing TAG (8 bases), linker 

optimization sequence (13 bases) and at least 36 bases unknown flanking sequencing 

(minimal requirement for good quality alignment) were filtered using Trimmomatic tools. 

The filtered SS read were then aligned to the human reference genome, hg38 (University of 

California Santa Cruz [UCSC]) using Bowtie2 sequencing read alignment tools (142) with 

settings to ignore 21 bases from 5’end and to output SS aligned SAM files and aligned SS 

reads files. Eight bases from the 5’ end of aligned SS read were trimmed to get the TAG files 

for reach SS files. Aligned true IS and aligned SAM files were converted in bed format using 

samtools (143) and bed tools (144) while TAG fastq file was converted to bed files using 

generic R console tools. 

 

2.2.8.2.2.	Integration	site	identification	and	quantification:  Aligned true IS, 

aligned SS and TAG files for each sample were than imported and merged on bases on 

unique flow-cell location ID using generic R console tools.  The merged data was filtered 

using the following setting: the distance between the start of Aligned true IS and aligned SS 

alignment to be 1000 bases, mapping quality score of more than 10 for both Aligned true IS 

and aligned SS and opposite strand orientation of True IS and Aligned SS respectively. A 

shear site was defined as all amplicons of the same size and shear count is the number of 

distinct shear sites for each unique integration site.  A unique sister was deduced by matching 

the unique molecular Tag (8 bases allowing for 2 mismatches) of all the duplicates of an 

unique integration site using Biostring packages.    Total amplicon with same integration site 

were counted as corrected duplicated count and total amplicon with distinct molecular tag 

were counted as corrected sisters. The number of unique sisters was calculated from 

duplicates by matching the 8 bases of TAG allowing for 2 mismatches using Biostring 

packages. I also determined the estimated sister count using the previously published 

formula: 

scorr =EXP( LN( MIN(50,s) ) + 1.18*MAX(0,LN(s)-LN(50)) + 0.707*MAX(0, 

LN(s) - LN(50))^2) 

where s is the number of distinct shear sites observed and scorr is the number of 

distinct sisters expected. 
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Misreading of the multiplexing barcode during the sequencing could lead to the 

attribution of a particular insertion site to different samples. We solved this issue by taking 

into account not only the two-multiplex barcode demultiplexing but also the total number of 

distinct shear sites and the total number of reads for a given insertion site to attribute the 

insertion site to the correct sample. Finally, control DNA (from a human T-cell line (Jurkat) 

uninfected by HTLV-1) was run on every lane of each flow cell to assess the effectiveness of 

our quality control procedures. 

The relative abundance (rel_abs) was calculated by the ratio of corrected sister count 

for a unique integration site to sum of corrected sister for all integration site and expressed as 

percentage. The absolute abundance (abs_abd) of a given UIS (number of a particular 

insertion site per 10,000 PBMCs) was calculated as follows: 

Abs_abd=rel_abs * PVL 

The absolute abundance of a given UIS (in number of copies per 10,000 PBMCs) is 

equal to the absolute abundance of the T-cell clone carrying that provirus (in number of cells 

per 10,000 PBMCs) only when that clone carries one provirus per cell. It has been shown that 

the infected T-cell may carry more than one provirus in only minority of infected clones in 

both non-malignant HTLV-1 infection and ATL. 

The Oligoclonality index (OCI) was calculated using gini function from reldist R 

packages as described by Gillet et al. 

 

            2.2.8.3.  Validation 

We validated our technique by comparing the results of our assay with other viral 

integration site analysis including LMPCR-HTS technique by Gillet et al (Tarl 2, LGL, TBG) 

and vectorette (LGL, TCD, TBG, HHQ). We also validated the results with clonality analysis 

using T-cell receptor (TCR) sequencing. 

 

2.2.9. RNA sequencing 

RNA-seq was performed on DNase-treated samples using TruSeq Stranded mRNA 

Library Prep Kit (Illumina, United States) as per the manufacturer’s instructions. All sorted 

cells had the highest RNA quality (> 100 ng RNA and RNA quality score ≥ 8).  All 
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sequencing was performed using 50 nucleotide paired-end reads on an Illumina HiSeq 4000 

instrument at the Imperial biomedical research centre (BRC) genomics facility, London, 

United Kingdom. 

 

           2.2.9.1. Analysis of T-cell receptor clonality 

MiXCR software (145) with standard settings was used to identify TCR alpha and 

beta CDR3-containing reads present in the RNA sequencing data, generating a list of CDR3s 

(individual clones) and their relative abundances (clonal fraction = reads of individual 

clone/reads of all clones). Due to allelic exclusion, each T cell clone should only express one 

beta chain (32), therefore the most abundant beta clonotype (if present, otherwise alpha) was 

used to define the relative abundance of the clonal T cell in each subject. 

 

            2.2.9.2. Mapping and identification of differentially expressed genes 

Before read mapping, clean reads were obtained by removing reads that contained 

adapter or poly-N, and low-quality reads from raw data by using Trimmomatic, a flexible 

read trimming tools (Version 0.36). At the same time, Q20, Q30, and GC contents of the 

clean data were calculated using FastQC (Babraham Bioinformatics). All the downstream 

analyses were based on the high quality clean data. The normalized and differential gene 

expression was performed using the new Tuxedo pipeline(146). The clean reads were aligned 

to the human genome (version: GRCH38) using the HISAT2 program (V2-2.0.1). We applied 

Stringtie (Version 0.36) and Ballgown algorithms to identify the significantly differentially 

expressed genes (p<0.05). Cytokine, chemokine and their receptors gene expression was 

extracted from the differential gene expression data. Hierarchical clustering was performed to 

generate an overview of the characteristics of the cytokine gene expression profiles, based on 

values of significantly differentially expressed transcripts. 
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2.2.10. Statistics 

Statistical analysis was performed using Graphpad Prism software©.  The 

significance of difference in continuous variables between multiple patient groups was 

determined by a Kruskal-Wallis test with Dunn post-test analysis. The significance of 

difference in continuous variables between two cell subsets was determined using a 

Wilcoxon signed-rank test. The significance of difference in contingency variables was 

determined by a chi-squared test. Differences were considered statistically significant if p 

<0.05.  The correlation between two continuous variables was determined by a non-

parametric Spearman test. The Spearman correlation was considered significant for p<0.05 

and showing a trend if the p value was between 0.05 and 0.1 

A classification tree was constructed to identify the hierarchical organisation of 

plasma cytokine concentration in ACs, patients with HAM and patients with ATL. The 

classification tree was produced using a Recursive Partitioning and Regression Trees 

(RPART) analysis in R. 

The network analysis was performed using NodeXL©.  In the analysis, absolute 

CD3+, CD4+ and CD8+ cell counts and PBMC PVL were used as cellular variables, and 

plasma cytokine concentrations were used as cytokine variables. The cellular and cytokine 

variables were used as edges of the network while the Spearman correlates between nodes 

were used as vertices. Vertices with at least a significant trend on Spearman correlation (p 

<0.1) were included. The layout was performed using Harel-Koren Fast multiscale. 
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Chapter 3. Immunophenotype of adult T-cell 

leukemia/lymphoma (ATL) cells and presence of ‘ATL-like’ cells 
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3.1. Chapter Abstract 

 

Adult T cell leukemia/lymphoma (ATL), a human T lymphotropic virus type 1 

(HTLV-1) –associated disease, has a highly variable clinical course. ATL is classified into 

four subtypes with therapeutic and prognostic implications. However, there are overlapping 

features between ATL subtypes and between ATL and non-malignant HTLV-1 infection 

complicating diagnosis and prognostication.  To further refine the diagnosis and prognosis of 

ATL we characterized the immunophenotype of HTLV-1-infected and ATL cells in patients 

with non-malignant HTLV-1 infection and ATL.  We hypothesize that the immunophenotype 

of infected cells in ATL is different from non-malignant HTLV-1 and informs prognosis. 

A retrospective study of peripheral blood samples from ten HTLV-1-uninfected 

subjects (UI), 54 patients with non-malignant and 22 with ATL HTLV-1 infection was 

performed using flow cytometry.  All patients with ATL had CD4+CCR4+CD26- 

immunophenotype and the frequency of CD4+CCR4+CD26- T cells correlated highly 

significantly with the proviral load in non-malignant infection suggesting 

CD4+CCR4+CD26- as a marker of HTLV-1 infected cells. Sorted CD4+CCR4+CD26-T 

cells from patients with non-malignant HTLV-1 infection had a PVL of 85% confirming this 

phenotype as marker of HTLV-1 infected cells. Further gating on CD4+CCR4+CD26- 

(HTLV-1 infected) cells revealed that in 95% patients with ATL these cells were CD7- (≤ 

30% CD7+ cells) whereas in 95% patients with non-malignant HTLV-1 infection these cells 

were CD7+ (>30% CD7+ cells).  Furthermore, in all patients with aggressive ATL these cells 

expressed CCR7+ (≥30% CCR7+ cells), whereas in 92 % of patients with indolent ATL and 

in 100% of those with non-malignant HTLV infection these cells had a CCR7- (<30%) 

immunophenotype.  Finally, in patients with non-progressing indolent ATL these ‘ATL-cells’ 

were also CD127+ (> 30% CD127 + cells) but those with progressive lymphocytosis 

requiring systemic therapy had a CD127- (≤ 30%) immunophenotype. CD4+CCR4+CD26-

CD7- cells were also present in patients with non-malignant HTLV-1 infection and nine 

percent of patients had a dominance of these cells, similar to ATL. 

In summary, HTLV-1-infected cells have a CD4+CCR4+CD26- immunophenotype 

with loss of CD7 characterizing ATL. CCR7+ phenotype identifies aggressive ATL, while 

CCR7- CD127- phenotype identifies progressive indolent ATL. ‘ATL-like’ cells are present 

in patients with non-malignant HTLV-1 infection and in 9% of these patients these cells are 

predominant, similar to ATL. 
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3.2 Introduction 

The diagnosis of ATL is based on clinical features, morphology (lymphocytes with 

characteristic ‘flower cell’ morphology), immunophenotyping (CD3+CD4+CD25+CD7-) and 

serological evidence of HTLV-1 infection(41). However, some of these features are also seen 

in patients with non-malignant HTLV-1 infection (i.e. AC and patients with HAM). This 

makes diagnosis difficult in some cases. ATL has a highly variable clinical course ranging 

from asymptomatic blood test abnormality to rapidly fatal multisystem disease.  Shimoyama 

et al first proposed classification of ATL into four subtypes:  smoldering, chronic, acute and 

lymphoma.  Smoldering and chronic ATL were suggested to have an indolent course while 

acute and lymphoma an aggressive course(36). However, there are overlapping features 

between ATL subtypes making the classification difficult. Since most ATL arise de novo 

from non-malignant HTLV-1 infection, there is an urgent need for better markers to diagnose 

pre-clinical ATL in the patients at high-risk. In addition, markers to identify indolent disease 

at risk of progression and treatment refractory disease will help devise best treatment 

strategies. We hypothesize that the immunophenotype of infected cells in ATL is different 

from non-malignant HTLV-1 and informs prognosis.  The aim of the current study was 

detailed immunophenotypic characterization of HTLV-1 infected cells in patients with non-

malignant and ATL to improve the diagnosis and prognostication of ATL. 

The HTLV-1 infection burden comprises thousands of small clones in non-malignant 

infection with the emergence of a large leukemic clone in ATL (35, 120). HTLV-1 infected 

cells are difficult to identify on the basis of expression of HTLV-1 viral proteins as they are 

not detected in un-manipulated in vivo infected cell.  Tax, the HTLV-1 positive strand viral 

protein is expressed only in subsets of infected cells on ex-vivo culture. HBZ, the HTLV-1 

negative strand viral protein has low level mRNA expression but there is no readily available 

antibody for direct staining of this protein at present. Hence aberrant expression of host cell 

markers are used as surrogate markers of HTLV-1 infection. The commonly used 

immunophenotype of ATL cells is CD3+CD4+ CD25+CD7-.  However, cells with this 

immunophenotype are also present in uninfected healthy individuals and in patients with non-

malignant HTLV-1 infection. To identify patterns associated with ATL and non-malignant 

HTLV-1 infection the expression of T-cell-associated markers including co-stimulatory 

molecules (CD4 and CD8), surface markers (CD7 and CD26), interleukin receptors (CD25 

and CD127) and chemokine receptors (CCR4 and CCR7) were analyzed. Interleukin 2 (IL-2) 

and IL-7 contribute to activation and homeostatic proliferation of mature T cells via their 
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receptors CD25 and CD127 respectively. Immune T-cell activation associated with chronic 

viral infections including asymptomatic carriage of HTLV-1 leads to upregulation of CD25 

and downregulation of CD127 on T cells (147). ATL cells have been shown to express CD25 

as well as secrete IL-2 leading to auto- and paracrine proliferation (80). CCR4 and CCR7 

facilitate homing of mature T cells to skin and lymph nodes respectively. HTLV-1 infected 

cells express CCR4 as well as secrete its ligand MDC to facilitate infection spread (148). 

CCR4 and CCR7 expression by ATL cells correlates with skin and nodal involvement (77, 

87). CD7 is an immunoglobulin superfamily receptor involved in apoptosis regulation and is 

expressed on normal CD4 T cells. CD7 expression is frequently lost in ATL and is associated 

with poor prognosis (74). CD26/dipeptidyl peptidase IV (DPPIV), a T-cell–activation 

antigen, is expressed on normal CD4 T cells. CD26 expression is frequently lost in non-

malignant HTLV-1 infection and ATL by means of epigenetic machinery (75). 

 

3.3. Results 
3.3.1. Baseline patient characteristics 

Patients with HAM as well as AC with high or low HTLV-1 PVL were selected 

randomly from the cohort to represent the spectrum of non-malignant HTLV-1 infection. 

Patients with chronic and acute ATL were selected for the study of indolent and aggressive 

ATL respectively as these have circulating malignant cells. The samples from all patients 

with indolent ATL and four of the patients with aggressive ATL were collected at diagnosis 

while in the six patients with aggressive ATL samples were collected at relapse. 

Baseline demographic and clinical characteristics of the study population are shown 

in Table 3.1. There was no significant difference in age, or ethnicity between AC, patients 

with HAM, indolent and aggressive ATL. Males were more common in the ATL cohort than 

in the non-malignant infection cohort, reflecting the known pattern of gender prevalence in 

these sub-groups (p = 0.06). The total lymphocyte count, relative frequency of CD4+ T cells 

and PVL was significantly higher in patients with indolent and aggressive ATL compared to 

AC and HAM (p<0.0001). None of the 54 patients with non-malignant HTLV-1 infection 

progressed to overt ATL during a median of 68.5 months observation. 

Ten out of the 12 patients with indolent ATL had the unfavorable subtype according 

to the by Shimoyama classification. Five patients with indolent ATL (two favorable and three 

unfavorable) had stable lymphocytosis after a median of 40 months’ follow up and did not 



84 

 

84 

 

require systemic ATL therapy. Seven patients required systemic therapy: five had progressive 

lymphocytosis > 1010/L, one had lymphomatous and one acute transformation at a median of 

4.6 months after first assessment. The patients with progressive lymphocytosis (chronic ATL) 

and lymphomatous transformation achieved complete remission (CR) on treatment with 

AZT+ IFNα and combination chemotherapy respectively.   The patient with acute ATL 

transformation achieved a short duration partial remission (PR) and is described in detail 

below. 

All ten patients with aggressive ATL received systemic therapy as first and second 

line treatment. All patients received combination chemotherapy while nine also received 

AZT+IFNα. Two patients responded (1 CR, 1 PR) to first line treatment but suffered relapse 

within 3 months while eight patients had progressive disease. None responded to second line 

treatment. 
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Table 3.1. Baseline patient characteristics 

  

 
Characteristics non-malignant ATL 

Difference 
between 
the four 
groups (Median; range) AC HAM Indolent Aggressive 

Numbers 26 28 12 10 Na 

Age 56.6 59.8 55.2 62.6 

p=0.17 
in years (31.4-75.8) (23.9-82.4) (33.6-

75.8) (49.4-75.5) 

Sex     

p=0.06 Male 2 6 4 4 
Female 24 22 8 7 

Ethnicity     

p=0.12 Afro Caribbean 20 22 12 10 
Others 6 6 0 0 

Lymphocyte count 1.7 2.1 10.2 16.6 
p<0.0001 

(109/L) (1-3.8) (1.2-4.3) (3.8-77.5) (6.5-83) 

CD 4 T cells/ 
Lymphocytes (%) 

50 50 84 86 
p<0.0001 

(24-66) (35-61) (62-97) (72.5-98.1) 

Proviral load (%) 
7 8.5 53.3 51.4 

p<0.0001 
(<0.1-27.9) (0.4-63.3) (22.7-177.9) (22.6-145.5) 

Systemic ATL 
therapy None None 7* 10 NA 

Treatment response NA NA 
CR (6), 
PR (1) 
*/** 

CR (1) **, 
PR (1) **, 

PD (8) 
NA 

* One chronic ATL transformed to acute ATL. **Developed progressive disease within 3 months. 
Abbreviations AC: Asymptomatic carrier, HAM: HTLV-1 associated myelopathy ATL: Adult T-

cell leukaemia/Lymphoma CR: complete remission, PR: Partial remission, PD: Progressive 
disease 
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3.3.2. CD4+CCR4+CD26- is the immunophenotype of HTLV-1 infected cells 

A representative plot of the expression of CCR4, CD25 and CD26 within CD4+ T 

cells is shown in figure 2.2. The frequency of CCR4+ in CD4+ T cells showed a significant 

stepwise increase from uninfected individuals through non-malignant to ATL as shown in 

figure 3.1A.  The increase in CD4+CCR4+ T cells was predominantly due to CD26- and 

CD25+ cells as shown in figure 3.1B and 1C respectively. CD26+ cell frequencies showed a 

significant stepwise decrease from uninfected individuals through patients with non-

malignant HTLV-1 infection to ATL. CD25+ cell frequencies were higher in patients with 

non-malignant HTLV-1 infection and ATL than in uninfected individuals but there was no 

difference between non-malignant infection and ATL. 

The PVL is the measure of infected cells in PBMCs by HTLV-1 DNA copy numbers 

quantified per 100 PBMC. The PVL showed stronger correlation with CD4+CCR4+CD26- 

than with CD4+CCR4+ or CD4+CCR4+CD25+ T cells in patients with non-malignant 

HTLV-1 infection as shown in figure 3.1D.  There was no difference in the frequencies of 

these cells between ACs and patients with HAM. These data suggest CD4+CCR4+CD26- is 

the immunophenotype of the majority of infected cells in patients with non-malignant HTLV-

1 infection and ATL. 

To confirm CD4+CCR4+CD26- as the main reservoir of infection burden in patients 

with non-malignant HTLV-1 infection, CCR4-, CCR4+CD26+, and CCR4+CD26- subsets of 

CD4 T cells were sorted from eight patients (Four ACs and patients with HAM each) and 

proviral load was performed. As shown in Figure 3.1E the PVL was significantly higher in 

CCR4+CD26- (Median: 85.5%) than CCR4-(Median: 6.2%)   and CCR4+CD26+ (Median: 

19.4%) CD 4 T-cell subsets. The contribution to CD4 T cells PVL was significantly higher 

by CCR4+CD26- (Median: 82%) than CCR4-(Median: 3.8%)   and CCR4+CD26+ (Median: 

2.7%) CD 4 T-cell subset
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Figure 3.1. Immunophenotype of HTLV-1 infected cells 
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Aligned column plots showing significant stepwise change in CCR4+ (A) and CD26+ (B) within CD4+ and CD4+CCR4+ T cells 

respectively from uninfected individuals (UI, black) through patients with non-malignant HTLV-1 infection (green) to ATL (red). All ATL had 

CD4+CCR4+CD26- immunophenotype. C) CD25+ cells were higher in patients with non-malignant and ATL compared to UI but here was no 

difference between non-malignant and ATL. D) XY plots showing proviral load (PVL) had stronger correlation with CD4+CCR4+CD26- than 

CD4+CCR4+ and CD4+CCR4+CD25+ T cells in non-malignant HTLV-1 infection. E) Aligned column plots showing significantly higher PVL 

within sorted CCR4+CD26- compared to CCR4- and CCR4+CD26+ CD4 T-cell subsets. F) Aligned column plots showing significantly higher 

contribution to CD4 T cells PVL by sorted CCR4+CD26- compared to CCR4- and CCR4+CD26+ CD4 T-cell subsets. The bar represents 

median values and the dotted line the cut-off for positive expression. Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% 

confidence interval and spearman test respectively. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. r= spearman correlation 

coefficient. 
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All patients with ATL had CCR4+ (≥ 30% CCR4+ in CD4 T cells) and CCR4+CD26- 

(<30% CD26 expression in CD4+CCR4+ T cells) immunophenotype whereas only 77% had 

CCR4+CD25+ (≥30% CD25 expression in CD4+CCR4+ T cells) immunophenotype. Five 

patients with ATL (three indolent and two aggressive) had a CD4+CCR4+CD25- 

immunophenotype. There was no difference in lymphocytosis or other disease characteristic 

between patients with CD25+ and CD25- immunophenotype.  CCR4+, CCR4+CD26- and 

CCR4+CD25+ immunophenotype was also present in 76%, 68% and 82 % of patients with 

non-malignant HTLV-1 infection. 

In summary, these data suggest that CD4+CCR4+CD26- is a better 

immunophenotypic marker of infected cells than CD4+CCR4+CD25+ in both non-malignant 

HTLV-1 infection and ATL. There was an overlap of both these immunophenotypic markers 

between patient with non-malignant HTLV-1 infection and ATL suggesting these markers 

are not specific to the leukemic (ATL) cells in ATL. 

