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ARTICLE INFO ABSTRACT

The human T-lymphotropic virus type-1 (HTLV-1) is the causative agent of adult T cell leukemia/lymphoma
(ATL) and HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/TSP). CD4 " T cells are the main
target of HTLV-1, but other cell types are known to be infected, including immature lymphocytes. Developing T
cells undergo differentiation in the thymus, through migration and interaction with the thymic microenviron-
ment, in particular with thymic epithelial cells (TEC) the major component of this three dimensional meshwork
of non-lymphoid cells. Herein, we show that TEC express the receptors for HTLV-1 and can be infected by this
virus through cell-cell contact and by cell-free virus suspensions. The expression of anti-apoptosis, chemokine
and adhesion molecules genes are altered in HTLV-1-infected TEC, although gene expression of antigen pre-
sentation molecules remained unchanged. Furthermore, HTLV-1-infected TEC transmitted the virus to a CD4* T
cell line and to CD4™ T cells from healthy donors, during in vitro cellular co-cultures. Altogether, our data point
to the possibility that the human thymic epithelial cells play a role in the establishment and progression of HTLV-
1 infection, functioning as a reservoir and transmitting the virus to maturing CD4 ™ T lymphocytes, which in turn
will cause disease in the periphery.
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1. Introduction but cell-free HTLV-1 virions are poorly infectious, being the cell-to-cell

contact considered the major route of viral transmission (Hoshino,

The human T-lymphotropic virus type 1 (HTLV-1) is the etiologic
agent of adult T cell leukemia (ATL) and of neurodegenerative disorder
HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM/
TSP). In addition, a variety of other immune-mediated chronic in-
flammatory conditions, such as uveitis, infectious dermatitis, myas-
thenia gravis, have been associated with HTLV-1 infection (Taylor and
Matsuoka, 2005). Only 2-5% of HTLV-1 carriers will progress to HAM/
TSP or ATL forms of the disease, in general at an onset age of 35-50
years old (Starling et al., 2013). Yet, by now there is no clear evidence
of which factors are responsible for the development of each of those
illnesses.

HTLV-1 is a retrovirus that infects and propagates in CD4™" T cells,

2012). Several distinct mechanisms of HTLV-1 cell-to-cell transmission
have been proposed, such as virological synapse (VS), biofilm-like ex-
tracellular viral assemblies (Pais-Correia et al., 2010) and conduit for-
mation (Prooyen et al., 2010; Van Prooyen et al., 2010). The vs is
formed at the point of contact of HTLV-1-infected T cells with unin-
fected target cells, through binding of viral envelop proteins with
HTLV-1 cell receptors, also including the interaction between cell ad-
hesion molecules (Van Prooyen et al., 2010). The biofilm-like structures
are composed of carbohydrate-rich extracellular assemblies, which,
upon cell—cell adherence, allow virus transmission to target cells (Pais-
Correia et al., 2010). The HTLV-1 encoded protein 8 (p8) increases T-
cell conjugation and cluster formation, thus facilitating viral transfer to
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neighbor uninfected T cells through cellular conduits®. It is possible that
HTLV-1 uses multiple strategies to establish efficient viral transmission
between cells (Franchini, 1995).

Irrespective of the contact mechanism, the initial step in HTLV-1
infection involves the polarization of HTLV-1-infected cell microtubule-
organizing center (MTOC), followed by specific interactions between
viral envelope proteins and the target cell receptors glucose transporter-
1 (GLUT-1) (Manel et al., 2003), neuropilin-1 (NRP-1) (Ghez et al.,
2006) and heparin sulfate proteoglycans (HSPGs) (Jones et al., 2005),
allowing the entrance of viral particles, proteins and genomic RNA into
uninfected target cells (Manel et al., 2003). Although CD4* T cells
correspond to the main target of HTLV-1 infection, HTLV-1 entry re-
ceptors are largely expressed on the surface of other cells types, making
them permissive to HTLV-1 infection. Indeed, there is evidence that
CD8* T cells (Nagai and Osame, 2003), immature lymphocytes
(Maguer-Satta et al., 1995; Maguer et al., 1993), CD34 ™" progenitor cell
(Nagai and Osame, 2003), astrocytes (Méndez et al., 1997), endothelial
(Ho et al., 1984) and dendritic cells (Jones et al., 2008) can also be
infected.