 

3.3.3. Diagnosis and prognostication of ATL 

CD7, Ki67, CD127 and CCR7 expression within the CD4+CCR4+CD26- T-cells was 

determined as shown in figure 2.2. 

 

            3.3.3.1. CD7- phenotype as diagnostic marker of ATL 

There was a stepwise decrease in CD7+ cell frequencies from uninfected individuals 

through patients with non-malignant to ATL as shown in figure 3.2A. Ninety-six percent of 

patients with non-malignant HTLV-1 infection had CD7+ immunophenotype (≥ 30% CD7+ 

within CD4+CCR4+CD26- T cells) whereas 95% patients with ATL had CD7- 

immunophenotype (< 30%). These observations suggest that CD4+CCR4+CD26-CD7- 

phenotype has high sensitivity and specificity to differentiate ATL and non-malignant 

HTLV-1 infection. 
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            3.3.3.2. CCR7+ immunophenotype as marker of aggressive ATL 

The CCR7+ cell frequencies within CD4+CCR4+CD26- T cells were significantly 

higher in patients with aggressive ATL than in those with either indolent ATL or non-

malignant HTLV-1 infection as shown in figure 3.2B. All patients with aggressive ATL had a 

CCR7+ (≥ 30% CCR7+ expression in CD4+CCR4+CD26- T cells) immunophenotype 

whereas 92% patients with indolent ATL, 100% with non-malignant HTLV-1 infection and 

100% uninfected individuals had CCR7- immunophenotype. 

 

           3.3.3.3. Ki67 expression for prognosis 

Ki67 expression within CD4+CCR4+CD26- T cells was determined in 22 patients 

with non-malignant HTLV-1 infection and 13 patients with ATL. Ki67 expression was 

significantly higher in patients with aggressive ATL compared to indolent ATL or non-

malignant infection as shown in figure 3.2C. This observation confirmed that the leukemic 

cells in aggressive ATL had higher proliferation rates than those in cases of indolent ATL 

and also showed proliferation of leukemic cells in indolent ATL is similar to infected cells in 

non-malignant HTLV-1 infection. 

 

            3.3.3.4. CD127- immunophenotype as a marker of indolent ATL with progressive 

lymphocytosis 

The CD127+ cell frequencies within CD4+CCR4+CD26- T cells were significantly 

lower in patients with indolent ATL and progressive lymphocytosis than those with non-

malignant HTLV-1 infection and indolent ATL with non-progressive lymphocytosis as 

shown in figure 3.2D.  All uninfected individuals, patients with non-malignant HTLV-1 

infection and indolent ATL with non-progressive lymphocytosis (n=5) had a CD127+ 

immunophenotype (≥ 30% CD127+ expression in CD4+CCR4+CD26- T cells) whereas 

patients with indolent ATL with progressive lymphocytosis (n=5) had a CD127- 

immunophenotype. Five out of six patients with aggressive ATL and samples collected at 

relapse following systemic therapy (two chemotherapy and three AZT + IFNα combination 

respectively) had CD127+ immunophenotype while all four samples taken at diagnosis had a 

CD127-immunophenotype.
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Figure 3.2. Immunophenotype for diagnosis and prognosis of ATL 
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Gated on CD4+CCR4+CD26- cells A) Aligned column plots showing significant stepwise decrease in CD7+ cells (A) from UI (black) 

through patients with non-malignant HTLV-1 infection (green) to ATL. CCR7+ (B) and Ki67 (C) cells were significantly higher in patients with 

aggressive ATL (red) compared to non-malignant and indolent ATL (orange). CD127+ cells (D) were significantly lower in indolent ATL with 

progressive lymphocytosis compared to those with non-progressive lymphocytosis and non-malignant HTLV-1 infection. The bar represents 

median values and the dotted line the cut-off for positive expression. Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% 

confidence interval. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001.
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3.3.4. ‘ATL-like’ cells in patients with non-malignant HTLV-1 infection 

Patients with high-risk non-malignant HTLV-1 infection (PVL>10%, n=20) had 

significantly higher frequency of CD7- within CD4+CCR4+CD26- T cells than those with 

low-risk as shown in figure 3.3A. This suggests that patients at high-risk of ATL have an 

increased frequency of ‘ATL-like’ cells. There was no difference in CD127 and CCR7 

expression between low-risk and high-risk.  CCR7+ and CD127- immunophenotype was not 

seen in non-malignant infection. Two (10%, HKU and TCD) patients with high-risk non-

malignant infection had a CD7- immunophenotype similar to ATL as highlighted in red color 

in figure 3.3A. The CD7+ and CD7- subset of CD4+CCR4+CD26- T cells were sorted in the 

aforementioned eight patients with high PVL non-malignant HTLV-1 infection. The PVL 

within CD4+CCR4+CD26-CD7- (median 103%) was significantly higher compared to 

CD4+CCR4+CD26-CD7+ (median 73%, p=0.015) as shown in figure 3.3B. There was a 

stepwise increase in CD4+CCR4+CD26-CD7- T cells from uninfected healthy individuals 

through patients with low and high PVL non-malignant HTLV-1 infection to ATL as shown 

in figure 3.3C. All patients with ATL and none of the uninfected healthy individuals or 

patients with low PVL non-malignant HTLV-1 infection had CD4+CCR4+CD26-CD7- T 

cells > 30% of CD4 T cells. Three (8.8%, HKU, TBG and TCX) patients with high PVL non-

malignant HTLV-1 infection had CD4+CCR4+CD26-CD7- T cells > 30% of CD4 T cells. 

These patients had CCR7- CD127+ immunophenotype similar to indolent ATL with a non-

progressive course. These observations suggest that dominance of CCR4+CD26-CD7- is a 

pre-ATL event while CD127- and CCR7+ are later leukaemogenesis events. 
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Figure 3.3. ‘ATL-like’ cells in patients with non-malignant HTLV-1 infection. 
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(A) Aligned plots of CD7, CCR7 and CD127 expression within CD4+CCR4+CD26- 

T cells in patients with low high (PVL <10%, green) and high PVL (PVL≥10%, orange) 

HTLV-1 infection. Two patients with non-malignant HTLV-1 infection (HKU and TCD) had 

‘ATL like’ (CD7-) immunophenotype as highlighted in red color. (B) Aligned plots showing 

higher PVL within CD7- subsets of CD4+CCR4+CD26- T cells compared to CD7+ in 

patients with high PVL HTLV-1 infection. (B) Aligned plots of frequency of 

CD4+CCR4+CD26-CD7- T cells in uninfected healthy individuals, patients with low and 

high PVL non-malignant HTLV-1 infection and ATL(red). Two patients with non-malignant 

HTLV-1 infection (HKU and TCD) had ‘ATL like’ (CD7-) immunophenotype as highlighted 

in red color.    Statistical analysis: Spearman test.  * denotes p<0.05, ** denotes p<0.01, *** 

denotes p<0.001. r= correlation coefficient. (B) Integration site analysis by vectorette 

showing presence of dominant band. MT2 and NTC are positive and negative control 

respectively.  
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3.4. Discussion 

ATL has a highly variable clinical course and there is a need for better markers for 

both diagnosis and prognosis. Immunophenotyping is widely available and routinely used for 

diagnosis and classification of hematological malignancies. The currently used 

immunophenotypic criterion for ATL diagnosis is CD3+CD4+CD25+CD7-. However, this 

definition has significant shortcomings: CD4+CD25+CD7- is also the immunophenotype of 

some infected cells in non-malignant HTLV-1 infection, and ATL with a CD25- or CD7+ 

immunophenotype has been commonly reported; so, these markers lack sensitivity and 

specificity for the diagnosis of ATL(71, 72, 74, 78). 

The aim of this study was to characterize the immunophenotypic difference between 

non-malignant HTLV-1 infection and ATL. The data presented suggest that 

CD4+CCR4+CD26- is a better marker of infected cells than CD4+CCR4+CD25+ and that 

the CD4+CCR4+CD26-CD7- immunophenotype is a more sensitive and specific marker than 

CD4+CD25+CD7- to differentiate ATL and non-malignant HTLV-1 infection.  However, 

this phenotype is also frequently seen in other cutaneous T cell malignancy (149) and does 

not differentiate ATL and other T cell malignancies. PVL and viral integration site analysis is 

most helpful in these instances (60, 104). Both CCR4+ (70, 87) and CD26- 

immunophenotype (75) have been shown previously to be associated with both non-

malignant HTLV-1 infection and ATL.  Down-regulation of CD26 within 

CD4+CCR4+CD25+ T cells in patients with indolent ATL has been reported (73) but our 

data suggest this to be a feature of HTLV-1 infection per se. 

ATL occurs almost exclusively in patients with high PVL non-malignant HTLV-1 

infection. These patients have an increase in cells similar to the ATL immunophenotype, 

(which we have termed ‘ATL-like’ cells) compared to uninfected healthy individual or 

patients with low PVL non-malignant HTLV-1 infection. A small subgroup (9%) of high 

PVL patients with non-malignant HTLV-1 infection had dominance of ‘ATL-like’ cells 

within total CD4 T cells similar to ATL. One of three of these patients progressed to overt 

ATL 12 months post sample date whilst the others remained asymptomatic at more than 24 

months from sample date. Our approach of using immunophenotyping has an advantage over 

clonality studies by integration site analysis (which is not widely available) or T cell receptor 

analysis (where it is difficult to interpret in context of chronic infection(150). Furthermore, 

immunophenotyping provides additional prognostic information about the ATL cells in 

addition to its clone size. 
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The prognostic value of traditional (Shimoyama) subtyping of chronic ATL into 

favorable and unfavorable subtypes was not confirmed as 30% of unfavorable ATL had a 

non- progressive course. Similar discrepancies have been recently reported by the Japanese 

Lymphoma Group (151). Indolent ATL with progressive lymphocytosis requiring systemic 

treatment had a CD127-CCR7- immunophenotype, whereas both indolent ATL with stable 

lymphocytosis and non-malignant HTLV-1 infection had a CD127+CCR7- 

immunophenotype. Variable expression of CD127 (the interleukin 7 receptor α chain) in 

CD4+ T cells of patients with ATL has been reported although the clinical and molecular 

significance is not known (76). We have shown the prognostic value of variable CD127 in 

indolent ATL. The expression of CD127 can be influenced by receptor shedding, translation, 

transcription or mutations(84). We did not find a relationship between cellular CD127 

expression and either cellular CD25 and FOXP3 nor plasma concentration of IL2, IL7 and 

IL10 (data not shown). Further study into the molecular factors driving the specific 

immunophenotype associated with non-malignant HTLV-1 infection and ATL is needed for a 

full understanding of the leukaemogenesis process in ATL. 

Our data highlight the prognostic value of the CCR7+ immunophenotype as it was 

associated with aggressive, treatment-refractory disease. CCR7 expression within CD4+ T 

cells in patients with ATL has been shown to correlate with lymph nodal enlargement (77) 

and CCR7 mutations are common in ATL (90). The CCR7+ immunophenotype has been 

shown to be associated with higher infiltrative properties (89). CCR7 is also a potential target 

for treatment by anti-CCR7 antibody (152). Systemic treatment refractory stage was 

associated with CD127+CCR7+ suggesting this immunophenotype is especially refractory to 

therapy. 

The main limitation of our study is a relatively small patient cohort. However, ATL is 

a rare disease outside Japan and clinical studies on non-Japanese patients are few. There are 

significant differences in presentation and management between Japan and other regions (46, 

153-155). Our cohort of patients with HTLV-1 infection, of mainly Afro-Caribbean ancestry, 

is the largest in Europe. The incidence of ATL in UK is approximately 15 cases annually.  

We studied patient samples collected over more than 10 years in order to understand the 

leukemogenic process in non-Japanese patients.  Our novel findings allow risk stratification 

of patients with HTLV-1 infection and ATL using a widely available technique. This will 

facilitate confirmation in a larger cohort and translation into clinical practice. 



100 

 

100 

 

The flow diagram shown in Figure 3.4 is suggested for the diagnosis and 

prognostication of ATL. Patients with suspected ATL (high-risk non-malignant HTLV-1 

infection or suspicious clinical features) should be examined for the presence of the 

CD4+CCR4+CD26-CD7- immunophenotype using a gating strategy to determine CCR4+ 

(≥30% CCR4 expression in CD4 T cells), CD26- (< 30% CD26 expression in CD4+CCR4+ 

T cells) and CD7-(<30% CD7 expression in CD4+CCR4+CD26- T cells). If this 

immunophenotype is present, CD127 and CCR7 expression should be determined. The 

CD127+CCR7- (>30% CD127 and <30% CCR7 expression within CD4+CCR4+CD26- T 

cells) immunophenotype being associated with indolent ATL and a stable course which can 

be monitored 3-6 monthly, whereas patients with a CD127-CCR7- immunophenotype are 

predicted to have a progressive course and treatment with AZT + IFNα should be considered. 

Aggressive ATL had a CD127±CCR7+ immunophenotype and immediate systemic treatment 

should be considered. However, these patients were refractory to both AZT+ IFNα and 

chemotherapy in our cohort and should be offered clinical trials of novel agents if available.    



101 

 

101 

 

Figure 3.4. Proposed flow diagram for diagnosis and prognostication of ATL. 
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Chapter 4. The in vivo infected clones have mixed 

immunophenotype and malignant transformation is 

characterized by dominant growth of ‘ATL-like’ cells 
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4.1. Chapter Abstract 

The prognosis in aggressive adult T-cell leukaemia/lymphoma (ATL) is extremely 

poor with median survival less than 12 months. Aggressive ATL arises either de novo from 

non-malignant HTLV-1 infection (AC and HAM) or via transformation of indolent ATL. 

Patients with non-malignant HTLV-1 infection and high proviral load (PVL) or dominant 

clone(s) are at higher risk of ATL progression than carriers with low PVL and no dominant 

clones. A single dominant clone is a major contributor to HTLV-1 infection burden in ATL 

despite a polyclonal background whilst hundreds of small clones contribute relatively equally 

to infection burden in non-malignant HTLV-1 infection. CD4+CCR4+CD26-CD7- is the 

dominant immunophenotype of lymphocytes in patients with ATL but infected cells with 

similar immunophenotype (‘ATL-like’ cells) are also present in patients with non-malignant 

HTLV-1 infection as described in chapter 3. I hypothesize that ‘ATL-like’ infected cells 1) 

harbour larger HTLV-1 infected clones detected in total PBMC and are more oligo-clonal 

compared to total PBMC in patients with high PVL non-malignant HTLV-1 infection and 2) 

harbour only the dominant clone detected in total PBMC in patients with ATL. The aim is to 

study the relationship between clonality and immunophenotype in patients with high PVL 

non-malignant HTLV-1 infection and ATL. 

Clonality analysis was performed on total PBMC by ligation mediated PCR followed 

by high throughput sequencing (LMPCR-HTS) and on sorted ‘ATL-like’ cells by LMPCR-

HTS and T-cell receptor (TCR) sequencing in ACs (4 and 8 respectively), patients with HAM 

(4 and 9 respectively) and patients with ATL (4 and 8 respectively). Clonality analysis within 

‘ATL-like’ cells, similar to PBMC, showed hundreds of non-dominant clones (relative 

abundance of largest clone ≤ 30%) in 88% of patients with high PVL non-malignant HTLV-1 

infection and a dominant clone (relative abundance of largest clone ≥ 90%) over a 

background of non-dominant clones in all patients with ATL. ‘ATL-like’ cells contributed a 

median of 95% of the largest PBMC clone in patients with ATL. ‘ATL-like’ cells contributed 

a median of 23% of the largest PBMC clone in 63% of patients with non-malignant HTLV-1 

infection and were not found in the remainder. Cells which do not have ’ATL-like’ 

immunophenotype (CD4+CCR4- and CD4+CCR4+CD26-CD7+) were also detected 

alongside ‘ATL-like’ cells within individual clones in patients with non-malignant HTLV-1 

infection. Two out of eleven patients with high PVL non-malignant HTLV-1 infection had 

intermediate size clone(s) (relative abundance of largest clone 30% to 90 %) on a polyclonal 

background within ‘ATL-like’ cells, one of which showed signs of overt ATL 12 months 
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after the sample data. These data suggest that large PBMC clones in patients with non-

malignant HTLV-1 infection are made up of cells with a mixed immunophenotype including, 

but not restricted to, ‘ATL-like’ cells and that the dominant clonal growth in ATL is 

associated with an expansion of ‘ATL-like’ cells. 

In summary, ‘ATL-like’ cells are derived from relatively small non-dominant clones 

in the majority of patient with high PVL non-malignant HTLV-1 infection and from a 

dominant clone over a non-dominant background in patients with ATL. The dominant clone 

in patients with ATL was comprised almost universally of ‘ATL-like’ cells whilst the large 

PBMC clones in patients with non-malignant HTLV-1 infection had cells with a mixed 

immunophenotype including ‘ATL-like’ and non- ‘ATL-like’ cells. 
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4.2. Introduction 

 

The study of clonality within infected cells in patients with non-malignant HTLV-1 

infection and ATL has been extensively used to study molecular changes in patients with 

non-malignant HTLV-1 infection and ATL.  The southern blot techniques identified the 

presence of a dominant clone in patients with ATL, confirmed the integration of HTLV-1 

provirus into the host cell genome of the putative leukemic clone and helped establish 

HTLV-1 as the causative agent of ATL. Southern blotting studies in patients with non-

malignant HTLV-1 infection showed polyclonal or dominant clones over a polyclonal 

background. The infected clones were persistent in vivo for many years suggesting that clonal 

expansion rather than infectious spread played a dominant role in proviral persistence. PCR-

based techniques, which have improved sensitivity and specificity compared with Southern 

blotting, confirmed and extended the earlier findings increasing the estimated number of 

HTLV-1 infected clones from tens to hundreds in patients with non-malignant HTLV-1 

infection.  

The study of clonality was revolutionized by the advent of next generation 

sequencing. Gillet et al developed the pioneering ligation mediated PCR amplification of 

randomly sonicated DNA followed by high throughput sequencing of PCR products 

(LMPCR-HTS)(35). They described the presence of thousands rather than hundreds of 

infected clones in the PBMC of patients with non-malignant HTLV-1 infection. The largest 

clone contributed less than 10% of total infection burden, suggesting an absence of dominant 

clones in these patients. The number and not the abundance of infected clones correlated 

positively with PVL and patients with high PVL have a greater number of clones than 

patients with low PVL, with no change in size distribution of the clones. Interestingly 

patients with ATL also had hundreds of infected clones but a single dominant clone 

contributed a median 99.4% of the PVL (range 35 to 100%). Twenty four percent patients 

with ATL had an additional clone contributing to more than 10% PVL suggesting oligoclonal 

proliferation of infected clones in some patients with ATL (35, 67, 100-103). This raises the 

question of whether the presence of the dominant clone precedes or occurs at ATL 

presentation? The longitudinal study of clonality in patients with non-malignant HTLV-1 

infection who progressed to ATL (incident ATL) has provided some answers.  A Japanese 

study, which included long term follow-up, showed ACs with a dominant clone(s) as 

determined by southern blotting technique have a high risk of progression to ATL(64, 65). 



106 

 

106 

 

The lifetime risk of ATL in these individuals was 10% and in those with a raised white cell 

count the risk approached 30%. These individuals had dominant clone(s) many years before 

ATL presentation. There is a paucity of data by LMPCR-HTS on incident ATL. Cases of 

patients with incidental ATL in whom a dominant clone could be detected by LMPCR-HTS 

months to years before clinical presentation have reported (35, 104-106). The clones with the 

largest abundance progressed to be the dominant ATL clone in the majority but not in all 

cases. The phenomenon of clonal succession was also seen at ATL transformation from 

indolent to aggressive subtype and with treatment (106). 

In summary, patients with non-malignant HTLV-1 infection and ATL have thousands 

of in vivo non-dominant infected cells which expand clonally. A single dominant clone on a 

polyclonal background of non-dominant clones is present in patients with ATL. The presence 

of the dominant clone probably precedes the presence of leucocytosis or overt clinical 

manifestation in patients with ATL. There is a progressively higher risk of developing ATL 

in patients with non-malignant HTLV-1 infection from those with low PVL, through those 

with higher PVL and an increasing number of clones, to those patients with dominant clones. 

The study of the phenotypic and molecular changes in infected cells derived from persistent 

clones especially the largest clones in patients with non-malignant HTLV-1 infection will 

improve the understanding of the drivers of proviral persistence and leukaemogenesis. 

As described in chapter 3, CD4+CCR4+CD26-CD7- is the dominant 

immunophenotype of infected cells in patients with ATL but infected cells with a similar 

immunophenotype (‘ATL-like’ cells) are also present in patients with non-malignant HTLV-

1 infection. Patients with non-malignant HTLV-1 infection and high PVL have a significantly 

higher frequency of ‘ATL-like’ cells and 10% of these patients have a dominant ‘ATL-like’ 

immunophenotype. 

We hypothesized ‘ATL-like’ cells have higher oligo clonal expansion compared to 

other PBMC in patients with non-malignant HTLV-1 infection and high PVL. The ‘ATL-

like’ cells harbour only the larger infected clones present in total PBMC and the oligoclonal 

index in ‘ATL-like’ cells is higher than that in total PBMC in patients with non-malignant 

HTLV-1 infection. ‘ATL-like’ cells harbour exclusively the dominant infected clone detected 

in total PBMC in patient with ATL. 

The study was to determine clonality in paired ‘ATL-like’ cells and total PBMC 

samples from patients with high PVL non-malignant HTLV-1 infection and in patients with 

ATL. Proviral integration site analysis by modified LMPCR-HTS was performed to study 
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clonality. The ‘ATL-like’ cells have the immunophenotype of mature T cells. Each mature T 

cells express a unique T-cell receptor (TCR) made up by dimers of either alpha/beta or 

gamma/delta chains. Hence TCR sequencing can also be used as a method to study clonality 

in these cells. TCR sequencing was used to confirm the findings of the LMPCR-HTS 

clonality analysis. 

 

4.3. Results 
4.3.1. ‘ATL-like’ cells frequencies in patients with high PVL non-malignant HTLV-1 

infection and ATL 

LMPCR-HTS was performed in paired total PBMC and sorted ‘ATL-like’ cells in 

eight patients with high PVL non-malignant HTLV-1 infection (four each AC and HAM) and 

four patients with ATL. The lymphocyte count, relative CD4+ T cell frequency and PVL 

within PBMC were significantly higher in patients with ATL compared to patients with high 

PVL non-malignant HTLV-1 infection as shown in table 4.1 (p<0.01). The absolute and 

relative frequencies of ‘ATL-like’ (CD4+CCR4+CD26-CD7-) cells, their PVL and their 

contribution towards total PBMC PVL was significantly higher in patients with ATL 

compared to non-malignant HTLV-1 infection (p<0.0001, p<0.01, p<0.01 and p<0.01 

respectively). The median relative frequency of ‘ATL-like’ cells in patients with non-

malignant HTLV-1 infection was 7% compared to 91% in patients with ATL. The ‘ATL-

like’ cells contribute a median of 52% of total PBMC PVL in patients with non-malignant 

HTLV-1 infection and 91% of total PBMC PVL in patients with ATL.  The median PVL 

within ‘ATL-like’ cells in patients with both high PVL non-malignant HTLV-1 infection and 

ATL was more than 100% suggesting that the majority of these cells were HTLV-1 infected 

in both clinical states. 

In summary, these results confirmed that the ‘ATL-like’ cells are HTLV-1 infected 

and the major reservoir of infection in patients with high PVL non-malignant HTLV-1 

infection as well as in patients with ATL. ‘ATL-like’ cells constitute a minor lymphocyte 

subset in patients with high PVL non-malignant HTLV-1 infection whilst they are the 

majority in ATL
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Table 4.1.  Infection burden distribution in non-malignant HTLV-1 infection and ATL 

Patient 
group 

Patient 
codes 

Lymphocytes 
count (X 
10^9/L) 

CD4 count 
(%) 

PVL 
(%) 

ATL-like' (CD4+CCR4+CD26-CD7-) cells 
Frequency/CD4 

T cells 
(%) 

PVL 
(%) 

Contribution 
to PBMC 
PVL (%) 

LMCPR TCR 

non-
malignant 

HAI 2 48 19 11 121 42 YES YES 
HHD 2 52 10 18 101 72 YES NO 
HHL 2 56 19 13 83 29 YES YES 
HHQ 2 58 31 8 89 18 YES YES 
HKU 3 56 33 73 NA NA NO YES 
TBG 2 61 23 41 108 68 YES YES 
TCD 5 55 28 29 110 85 YES YES 
TCJ 3 48 11 16 73 51 YES YES 
TDU 3 51 14 6 106 53 YES YES 
HES 1 50 12 24 NA NA NO YES 
HGY 2 58 13 10 NA NA NO YES 
HKG 2 56 23 NA NA NA NO YES 
TAN 1 63 7 nA NA NA NO YES 
TAC 2 37 11 NA NA NA NO YES 
TW 2 58 19 14 NA NA NO YES 
TCX 4 53 37 40 NA NA NO YES 
TDR 2 60 27 NA NA NA NO YES 

Median for 
LMPCR 2 55 19 16 103 52   

Median for 
TCR 2 56 19 16 106 53   
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Table 4.1. cont. 

Patient 
group 

Patient 
codes 

Lymphocytes 
count 

(X 10^9/L) 

CD4 
count 
(%) 

PVL 
(%) 

ATL-like' (CD4+CCR4+CD26-CD7-) cells 
Frequency/ 
CD4 T cells 

(%) 
PVL (%) 

Contribution 
to PBMC 
PVL (%) 

LMCPR TCR 

ATL 

ATL12 40 97 164 91 178 93 YES YES 
ATL22 272 98 179 92 166 82 YES YES 
ATL197 154 97 189 98 179 88 YES YES 
LGL2 26 91 56 92 229 346 YES YES 
LFA 5 64 31 72 NA NA NO YES 
LFV 13 93 63 89 NA NA NO YES 
LGV     NA NA NO YES 
LHN 8 81 54 86 NA NA NO YES 

Median 
for 

LMPCR 
97 97 171 92 179 91   

Median 
for TCR 26 93 63 91 179 91   

Significance of 
difference between 
non-malignant and 
ATL for LMPCR 

** ** **  ** **   
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4.3.2. Infected cell Clonality of total PBMC in patients with non-malignant HTLV-1 

infection and ATL 

Clonality analysis by LMPCR-HTS was performed on 1 µg of DNA extracted from 

the un-manipulated total PBMC. There was no difference in the total number of amplicons, 

unique shear sites and sisters between patients with non-malignant HTLV-1 infection and 

ATL as shown in table 4.2 suggesting good normalization of the library between the two 

subgroups. The total number of unique infected clones in patients with non-malignant HTLV-

1 infection was significantly higher compared to ATL (p<0.01). The total number of clones 

with an absolute abundance of less than 10 per 10,000 PBMC and relative abundance of less 

than 1% in patients with non-malignant HTLV-1 infection was significantly higher compared 

to ATL (p<0.01) while those with an absolute abundance of more than 10 per 10,000 PBMC 

and a relative abundance of more than 1% was no different between the two patient groups. 

The relative abundance of the largest infected clone in patients with non-malignant 

HTLV-1 infection was significantly lower compared to ATL (p<0.01). In three patients with 

ATL (75%) the largest clone had a relative abundance of more than 90%. One patient had 

two large clones with a similar relative abundance and the sum of the relative abundance of 

these two clones was more than 90%. In seven out of eight (87.5%) patients with non-

malignant HTLV-1 infection and high PVL the relative abundance of the largest clone was 

less than 30% whilst one patient (HHL) had an intermediate size largest clone (relative 

abundance of 30.1%). 

The OCI was significantly higher in patients with ATL (median 0.95) compared to 

non-malignant HTLV-1 infection (median 0.56, p=0.0003). There was no overlap in OCI 

between the two patient groups. Two patients with non-malignant HTLV-1 infection (HHD 

and HHL) had the highest OCI (0.77) within patients with non-malignant HTLV-1 infection. 

One patient (HHD) had 26 clones with a relative abundance of more than 1% and the relative 

abundance of the largest clones was 2.4% whilst HHL had two clones with a relative 

abundance of more than 1% and the relative abundance of the largest clone was 30%. This 

demonstrates that a high OCI can be due to several large clones and not just due to a single 

large clon
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Table 4.2. Clonality analysis of infected total PBMCs in patients with non-malignant HTLV-1 infection and ATL 

Patient 
groups 

Patient 
codes 

Total 
number of 
amplicons 

Total 
number 

of 
unique 
shear 
sites 

Total 
number 

of 
sisters 

Total 
number of 

Unique 
clones 

Relative 
abundance 
of largest 
clone (%) 

Clones with 
relative 

abundance 

Clones with 
absolute 

abundance 
Oligoclonality 

Index 
>1% <1% <10 >10 

non-
malignant 

HAI 82047 1114 38073 481 1.7 5 476 13 468 0.56 
HHD 46112 891 21307 551 2.4 26 525 5 546 0.77 
HHL 42873 1115 27919 417 30.1 5 412 6 411 0.77 
HHQ 32467 1850 27099 1158 1.6 2 1156 16 1142 0.54 
TBG 165701 2434 83864 883 2.3 4 879 11 872 0.57 
TCD 37176 815 23723 428 3 2 426 58 370 0.52 
TCJ 52335 1364 34918 697 1.2 1 696 0 697 0.55 
TDU 40768 914 24246 522 1.4 6 516 7 515 0.61 

Median 44492.5 1115 27509 537 2 5 521 9 531 0.57 

ATL 

ATL12 75250 320 14278 20 98.8 1 19 7 13 0.95 
ATL22 45904 795 16696 143 88.2 2 141 7 136 0.98 
ATL197 96835 656 28046 63 76.1 2 61 6 57 0.97 
LGL2 48073 983 28871 39 49.8 5 34 7 32 0.93 

Median 61662 726 22371 51 82.2 2 49 7 44 0.96 
Difference between 
non-malignant and 

ATL 
Ns ns ns ** ** ns ** ns ** ** 
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These data confirm, for a normalized infection burden, that: a large number of non-

dominant small clones (relative abundance less than 30%) contribute to the infection burden 

in majority of patients with high PVL non-malignant HTLV-1 infection and dominant 

clone(s) (relative abundance more than 90%) on a background of non-dominant small clones 

(relative abundance less than 30%) does so in patients with ATL. There was no difference in 

the number of larger clones between patients with high PVL non-malignant HTLV-1 

infection and ATL but the size of the largest clone was significantly higher in patients with 

ATL compared to non-malignant HTLV-1 infection suggesting the presence of oligoclonal 

expansion in both clinical states but emergence of a single dominant clone only in patients 

with ATL.  Two out of eight patients with non-malignant HTLV-1 infection had an 

intermediate OCI either due to several expanded clones or a single intermediate size large 

clone (relative abundance between 30 to 90%). 

 

4.3.3. Infected cell clonality of ‘ATL-like’ cells is similar to total PBMC in patients 

with non-malignant HTLV-1 infection and in patients with ATL. 

Clonality by LMPCR-HTS was performed on 100 nanograms (ng) of DNA from 

sorted ‘ATL-like’ cells in the aforementioned patients. The input infected DNA was 

calculated as the product of input DNA and PVL. The input infected DNA for LMPCR-HTS 

in ‘ATL-like’ cells was lower compared to total PBMC in patients with non-malignant 

HTLV-1 infection (median 190 ng in PBMC vs 103 ng in ‘ATL-like’ cells) and in patients 

with ATL (median ng in PBMC 171 vs 18 ng in ‘ATL-like’ cells). 

Similar to clonality in total PBMC, there was no significant difference in the total 

number of amplicons, shear sites and sisters in ‘ATL-like’ cells between the patients with 

non-malignant HTLV-1 infection and ATL as shown in table 4.3. The total number of clones, 

the number of clones with an absolute abundance of less than 10 per 10,000 PBMC and the 

number with a relative abundance of less than 1% was significantly higher in patients with 

non-malignant HTLV-1 infection compared to patients with ATL. Whereas the relative 

abundance of the largest clone and the OCI in patients with non-malignant HTLV-1 infection 

was significantly lower compared to patients with ATL. Unlike total PBMC, the total number 

of clones with a relative abundance of more than 1% and an absolute abundance of more than 
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Table 4.3. Clonality analysis of ‘ATL-like’ cells in patients with non-malignant HTLV-1 infection and ATL 

Patient 
groups 

Patient 
codes 

Total 
number 

of 
amplicons 

Total 
number 

of 
unique 
shear 
sites 

Total 
number of 

sisters 

Total 
number 

of 
Unique 
clones 

Relative 
abundance 
of largest 
clone (%) 

Clones with 
relative 

abundance 

Clones with 
absolute 

abundance 
Oligoclonality 

Index 
>1% <1% > 10 > 10 

non-
malignant 

HAI 1 21380 448 10025 284 4.2 28 256 20 264 0.76 
HHD 1 20412 545 7949 400 5.2 33 367 32 368 0.84 
HHL1 66522 1050 36145 406 9.2 7 399 4 402 0.64 
HHQ1 38910 1157 29010 669 1.6 1 668 0 669 0.53 
TBG 1 44848 622 21238 292 2.1 35 257 104 188 0.65 
TCD 1 55491 920 29382 423 1.9 5 418 60 363 0.58 
TCJ1 42654 698 17843 267 2.4 46 221 50 217 0.69 
TDU1 24368 565 11087 394 4.7 37 357 34 360 0.81 
Median 40782 660 19540.5 397 3.3 30.5 362 33 364 0.67 

ATL 

ATL12 19834 179 4803 41 96.3 2 39 5 36 0.97 
ATL22 40723 322 15009 34 93.5 2 32 2 32 0.97 

ATL197 25564 348 9310 40 84.1 2 38 7 33 0.95 
LGL2 82070 971 38553 50 51.1 5 45 14 36 0.95 

Median 33143.5 335 12159.5 40.5 88.8 2 38.5 6 34.5 0.96 
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Table 4.3. cont. 
 

Patient groups Total 
number 

of 
amplicons 

Total 
number 

of unique 
shear 
sites 

Total 
number 

of sisters 

Total 
number 

of 
Unique 
clones 

Relative 
abundance 
of largest 
clone (%) 

Clones with 
relative 

abundance 

Clones with 
absolute 

abundance per 
10,000 PBMCs 

Oligoclonality 
Index 

>1% <1% < 10 > 10 

Difference in 
clonality between 
‘ATL-like’ cells in 
patients with non-

malignant and ATL 

Ns ns ns ** ** p=0.06 ** ** ** ** 

Difference in 
clonality between 
total PBMCs and 
‘ATL-like cells in 
patients with non-

malignant HTLV-1 
infection 

Ns * ns ** ns ** Ns ** ns ns 

Difference in 
clonality between 
total PBMCs and 
‘ATL-like cells in 
patients with ATL 

Ns ns ns ns ns ns Ns ns ns ns 
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10 per 10,000 PBMC within ‘ATL-like’ cells in patients with non-malignant HTLV-1 

infection was significantly higher compared to ATL. 

Paired (total PBMC and ‘ATL-like’ cells) analysis of clonality data for patients with 

non-malignant HTLV-1 infection and ATL was performed.  There was no difference in the 

total number of amplicons and sisters between total PBMC and ‘ATL-like’ cells suggesting 

good normalization of libraries. The total number of clones detected in ‘ATL-like’ cells was 

lower compared to the total number of clones detected in total PBMC in patients with non-

malignant HTLV-1 infection. The total number of smaller clones (a relative abundance of 

less than 1% and an absolute abundance less than 10 per 10,000 PBMC) in ‘ATL-like’ cells 

was significantly lower compared to total PBMC whilst the total number of clones with a 

relative abundance of more than 1% and an absolute abundance of more than 10 per 10,000 

cells in ‘ATL-like’ cells was higher compared to total PBMC in patient with non-malignant 

HTLV-1 infection. There was no difference in clonality parameters between ‘ATL-like’ cells 

and PBMC in patients with ATL. 

In summary, the infected cell clonality within ‘ATL-like’ cells is similar to the 

clonality seen in total PBMC with a large number of non-dominant small clones contributing 

to infection burden in each cell type in patients with non-malignant HTLV-1 infection and a 

dominant clone(s) on a background of non-dominant small clones contributing to the 

infection burden in in both cell types in patients with ATL.  Fewer clones, especially smaller 

ones, were detected in ‘ATL-like’ cells compared to total PBMC in patients with non-

malignant HTLV-1 infection which could either be due to less input DNA in ‘ATL-like’ cells 

compared to total PBMC or a true biological difference. 

 

4.3.4. TCR clonality is similar to LMPCR-HTS clonality within ‘ATL-like’ cells in 

patients with non-malignant HTLV-1 infection and ATL 

The clonality of ‘ATL-like’ cells was additionally studied by T-cell receptor (TCR) 

sequencing. Whole transcriptome sequencing on sorted ‘ATL-like’ cells from 11 out of 12 of 

the aforementioned patients (AC=3, HAM=4 and ATL=4) and on a further 14 patients 

(AC=5, HAM=5 and ATL=4) was performed. TCR sequences were extracted from whole 

transcriptome sequencing data and clonality analysis performed using MiXCR pipeline. 

There was no difference in the total number of reads between patients with non-malignant 
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HTLV-1 infection and ATL. A significantly higher number of reads were aligned to TCR-

alpha per 10,000 total reads in patients with ATL compared to patients with non-malignant 

HTLV-1 infection (4 vs 2, p=0.0183) and there was a trend towards a higher number of reads 

to be aligned to TCR-Beta (10 vs 5, p=0.10) in patients with ATL as shown in table 4.4. A 

significantly higher number of reads were aligned to TCR-Beta compared to TCR-alpha in 

both patients with non-malignant HTLV-1 infection (p=0.0003) and ATL (p=0.04) HTLV-1 

infection. A significantly larger number of clones were detected within ‘ATL-like’ cells in 

patients with non-malignant HTLV-1 infection (median TCR-Beta = 340 and TCR-Alpha = 

207) compared to ATL (median TCR-Beta = 21 and TCR-Alpha = 11, p value <0.0001 and 

<0.0001 respectively) whilst the clonal fraction of the two largest clones was significantly 

lower in patients with non-malignant HTLV-1 infection  (median TCR-Beta = 0.09 and TCR-

Alpha = 0.11) compared to ATL (median TCR-Beta = 0.99 and TCR-Alpha = 0.99, p value 

<0.0001 and <0.0001 respectively) as shown in table 4.4. Six out of eight patients with ATL 

had a single clone contributing more than 0.90 of the total clonal fraction by TCR-Beta 

clonality analysis. One patient with ATL (LFA) had two similar size clones whilst one (LGV) 

had very low alignment to TCR Beta sequences. Both these patients had a single clone 

(Clonal fraction of LFA =0.92 and LGV =0.95 respectively) by TCR-alpha clonality analysis. 

This suggests that the lower clonal fraction according to TCR-Beta clonality in these patients 

is due to bi-allelic TCR-Beta expression (LFA) and low TCR-Beta mapped reads (LGV) 

respectively. One patient with ATL (LGL), who had largest two clones with a similar relative 

abundance by LMPCR-HTS, had a single clone with clonal fraction more than 0.9 by TCR-

Beta and TCR-Alpha analysis. This confirms a single dominant clone with two copies of 

HTLV-1 provirus in this patient. In fifteen out of seventeen (88%) patients with non-

malignant HTLV-1 infection the largest two clones contributed less than 0.30 of the total 

clonal fraction either by TCR-Beta and TCR-alpha clonality analysis. Two patients with non-

malignant HTLV-1 infection (HKU and TCJ) had at least one intermediate size large clone 

(clonal fraction between 0.3 and 0.9 of the total) by both TCR-Beta and TCR-alpha clonality 

analysis. Both patients had similar lymphocytes count (3 X 106/µl) and CD4 relative 

frequency (HKU=56% and TCJ=48%). ‘ATL-like’ cells contributed 72% of all lymphocytes 

in HKU and 7% in TCJ respectively. One patient (HKU) showed sign of overt ATL 12 

months following the sample date. 
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Table 4.4. TCR clonality within ‘ATL-like’ cells in patient with non-malignant HTLV-1 infection and ATL 

Patient 
group CODE 

Total 
reads 

(x10^6) 

TCR-Beta 

Reads 
aligned 

to 
CDR3 

Read 
aligned to 
CDR3 per 
10^6 total 

reads 

Number 
of clones 

clonal 
Fraction 
of largest 

clone 

clonal 
Fraction of 

second 
largest clone 

clonal 
Fraction 
of two 
largest 
clone 

Number of 
clones with 

clonal 
fraction >0.01 

non-
malignant 

HAI 75 523 7 48 0.06 0.05 0.11 36 
HES 50 2322 46 322 0.04 0.03 0.07 9 
HHL 78 2532 32 290 0.07 0.06 0.13 10 
HHQ 90 3258 36 250 0.13 0.04 0.17 10 
HKQ 9 380 45 72 0.04 0.03 0.07 51 
HKU 57 2385 42 181 0.40 0.32 0.73 4 
HGY 70 4119 59 358 0.09 0.05 0.14 8 
HKG 87 3975 46 743 0.11 0.09 0.20 8 
TAN 51 1449 28 77 0.03 0.03 0.06 55 
TAC 105 3894 37 635 0.02 0.02 0.04 8 
TW 114 5689 50 844 0.08 0.05 0.13 6 
TDR 121 9169 76 2095 0.02 0.01 0.03 3 
TBG 86 5529 65 1130 0.04 0.03 0.06 12 
TCD 117 8276 71 2531 0.01 0.01 0.02 3 
TCJ 78 4003 51 260 0.37 0.03 0.40 5 
TDU 91 4123 46 359 0.02 0.02 0.03 7 
TCX 155 11643 75 1385 0.09 0.03 0.12 10 

Median 82 3935 46 340 0.05 0.03 0.09 8 
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Table 4.4. cont. 

Patient 
group CODE 

Total 
reads 

(x10^6) 

TCR-Beta 

Reads 
aligned to 

CDR3 

Read 
aligned 

to CDR3 
per 10^6 

total 
reads 

Number 
of clones 

clonal 
Fraction 
of largest 

clone 

clonal 
Fraction 

of second 
largest 
clone 

clonal 
Fraction 
of two 
largest 
clone 

Number of 
clones with 

clonal 
fraction >0.01 

ATL 

ATL12 52 4726 90 16 0.99 0.00 1.00 1 
ATL197 79 8111 102 10 1.00 0.00 1.00 1 

ATL22 72 23775 330 7 1.00 0.00 1.00 1 

LFA 73 9175 126 33 0.55 0.43 0.98 3 
LFV 70 3453 49 3 1.00 0.00 1.00 1 
LGL 130 14027 108 38 0.95 0.03 0.98 3 
LGV 66 35 1 26 0.09 0.09 0.17 2 
LHN 70 2399 34 48 0.95 0.01 0.96 1 

Median 71 6419 96 21 0.97 0.01 0.99 1 
significant 

of 
difference 
between 
patients 

with non-
malignant 
and ATL 

p value 0.31 0.26 0.10 < 0.0001 0.0003 0.1108 < 0.0001 0.0001 

Comment ns ns ns *** *** ns *** *** 
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Table 4.4. cont. 