Thymic epithelial cells (TEC) are the major component of thymic
microenvironment, influencing the lymphocyte maturation via Notch
ligand expression and production of cytokines, chemokines, adhesion
molecules and extracellular matrix (ECM) proteins, and by presenting
self-peptides in the context of the major histocompatibility complex
(MHC). Accordingly, immature lymphocytes expressing randomly re-
arranged T-cell receptor (TCR) undergo positive and negative selection
events based on their ability to recognize self-peptide/MHC molecules
complexes expressed by TEC. Most of these TEC-mediated processes
modulate not only T-cell differentiation and migration patterns, but
also the lymphocyte fate (Savino, 2010).

The strict quality control of developing T cells in the thymus cul-
minates in the generation of self-tolerant, lineage committed T cells
capable of performing the peripheral immunological functions in the
periphery. There is evidence that the thymus can be a target organ for
HTLV-1 infection, since HTLV-1 genome has been detected in thymus
from patients with myasthenia gravis (Manca et al., 2002), and that
immature lymphocytes are permissive to HTLV-1 infection in vitro
(Maguer-Satta et al., 1995; Maguer et al., 1993). We have described
that TEC can be infected by HTLV-1 in vitro following exposure to cell-
free supernatant from the HTLV-1-infected T cell line C91PL (Moreira-
Ramos et al., 2011). Now, we further show that TEC can also be in-
fected by cell-to-cell virus transmission, and that HTLV-1-infected TEC
promote T cell migration and convey the virus to primary and tumor T
CD4* lymphocytes. Our data points to the possibility that TEC function
as a HTLV-1 reservoir, able to transmit the virus to maturing lympho-
cytes.

2. Methods
2.1. Cell culture and HTLV-1-containing supernatants

Unless otherwise stated, all cells were cultured in RPMI (Sigma)
supplemented with 10% of fetal bovine serum (FBS) (GIBCO), at 37 °C
and 5% CO,. The human TEC line (THF) was obtained from fetal
thymus by an explant technique and limiting dilution cloning
(Fernandez et al., 1994), and kindly provided to us by Dr. Maria Luiza
Toribio (Universidad Autonoma de Madrid, Madrid, Spain). The HTLV-
1-infected CD4" T-cell line CIB was established from a patient with
HTLV-1-associated myelopathy and maintained in culture medium
supplemented with 50 units/mL of IL-2 (Sigma), except when CIB su-
pernatants were collected for TEC infections assays. The CD4" T cell
line C91/PL was obtained from a HTLV-1-infected patient with ATL (Ho
et al.,, 1984). HTLV-1-negative supernatants were obtained from the
leukemic CD4" T cell line CEM (Schachtschabel et al., 1966), which
was used as HTLV-1 target cell in infection assay. Primary CD4* T
lymphocytes from healthy donors were separated by cell sorting (FACS
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Aria II, BD Bioscience) from 10% human peripheral blood mononuclear
cells (PBMC) obtained by density gradient centrifugation (Hystopaque,
Sigma) from buffy coat preparations. Cells were labeled with anti-CD4
FITC and anti-CD3 Percp (BD Biosciences) and the double-positive cells
were sorted using FACS Aria II (BD Biosciences) with 95% purity for
CD4™ T cells. These cells were activated with phytohemagglutinin
(PHA) 5 pg/mL (Sigma-Aldrich) for 48 h before co-cultivation with
TEC. The use of primary human T cells was approved by the Research
Ethics Committee of the Oswaldo Cruz Foundation/Fiocruz (Rio de
Janeiro, RJ, Brazil) under the number 397-07. Supernatants from CEM,
CIB and C91/PL were collected from 2 x 10° cells after 72 h of culture
in 5mL medium, filtered (pore of 0.22 um) (Merck-Millipore) and
stored at —80 °C for future use.