Patient group CODE 

TCR-alpha 

Reads 
aligned to 

CDR4 

Read 
aligned to 
CDR3 per 
10^6 total 

reads 

Number 
of clones 

clonal 
Fraction of 

largest 
clone 

clonal 
Fraction 

of second 
largest 
clone 

clonal Fraction 
of two largest 

clone 

Number of 
clones with 

clonal 
fraction >0.01 

non-
malignant 

HAI 282 4 23 0.11 0.07 0.18 22 
HES 907 18 161 0.02 0.02 0.04 33 
HHL 1779 23 183 0.23 0.03 0.26 11 
HHQ 1549 17 231 0.06 0.04 0.10 7 
HKQ 185 22 39 0.07 0.04 0.11 37 
HKU 1062 19 112 0.34 0.13 0.47 9 
HGY 1800 26 169 0.03 0.02 0.05 21 
HKG 2277 26 474 0.16 0.03 0.19 10 
TAN 837 16 46 0.08 0.04 0.12 36 
TAC 1805 17 341 0.02 0.02 0.04 8 
TW 3416 30 552 0.11 0.03 0.14 7 
TDR 3902 32 1272 0.01 0.01 0.02 0 
TBG 2221 26 667 0.05 0.03 0.08 11 
TCD 4506 39 1750 0.01 0.01 0.02 1 
TCJ 1858 24 150 0.16 0.14 0.30 7 
TDU 2494 28 248 0.02 0.02 0.04 7 
TCX 5702 37 1157 0.06 0.03 0.09 5 

Median 1803 23 207 0.07 0.03 0.11 10 
Table 4.4. cont. 
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Patient 
group CODE 

TCR-alpha 

Reads 
aligned to 

CDR4 

Read 
aligned to 
CDR3 per 
10^6 total 

reads 

Number 
of clones 

clonal 
Fraction 
of largest 

clone 

clonal 
Fraction of 

second 
largest clone 

clonal 
Fraction of 
two largest 

clone 

Number of 
clones with 

clonal 
fraction >0.01 

ATL 

ATL12 1533 29 7 0.88 0.11 0.99 2 
ATL197 3131 39 9 0.98 0.01 0.99 1 
ATL22 2430 34 3 0.99 0.00 0.99 2 

LFA 4663 64 19 0.93 0.06 0.99 2 
LFV 2036 29 4 0.68 0.32 1.00 2 
LGL 7073 54 37 0.85 0.10 0.95 4 
LGV 2683 41 13 0.95 0.05 1.00 13 
LHN 1190 17 33 0.68 0.28 0.96 2 

Median 2557 37 11 0.91 0.08 0.99 7 
significant 

of difference 
between 

patients with 
non-

malignant 
and ATL 

p value 0.19 0.0183 < 0.0001 < 0.0001 0.15 < 0.0001 0.0140 

Comment ns * *** *** Ns *** * 



121 

 

121 

 

The clonality parameter correlated highly significantly between LMPCR-HTS and 

TCR analysis. The number of clones and relative abundance of the largest clones by 

LMPCR-HTS positively correlated with TCR-Beta (rho=0.88*** and rho=0.72* 

respectively) and TCR-alpha (rho=0.86*** and rho=0.82** respectively) clonality. The 

number of clones with a relative abundance of more than 1% positively correlated with TCR-

alpha (rho=0.55 and p=0.07 respectively) but not with TCR-Beta (rho=0.50 and p=0.12 

respectively). In patients with non-malignant HTLV-1 infection: One patient (HHL) had a 

largest clone of intermediate size in total PBMC by LMPCR-HTS but not within ‘ATL-like’ 

cells by LMPCR-HTS nor by TCR clonality analysis; One patient (TCJ) had a largest clone 

of intermediate size in ‘ATL-like’ cells by TCR-Beta and TCR-alpha analysis but not in 

PBMC and ‘ATL-like’ cells by LMPCR-HTS and; one patient (HKU) had two largest clone 

of intermediate size in ‘ATL-like’ cells by TCR analysis and LMPCR-HTS was not available 

but proviral integration site analysis by vectorette showed the presence of an oligoclonal 

pattern with two dominant bands. 

These data confirm that ‘ATL-like’ cells are mainly derived from hundreds of small 

non-dominant clones in the majority (88%) of patients with high PVL non-malignant HTLV-

1 infection and a single dominant clone on a background of small non-dominant clones in all 

patients with ATL by both LMPCR-HTS and TCR analysis. One patient with high PVL non-

malignant HTLV-1 infection (HKU) had two largest clones of intermediate size in both 

PBMC and ‘‘ATL-like’ cells.  This suggests a minority of patients with high-PVL non-

malignant HTLV-1 infection have intermediate size clone(s) with ‘ATL-like’ cells 
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4.3.5. Contribution of ‘ATL-like’ cells to total PBMC clones in non-malignant 

HTLV-1 infection and ATL 

The infected clones present within total PBMC which were also detected in paired 

‘ATL-like’ cells in each patient with non-malignant HTLV-1 infection or ATL was 

determined. Considering all patients studied a median of 13% of all PBMC clones were 

detected in ‘ATL-like’ T cells. In nine out of 12 patients (non-malignant HTLV-1 

infection=5/8 and ATL =4/4), the largest PBMC clone was detected within the ‘ATL-like’ 

cells as shown in table 4.5. The PBMC clones with a relative abundance of more than 1% 

were detected significantly more frequently within the ‘ATL-like’ cells than the PBMC 

clones with a relative abundance of less than 1% (p<0.0001). Also, total PBMC clones with 

an absolute abundance of more than 10 per 10,000 PBMC were detected significantly more 

frequently than total PBMC clones with an absolute abundance of less than 10 per 10,000 

PBMC within the ‘ATL-like’ cells (p<0.0001).The number of  smaller clones found in total 

PBMC (clones with an absolute abundance of less than 10 per 10,000 PBMC and a relative 

abundance of less than 1% ) that were also detected within ‘ATL-like’ cells was higher in 

patients with non-malignant HTLV-1 infection  compared to patients with ATL(p<0.01). 

In summary, the larger clones in total PBMC were more consistently detected within 

‘ATL-like’ cells compared with the smaller clones in total PBMC in patients with non-

malignant HTLV-1 infection as well as in patients with ATL. These differences could be due 

to larger PBMC clones being more concentrated within ‘ATL-like’ cells or technical 

difficulties in consistently detecting small clones in separate samples. 

 

4.3.6. ‘ATL-like’ cells are a subset of large PBMC clones in patients with non-

malignant HTLV-1 infection but overwhelming majority of dominant clone in ATL 

The contribution of ‘ATL-like’ cells to individual total PBMC clones was determined 

by the ratio of the absolute abundance within ‘ATL-like’ cells to that in total PBMC for each 

clone which was detected in both ‘ATL-like’ cells and total PBMC. This ratio is arbitrarily 

called the ‘Overlapping clone ratio’. 

The largest clone in total PBMCs was detected in among the ‘ATL-like’ cells in five 

patients with non-malignant HTLV-1 infection and four patients with ATL. The overlapping 

clone ratio for the largest total PBMC clone in patients with ATL (median 0.95) was 
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significantly higher compared to patient with non-malignant HTLV-1 infection (median 0.23, 

p=0.042) as shown in figure 4.1.  The large clones in total PBMC (absolute abundance of 

more than 10 per 10,000 PBMC) were detected in ‘ATL-like’ cells in seven patients with 

non-malignant HTLV-1 infection and four patients with ATL. The overlapping clone ratio for 

the large total PBMC clones in patients with ATL (median of mean 1.06) was higher 

compared to patients with non-malignant HTLV-1 infection (median of mean 0.14, p=0.19). 

The overlapping clone ratio for the large clones in total PBMC, excluding the largest clone, 

was higher in patients with ATL, (median of mean 0.63) compared to patients with non-

malignant HTLV-1 infection (median of mean 0.60, p=1.0).  These data suggest that ‘ATL-

like’ cells are the dominant immunophenotype of the largest clone in total PBMC in patients 

with ATL but only a minority immunophenotype in patients with non-malignant HTLV-1 

infection. in patients with non-malignant HTLV-1 infection the large clones in total PBMC 

may be made up of cells of mixed immunophenotype including ‘ATL-like’ cells. 
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Table 4.5. PBMCs clones detected in 'ATL-like' cells in patients with HTLV-1 infection 

Patient 
group 

Patient 
code 

PBMCs 
clones 

detected in 
'ATL-like' 
cells (%) 

Largest 
PBMCs 
clone 

detected in 
'ATL-like' 

cells 

Larger 
PBMCs clone 

(relative 
abundance 
more than 

1%) detected 
in 'ATL-like' 

cells (%) 

Smaller PBMCs 
clone (relative 
abundance less 

than 1%) detected 
in 'ATL-like' cells 

(%) 

Larger PBMCs 
clone (absolute 
abundance more 

than 1/1000 
PBMCs) 

detected in 
'ATL-like' cells 

(%) 

Smaller PBMCs 
clone (absolute 
abundance less 

than 1/1000 
PBMCs) detected 
in 'ATL-like' cells 

(%) 

non-ATL 

HAI 15% no 40% 15% 54% 14% 
HHD 7% yes 8% 7% 60% 6% 
HHL 25% yes 80% 24% 100% 24% 
HHQ 16% yes 250% 16% 50% 16% 
TBG 12% yes 125% 11% 73% 11% 
TCD 16% no 100% 16% 19% 16% 
TCJ 9% no 0% 9%  9% 
TDU 14% yes 50% 13% 71% 13% 

Median 14% na 65% 14% 60% 14% 

ATL 

ATL12 5% yes 100% 0% 14% 0% 
ATL22 2% yes 100% 1% 29% 0% 
ATL197 5% yes 100% 2% 33% 0% 
LGL2 36% yes 100% 26% 100% 40% 

Median 5%  100% 1% 31% 0% 

Difference between non-
malignant and ATL ns ns ns Ns ns Ns 
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Figure 4.1.  Overlapping clone ratio of absolute abundance of a clone within ‘ATL-like’ cells and total PBMC in patients with 

non-malignant HTLV-1 infection and ATL. 
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4.3.7. Clones with ‘ATL-like’ cells also have non ‘ATL-like’ infected cells in patients with 

non-malignant HTLV-1 infection 

In order to confirm that the large clones I total PBMC harbour cells of multiple 

immunophenotypes in patients with non-malignant HTLV-1 infection, LMPCR-HTS on 

FACS sorted CD4+CCR4- cells was performed to detected the presence of infected large 

overlapping clones (total PBMC clones with absolute abundance of more than 10 per 10,000 

PBMC which were also detected within ‘ATL-like’ cells).   CD4+CCR4- is an 

immunophenotype of a minority of HTLV-1 infected cells in patients with non-malignant 

HTLV-1 infection as discussed in chapter 3. Thirty-one percentage (15/49) of large PBMC 

overlapping clone were also detected within CD4+CCR4- T cells. The contribution of ‘ATL-

like’ cells and CD4+CCR4- T cells to the largest total PBMC clone was analysed in patients 

with non-malignant HTLV-1 infection by LMPCR-HTS. The largest clone in total PBMC 

was detected within ‘ATL-like’ cells in five out eight patients with non-malignant HTLV-1 

infection, out of which two were also detected within CD4+CCR4- T cells as shown in figure 

4.2A.  In no cases was the largest clone in total PBMCs exclusively detected within 

CD4+CCR4- T cells.  In these five patients ‘ATL-like’ cells contributed a median of 14% 

(range 2 to 57%) of the largest clone in total PBMC. In two patients (HHL and HHQ) 

CD4+CCR4- cells contributed 58% to 74% to the largest PBMC clone.
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Figure 4.2. Contribution of ‘ATL-like’ cells to the largest PBMCs clone 

A). 

 
Contribution of ‘ATL-like’ (CD4+CCR4+CD26-CD7-, orange ) and non ‘ATL-like’ (CD4+CCR4- (yellow) and others(green)) infected 

cells to largest HTLV-1 infected clone in PBMCs in patients with non-malignant HTLV-1 infection and high PVL. 
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B). 

 
TCR Expression within ‘ATL-like’ (CD4+CCR4+CD26-CD7-, orange ) and non ‘ATL-like’ (CD4+CCR4+CD26-CD7+, yellow ) 

infected cells of unique largest two clones within ‘ATL-like’ cells also detected within non ‘ATL-like’ infected cells. 
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TCR clonality was performed on sorted non ‘ATL-like’ T cells (to detect the presence 

of the large clones which had already been detected within ‘ATL-like’ cells, in sixteen 

patients with non-malignant HTLV-1 infection (AC=8 and HAM=8). non ‘ATL-like’ T cells 

are non ‘ATL-like’ HTLV-1 infected cells in patients with non-malignant HTLV-1 infection 

as discussed in chapter 3. A median of 14% and 9% cells were also detected within non 

‘ATL-like’ T-cells by TCR-Beta and TCR-Alpha clonality analysis as shown in table 4.6.  A 

median of 42% and 43% of large clones within of total clones within ‘ATL-like’ ‘ATL-like’ 

cells (clonal fraction of more than 0.01) was detected within non ‘ATL-like’ T cells by TCR-

Beta and TCR-Alpha clonality analysis. The two largest clones within ATL-like cells were 

also detected within non ‘ATL-like’ T cells in fourteen out of sixteen patients with non-

malignant HTLV-1 infection by TCR clonality analysis as shown in figure 4.2A. The 

normalised TCR expression for each clone within the sorted cell population was calculated as 

mapped per million reads which is a ratio of the number of reads mapped to that particular 

TCR to the total number of reads.   The normalized TCR expression for the two largest 

clones was higher in ‘ATL-like’ cells (median= 2.1, range 0.3 to 18.7) compared to non 

‘ATL-like’ T cells (median= 0.6, range 0.02 to 18.2, p=0.003). These data confirm that the 

largest clones within ‘ATL-like’ cells also have cells with non- ‘ATL-like’ 

immunophenotype in the majority of patients with non-malignant HTLV-1 infection. 

In summary, the largest clones in patients with non-malignant HTLV-1 infection have 

mixed immunophenotype including ‘ATL-like’ and non- ‘ATL-like’ cells (CD4+CCR4- and 

non ‘ATL-like’). Large clones were more consistently detected in two sorted populations by 

TCR clonality analysis and LMPCR-HTS compared to smaller clones. These data suggest 

that the contribution of the CD4+CCR4-, non ‘ATL-like’ and ‘ATL-like’ cells to total 

infection burden in established chronic infection is in keeping with their contribution to each 

clone rather than being separate clones in each cell populations. This in turn suggests that 

CCR4 expression and CD7 down regulation are successive post proviral integration changes 

in HTLV-1 infected clones in patients with non-malignant HTLV-1 infection.
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Table 4.6.TCR clones within 'ATL-like' cells also detected in non 'ATL-like' infected cells in patients with non-malignant HTLV-1 infection 
 

Patient 
code 

TCR-Beta TCR-Alpha 

Clones within 
'ATL-like' cells 

also detected inn 
non ‘ATL-like’ T 

cells (%) 

Largest clone 
within 'ATL-like' 
cells also detected 
in non ‘ATL-like’ 

T cells (%) 

Larger clone (clonal 
fraction more than 
1%) within 'ATL-

like' cells also 
detected in non 

‘ATL-like’ T cells 
(%) 

Clones within 
'ATL-like' cells 

also detected inn 
non ‘ATL-like’ 

T cells (%) 

Largest clone 
within 'ATL-
like' cells also 

detected in non 
‘ATL-like’ T 

cells (%) 

Larger clone 
(clonal fraction 
more than 1%) 

within 'ATL-like' 
cells also detected 
in non ‘ATL-like’ 

T cells (%) 
HAI 44% YES 44% 22% Yes 27% 
HES 20% YES 33% 11% NO 9% 
HKU 8% YES 75% 6% YES 56% 
HKQ 31% NO 27% 15% YES 16% 
HHL 7% YES 40% 7% NO 55% 
HHQ 12% YES 80% 5% Yes 57% 
HGY 8% YES 63% 6% YES 29% 
HKG 10% YES 75% 34% YES 50% 
TAA 4% NO 4% 0% no 0% 
TW 9% YES 75% 29% YES 88% 
TBG 14% YES 33% 9% NO 36% 
TCD 13% NO 0% 8% Yes 100% 
TCJ 30% YES 80% 15% Yes 57% 
TDU 7% NO 14% 4% NO 0% 
TDR 36% YES  14% NO  
TCX 42% YES 100% 37% YES 100% 

Median 11% 12 42% 9% 10 43% 



131 

 

131 

 

           4.3.8. Expanded clones found in total PBMC have a variable contribution from ‘ATL-

like’ cells in patients with non-malignant HTLV-1 infection 

Three patients with high PVL non-malignant HTLV-1 infection (HHL, HKU and 

TCJ) had at least one intermediate size clone in either total PBMC or ‘ATL-like’ cells. The 

total lymphocyte count and relative CD4 T cell frequency were normal in these patients as 

shown in table 4.1. ‘ATL-like’ cells contributed to a minor population of total lymphocytes in 

these patients (HHL=7%, TCJ=7% and HKU=73%).  HKU showed evidence of overt ATL 

12 months from sample date whilst HHL and TCJ showed no evidence of ATL 24 months 

post sample date. Further analysis revealed: 

One patient (HHL) had an intermediate size largest clone in total PBMC by LMPCR-

HTS but not within ‘ATL-like’ cells by LMPCR-HTS and TCR clonality analysis. ‘ATL-

like’ cells contributed 11% of the clone whilst CD4+CCR4- T cells contributed 58% of the 

absolute abundance of the largest PBMC clone in clonality analysis by LMPCR-HTS. The 

ratio of normalised TCR expression in ‘ATL-like’ to non ‘ATL-like’ was determined as TCR 

expression ratio. The largest TCR-Beta clone in ‘ATL-like’ cells was not detected within non 

‘ATL-like’ T cells and TCR expression ratio of second largest TCR-Beta clone was 0.18. 

TCR expression ratio for the first and second largest TCR-Alpha clone in ‘ATL-like’ cells 

was 58.5 and 1.8 respectively. These data suggest the largest PBMC clone had mixed 

immunophenotype in CD4+CCR4-, CD4+CD26-CD7- T cells and ‘ATL-like’ cells. ‘ATL-

like’ cells were a minor population of the largest PBMC clone. 

One patient (TCJ) had one intermediate-size clone in ‘ATL-like’ cells by TCR-Beta 

and TCR-alpha analysis but not in total PBMC (relative abundance of largest clone 1.2%) nor 

in ‘ATL-like’ cells (relative abundance of largest clone 2.4%) by LMPCR-HTS. TCR 

expression ratio of the first and second largest TCR-Beta clones was 1 and 1.2 respectively 

and of the first and second largest TCR-Alpha clones in ‘ATL-like’ cells 1.7 and 1.2 

respectively. These data suggest that the intermediate size clone had a mixed 

immunophenotype with equal contribution of ‘ATL-like’ and non-’ATL-like’ cells. The 

failure to detect an intermediate size clone in both total PBMC and ‘ATL-like’ cells by 

LMPCR-HTS suggests that this clone is not HTLV-1 infected. 

One patient (HKU) had a oligoclonal pattern with two dominant bands in total PBMC 

by vectorette proviral integration site analysis and two intermediate size clones in ‘ATL-like’ 

cells by TCR analysis. TCR expression ratio of the first and second largest TCR-Beta clone 
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was 9.2 and 2.7 respectively and of the first and second largest TCR-Alpha clone in ‘ATL-

like’ cells 6.7 and 1.6 respectively. These data suggest that although the intermediate size 

clone has a mixed immunophenotype, the ‘ATL-like’ cells were the dominant populations. 

In summary: the intermediate size largest expanded clone in total PBMC in patients 

with high PVL non-malignant HTLV-1 infection have a mixed immunophenotype with 

variable contribution of ‘ATL-like’ cells; and ATL transformation occurs in patients with an 

intermediate size expanded clone in PBMC with a dominant contribution by ‘ATL-like’ cells. 

 

4.4. Discussion 

ATL arises de novo in patients with non-malignant HTLV-1 infection. The presence 

of high PVL and/or dominant clones is associated with an increased risk of ATL in patients 

with non-malignant HTLV-1 infection. A single dominant clone (clone with relative 

abundance of more than 90%) on a background of small non-dominant clones (clone with 

relative abundance of less than 30%) contributes to the total PBMC infection burden in the 

majority of patients with ATL whilst tens of thousands of non-dominant clones does so in 

patients with non-malignant HTLV-1 infection. As discussed in chapter 3, the dominant 

immunophenotype in patients with ATL is CD4+CCR4+CD26-CD7-, the ATL 

immunophenotype. ‘ATL-like’ infected cells are also present in patients with non-malignant 

HTLV-1 infection. ‘ATL-like’ cells are a small subset of the total lymphocytes and make up 

approximately half of the infected lymphocytes in patients with non-malignant HTLV-1 

infection. We aimed to establish the relationship between the immunophenotype of infected 

cells and clonality in patients with non-malignant HTLV-1 infection and ATL. 

The infected cell clonality within total PBMC was in keeping with previously 

published data in patients with non-malignant HTLV-1 infection and ATL. One out of four 

patients with ATL had two copies of HTLV-1 provirus integrated within the dominant clone. 

The dominant clone has been shown to one copy of HTLV-1 virus per cells in majority of 

patients with ATL but two or more copies of HTLV-1 provirus in 10% (120) patients. 