2.2. HTLV-1 infections

TEC cultures were washed with warm PBS prior the addiction of
other cells or supernatant. HTLV-1 TEC infections by cell-free virus
suspensions were performed exposing TEC to HTLV-1" supernatants
during 90 min at standard culture conditions. Then, the cells were
washed with warm PBS and replenished with culture medium. TEC
were also infected by co-culturing then with C91/PL or CIB at a 1:5
ratio in 8-wells glass Labtecks (NUNC) for 24 h. The ability of HTLV-1-
infected TEC to transmit viruses was analyzed by co-culturing then with
10° uninfected CEM cells for 24 h, or primary CD4 " T cells for 48 h in
Labtecks (NUNC). All assays of HTLV-1 cell infections were confirmed
by immunofluorescence, as described below. In some selected experi-
ments, the HTLV-1-infected TEC were treated with AZT (10 uM) for
30 min before addition of the target CD4" tumor T cells (CEM), to
analyze whether the HTLV-1 transmission from TEC to other cells was
prevented by antiretroviral treatment.

2.3. Immunofluorescence staining

Cells were fixed in ethanol, washed and incubated with PBS/BSA
2% for 30 min, treated with anti-rabbit anti-human pan-cytokeratin
antibody (DAKO) followed by the addition of goat anti-rabbit Cy5 1:400
(Molecular Probes). Anti-HTLV-1 p19 gag protein (10ug/mL, clone TP-
7, mouse IgG1, Abcam) and anti-HTLV-1 gp46 env protein (10ug/mL,
clone 67/5.5.13.1, mouse IgG1l, Abcam) monoclonal antibodies were
used to identify HTLV-1 in infected cells plus 1:400 rabbit anti-mouse
Alexa Fluor 488-labeled secondary antibodies (Invitrogen). DAPI
(Sigma-Aldrich) was added for nuclei observation; stained cells were
mounted in Prolong Gold Antifade reagent (Life Technologies), and
analyzed in fluorescence (Zeiss) or in confocal microscopy (FluoView
FV10i, Olympus). Acquired images were quantified for p19™ cells using
the Image J software.

2.4. Transmission electron microscopy

The cells were fixed for 1 h in 2.5% glutaraldehyde and diluted in
0.1 M cacodylate buffer, pH 7.2. The samples were washed twice with
the same buffer and fixed in 1% Os04, 0.8% KFe(CN)6 and 5 mM CaCl2
diluted in 0.1 M cacodylate buffer. After fixation, the cells were wa-
shed, dehydrated in a graded series of acetone solutions and embedded
in Epoxy resin. Ultrathin sections were stained with uranyl acetate and
lead citrate before analysis with a Zeiss 900 transmission electron mi-
croscope.

2.5. Flow cytometry staining and analysis

TEC were removed from culture flasks using cell scrapers, treated
with AB* human serum and labeled with specific antibodies during
30 min. Antibodies against the following molecules were used: CD3
Percp, CD4 FITC, CD11a PE, Neuropilinl PE, HLA class I FITC, HLA
class II APC, CD80 PE, (BD Biosciences) and the purified anti-GLUT-1
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(ABCAM) plus goat anti-mouse IgG Alexa Fluor 488 (Molecular Probes).
The acquisition was performed in FACSCanto II (BD Biosciences) and
the data analyzed in FlowJo software (TreeStar). Apoptosis or necrosis
was detected using Propidium Iodide (PI) (Sigma). To quantify cellular
proliferation, TEC were labeled with CFSE (carboxyfluorescein succi-
nimidyl ester, BD Biosciences) during for 72 h and then were acquired
at the cytometer.

2.6. Microarray assay

For microarray experiments we used non-treated TEC, TEC treated
with uninfected supernatant (TEC sCEM) and TEC treated with HTLV-1-
infected supernatant (TEC sCIB or TEC sC91PL). Total RNA from TEC
was extracted with TRIreagent (Sigma-Aldrich) according to the man-
ufacturer’s protocol. Total RNA concentration and quality was mea-
sured using NanoDrop (Thermo Scientific) and 2100 Bioanalyzer
(Agilent Technologies), respectively. For microarray experiments we
used 400 ng of total RNA of three independent samples for each con-
dition, using two-color hybridizations with dye-swap in a 4 X 44K
Agilent Whole Human Gene Microarray (G4112F, Agilent
Technologies). Labeling, hybridization and washing were performed
according to the manufacturer's instructions (Agilent Technologies).
Hybridized microarrays were scanned with a DNA microarray scanner
(Agilent G2565BA) and intensities were extracted using the Agilent
Feature Extraction software (AFE, version A.9.5.3) with standard pro-
tocols and options. The pre-processing and differential expression
analysis of gene expression data were performed in the R programming
environment (Ritz and Spiess, 2008) and processed using Bioconductor
(http://www.bioconductor.com) (Gentleman et al., 2004) Agi4 x 44-
PreProcess (Lopez-Romero, 2011) library. Normalized data were scaled
by the quantile method (R and M, 2002) and filtered to 1) maintain
intensities within the dynamic range of the scanner (elimination of
saturated points); and 2) retain genetic data of good quality. The library
of the Bioconductor hgug4112a.db (Carlson, 2015) was used to assign
the access code for the gene corresponding to each probe Agilent. Dif-
ferential expression was analyzed with the Limma library (Smith, 2005)
in empirical Bayesian methods (Smith, 2005). The Benjamini and
Hochberg method (Benajmini and Hochberg, 1995) was used as control
false discovery, in which a value of false discovery (FDR) of 0.05 was
selected. Microarrays raw signal and fold-change values are available at
the National Center for Biotechnology Information (NCBI) Gene Ex-
pression Omnibus (GEO) database, (GEO series accession
n°.GSE73169).

2.7. Real time-quantitative PCR (PCRq)

The cells pellets were thawed in Qiazol followed by RNA extraction
using miRNeasy (Qiagen). Total RNA concentration was measured in
Nanodrop (Thermo Scientific), and 100 ng of RNA was used for gPCR
using Express One Step Sybr GreenER Universal kit (Life Technologies),
according to the manufacture instructions. The reaction was performed
at StepOnePlus System (Life Technologies) in 20 pL of final volume, at
50 °C for 5 min, followed by 40 cycles at 95 °C for 1 s, 60 °C for 20 s and
melting curve. The data were analyzed from triplicate reaction of each
sample, by fitting four parameters sigmoid curves to Rn data using the
library qPCR* for the R statistical package version 2.922 (Ritz and
Spiess, 2008). Genes used in the normalization (tfrc and rpl13) were
selected by the methods geNorm (Vandesompele et al., 2002) and
NormFinder (Andersen et al., 2004). The comparison of means from
normalized gene expression values between groups were performed by
a nonparametric T-test with 1000 permutations (Berger, 2010). Results
were represented in graphs displaying the mean + standard error of
mean of the expression levels from the test group relative to the control
group. Two-tailed levels of significance < 0.01, 0.05 and 0.1 were
considered as “highly significant”, “significant” and “suggestive”, re-
spectively. The primers sequences are: TRFC F-
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CCTGGCGTCGTGATTAGTG and R- TCGAGCAAGACGTTCAGTCC;
RPL13 F- CGGACCGTGCGAGGTATGCT and R- AGCAGGAACCACCAT-
CCGCT, B2M F- GATGAGTATGCCTGCCGTGT and R-TGCGGCATCTT-
CAAACCTCC, CCL2 F-CCGAGAGGCTGAGACTAACC and R-CATTGAT-
TGCATCTGGCTGAG; CXCL1 F-TTGCCTCAATCCTGCATCCC and R-
TTGGATTTGTCACTGTTCAGCA; CXCL3 F- AAACCGAAGTCATAGCCA-
CAC and R- GGAAGTGTCAATGATACGCTG; ICAM1 F- TTCCTCACCG-
TGTACTGGAC and R- GGTAAGGTTCTTGCCCACTG; IL1A F- AAGGC-
GAAGAAGACTGACTC and R- GGCCATCTTGACTTCTTTGCT; IL6 F-
TACCCCCAGGAGAAGATTCC and R- TTACATGTCTCCTTTCTCAGGG
and IL8 F- AGCACACAAGCTTCTAGGAC and R- GCAAAACTGCACCT-
TCACA. For detection of HTLV-1 transcripts by RT-PCR, inventoried
Tagman probes for Rex/Tax mRNA and GAPDH Tagman probe (both
from ThermoFisher Scientific) were used. For the reaction, 150 ng of
mRNA were used per assay, done in duplicates. Tagman One-Step RT-
PCR Master Mix with pre-mixed ROX was used for the reactions. RT-
PCR reaction was performed at StepOnePlus Real-Time PCR System
(ThermoFisher Scientific) under the following conditions: 50 °C for
15 min, 95 °C for 20 min and 40 cycles of 95 °C 15, 60 °C 1 min.