Clonality analysis of ‘ATL-like’ cells by LMPCR-HTS and TCR techniques showed results 

similar to total PBMC: a single dominant clone on a background of non-dominant small 

clones in patients with ATL and hundreds of non-dominant clones in patients with non-

malignant HTLV-1 infection. There was no difference in oligoclonality index between total 

PBMC and ‘ATL-like’ cells in patients with non-malignant HTLV-1 infection or in patients 
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with ATL suggesting that the ‘ATL-like’ cells are not more oligoclonally proliferating 

compared to total PBMC. A lower total number of clones, especially the smaller clones 

(relative abundance of less than 1% and absolute abundance of less than 10 per 10,000 

PBMC), were detected within ‘ATL-like’ cells compared to total PBMC in patients with non-

malignant HTLV-1 infection. There was less input infected DNA in clonality analysis for 

‘ATL-like’ cells compared to total PBMC in patients with non-malignant HTLV-1 infection. 

The lower number of total clones detected in ‘ATL-like’ cells compared to total PBMC is 

likely due to low input DNA. Gilet(35) and Firouzi (103) et al explored the relationship 

between the amount of input DNA and number of sisters detected(35). They found increasing 

number of sisters were detected with higher input DNA and smaller clones were less 

consistently detected with low input DNA. The data presented suggest that, contrary to our 

hypothesis, ‘ATL-like’ cells contain clones of all abundance in both patients with non-

malignant HTLV-1 infection and ATL. 

‘ATL-like’ cells were the majority immunophenotype of the dominant clone in total 

PBMC (the putative ATL clone) in patients with ATL and hence the immunophenotype of 

ATL cells.  This is in keeping with previously published data. Rowan et al showed that the 

dominant clone in patients with ATL had CD4+CCR4+CADM1+CD7- immunophenotype by 

TCR Beta staining(100). FACS sorted CD4+CADM1+CD7- (71) and 

CD4+CCR4+CD25+CD26- T cells(73) in patients with ATL have been shown to harbour the 

dominant clone(s) by inverse PCR. In the non-dominant large total PBMC clones (absolute 

frequency more than 10 per 10,000 PBMC), similar to dominant clone, the majority of cells 

were of the ATL-like immunophenotype seen in patients with ATL.  The presence of large 

non-dominant total PBMC clones in patients with ATL has been reported(103, 106, 120). 

The integration site microenvironment of these non-dominant large clones was significantly 

different to the dominant clone. The role of these expanded non-dominant clones in patients 

with ATL needs further investigation. 

 

Compared to total PBMCs, smaller clones were detected less frequently than larger 

clones in the sorted ‘ATL-like’ cells from the same sample (clones found in total PBMC and 

in ‘ATL-like cells by LMPCR-HTS and in ‘ATL-like’ and non ‘ATL-like’ infected cells by 

TCR sequencing). It has been previously reported that smaller clones were less robustly 

detected on repeat testing by clonality analysis including LMPCR-HTS and TCR sequencing 



134 

 

134 

 

(67, 156). These data suggest that the lower rate of clones in total PBMC detected within 

‘ATL-like’ cells is likely to be a technical limitation. 

‘ATL-like’ cells were present in a median of 60% of large clones found in total 

PBMC in patients with non-malignant HTLV-1 infection, to which they contributed a median 

35% total abundance. This raised the suspicion that the large clones in total PBMC had cells 

of mixed immunophenotype including ‘ATL-like’ cells. Approximately one third of large 

total PBMC clones with ‘ATL-like’ cells also had CD4+CCR4- cells as determined by 

LMPCR. The two largest clones within ‘ATL-like’ cells were also detected in non ‘ATL-

like’ T cells by TCR clonality. This confirms that the large clone in total PBMC in patients 

with non-malignant HTLV-1 infection have cells of mixed immunophenotype including 

‘ATL-like’ and others (CD4+CCR4- and non ‘ATL-like’). That the largest clones in ACs 

with dominant clones have a mixed immunophenotype has only previously been suggested, 

using the inverse PCR technique, in a couple of patients in a single Japanese study(71). These 

data suggest that CCR4+ and CD7- expression within HTLV-1 infected cells are post 

proviral integration changes. The dominant clonal growth in ATL is due to an absolute 

increase in ‘ATL-like’ cells within an individual clone suggesting CD4+CCR4+CD26-CD7- 

is an essential pre-malignant change. The study of phenotypic and molecular features of 

CD4+CCR4+CD26-CD7- T cells in non-malignant HTLV-1 infection and ATL will provide 

a basis for prediction and prevention of ATL. 

The majority of patients with high PVL non-malignant infection had ‘ATL-like’ cells 

as a non-dominant immunophenotype (CD4+CCR4+CD26- T cells less than 20% of all 

lymphocytes) and non-dominant small clones in PBMCs. One patient (HHL) had ‘ATL-like’ 

cells as a non-dominant immunophenotype, one intermediate size expanded clone (cone with 

relative abundance of 30 to 90%) within PBMCs and ‘ATL-like’ cells were a minority 

immunophenotype of these intermediate size clone. Two patients (TCD and TBG) had ‘ATL-

like’ cells as the dominant immunophenotype within PBMCs but had no expanded clones. 

One patient (HKU) had ‘ATL-like’ cells as the dominant immunophenotype and these was 

the immunophenotype of the most expanded clone. The remaining clones in PBMCs were of 

mixed phenotype. This suggests that we can further stratify patients with non-malignant 

HTLV-1 infection and high PVL according to the presence of dominant ‘ATL-like’ cells and 

expanded clones (5%), presence of either dominant ‘ATL-like’ cells or expanded clones 

(15%) and absence of both dominant ‘ATL-like’ cells and expanded clones (80%). Only 

patient with both dominant ‘ATL-like’ cells, expanded clone and ‘ATL-like’ cells as 
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dominant immunophenotype of expanded clone progressed to ATL on more than 1 year of 

follow up from sample. This suggest the presence of both large non-dominant clone(s) and 

‘ATL-like’ cells is associated with high risk of ATL progression. This finding needs 

confirmation in a larger cohort. 
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Chapter 5. Switching and loss of cellular cytokine secretory 

capacity characterize in vivo viral infection and malignant 

transformation in human T- lymphotropic virus type 1 infection 
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5.1. Chapter Abstract 

 

Adult T-cell leukaemia/lymphoma (ATL) arises from chronic human T lymphotropic 

virus type-1 (HTLV-1) infection which is characterized by pro-inflammatory cytokines in 

plasma whereas ATL is characterized by high plasma IL-10 concentrations. The poor 

prognosis of ATL is partly ascribed to disease-associated immune suppression. ATL cells 

have a CD4+CCR4+CD26-CD7- immunophenotype but infected cells with this 

immunophenotype (ATL-like cells) are also present in non-malignant HTLV-1 infection. We 

hypothesized that ATL-like and ATL cells have distinct cytokine production and that a 

switch in the cytokines produced occurs during leukaemogenesis. 

 

Seventeen asymptomatic carriers (ACs), 28 patients with HTLV-1-associated 

myelopathy (HAM) and 28 with ATL were studied. Plasma IL-10 concentration and the 

absolute frequency of IL-10-secreting CD4+ T cells were significantly higher in patients with 

ATL than in AC however these cells constitute a small proportion of CD4+ cells in ATL. 

Similarly, pro- and anti-inflammatory cytokine-producing CCR4+CD7- cells contribute only 

a small fraction of all ATL cells. The frequency of these cytokine-producing cells showed a 

strong inverse correlation with the relative abundance of the largest clone in ATL suggesting 

that sub-dominant infected clones are the primary producers of cytokines rather than the 

dominant malignant clone. In AC and patients with HAM non-malignant, CD4+CCR4+CD7- 

(ATL-like) cells produced less pro- and more anti-inflammatory cytokines compared to non-

CCR4+CD7- CD4+ cells (which are predominantly HTLV uninfected). The inflammatory 

transcriptome confirmed these findings with cytokine mRNA expression in ‘ATL-like’ cells 

in patients with ATL (formed of a single dominant clone amongst tens of non-dominant 

clones) significantly lower compared to AC and patients with HAM (where these cells 

comprise hundreds of clones) and an inverse correlation with the abundance of the largest 

clone as determined by TCR RNA quantification. 

 

In summary, HTLV-1 infection of CD4+ T cells is associated with a change in 

cytokine secretory profile and dominant malignant clonal growth is associated with loss of 

cytokine production. Sub-dominant infected ‘ATL-like’ cell clones contribute to the plasma 

cytokine profile in AC, patients with HAM and ATL. 
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5.2. Introduction 

Patients with ATL have high plasma concentrations of anti-inflammatory cytokines 

e.g. interleukin (IL)-10 (94, 97). IL-10 is secreted by regulatory CD4+ T cells(157). CD4+ T- 

cells in patients with ATL have been shown to have high IL-10 expression (97, 98). ATL 

cells express regulatory T cell-associated markers CD25 and FOXP3 (78, 87, 158, 159). This 

has led to the assumption that ATL cells are a regulatory T cell counterpart and mediate an 

immunosuppressive clinical state by secreting IL-10. In contrast HAM is characterized by 

organ damage due to immune activation, and high concentrations of plasma pro-

inflammatory cytokines e.g. interferon γ (IFNγ) (92). HTLV-1 infected cells secrete IFNγ 

(69, 70) and directly contribute to the plasma cytokine profile in HAM.  These findings 

suggest a distinct cytokine secretory capacity of HTLV-1 infected cells in keeping with the 

clinical state. 

ATL arises de novo in AC and patients with HTLV-1-associated inflammation such 

as HAM, hereafter referred to as non-malignant HTLV-1 infection. HTLV-1-infected cells 

have a CD4+ CCR4+CD26- immunophenotype; the loss of CD7 expression by these cells 

differentiates ATL from non-malignant HTLV-1 infection (71-73, 75, 160). We and others 

have shown that ‘ATL-like’ (CD4+CCR4+CD26-CD7-) HTLV-1-infected cells are present 

in patients with non-malignant HTLV infection.  As described in Chapter 4 HTLV-1 in all 

disease states proviral load is comprised of clonally expanded HTLV-1 infected cells of 

varying size. In ATL there is always a dominant clone on a polyclonal background. In high 

proviral load non-malignant infection dominant clones are sometimes present. We 

hypothesize that the cytokine profiles of ‘ATL-like cells from dominant and non-dominant 

clones are distinct from each other and are directly responsible for the respective plasma 

cytokine profile in ATL and non-malignant HTLV-1 infection, and that the change in 

cytokine profile reflects malignant transformation from non-malignant infection to ATL. We 

measured pro- and anti-inflammatory plasma cytokine profile and determined cellular 

cytokines (intracellular staining and gene expression by mRNA sequencing) and clonality of 

‘ATL-like’ cells in patients with four different HTLV diagnoses: AC; HAM; indolent ATL; 

aggressive ATL and related the cytokine profile with clonality in ATL. 
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5.3. Results 
5.3.1. Plasma cytokine profile in non-malignant HTLV-1 infection and ATL 

The relative and absolute frequencies of CD3+, CD4+ T cells and HTLV-1 PVL in 

PBMCs were significantly higher in patients with ATL than in ACs or patients with HAM 

(Table 5.1). Patients with HAM had significantly higher plasma concentrations of IFNγ, 

CXCL10, IL2 and IL17 (pro-inflammatory cytokines) compared to ACs and patients with 

ATL (Figure 5.1A-5.1D). Patients with ATL and patients with HAM had significantly higher 

plasma concentrations of the anti-inflammatory cytokine IL-10 compared to ACs (Figure 

1E). There was no significant difference in plasma concentrations of IL-6, IL-7, CCL22 and 

TNFα between the three patient groups (Figure 5.1F – 5.1I). The median plasma 

concentrations of IL-6 and TNFα in all three patient groups were near the upper limit of the 

manufacturer’s normal human range while those of CCL22, IL-2 and IL-7 were near the 

lower limit. 

 

Patients with aggressive ATL had significantly higher TNFα, IL-6 and IL-10 plasma 

concentrations than those with indolent ATL (Figure 5.2 A- C). There was no significant 

difference in plasma concentrations of IFNγ, CXCL10, CCL22, IL-2 and IL-7 between ATL 

subtypes as shown figure 5.2 D-I. 

 

The plasma chemokine and cytokine concentrations of four patients with HAM who 

developed de novo aggressive ATL and two patients with indolent ATL who progressed 

during follow up to aggressive ATL at diagnosis/progression and at 3 – 12 months earlier 

were compared. Plasma TNFα, IL-6 and IL-10 concentrations were significantly higher at 

progression, with median increases of 1.9-fold; 3.7-fold and 7.1-fold respectively (Figure 

5.2.J) There was a large variance in changes of plasma IFNγ concentrations. 
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Figure 5.1. Plasma cytokine concentration in non-malignant HTLV-1 infection and ATL. 
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Aligned column plots of plasma cytokine/chemokine concentrations in patients with non-malignant HTLV-1 infection and ATL. The bar 

represents median values. The continuous line and shaded area shows manufacturer supplied median and range in healthy individuals. Statistical 

analysis: Kruskal-Wallis test with Dunn post-test, 95% confidence interval. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001.
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Figure 5.2. Plasma cytokine concentrations in patients with ATL 

 
A-I) Aligned column plots of plasma cytokine/chemokine concentrations in patients with indolent and aggressive ATL. 
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J. 

 
JBox plots of fold change in six patients with aggressive ATL at diagnosis and at 3-12 months pre-diagnosis.  The bar represents median 

values. Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% confidence interval and Wilcoxon signed rank test. * denotes p<0.05, 
** denotes p<0.01, *** denotes p<0.001.  
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Table 5.1. T-cell subsets and proviral load in AC, HAM and ATL 

 
* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, ns denotes not significant. 

AC denotes asymptomatic carriers, HAM denotes HTLV-1-associated myelopathy, ATL denotes adult T-cell leukaemia/lymphoma

Patient 
group Parameter 

CD3 CD4 CD8 PVL (copies 
per 100 

PBMCS) 
Absolute 

count 
(106/uL) 

Relative 
count 
(%) 

Absolute 
count 

(106/uL) 

Relative 
count 
(%) 

Absolute 
count 

(106/uL) 

Relative 
count 
(%) 

AC (n=17) 

Minimum 881 61.4 539 30 194 12 <0.1 
25% Percentile 1139 67 860 45 289 15 0.7 

Median 1454 73 989 53 385 19 2.8 
75% Percentile 1852 79 1260 58 518 27 18.9 

Maximum 2970 87 1563 66 1470 42 27.9 

HAM 
(n=28) 

Minimum 723 59 264 22 232 17 0.4 
25% Percentile 1112 74 678 44 342 22 4.4 

Median 1347 79 864 50 508 25 6.9 
75% Percentile 2057 84 1301 55 855 36 12.6 

Maximum 3768 95 2368 60 1495 73 28.8 

ATL (n=28) 

Minimum 574 38 334 22 160 1 2.0 
25% Percentile 2345 81 1454 58 287 3 20.3 

Median 6494 93 5499 83 366 8 29.8 
75% Percentile 11868 95 10600 91 531 16 64.6 

Maximum 91000 99 11612 94 1252 31 276.2 
Significance 

of 
difference 

AC vs HAM ns ns Ns Ns Ns Ns Ns 
AC vs ATL *** *** * *** Ns * *** 

HAM vs ATL *** *** *** *** Ns *** *** 
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In summary, patients with HAM have the highest concentrations of pro-inflammatory 

cytokine and ACs had the lowest IL-10 plasma concentrations. Patients with aggressive ATL 

had higher plasma concentrations of TNFα, IL-6 and IL-10 compared to patients with 

indolent ATL. These higher plasma concentrations did not precede malignant progression. 

 

5.3.2. Network and classification tree analysis of immune profile in non-malignant 

HTLV-1 infection and ATL 

Network analysis was performed to better understand the interaction between cellular 

and plasma immune markers. The absolute frequency of CD3+, CD4+ T cells and PVL were 

significantly positively correlated with each other in patients with HAM or ATL (Figure 

5.3A, B). There were also significant positive correlations between the plasma concentrations 

of TNFα, IL-6 and IL-10 in all three diagnostic groups (Figure 5.3A-C). The plasma 

concentration of IL-10 correlated significantly with IFNγ in patients with ATL and to a lesser 

extent with both IFNγ and IL-17 in patients with HAM. 

A classification tree analysis was performed on plasma cytokine concentrations to 

identify the cytokine profile which best differentiated AC, HAM and ATL states. A plasma 

IL-10 concentration < 0.16 pg./mL identified AC with a 64.7% sensitivity and 73% 

specificity as shown in figure 5.3D.  A plasma IL-17 concentration <1 pg/mL or if the IL-17 

concentration was >1 pg/mL an IL-10 concentration of >0.8 pg/mL identified ATL with 

78.5% sensitivity and 85% specificity whilst an IL-17 concentration of ≥ 1 pg/mL with an IL-

10 concentration between 0.16 and 0.8 pg/mL identified HAM with 82.1% sensitivity and a 

specificity of 71.8%. 

 

In summary, a positive correlation between the plasma concentrations of specified 

pro- and anti-inflammatory cytokines was present in all three HTLV-1 patient groups. 

Together, the plasma concentrations of IL-10 and IL-17 discriminated between the clinical 

states associated with HTLV-1 infection
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Figure 5.3. Network and classification tree analysis of plasma cytokine concentration in non-malignant HTLV-1 infection and ATL. 
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Network analysis of absolute T-cell subset count, HTLV-1 PVL and plasma cytokine concentration using at least significant Spearman 

correlation trends is shown for patients with ATL (A), HAM (B) and AC (C). The green and red lines denote positive and negative correlations 

respectively. The continuous and broken line denote statistically significant and trend correlations. The prune classification tree to classify 

diagnosis of AC, HAM and ATL on the basis of IL-10 and IL17 concentration is shown in figure 5.3D. The percentage shows the distribution of 

all patients into different arms whilst the three decimal numbers show the specificity of each classification for diagnosis of AC, ATL and HAM 

respectively.
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5.3.3. Cellular cytokine studies in non-malignant HTLV-1 infection and ATL 

To identify the cellular source of the cytokines identified in plasma, the cytokine 

secretory capacity of monocytes, CD4+ and CD8+ T cells was studied. Intracellular cytokine 

staining for TNFα, IFNγ, IL-6 and IL-10 was performed in 10 ACs, 11 patients with HAM 

and 10 with ATL (four with indolent and six with aggressive ATL).   The gating strategy to 

detect cytokine secretory cells is shown in figure 5.4. The relative and absolute frequencies of 

cells secreting each cytokine are shown as percentages and cell count per liter. 

 

Although there was no difference in the relative frequency of IL-10+ CD4+ cells 

(Figure 5.5 E) their absolute frequency was higher in patients with ATL compared to AC and 

HAM (Figure 5.5 A). The relative and absolute frequency of IL-6+ CD4+ cells did not differ 

by disease state (Figure 5.5B –5.5F). The absolute frequencies of TNFα+ CD4+ T-cells were 

the same in each group (Figure 5.5 C) but TNF+ cells made up a significantly lower 

percentage of all CD4+ T cells in patients with ATL compared to non-malignant HTLV-1 

infection (Figure 5.5 G). Finally, although the absolute frequency of CD4+ T-cells secreting 

IFNg was increased in ATL (Figure 5.5 D), the relative frequency of these cells was 

significantly lower in patients with ATL than in ACs and patients with HAM (Figure 5.5 H). 

In patients with ATL the median relative frequencies of TNFα, IFNγ, IL-6 and IL-10 

secreting CD4+ cells were 5%, 1.7%, 0.6% and 0.3% respectively. The frequencies of TNFα, 

IFNγ, IL-6 and IL-10-secreting CD8+ cells and monocytes (except IFNγ, which is not 

secreted by monocytes) did not significantly differ between diagnostic groups as shown in 

figure 5.6. 

In summary, although the absolute frequency of the cytokine-producing CD4+ T-cells 

was greater in patients with ATL these make up only a minority of their CD4+ T cells 

suggesting that ATL cells are in general not secreting these cytokines. 
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Figure 5.4. Gating strategy to determine cytokine producing cells 

Column 1 shows gating strategy for CD4 T cells as well as CCR4+CD7- and non CCR4+CD7- subsets. The histogram shows the expression in 

count of cytokine staining cells in representative patient with asymptomatic carriers (orange), HTLV-1 associated myelopathy (blue) and adult 

T-cell leukaemia lymphoma (red). 
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Figure 5.5. CD4 T-cell cytokine secretory profile in non-malignant HTLV-1 infection 

and ATL 
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Bar column plots showing absolute and relative frequency of CD4 T cells in 

asymptomatic carriers (AC), patients with HTLV-1 associated myelopathy (HAM) and adult 

T-cell leukaemia/lymphoma (ATL). The bar represents mean values and error bar the 

standard deviation. Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% 

confidence interval and Wilcoxon signed rank test. * denotes p<0.05, ** denotes p<0.01, *** 

denotes p<0.001. 
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Figure 5.6. CD8 T-cell and CD14+ monocytes cytokine secretory profile in non-

malignant HTLV-1 infection and ATL 
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Bar column plots showing relative frequency of CD8+ T cells and CD14+ monocytes 

in asymptomatic carriers (AC), patients with HTLV-1 associated myelopathy (HAM) and 

adult T-cell leukaemia/lymphoma (ATL). The bar represents mean values and error bar the 

standard deviation. Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% 

confidence interval and Wilcoxon signed rank test. * denotes p<0.05, ** denotes p<0.01, *** 

denotes p<0.001. 
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5.3.4 Cytokine secretory capacity of ATL and ‘ATL-like’ cells. 