2.8. Migration assay

Lymphocyte migratory activity towards to HTLV-1-infectedTEC was
assessed in Transwell system in 24 well plates. Briefly, 5-um pore size
Transwell plates (Costar; Corning) were coated with 10 pg/mL fi-
bronectin (Sigma-Aldrich) or BSA (Sigma-Aldrich) during 1 h at 37 °C,
followed by 45 min blocking with 0,5% PBS/BSA. Infected or unin-
fected TEC (2.0 x 10*/500 puL RPMI 1640) were added in the lower
chambers and cultured for 48 h before the migration assay. Then, pri-
mary CD4* T cells (5 x 10°) were added in the upper chambers in
100 pL of RPMI with 1% of BSA and, after 20 h of incubation in stan-
dard culture conditions, lymphocytes that migrated into lower cham-
bers were removed and counted. The results are presented as total
migration, and the specific migration was calculated by subtracting the
amount of cells that moved into wells coated only with BSA.

2.9. Statistical analysis

The statistical analysis was performed in GraphPad Prism 5
Software using ANOVA, except for PCRq and microarray data.

3. Results

3.1. TEC express HTLV-1 entry receptors and can be infected by HTLV-1
through cell—cell contact

The initial step in HTLV-1 infection involves interactions between
viral envelope proteins and the viral receptors GLUT-1, NRP-1 or HSPGs
on target cell surface. We observed, by flow cytometry analysis, that the
great majority of TEC express NRP-1 (Fig. 1A and supplementary Fig. 1)
and GLUT-1 (Fig. 1B), and, more importantly, sixty percent of the cells
are simultaneously positive for both receptors (Fig. 1C), meaning that
TEC are readily permissive to HTLV-1 infection, as we have already
reported (Moreira-Ramos et al., 2011). Thus, we next evaluated whe-
ther TEC could be infected by HTLV-1 through a direct cell contact,
using the HTLV-1-infected CD4* T cell lines C91PL or CIB as a virus
provider. We found a physical association between TEC and infected T
cells. Most of TEC were positive for HTLV-1 gp46 (env) (Fig. 1E-F) and
p19 (gag) protein 24 h after co-culture either with CIB, C91PL and MT-
2 cell lines (Fig. 1G-I), while, as expected, no p19-positive TEC cells
were observed in the coculture with HTLV-1 negative CEM cells
(Fig. 1D). Collectively, these data show that TEC express the HTLV-1
entry receptors and are readily susceptible to HTLV-1 infection through
cell-cell contact with other infected cells.
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Fig. 1. TEC express HTLV-1 entry receptors and acquire HTLV-1 from chronically infected T lymphocytes by cell-cell transmission. The expression of Neuropilin-1 (NRP-1) (A) and GLUT-
1 (B) was assessed by flow cytometry analysis; solid and open histograms represent the specific staining and isotype control, respectively, and are representative of tree independent
experiments. A representative dot plot (C) shows the concomitant NRP-1 (red) and GLUT-1 (blue) expression in TEC. Immunofluorescence of TEC co-cultured with HTLV-1" cell lines CIB
(E, G), C91/PL (F, H) and MT-2 (I). Uninfected CEM cells were used as negative control of infection (D). (D-F) Cells were stained with HTLV-1 p19 (gag) while (G-I) with gp46 (env) in red,
cytokeratin in green and nuclei in blue. The small inserts above the pictures show red and green channels separately. Red: p19 or gp46. Blue: nuclei. Green: cytokeratin. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. TEC can also be infected by cell-free HTLV-1 virions