To further characterize these ATL and ‘ATL-like’ cells, their cytokine production 

capability was determined and compared to the remaining CD4+ T cells which were 

predominantly HTLV-1-uninfected cells. The CD4+CCR4+CD7- immunophenotype was 

used to study the cytokine secretory profile of ATL cells as >99% of CD4+CCR4+CD7- cells 

were also CD26-. 

The relative (Figure 5.7A) and absolute frequencies (Figure 5.7B) of 

CD4+CCR4+CD7- T cells were significantly higher in patients with ATL compared to non-

malignant HTLV-1 infection whilst there was no difference in the absolute frequency of non-

CCR4+CD7- CD4 T cells (Figure 5.7B). HTLV-1 PVL significantly and positively 

correlated with the relative (rho=0.87, p<0.0001) and absolute (rho=0.88, p<0.0002) 

frequencies of CD4+CCR4+CD7- cells but not the absolute frequency of non-CCR4+CD7- 

CD4 T cells (rho=0.20, p=0.27). This suggests that HTLV-1 infection leads to an absolute 

increase in CD4+CCR4+CD7- T cells in both non-malignant HTLV-1 infection and ATL. 

The relative and absolute frequency of CD4+CCR4+CD7- cells was actually higher than non 

CCR4+CD7- CD4 T cells in patients with ATL but not in non-malignant HTLV-1 infection. 

The absolute frequency of CD4+CCR4+CD7- T cells secreting IL-10 was 

significantly higher in patients with ATL compared to ACs and HAM (Figure 5.8 A) but the 

relative frequency of these cells in ATL was low, both compared to non-CCR+CD7- cells in 

ATL and to the same phenotype in patients with HAM and ACs (Figure 5.8 E). In ATL 

CD4+CCR4+CD7- T cells are comprised of a combination of the dominant clone (ATL cells) 

and non-dominant infected clones (‘ATL-like cells). In ATL the relative frequency of 

cytokine secretory cells correlated strongly and positively with the relative abundance of non-

dominant infected clones suggesting the ‘ATL-like’ cells to be the secreting cells. The 

absolute frequency of IL-6 secretion by ‘ATL-like’ cells in patients with ATL was higher 

than in ACs and patients with HAM but similar to the absolute frequency of IL-6 secretion by 

‘uninfected’ cells (non-CCR4 CD7- cells) in ATL (Figure 5.8 B) even though only 0.2% of 

all CD4+CCR4+CD7- cells in patients with ATL secreted IL-6. 
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Figure 5.7. CD4+CCR4+CD7- T cells as marker of ‘ATL-like’ infected and ATL cells 
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Bar column plots showing the absolute frequency and relative of CD4+CCR4+CD7- 

(A & B) and non CCR4+CD7- CD4 T cells in AC, patients with HAM and ATL showed 

highly significant increased frequency of CD4+CCR4+CD7- T cells in patients with ATL 

compared to AC and HAM. The bar represents median values. Statistical analysis: Kruskal-

Wallis test with Dunn post-test, 95% confidence interval and Wilcoxon signed rank test. C) 

XY scatters plots showing significant positive correlation of PVL with relative and absolute 

frequency of CD4+CCR4+CD7- T cells. The line represents linear regression line with rho 

and R for Spearman and linear regression correlate respectively. * denotes p<0.05, ** 

denotes p<0.01, *** denotes p<0.001. 
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The pattern of TNFα or IFNγ secretion by ‘ATL-like’ and ‘uninfected cells’ in each 

clinical state was similar. The absolute frequency of CD4+CCR4+CD7- T cells secreting 

TNFα (Figure 5.8 C) or IFNγ (Figure 5.8 D) was significantly higher in patients with ATL 

compared to ACs whilst there was a trend compared to patients with HAM (p=0.11 and 

p=0.10 respectively). However, the relative frequencies of TNFα, IFNγ, secreting 

CD4+CCR4+CD7- cells were significantly lower in patients with ATL compared to ACs and 

HAM as shown in Figure 5.8 E-5.8 H. The median relative frequencies of TNFα, IFNγ, and 

IL-10 secreting CD4+CCR4+CD7- cells in patients with ATL were 3.3%, 1.7%, and 0.3% 

respectively. 

We have shown that the non-CCR4+CD7- CD4 T cells are a mixture of 

predominantly uninfected (82%) and infected cells (18%). The uninfected non-CCR4+CD7- 

T cells are a mix of naïve and memory CD4 T cells. CD4 naïve T cells have been shown to 

be depleted in HTLV-1 infection. In addition, naïve CD4 T cells produce less cytokine than 

memory T cells suggesting the cytokine secretory capacity of non-CCR4+CD7- CD4 T cells 

is mainly derived from uninfected memory T cells. The absolute and relative frequencies of 

pro- inflammatory cytokine secreting CCR4+CD7- cells (i.e. ‘ATL-like’ infected cells) was 

lower than for non-CCR4+CD7- CD4 T cells (i.e. predominantly HTLV-1 uninfected 

memory cells, Figure 5.8F-5.8 H). The absolute and relative frequencies of ‘ATL-like’ cells 

secreting the anti-inflammatory cytokine IL-10 was higher in ACs and patients with HAM as 

shown in figure 5.8 A-5.8 H. The relative frequency of pro-inflammatory cytokine secretion 

in CD4+CCR4+CD7- cells was lower than in non-CCR4+CD7- CD4 T cells whilst the 

absolute frequency of IL-10 secretion was higher in patients with ATL. The absolute and 

relative frequencies of TNFα, IFNγ, IL-6 and IL-10 secreting non-CCR4+CD7- CD4 cells 

did not differ significantly between diagnostic groups. 
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Figure 5.8. CD4 T-cell subsets cytokine secretory profile in non-ATL and ATL 

HTLV-1nfection. 

 
 



161 

 

161 

 

Bar column plots showing absolute and relative frequency of CCR4+CD7- and non 

CCR4+CD7- CD4 T-cell subset in asymptomatic carriers (AC), patients with HTLV-1 

associated myelopathy (HAM) and adult T-cell leukaemia/lymphoma (ATL). The bar 

represents mean values and error bar the standard deviation. Statistical analysis: Kruskal-

Wallis test with Dunn post-test, 95% confidence interval and Wilcoxon signed rank test. * 

denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. 
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In summary, patients with non-malignant HTLV-1 infection have an increased 

frequency of CD4+CCR4+CD7- (ATL-like infected cells) which correlates strongly with 

their HTLV-1 PVL. There is a further increase in the numbers of these cells in patients with 

ATL.  These cells are capable of secreting pro- and anti-inflammatory cytokines. However, 

CD4+CCR4+CD7- cells had lower pro- and higher anti-inflammatory cytokine secretory 

capacity compared to non-CCR4+CD7- CD4 T cells (predominantly uninfected cells) in non-

malignant HTLV-1 infection. The absolute frequencies of not only IL-10 cytokine secreting 

CD4+CCR4+CD7- cells but also of TNFα, IFNγ and IL-6 secretors were higher in ATL 

compared to non-malignant. However, the cytokine secretory cells made up only a tiny 

fraction of CD4+CCR4+CD7- T cells in patients with ATL. This suggests that at some point 

in the transformation of ‘ATL-like to ‘ATL’ cells CD4+CCR4+CD7- lose their cytokine 

secretory capacity and that they are not the source of the plasma cytokines observed in ATL. 

 

5.3.5. ATL cells are non-cytokine producing. 

CD4+CCR4+CD26-CD7- cells in patients with ATL have a dominant clone (the 

putative ATL cells) on a polyclonal background (‘ATL-like’ cells) as discussed in chapter 4. 

In order to determine the likely clonal origin of cytokine secreting CD4+CCR4+CD26-CD7- 

T cells, clonality analysis was performed within sorted CD4+CCR4+CD26-CD7- T cells in 

four patients with aggressive ATL. This showed that the CD4+CCR4+CD26-CD7- 

population in these patients had a median of 41 clones with the largest clone contributing a 

median 88% of the HTLV-1 infection burden as shown in Table 5.2. There was a perfect 

negative correlation (rho= -0.99, p<0.0001) between the relative frequencies of cytokine 

secreting cells and the relative abundance of the largest clone further supporting the 

suggestion that ATL-like infected cells from non-dominant clones are cytokine secretory 

whilst the cells from the dominant clone in ATL secrete little or no cytokines. 
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Table 5.2.  Clonality and cytokine secretory profile of CD4+CCR4+CD26-CD7- T cells in patients with ATL. 

Patient code Proviral load 

(copies per 100 

cells) 

Total number of 

HTLV-1 

infected clones 

Relative 

abundance of the 

largest clones (%) 

Cells secreting any 

cytokine (%) 

ATL12 178.4 41 82 28 

ATL22 165.7 34 94 6 

ATL197 179.4 40 89 16 

LGL2 229.0 50 86 23 

Median 178.9 41 88 19 
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5.3.6. Single ‘ATL-like’, non ‘ATL-like’ CD4 and CD8 T cells are capable of dual 

(TNFa and IFNg) cytokine production. 

The multiple cytokine producing capacity of single ‘ATL-like’, non ‘ATL-like’ CD4 

T cells and CD8 T cells was determined in AC, patients with HAM and patients with ATL. 

Single cells were found to be capable of dual cytokine production (TNFa and IFNg) in all 

these T cells subsets in all patients groups. As shown in figure 5.9A, 33%, 41% and 47% of 

TNFa cytokine producing cells were also capable of IFNg (i.e. dual cytokine producing) in 

patients with ATL, AC and HAM whilst 78%, 79% and 83% of IFNg cytokine producing 

cells were also capable of TNFa suggesting whilst they are a minority subset of the TNFa 

producing cells within the CD4+CCR4+CD7- (‘ATL-like’) cells. The same pattern of dual 

cytokine secretion was also seen within non-CC4+CD7- CD4 T cells as shown in figure 

5.9B. Within CD8 T cells, dual cytokine producing cells were the majority subset of both 

TNFa and IFNg producing cells in all patient groups as shown in figure 5.9B. 
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Figure 5.9. Dual cytokine producing capacity of ‘ATL-like’, non ‘ATL-like’ CD4 and 

CD8 T cells 
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Bar column plots showing percentage of dual cytokine secretory TNF  and IFN 

producing CD4+CCR4+CD7- (‘ATL-like’, A), non CCR4+CD7- CD4 ( non ‘ATL-like’, B) 

and CD8 (C) T cells T-cells in asymptomatic carriers (AC), patients with HTLV-1 associated 

myelopathy (HAM) and adult T-cell leukaemia/lymphoma (ATL). The bar represents mean 

values and error bar the standard deviation. 
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5.4. Discussion 

The study of cellular and plasma immune markers provides an important insight into 

the pathophysiology of HTLV-1 infection associated clinical states. Our data on differential, 

network and classification tree analysis of plasma immune markers were in keeping with 

previously published data. The role of pro-inflammatory cytokines in the pathogenesis of 

HAM (92, 93, 161-165) is supported by our results of higher plasma concentrations of pro-

inflammatory cytokines (IFN, IL17, IL2 and CXCL10) in patients with HAM. 

 

Our data showed a positive correlation between plasma concentrations of pro- (TNFα 

and IL-6) and anti-(IL-10) inflammatory cytokines in patients with both non-malignant (AC 

and HAM) and ATL HTLV-1 infection. This correlation has previously been reported in AC 

and patients with HAM (92) but finding the same relationship in patients with ATL suggests 

that this represents the immune consequence of HTLV-1 infection irrespective of clinical 

state. The pro-inflammatory cytokine concentrations were similar in AC, HAM and ATL but 

high compared to the published normal range whilst the anti-inflammatory cytokine 

concentration was higher in patients with HAM or ATL than in AC. Patients with aggressive 

ATL had higher plasma pro- and anti-inflammatory cytokines concentrations than patients 

with indolent ATL. Our data confirm the results of a Japanese study which found high 

plasma IL-6 and IL-10 concentrations (anti-inflammatory cytokines) in patients with 

aggressive ATL compared to ACs and patients with indolent ATL(94) and a Middle-Eastern 

study which showed high plasma IL-10 concentrations in ATL(97). A recent Brazilian study 

also showed raised plasma IL-10 in patients with HAM compared to AC (92). Our findings 

confirm not only that ATL is associated with high anti-inflammatory cytokine concentrations, 

especially in aggressive disease, but also that this is seen in patients with HAM. Importantly 

this plasma cytokine profile is established early rather than immediately preceding or 

predicting aggressive ATL. 

 

In our cohort incident ATL has occurred predominantly amongst patients with HAM 

(62). Similarly, a Brazilian study highlighted the high co-incidence of HAM and ATL (166). 

Our data showed higher plasma IL-10 which positively correlated with IFNγ concentrations 

in both patients with ATL and HAM. The role of these interactions in progression to ATL 

merits further investigation. 
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Pro- and anti-inflammatory cytokines are secreted by a variety of cells including 

macrophages, monocytes, lymphocytes and non-hematopoietic cells. The overwhelming 

majority of HTLV-1 infection burden is within CD4 T cells in both non-ATL and ATL 

infection (44, 67, 73, 160). The cytokine secretory capacity of monocytes and lymphocytes 

might help elucidate the direct contribution of HTLV-1 infected, ATL and micro-

environment cells to the cytokine profile. We found a higher absolute frequency of IL-10 

secreting CD4 T cells in ATL compared to AC and HAM. Earlier similar findings suggested 

that the cytokine secretory capacity of CD4 T cells contributes to the plasma cytokine profile 

in ATL(97, 98). 

 

However, in HTLV-1 infection CD4 T cells are a mixture of infected and uninfected 

cells. In ATL the majority of infected cells are derived from a single dominant leukemic 

clone amongst thousands of non-dominant clones whilst thousands of non-dominant clones of 

varying size contribute to the total infection burden in non-malignant HTLV-1 infection (35, 

120, 135, 153).  CD4+CCR4+CD26-CD7- (‘ATL-like’) cells have been shown to harbour the 

dominant clone in ATL and these cells are also present in non-malignant HTLV-1 

infection(72, 74, 100, 160).We have demonstrated that these ‘ATL-like’ cells are made up of 

hundreds of non-dominant clones in non-malignant infection and a single dominant clone 

amongst tens of  smaller clones in patients with  ATL HTLV-1 infection. This difference 

from previous work, which showed infected cells with ‘ATL-like’ immunophenotype harbour 

only dominant clones, is due to the higher sensitivity and quantification of our clonality 

techniques (LMPCR-HTS and TCR sequencing) compared to earlier techniques (inverse 

PCR).  Our study has comprehensively studied for the first time the cellular cytokine 

secretory profile and clonality within ‘ATL-like’ cells in patients with non-malignant HTLV-

1 infection and ATL.  Here we have shown that these cells are capable of cytokine production 

in both ATL and non-malignant HTLV-1 infection at protein (intracellular cytokine staining, 

ICS).  We have shown that ‘ATL-like’ cells in patients with non-malignant and ATL 

infection are capable of producing pro and anti-inflammatory cytokines by ICS.  The absolute 

frequencies of cells secreting not only anti- but also pro-inflammatory cytokines within 

‘ATL-like’ cells were higher in patients with ATL compared to AC and HAM. These 

findings appear to be contrary to the assumption that CD4+CCR+CD7- cells secrete only 

anti-inflammatory cytokine based on the extrapolation of the finding of high plasma IL-10 

concentration and high frequencies of IL-10-secreting CD4 cells in patients with ATL.  
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However, the cytokine producing capability of ‘ATL-like’ cells in patients with ATL was 

low as measured by ICS (cytokine producing cells < 5% of all cells) which raised the 

suspicion that the cytokine secreting cells might not be the part of the dominant clone in 

ATL. This was confirmed by the clonality analysis. The size of the dominant clone by 

LMPCR-HTS correlated inversely with the frequency of cells secreting any cytokines by ICS 

within the ‘ATL-like’ cell population in patients with ATL. This suggests that the ‘ATL-like’ 

cells in the dominant clone are non-productive whilst the non-dominant infected clones of 

CD4+CCR4+CD7- cells were cytokine producing in patients with both non-malignant 

HTLV-1 infection and ATL. 

 

Very few studies have been performed to study directly the cytokine secretory profile 

of ATL and ATL-like infected cells. CD4+CCR4+CD25+ (HTLV-1 infected) cells have been 

shown to be capable of secreting IFNγ in patients with HAM (69, 70, 162). Only a minority 

of CD4+CD25+ cells in patients with ATL have been shown to be capable of cytokine 

secretion (167). Our studies confirm that ‘ATL-like’ cells from the non-dominant infected 

clones are cytokine secretory and contribute to the plasma cytokine profile in both non-

malignant HTLV-1 infection and ATL. In ATL the ‘ATL-like cells’ from the dominant clone 

(the putative ATL cells) are not cytokine secretory. The cause and implication of the increase 

of cytokine secretory ATL-like cells of non-dominant clones in patients with ATL is not 

completely clear and needs further investigation. 

 

We found higher anti- and lower pro- inflammatory cytokine secretion by ‘ATL-like’ 

infected cells compared to HTLV-1 uninfected CD 4 T cells in non-malignant HTLV-1 

infection. This finding could be due to expansion of rare CD4 T-cell subsets or a change in 

the differentiation of host cells by HTLV-1 infection. CD4+CCR4+ and CD4+CD7- T cells 

have been shown to have Th2 and regulatory T cells cytokine skewing in healthy individuals 

(168-170). These suggest HTLV-1 infection might select the differentiation and immune 

function of infected cells. 

The main limitation of the study is that the experiments were performed only on 

PBMCs and the cytokine profile of non-circulation lymphocytes in lymph nodes and other 

tissues remains to be elucidated. The cytokine production capability of dominant and non-

dominant clone(s) in patient with ATL is indirect. Direct evidence would require unusual 

volumes of patient blood samples as well as technical advances (improving purity and yield 
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of sorting techniques). Hence, we aimed to confirm the indirect correlation data of cytokine 

production by ICS and clonality by LMPCR with an independent technique (RNA 

sequencing to study inflammatory transcriptome and TCR clonality) as described in chapter 

6.  

The plasma and cellular cytokine producing capacity of CD4+CCR4+CD26-CD7- T 

cells in normal healthy individuals was not performed. The primary aim was to study the 

difference between non-malignant HTLV-1 infection and ATL. CD4+CCR4+CD26-CD7- 

cells are rare lymphocyte subsets (~ 1-2% of total lymphocytes) in normal healthy individual 

and a large amount of peripheral blood sample would be required to study cellular cytokine 

producing capacity. The patients with non-malignant HTLV-1 infection and ATL were also 

matched by demographics and we did not have access to samples from appropriately matched 

healthy volunteer. The manufactory’s supplied data was used as control for normal plasma 

cytokine concentration and cellular cytokine secretory capacity of non CCR4+CD26-CD7- 

CD4 was used as control of uninfected cells. 

 

There is an absolute increase in ‘ATL-like’ (with ATL like immunophenotype) cells 

made up of non-dominant infected clones in patients with non-malignant HTLV-1 infection 

(AC and patients with HAM). There is a further expansion of these ‘ATL-like’ cells in ATL 

with the presence of a dominant clone on a background of multiple non-dominant clones. The 

‘ATL-like’ cells from non-dominant clones have a distinct cytokine secretory pattern and 

contribute directly to the plasma cytokine profile in both non-malignant HTLV-1 infection 

and ATL. The ATL-like cells of the dominant clone (the putative ATL cells) do not produce 

cytokines. We have observed a progressive loss of pro-inflammatory cytokine secretory 

capacity from non-ATL (uninfected) to ATL-like (infected) to ATL (malignant) cells and 

hypothesize that this represents stages in the transformation process. 

  



172 

 

172 

 

Chapter 6. Transcriptome analysis of ATL, ‘ATL-like’ and unlike 

ATL HTLV-1 infected cells 
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6.1. Chapter Abstract 

 

HTLV-1 infected clones have been shown to have cells with mixed 

immunophenotype including ‘ATL-like’ cells based on expression of T-cell associated 

makers as discussed in chapter 3 and 4. ‘ATL-like’ cells are capable of both pro and anti-

inflammatory cytokine production whilst ATL cells produced little or no cytokines as 

discussed in chapter 5. The aim of this chapter is to confirm the findings of aberration in 

protein expression of T-cell associated molecules and inflammatory cytokines by whole 

transcriptome analysis of same and additional patient samples. 

T-cell associated molecules, inflammatory transcriptome and TCR clonality analysis 

was performed on: CD4+CCR4+CD26-CD7- cells from nine patients with ATL (four with 

indolent and five with aggressive ATL; ATL cells); and CD4+CCR4+CD26-CD7- (‘ATL-

like’) cells and CD4+CCR4+CD26-CD7+ (non- ‘ATL-like’ HTLV-1 infected) cells from 18 

patients with non-malignant HTLV-1 infection (nine AC and nine patients with HAM). 

Twenty-One T-cell associated genes and 52 inflammatory cytokines transcripts were 

significantly differentially expressed (p<0.05) in ATL cells compared to ‘ATL-like’ cells. 

Out of these, eight T-cell associated genes (CD79B, CD40LG, CD74, CD69, PDCD1, 

CD300A, CD7 and CD101) and eight inflammatory cytokine genes (CCL5, CXCR4, TGFBI, 

CXCR3, CXCR5, IL10RA, TGFB1 and IFNG) showed more than 2-fold higher expression 

with ‘ATL-like’ cells compared to ATL cells. Eleven T-cell associated genes were 

significantly differentially expressed in ‘ATL-like’ cells compared to non ‘ATL-like’ HTLV-

1 infected cells of which one (CD7) were expressed more than 2-fold lower in ‘ATL-like’ 

cells compared to non ‘ATL-like’ HTLV-1 infected cells and two (CD79A and CD34) were 

expressed significantly higher in ‘ATL-like’ cells. Fourteen inflammatory genes were 

differential expressed in ‘ATL-like’ cells compared to non- ‘ATL-like’ HTLV-1 infected 

cells, none of which differed by more than 2-fold. The gene expression of TNFα, IFNγ and 

IL-10 within ‘ATL-like’ and non ‘ATL-like’ infected cells was higher compared to ATL 

cells. The gene expression of TNFα and IFNγ within ‘ATL-like’ cells was significantly 

higher than IL-6 (p< 0.01 and p< 0.01 respectively) and IL-10 (p< 0.01 and p< 0.01 

respectively) in all three cell subtypes in keeping with the relative frequencies of cytokine 

secreting cells by intracellular cytokine staining. The gene expression of TNFα, IFNγ and IL-
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10 showed significant negative correlation with the clonal fraction of the two largest clones 

in ATL and ‘ATL-like’ cells (p= 0.08, p=0.04 and p=0.001 respectively). 

In summary, ‘ATL-like’, non ‘ATL-like’ HTLV-1 infected and ATL cells expressed 

T-cell associated molecules especially activation markers which are differentially expressed 

between the three cells subtype. ‘ATL-like’ and non ‘ATL-like’ HTLV-1 infected cells 

produce pro and anti-inflammatory cytokines whilst ATL cells are cytokine non-producing. 
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6.2. Introduction 

 

The clinical manifestations of chronic HTLV-1 infection are at least partly mediated 

by immune disturbance e.g. inflammatory disorder including HAM and immunosuppression 

in ATL.  It has previously been shown that patients with HAM have raised plasma pro-

inflammatory cytokine concentration to which HTLV-1 infected cells contribute directly 

whilst patients with ATL have raised anti-inflammatory cytokine to which ATL cells 

contribute directly. As discussed in chapter 5, HTLV-1 infection was found to be associated 

with positive correlation cluster of plasma pro (TNF and IL-6) and anti-(IL-10) inflammatory 

cytokines in all HTLV-1 infected patients irrespective of clinical state. ‘ATL-like’ HTLV-1 

infected cells from non-dominant clones contribute directly to these cytokines irrespectively 

of clinical states. ATL cells produce either little or no cytokines. This has led to the 

assumption that HTLV-1 infected cells have either an activate conventional T-cell phenotype 

whilst ATL cells have regulatory T cell phenotype. We aimed to confirm these finding by 

studying cytokine expression and clonality by an independent technique in a larger sample. 

HTLV-1 infected cells have previously been speculated to have either activated 

conventional or regulatory T cell phenotype based on extrapolation of data on unsorted in 

vivo CD4 T cells or in vitro cell lines(112). We aim to directly study the transcriptome of 

bulk sorted HTLV-1 infected and ATL cells. As discussed in chapter 3, ‘ATL-like’ HTLV-1 

infected cells differ from non ‘ATL-like’ HTLV-1 infected cells based on expression of T-

cell associated molecule e.g. CD7. The ‘ATL-like’ and ATL cells have similar expression of 

T-cell associated molecules. ATL cells in patients with aggressive ATL differ from indolent 

ATL and HTLV-1 infected cells by expression of inflammatory cytokine molecules (e.g. IL-

7R[CD127], CCR7). We aimed to confirm that aberration of T-cell associated molecular is 

the difference between ‘ATL-like’ and ‘ATL-like’ HTLV-1 infected cells whilst change in 

inflammatory cytokine is the difference between aggressive ATL, indolent ATL and HTLV-1 

infected cells. 

We Hypothesize: HTLV-1 infected and ATL cells have activated T-cell transcriptome 

and there is concordance of transcriptome expression with cell surface and intracellular 

cytokine protein expression within HTLV-1 infected and ATL cells. 
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Whole transcriptome analysis of bulk sorted ‘ATL-like’ and non ‘ATL-like’ HTLV-1 

infected cells from patients with non-malignant HTLV-1 infection and ATL cells from 

patients with ATL was performed. 

 

6.3. Results 
6.3.1. T-cell associated markers in ATL, ‘ATL-like’ and non ‘ATL-like’HTLV-1 

infected cells 

Transcriptome analysis of T-cell associated markers was performed on: 

CD4+CCR4+CD26-CD7- cells from nine patients with ATL (four with indolent and five 

with aggressive ATL) and; CD4+CCR4+CD26-CD7- (‘ATL-like’) cells and 

CD4+CCR4+CD26-CD7+ (non- ‘ATL-like’ HTLV-1 infected) cells from 18 patients with 

non-malignant HTLV-1 infection (nine AC and nine patients with HAM). 

CD4+CCR4+CD26-CD7- cells from patients with ATL contained mainly ATL (≥ 95%) cells 

and minority of ‘ATL-like’ cells and henceforth called ATL cells. Transcriptome of 78 T-cell 

associated genes were detected. These cells were CD4+ T cells subsets and hence maximum 

expression level of CD19 (B-cell associated antigen) was used to set a threshold to 

differentiate highly and lowly expressed genes (2.54 normalized log-transformed FPKM). 

Fifty-Nine (76%) T-cell associated genes were highly expressed. T-cell lineage markers 

(CD3, CD4, CD2, CD5, CD52 and TCR) were the highest expressed molecules in all the 

three cells subtypes. T-cell costimulatory molecules (CD27, CD28, CTLA4, PDCD1), cell 

adhesion molecules (CD34, CD81, CD99, CD44) and activation markers (CD38, CD69, 

HLA-DR and FOXP3) were also highly expressed. 

Twenty-One T-cell associated genes were significantly differentially expressed 

(p<0.05) in ATL cells compared to ‘ATL-like’ cells. Out of these, three (CD38, CTLA4 and 

CD46) showed more than 2-fold higher expression within ATL cells compared to ‘ATL-like’ 

cells and eight (CD79B, CD40LG, CD74, CD69, PDCD1, CD300A, CD7 and CD101) 

showed more than 2-fold higher lower expression as shown in figure 6.1A and figure 6.2A. 

These differentially expressed markers are associated with T-cell activation with stimulatory 

(CD38, CD40LG, CD69) or inhibitory (CTLA4, CD46, PDCD1, CD101 and CD300A). 
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Figure 6.1. Differential transcriptome of T-cell associated gene expression in ATL and ‘ATL-like’ infected cells 

 
A) Volcano plot of –log10 transformed p value and log2 fold change normalized FPKM value for T-cell associated genes in ATL 

and ’ATL-like’ cells. Log2 fold change more than 0 denotes genes having higher expression in ATL cells, less than 0 denotes genes with higher 

expression in ‘ATL-like’ cells and significantly overexpressed genes (>2log fold change and -log10 p value > 1.3) within ATL (red) and ATL-

like (orange) cells..  B) ) Heatmap showing clustering of ATL (6/9) based of T-cell gene expression. 
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Figure 6.2. Differential transcriptome of T-cell associated gene expression in ‘ATL-like’ and non ‘ATL-like’ infected cells 

 
A) Volcano plot of –log10 transformed p value and log2 fold change normalized FPKM value for T-cell associated genes in ‘ATL-like’ 

and non ‘ATL-like’ infected cells. Log2 fold change more than 0 denotes genes having higher expression in non ‘ATL-like’ infected cells, less 

than 0 denotes genes with higher expression in ‘ATL-like’ infected cells and significantly overexpressed genes (>2log fold change and -log10 p 

value > 1.3) within ‘ATL-like’ (orange) and non ‘ATL-like’ cells (green).  B) Heatmap showing no specific clustering of ATL-like and non 

ATL-like cells
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 Eleven T-cell associated genes were significantly differentially expressed in 

‘ATL-like’ cells compared to non ‘ATL-like’ infected cells of which one (CD7) were 

expressed more than 2-fold lower in ‘ATL-like’ cells compared to non ‘ATL-like’ infected 

cells and two (CD79A and CD34) were expressed significantly higher in ‘ATL-like’ cells 

compared to non ‘ATL-like’ infected cells as shown in figure 6.2A. CD3D, CD3E, CD6 and 

CD53 expression was significantly lower in ‘ATL-like’ cells compared to non ‘ATL-like’ 

infected cells. CD40LG showed significantly stepwise lower expression from non ‘ATL-like’ 

infected cells through ‘ATL-like’ cells to ATL cells. 

Unsupervised hierarchical clustering of all T-cells associated gene expression in ATL 

and ‘ATL-like’ cells showed specific clustering of six out of nine ATL cells as shown in 

figure 6.1B. Unsupervised hierarchical clustering of T-cells associated gene expression in 

‘ATL-like’ cells and non ‘ATL-like’ infected cells showed clustering according to clinical 

state (patients with HAM and mixture of AC and patients with AC) as shown in figure 6.2B. 

In summary, ATL, ‘ATL-like’ and non ‘ATL-like’ HTLV-1 infected cells have an 

activated CD4+ T cell phenotype. T-cell activation genes are the main differentially 

expressed genes between ATL and ‘ATL-like’ cells whilst T-cell lineage markers are the 

differentially expressed genes between ‘ATL-like’ and non ‘ATL-like’ infected cells. 

 

6.3.2. Differential inflammatory cytokine transcriptome in ATL, ‘ATL-like’ and non 

‘ATL-like’ infected cells 

Transcriptome analysis of inflammatory cytokines genes (chemokines, cytokines and 

adhesion molecule) expression within ATL cells, ‘ATL-like’ cells and non- ‘ATL-like’ 

HTLV-1 infected cells) was performed. A total of 178 inflammatory cytokine genes were 

expressed; out of which 89 (50%) were highly expressed. Fifty-two inflammatory cytokines 

transcripts (37 highly and 15 lowly expressed) were differentially expressed (p<0.05) in ATL 

cells compared to ‘ATL-like’ cells. Within these 52 significantly differentiated genes, eight 

inflammatory cytokine genes (CCL5, CXCR4, TGFBI, CXCR3, CXCR5, IL10RA, TGFB1 

and IFNG) were expressed more than two-fold higher in ‘ATL-like’ cells compared to ATL 

cells and four were lowly expressed (TGFBI, CXCR3, CXCR5 and IFNG) in ATL cells as 

shown in figure 6.3A.  Fourteen inflammatory genes were differential expressed in ‘ATL-

like’ cells compared to non- ‘ATL-like’ infected cells as shown in figure 6.4A, none of which 

differed by more than 2-fold. CCR6 and TNFSF8 transcriptome showed stepwise lower 
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expression from non ‘ATL-like’ infected through ‘ATL-like’ to ATL cells. TNFRSF13B and 

its receptor TNFRSF17 were expressed at significantly higher level in ‘ATL-like’ cells 

compared to ATL and non ‘ATL-like’ HTLV-1 infected cells. 

Unsupervised hierarchical clustering of inflammatory genes expression in ATL and 

‘ATL-like’ cells revealed three clusters: ATL, ‘ATL-like’ and mixed cluster as shown in 

figures 6.3B. The ATL cluster had seven out of nine ATL cells (all with dominant clones; 

five aggressive and two indolent). The ‘ATL-like’ cluster had 12 out of 18 ‘ATL-like’ cells 

(one with expanded clone and 11 with non-dominant clones). The mixed cluster had two 

ATL cells (one each with dominant and expanded clone; both indolent ATL) and six ‘ATL-

like cells (one with expanded clone which progressed to overt ATL in 12 months and five 

non-dominant clones). Unsupervised hierarchical clustering of all and significantly 

differentially expressed inflammatory genes in ‘ATL-like’ cells and non ‘ATL-like’ infected 

cells showed no clustering according to cell group as shown in figure 6.4. 

The transcriptome of 41 chemokines or their receptor was detected; out of which 17 

(41%) were highly expressed. Ten chemokines’ transcriptome (eight highly and two lowly 

expressed) were expressed significantly differently between ATL and ‘ATL-like’ cells. CCL5 

and CXCR4 was the highest expressed chemokine and its receptor among all inflammatory 

cytokines; both of these were expressed more than 2-fold lower in ATL cells compared to 

‘ATL-like’ cells. CCR4 was the second highest expressed chemokine receptor and there was 

no difference in expression between ATL, ‘ATL-like’ and non ‘ATL-like’ HTLV-1 infected 

cells. Only two chemokine transcripts (CCR7 and CCL27) were expressed at a higher level in 

ATL cells compared to ‘ATL-like’ cells.  Two chemokine transcripts (CCR6 and CXC6) 

were significantly differential expressed between ‘ATL-like’ and non ‘ATL-like’ HTLV-1 

infected cells. CCR6 transcriptome was stepwise reduced from non ‘ATL-like’ HTLV-1 

infected through ‘ATL-like’ to ATL cells. 

The transcriptome of 71 interleukins (31) or their receptors (40) were detected, out of 

which 35 were highly expressed. IL23A and IL2RG were the highest expressed transcripts of 

interleukins and interleukin receptors. Twenty interleukins (10 each highly and lowly 

expressed) were differentially expressed between ATL and ‘ATL-like cells, out of which 

only IL10RA had more than two-fold higher expression in ‘ATL-like’ cells compared to ATL 

cells. Seven highly expressed interleukins were differentially expressed between ‘ATL-like” 

and non ‘ATL-like’ HTLV-1 infected cells. 
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Figure 6.3. Differential transcriptome of inflammatory gene expression in ATL and ‘ATL-like’ infected cells 

 
A) Volcano plot of –log10 transformed p value and log2 fold change normalized FPKM value for inflammatory genes in ATL and ’ATL-

like’ cells. Log2 fold change more than 0 denotes genes having higher expression in ATL cells, less than 0 denotes genes with higher expression 

in ‘ATL-like’ cells and significantly overexpressed genes (>2log fold change and -log10 p value > 1.3) within ATL (red) and ATL-like (orange) 

cells..  B) Heatmap showing clustering of ATL (6/9) based of T-cell gene expression. 
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Figure 6.4. Differential transcriptome of inflammatory gene expression in ‘ATL-like’ and non ‘ATL-like’ infected cells 

 
A) Volcano plot of –log10 transformed p value and log2 fold change normalized FPKM value for inflammatory genes in ‘ATL-like’ and 

non ‘ATL-like’ infected cells. Log2 fold change more than 0 denotes genes having higher expression in non ‘ATL-like’ infected cells, less than 

0 denotes genes with higher expression in ‘ATL-like’ infected cells and significantly overexpressed genes (>2log fold change and -log10 p 

value > 1.3) within ‘ATL-like’ (orange) and non ‘ATL-like’ cells (green).  B) Heatmap showing no specific clustering of ATL-like and non 

ATL-like cells
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The transcriptome of 29 members of the TNF superfamily were detected amongst 

which 20 were highly expressed. Ten TNF superfamily transcripts were expressed in ‘ATL-

like’ cells at significantly higher level compared to ATL cells and three between ‘ATL-like’ 

and non ‘ATL-like’ HTLV-1 infected cells. TNFSF8 transcriptome showed stepwise lower 

expression from non ‘ATL-like’ HTLV-1 infection through ‘ATL-like’ to ATL cells. 

The transcriptome of 17 interferons or their receptors was detected but only five 

(IFNGR2, IFNG, IFNLR1, IFNGR1 and INFAR1) were highly expressed. Three highly 

expressed interferons transcriptome (IFNG, IFNGR1 and IFNAR1) were significantly highly 

expressed in ‘ATL-like’ cells compared to ATL cells. These data suggest HTLV-1 infected 

cells produce only type II interferon (IFNG) but have receptors for Type 1 (IFNAR1), type II 

(IFNG) and type III (IFNLR1) interferons with reduced expression in ATL cells. 

Transcripts of 12 transforming growth factors (TGF) or their receptors were detected 

and eight (all involving the TGF-Beta superfamily) were highly expressed. TGFB1 and its 

receptors (TGFBR1, TGFBR2, TGFBR3 and TGFBAP1) were highly expressed. Four highly 

expressed (TGFBR3, TGFBRAP1, TGFBI and TGFB1) were significantly differential 

expression with two (TGFBI and TGFB1) expression more than 2-fold higher in ‘ATL-like’ 

cells compared to ATL cells. These data suggest TGFB1 ligand and receptor are highly 

expressed and probably involved in an autocrine loop in non-malignant HTLV-1 infection 

with reduced expression in malignant transformation from ‘ATL-like’ to ATL cells. 

Adhesion molecules (ICAM1:ICAM4 and CADM1) were highly expressed in all three cell 

subtypes with no significant difference in expression. 

In summary, the differential expression of inflammatory cytokine genes in ATL and 

‘ATL-like’ cells showed: clustering of ATL, ‘ATL-like’ cells as well as significant lower 

expression in ATL cells compared to ‘ATL-like’ cells. There was no clustering or large 

difference between ‘ATL-like’ and non ‘ATL-like’ infected cells. 

 

6.3.3. Concordance of transcriptome expression with cell surface and intracellular 

cytokine protein expression in non-malignant HTLV-1 infection and ATL 

As described in chapter 3, CD3+CD4+CCR4+CD26-CD7-CD127-CCR7+, 

CD3+CD4+CCR4+CD26-CD7-CD127+CCR7-, CD3+CD4+CCR4+CD26-CD7-

CD127+CCR7- and CD3+CD4+CCR4+CD26-CD7+CD127+CCR7- are the 
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immunophenotypes of aggressive, indolent ATL, ‘ATL-like’ and non ‘ATL-like’ infected 

cells respectively. 

Transcriptome analysis showed CD3, CD4, CCR4, CD25 (IL2RA) and CADM1 were 

highly expressed whilst DPP4 (CD26) was lowly expressed in all the three sorted cells 

groups. CD7 expression showed significant stepwise lower expression from non ‘ATL-like’ 

infected cells (highly expressed) through ‘ATL-like’ cells (lowly expressed in 2/3rd) to ATL 

cells (lowly expressed). The intermediate expression (normalized FPKM between 2.54 to 

7.75) in one-third of ‘ATL-like’ cell samples might be due to contamination during sorting or 

an ongoing transcription despite lack of surface protein expression. The lower expression of 

CD7 in ‘ATL-like’ cells compared to non ‘ATL-like’ HTLV-1 infected cells was associated 

with lower expression of CD3, CD6 and CD53 as shown in figure 6.2B. CCR7 in ATL cells 

from patients with aggressive ATL was significantly higher and IL-7R (CD127) significantly 

lower compared to ATL cells from patients with indolent ATL, from ‘ATL-like’ cells and 

from non- ‘ATL-like’ cells as shown in figure 6.5A. 

The gene expression of TNFα, IFNγ and IL-10 within ‘ATL-like’ and non ‘ATL-like’ 

infected cells was higher compared to ATL cells as shown in figure 6.5B in keeping with the 

relative frequencies of cytokine secreting cells by intracellular cytokine staining. The gene 

expression of TNFα and IFNγ within ‘ATL-like’ cells was significantly higher than IL-6 (p< 

0.01 and p< 0.01 respectively) and IL-10 (p< 0.01 and p< 0.01 respectively) in all three cell 

subtypes in keeping with the relative frequencies of cytokine secreting cells by intracellular 

cytokine staining. The gene expression of TNFα, IFNγ and IL-10 showed significant negative 

correlation with the clonal fraction of the two largest clones in patients with non-malignant 

and ATL (p= 0.08, p=0.04 and p=0.001 respectively) as shown in figure 6.5D.
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Figure 6.5. Concordance between transcriptome and protein expression 
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A) Column plot showing significantly different CCR7 (Higher) and IL7R (lower) expression in ATL cells (labelled ATL cells) from 

patients with aggressive ATL compared to ATL cells from indolent ATL, ‘ATL-like’ cells and non ‘ATL-like’ infected cells. B) Column plot 

showing significantly lower cytokine gene expression in ATL cells compared to ‘ATL-like’ cells and non ‘ATL-like’ infected cells. C) XY plot 

showing significant negative correlation cytokine gene expression (TFN, IFNG and IL10) to the clonal fraction of the two largest clones. 

Statistical analysis: Kruskal-Wallis test with Dunn post-test, 95% confidence interval and spearman test respectively. * denotes p<0.05, ** 

denotes p<0.01, *** denotes p<0.001. rho= spearman correlation coefficient. 
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In summary, the data presented in Chapter 3 and here confirm that the expression T-cell 

associated markers and inflammatory cytokine genes at protein level (by 

immunophenotyping of surface protein and intracellular cytokine staining) and at the mRNA 

level are similar. The negative correlation between interleukin and their receptor suggest the 

existence of a negative feedback loop in HTLV-1 infected cells. 

 

6.4. Discussion 

 

The clinical syndrome associated with chronic HTLV-1 infection are at least partially 

immune mediated. CD4+ T cells are the main reservoir of infection burden in patients with 

established chronic non-malignant HTLV-1 infection and ATL. Understanding the direct role 

of infected CD4+ T cells in driving the immune clinical syndrome may help in diagnosis and 

treatment. As discussed in chapter 3 and 4, the infected CD4+ T cells are derived from 

hundreds of infected clones which are made up of ‘ATL-like’ and non ‘ATL-like’ infected 

cells in patients with non-malignant HTLV-1 infection. Patients with ATL had an additional 

single dominant clone with majority of ATL cells. The ‘ATL-like’ infected cells are cytokine 

producing and main source of plasma cytokine in both patients with non-malignant HTLV-1 

infection and ATLL. ATL cells are not cytokine producing. These finding were based on 

protein level expression on surface T-cell markers and cytokines; and clonality analysis by 

LMPCR-HTS. These finding were confirmed at mRNA level expression by whole 

transcriptome and TCR analysis. 

As described in chapter 3, CD3+CD4+CCR4+CD26-CD7-CD127-CCR7+, 

CD3+CD4+CCR4+CD26-CD7-CD127+CCR7-, CD3+CD4+CCR4+CD26-CD7-

CD127+CCR7- and CD3+CD4+CCR4+CD26-CD7+CD127+CCR7- are the 

immunophenotypes of aggressive, indolent ATL, ‘ATL-like’ and non ‘ATL-like’ infected 

cells respectively. The transcriptome expression of CD3, CD7, CD25, CD26, CD127, CCR4 

and CCR7 within non ‘ATL-like’, ‘ATL-like’ infected and ATL cells was in keeping with the 

surface protein expression within these cells. CD4 T-cell lineage markers (e.g. CD2, CD5, 

CD52) were highly expressed in all the three cell subtypes. T cell activation markers were 

also highly expressed but showed significant difference between the three subtypes. This 

suggest a difference in exact T-cell activation mechanism involved in each cell subtypes. The 
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gene enrichment pathway analysis of genes involved in T-cell activation might help 

understanding the underlying mechanism. 

The differential expression of inflammatory transcriptome showed larger significant 

difference (fold change >2 and p <0.05) between ATL and ‘ATL-like’ cells but not between 

‘ATL-like’ and non ‘ATL-like’ infected cells. ATL cells has lower expression of compared 

to ‘ATL-like’ cells. The hierarchical clustering showed large significant change showed: 

clustering of ATL, ‘ATL-like’ cells and mixed. The mixed cluster had two ATL cells from 

patients with indolent ATL (one with dominant clone and one with expanded clone) and six 

‘ATL-like’ cells (five with non-dominant clones and one with expanded clone which 

progressed to indolent ATL in 12 months from sample date). This data suggests significant 

change in inflammatory transcriptome with predominantly loss of cytokine producing 

capacity in malignant transformation from ‘ATL-like’ cells through an intermediate stage 

with overlap of indolent ATL and ‘ATL-like’ cells to ATL cells. The transcriptome 

expression of inflammatory cytokines (TNF, IFN and IL-10) within ‘ATL-like’ and ATL 

cells was in keeping with intracellular cytokine protein staining within these cells. There was 

negative correlation between the clonal fraction of large two clone and inflammatory 

cytokine transcriptome expression within ‘ATL-like’ and ATL cells supporting the earlier 

finding that the dominant clone in ATL are not cytokine secreting whilst the non-dominant 

clones with ‘ATL-like’ cells are capable of cytokine production. We have thus confirmed the 

concordance between protein and mRNA expression of T-cell associated markers and 

inflammatory cytokines within these cells in same and additional patient samples. 

CD4 T cells are generally partitioned into two subsets, effector T cells (Teff cells) and 

T reg cells(171-174). The former plays a crucial role in immune response by secreting 

cytokines that promote and activate immune systems, whereas the latter has been considered 

to suppress excessive immune responses to maintain the homeostasis of the immune system. 

The difference between these two subtypes is based on expression of inflammatory cytokine 

(e.g. IL-10/TGB-beta by regulatory T cells and TNF/IFN by effector T cells), cytokine 

receptors (e.g. CD25hiCD127lo in regulatory T cells and CD25loCD127 hi in effector T cells), 

master transcription factor (FOXP3 in regulatory T cells and T-Bet/GATA3 in effector T 

cells) and functional assay(154, 157, 175). The plasticity of T cells where in there is change 

in effector/regulatory function has also been recognized(176, 177). HTLV-1 infected and 

ATL cells has been previously shown to have both effector and regulatory T cells (69, 70, 78, 

83, 98, 112, 148, 158, 159, 162, 167, 178-180).  The finding in this and previously chapter 
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suggest HTLV-1 infected clones have cells of mixed effector/regulatory immunphenotype 

and cytokine production capacity whilst ATL cells are cytokine non-producing. This suggest 

the that HTLV-1 viral infection and malignant evolution drives the phenotype of these cells 

rather than maintaining the de novo characteristics of host cells. HTLV-1 can use both 

effector and regulatory function for viral persistence and transformation by using effector 

function for growth and proliferation and regulatory function to suppressed anti-viral immune 

response. 
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Chapter 7. Summary of major findings and future work 
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7.1. Summary  

The key findings of the thesis, which have been discussed in detail at the end of each 

chapter, are placed in context with current understanding of malignant evolution in ATL and 

the implications of these findings in terms of future research work and treatment strategies. 

Aggressive ATL has a poor prognosis with median survival of less than 12 

months(36, 37, 40, 44, 45, 181). At present, the only accessible prognostic marker for ATL 

development is high PVL which is seen in more than 20% of carriers and is present for 

decades before the emergence of malignancy(62, 63). There is an urgent need for prevention, 

early diagnosis and effective treatment. Understanding the process of malignant evolution 

will help address some of these needs. The malignant evolution occurs over decades from 

non-malignant HTLV-1 infection with the presence of a large number of infected clones 

through the appearance of one or more dominant clones, the emergence of indolent ATL and 

transformation to aggressive ATL. The molecular and phenotypic features of aggressive ATL 

cells has been extensive studied, but the molecular and phenotypic features of earlier stages 

of malignant evolution remains unclear(46, 76, 88, 90, 94, 98, 105, 113, 167, 182-184). This 

is partly due to inability to isolate in vivo-infected clones as HTLV-1 viral proteins 

expression cannot be readily detected(68, 111-113, 120). The overall aim of the thesis was to 

characterize the molecular and phenotypic features of HTLV-1 infected cells in each stage of 

malignant evolution. The main findings are: 

The cells of dominant clone in patients with ATL (putative ATL cells) have mainly 

CD4+CCR4+CD26-CD7-CD25± immunophenotype (median 95%). 

The HTLV-1 infected clones have cells with mixed immunophenotype including cells 

with immunophenotype similar to ATL cells (‘ATL-like’ infected cells) in patients with non-

malignant HTLV-1 infection ATL.  ‘ATL-like’ cells contributed only a subset of these non-

dominant clones. 

Discrimination between indolent and aggressive ATL has been demonstrated: ‘ATL-

like’ cells and ATL cells in patients with indolent ATL have CD127+CCR7-Ki67lo 

expression. Patients with aggressive ATL have CD127-CCR7+Ki67hi expression. This can be 

used to plan the management of patients with ATL. 

A minority of patients with non-malignant HTLV-1 infection have expanded 

intermediate size clones which have cells of mixed immunophenotype including ‘ATL-like’ 

cells. In our cohort incident ATL has been observed in the patients in whom these expanded 
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clones have mostly ‘ATL-like’ cells. Confirmation that such patients are at increased risk of 

progression to ATL will allow target monitoring and intervention. 

A plasma cytokine cluster with positive correlations between pro- (TNFα and IL-6) 

and anti- (IL-10) inflammatory cytokines was present in patients with HTLV-1 infection 

irrespectively of clinical states.  Plasma IL-10 was higher in the HAM and ATL states 

compared to AC whilst there was no difference in pro-inflammatory cytokines between 

states. Aggressive ATL is associated with raised plasma concentrations of pro- and anti-

inflammatory cytokines compared to indolent ATL. This cytokine profile did not precede or 

predict aggressive ATL. 

The ‘ATL-like’ infected cells have lower pro- and higher anti-inflammatory cytokine 

secretion than cell populations which are predominantly HTLV-1 uninfected. The ‘ATL-like’ 

are mainly responsible for the difference in plasma cytokine profile. The ‘ATL-like’ and non 

‘ATL-like’ infected cells have similar cytokine production. It would appear that ATL cells 

produce little or no cytokine but these needs to be further evaluated. 

HTLV-1 infected and ATL cells have an activated conventional T-cell phenotype. 

However, the levels of expression differ between non ‘ATL-like’, ‘ATL-like’ infected and 

ATL cells with a stepwise decrease in cytokine expression across these groups. This has been 

demonstrated through both protein and RNA analysis. 

The low levels of cytokine production particularly of IL-10 and TGFß indicate that 

ATL cells do not have a regulatory T-cell function. 

Together these finding allow a putative malignant evolution from benign HTLV-1 

infection to ATL as illustrated in figure 7.1. The early stage of malignant evolution occurs in 

patients with clinical features of non-malignant HTLV-1 infection and high infection burden.  

The high infection burden is formed by HTLV-1 infected cells derived from thousands of 

non-dominant clones. Each individual clone has infected cells of mixed immunophenotype 

including ‘ATL-like’ cells and cytokine producing capacity. There is expansion of some of 

these infected clones. In a minority of these patient the clones expanded with cells of mixed 

phenotype including ‘ATL-like’ cells. There is then further progressive expansion of ‘ATL-

like’ cells within these expanded clones ultimately leading to a dominant clone and ultimately 

lymphocytosis in indolent ATL. Subsequent transformation to aggressive ATL results in 

aggressive ATL immunophenotype, the cells of which are non-cytokine secreting, and 

expansion of cytokine secreting ‘ATL-like’ infected cells. It is the latter cells which cause the 
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raised plasma cytokine concentrations associated with aggressive ATL. Their role in survival 

and persistence of ATL cells is uncertain.
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Figure 7.1. Malignant evolution in HTLV-1 infection 

 

Aggressive	ATLIndolent	ATLNon-malignant	HTLV-1	infection	

Cytokine+,	non	‘ATL-like’	cells																Cytokine-,	non	‘ATL-like’	cells
Cytokine+,	‘ATL-like’	cells					 Cytokine-,	‘ATL-like’	cells

Aggressive	ATL	cells

clone
Expanded	clone ATL	clone

ATL	clone

No	dominant	clone dominant	clone	present
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7.2. Future work 

• Validation of expanded ‘ATL-like’ cell clones as predictor of ATL and development 

of flow cytometric measures to make this clinically applicable. 

• Validation of CCR7 up regulation and CD127 down regulation within aggressive 

ATL compared to indolent ATL and its biological significance.  

• Exploration of the role of cytokine producing ‘ATL-like’ cells in driving the clinical 

feature of ATL. 

• Confirmation through further targeted analysis of ATL cells that few or none of these 

are cytokine secreting through category 3 based sorting of live cells for RNA 

extraction. 

• Differential whole transcriptome expression, pathway, mutational and viral protein 

expression of non ‘ATL-like’, ‘ATL-like’ and ATL cells. 
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Appendix 1. Shimoyama classification 

 

Acute 

Leukemic picture, organomegaly, high lactate dehydrogenase (LDH) and often 

hypercalcaemia 

 

Chronic 

Lymphocytosis .46109/l with ATLL cells, skin, lung, liver or node involvement 

Calcium levels normal, LDH normal or less than twice the upper normal limit 

 

Smouldering 

Skin and/or lung infiltrates 

No other organ involvement 

Normal lymphocyte count (>5% ATLL cells), normal calcium and LDH 

 

Lymphoma 

Organomegaly 

Less than 1% circulating leukaemic cells 

High LDH and possible hypercalcaemia 
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Appendix 2. Flurochrome labelled monoclonal antibodies used 

 

Marker Antibody Supplier 

CD3 Alexa Fluor 700 anti-human CD3 

BioLegend, 

San Diego, 

USA 

CD4 Fluorescein isothiocyanate anti-human CD4 

CD8 Brilliant Violet 605 anti-human CD8a 

CD25 Phycoerythrin (PE) anti-human CD25 

CD26 Allophycocyanin (APC) anti human CD26 

CD127 Brilliant Violet 421 anti-human CD127 

CCR4 PerCP/Cy5.5 anti-human CD194 (CCR4) 

CCR7 
Brilliant Violet 650/Brilliant Violet 510/APC-

Cyanine (CY) 7 anti-human CD197 

Ki67 Brilliant Violet 510/APC anti-human Ki-67 

Viability stain Zombie near infra-red Fixable Viability Kit 

Interleukin 6  

(IL-6) 
Allophycocyanin (APC) anti-human IL-6 

Interleukin 10 

(IL-10) 
Brilliant Violet 421 anti-human IL-10 

Tumour necrosis 

factor 
Phycoerythrin (PE) anti-human TNF 

Interferon Brilliant Violet 510 anti-human IFN 

CD7 CD7 PE-CY 7 anti-human CD7 

eBioscience, 

San Diego, 

USA 
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Appendix 3. Vecteorette primer sequences 

Name Sequence 5’-3’ 

Acl-Upper P-CGTTAAGGAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG 

Acl-Lower CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTAA 

Apa-Upper P-TGCACAAGGAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG 

Apa-Lower CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTG 

Eco-Upper P-AATTCAAGGAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG 

Eco-Lower CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTG 

Pci-Upper P-CATGTAAGGAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG 

Pci-Lower * CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTA 

VP1 TCTCCCTTCTCGAATCGTAACCGTTCGTTCGTAC 

BIO2 CTGTTCTGCGCCGTTACAGATCGA 

VP2 CGAATCGTAACCGTTCGTACGAGAATCGCT 

BIO3 CCTTTCATTCACGACTGACTGCCG 
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Appendix 4. LMPCR reaction mixtures (µl) 

1. End repair- incubate in thermocycler at 20C for 30 

min 
4. PCR1- VECS PCR 

DNA 100 DNA 35 

T4 DNA Polymerase 5 
HF Fidelity buffer 

5X 
10 

T4 ligase buffer 12 dNTP 1 

T4 DNA Polymerase kinase 5 BIO3 2.5 

dNTP 1mM 4 BIO4 1 

DNA Polymerase I, Large (Klenow)frq 1 Phusion polymerase 0.5 

Total 127 Total 50 

2. A tailing- incubate in thermocycler at 37C for 30 min 5. PCR2- VECS PCR 

DNA 64 DNA 1 

dATP 1mM 20 WATER 32.5 

NEW ENGLAND BIOLABS 2 10 
HF Fidelity buffer 

5X 
10 

klenow exo 6 dNTP 1 

Total 100 P5BIO5 2.5 

3. Ligation- incubate at RT for 30 min in Eppendorf P7 2.5 

DNA 40 Phusion polymerase 0.5 

DNA quick ligase buffer 50 Total 50 

DNA quick ligase 5     

Water 4     

VU 1     

Total 100     
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Appendix 5. LMPCR primers sequences 

 

Primer Label Sequence (5’ to 3’) 

Nested PCR1 

Forward primer 

BIO3 CCTTTCATTCACGACTGACTGCCG 

Nested PCR1 

Reverse primer 

BIO4 TCATGATCAATGGGACGATCA 

Nested PCR1 

Forward primer 

P5-Bio5-s*** 

(Generic design) 

AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTCGTCGGCAGCGTCAGATG

TGTATAAGAGACAGNNNNNTGGCTCGGAGCCAGCGACAGCCCAT 

P5-Bio5-s517 

(example) 

AATGATACGGCGACCACCGAGATCTACACGCGTAAGATCGTCGGCAGCGTCAGAT

GTGTATAAGAGACAGNNNNNTGGCTCGGAGCCAGCGACAGCCCAT 

Nested PCR2 

Reverse primer 

P7 CAAGCAGAAGACGGCATACGAGAT 

DNA adaptor 

Long arm 

Vu-Long-N7**-TAG 

(generic design) 

 

TCATGATCAATGGGACGATCACAAGCAGAAGACGGCATACGAGATXXXXXXXXGT

CTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNNNNCAGAGATCAATAGT 

Vu-Long-N714-TAG 

(example) 

TCATGATCAATGGGACGATCACAAGCAGAAGACGGCATACGAGATTCATGAGCGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNNNNCAGAGATCAATAGT 

DNA adaptor 

Short arm 

VU_SHORT_TAG 

 

p-CTATTGATCTCTGAAAAAAAAAAAAA 
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Appendix 6. Abstract of Publications arising from this thesis 

 

6.1.  Cancer Med. 2017 Jan;6(1):298-309. doi: 10.1002/cam4.928. Epub 2016 Dec 30. 

 

Risk stratification of adult T-cell leukemia/lymphoma using immunophenotyping. 

 

Kagdi HH(1), Demontis MA(1), Fields PA(2), Ramos JC(3), Bangham CR(1), Taylor 

GP(1). 

 

Author information: 

(1) Section of Virology, Department of Medicine, Imperial College London, London, 

UK. 

(2) Department of Hematology, Guys Hospital, London, UK. 

(3) Department of Hematology/Oncology, University of Miami School of Medicine, 

Miami, Florida. 

 

Adult T-cell leukemia/lymphoma (ATL), a human T-lymphotropic virus type 1 

(HTLV-1)-associated disease, has a highly variable clinical course and four 

subtypes with therapeutic and prognostic implications. However, there are 

overlapping features between ATL subtypes and between ATL and non-malignant 

(non-ATL) HTLV-1 infection complicating diagnosis and prognostication. To further 

refine the diagnosis and prognosis of ATL, we characterized the immunophenotype 

of HTLV-1-infected cells in ATL and non-ATL. A retrospective study of peripheral 

blood samples from 10 HTLV-1-uninfected subjects (UI), 54 HTLV-1-infected 

patients with non-ATL, and 22 with ATL was performed using flow cytometry. All 

patients with ATL had CD4+  CCR4+  CD26- immunophenotype and the frequency 

of 

CD4+  CCR4+  CD26- T cells correlated highly significantly with the proviral load 

in non-ATL suggesting CD4+  CCR4+  CD26- as a marker of HTLV-1-infected cells. 

Further immunophenotyping of CD4+  CCR4+   CD26- cells revealed that 95% 

patients 
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with ATL had a CD7- (≤30% CD7+ cells), whereas 95% HTLV+ non-ATL had 

CD7+ (>30% CD7+ cells) immunophenotype. All patients with aggressive ATL had a 

CCR7+ (≥30%),whereas 92% with indolent ATL and 100% non-ATL had a CCR7- (<30%) 

immunophenotype. Patients with nonprogressing indolent ATL were CD127+ but 

those 

with progressive lymphocytosis requiring systemic therapy had a CD127- (≤30%) 

immunophenotype. In summary, HTLV-1-infected cells have a 

CD4+  CCR4+  CD26- 

immunophenotype. Within this population, CD7- phenotype suggests a diagnosis of 

ATL, CCR7+ phenotype identifies aggressive ATL, while CCR7- CD127- phenotype 

identifies progressive indolent ATL. 

 

© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 

 

DOI: 10.1002/cam4.928 

PMCID: PMC5269699 

PMID: 28035765  [Indexed for MEDLINE] 

 

This publication is associated with data presented in chapter 3. 
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6.2. PLoS Pathog. 2018 Feb 14;14(2):e1006861. doi: 10.1371/journal.ppat.1006861. 

eCollection 2018 Feb. 

 

Switching and loss of cellular cytokine producing capacity characterize in vivo 

viral infection and malignant transformation in human T- lymphotropic virus type  

1 infection. 

 

Kagdi H(1), Demontis MA(1), Ramos JC(2), Taylor GP(1). 

 

Author information:  

(1)Section of Virology, Department of Medicine, Imperial College London, London,  

United Kingdom. 

(2)Department of Hematology/Oncology, University of Miami School of Medicine, 

Miami, Florida, United States of America. 

 

Adult T-cell leukaemia/lymphoma (ATL) arises from chronic non-malignant human T 

lymphotropic virus type-1 (HTLV-1) infection which is characterized by high 

plasma pro-inflammatory cytokines whereas ATL is characterized by high plasma 

anti-inflammatory (IL-10) concentrations. The poor prognosis of ATL is partly 

ascribed to disease-associated immune suppression. ATL cells have a 

CD4+CCR4+CD26-CD7- immunophenotype but infected cells with this 

immunophenotype 

('ATL-like' cells) are also present in non-malignant HTLV-1 infection. We 

hypothesized that 'ATL-like' and ATL cells have distinct cytokine producing 

capacity and a switch in the cytokines produced occurs during leukemogenesis. 

Seventeen asymptomatic carriers (ACs), 28 patients with HTLV-1-associated 

myelopathy (HAM) and 28 with ATL were studied. Plasma IL-10 concentration and 

the 

absolute frequency of IL-10-producing CD4+ T cells were significantly higher in 

patients with ATL compared to AC. IL-10-producing ATL cells were significantly 

more frequent than 'ATL-like' cells. The cytokine-producing cells were only a 

small fraction of ATL cells. Clonality analysis revealed that even in patients 
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with ATL the ATL cells were composed not only of a single dominant clone 

(putative ATL cells) but also tens of non-dominant infected clones ('ATL-like' 

cells). The frequency of cytokine-producing cells showed a strong inverse 

correlation with the relative abundance of the largest clone in ATL cells 

suggesting that the putative ATL cells were cytokine non-producing and that the 

'ATL-like' cells were the primary cytokine producers. These findings were 

confirmed by RNAseq with cytokine mRNA expression in ATL cells in patients with 

ATL (confirmed to be composed of both putative ATL and 'ATL-like' cells by TCR 

analysis) significantly lower compared to 'ATL-like' cells in patients with 

non-malignant HTLV-1 infection (confirmed to be composed of hundreds of 

non-dominant clones by TCR analysis). A significant inverse correlation between 

the relative abundance of the largest clone and cytokine mRNA expression was also 

confirmed. Finally, 'ATL-like' cells produced less pro- and more 

anti-inflammatory cytokines than non 'ATL-like' CD4+ cells (which are 

predominantly HTLV uninfected). In summary, HTLV-1 infection of CD4+ T cells is 

associated with a change in cytokine producing capacity and dominant malignant 

clonal growth is associated with loss of cytokine producing capacity. 

Non-dominant clones with 'ATL-like' cells contribute to plasma cytokine profile 

in patients with non-malignant HTLV-1 infection and are also present in patient 

with ATL. 

 

DOI: 10.1371/journal.ppat.1006861  

PMCID: PMC5828519 

PMID: 29444188  

 

This publication is associated with some of the data presented in chapter 5 and 6. 

 