The cell-free HTLV-1 virions have in general been considered poorly
infectious, with cell-to-cell contact regarded as the main route of viral
transfer in vivo (Matsuoka and Jeang, 2007). However, because it was
described that dendritic cells were infected after exposure to cell-free
HTLV-1 virions (Jones et al., 2008), we evaluated whether TEC could
also be infected by HTLV-1 free particles. Thus, TEC were exposed to
HTLV-1 cell-free supernatant and examined for HTLV-1 infection after
different time intervals. We detected a progressive increasing number of
HTLV-1-infected TEC from 24 h to 10 days after cell exposure to virus
suspensions (Fig. 2A-E), indicating a massive HTLV-1 propagation in
TEC culture. Indeed, quantification of infected cells demonstrated that
virtually all TEC were HTLV-1 * after 10 days (Fig. 2F). HTLV-1
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infected TEC cultures were further analyzed by transmission electron
microscopy, which shows numerous vesicles budding from infected TEC
(Fig. 2G), while the uninfected TEC display a smooth membrane
(Fig. 2H). On a higher magnification, vesicles containing virus particles
with HTLV-1 typical structural organization were observed close to the
plasma membrane, as well as the budding of a viral particle at the
membrane surface (Fig. 2I) and a HTLV-1 particle that just budded from
an infected TEC (Fig. 2J). The TEC infection was also confirmed by
means of detecting the HTLV-1 Tax/Rex transcripts in TEC exposed to
cell-free supernatant from HTLV-1" C91PL cells (Fig. 2K). The infected
TEC did not present morphological alterations, death or proliferation
differences, as compared with uninfected cells (Supplementary Fig. 2).
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Fig. 2. TEC can be infected by cell-free HTLV-1 suspensions. TEC were treated with C91/PL supernatants during 90 min, washed, and HTLV-1 infection was evaluated by immuno-
fluorescence after 24 h (A), 48 h (B) or 10 days (C), as indicated (TEC were labeled with cytokeratin in green, viral protein p19 in red and DAPI for nuclei in blue). (D) depicts a detail of
panel A to show a (star) communication between two TEC. (E) Illustrates TEC filopodia with strong HTLV-1 labeling. The small inserts under the pictures shown each channel separately.
Red: HTLV-1 p19. Blue: nuclei. Green: cytokeratin. (F) Quantification of HTLV-1"TEC in different time intervals after TEC exposure to cell-free viral suspensions. Bars represent
mean *= SEM from three experiments with similar results. Transmission electron microscopy of HTLV-1-infected TEC with multiple vesicles (G) and non-infected TEC (H) with a smooth
membrane. A vesicle containing a virus particle (I, arrow), the budding of a viral particle from the infected cell (J, arrow). (K) HTLV-1 Tax/Rex detection by RT-qPCR in MT-2 and C91/PL
cells, uninfected TEC and HTLV-1-infected TEC (ND = not detected). Bars represent amplification cycle threshold (Ct) value for three independent experiments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Infected TEC maintain the expression of major histocompatibility T cell differentiation mediated by class I and class II MHC complexes
complex and the T cell receptor (TCR) determine the fate of immature lym-
phocytes. Most potentially self-reactive lymphocytes are negatively

Interactions between TEC and immature lymphocytes during thymic selected by clonal deletion, whereas other lymphocytes are rescued
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as indicated, were analyzed by flow cytometry and show similar expression of HLA class I (A), HLA class II (B), CD80 (C), NRP-1 (D), GLUT-1 (E), and ICAM-1 (F). Data present mean

fluorescence intensity (MFI) and SEM from three independent experiments.

from death through positive selection, eventually yielding the vast
majority of the T-cell repertoire (Savino, 2010). Because it has been
described that the MHC-I surface levels are significantly decreased in
human T cells expressing the p12 protein from HTLV-1 (Johnson et al.,
2001), we next assessed whether the expression levels of human leu-
kocyte antigens (HLA) and of the co-stimulatory molecule CD80 were
changed in HTLV-1-infectedTEC. The expression of HLA class I (HLA-
ABC) and class II (HLA-DR) molecules and CD80 was unchanged
(Fig. 3A, B and C), suggesting that the antigen presentation function of
HTLV-1-infected TEC to immature T cells is preserved. In addition,
HTLV-1-infected TEC did not undergo a statistically significant altera-
tion in the expression of HTLV-1 entry receptors NRP-1 and GLUT-1
(Fig. 3D and E). Importantly, infected TEC showed unaltered expression
of the adhesion molecule intercellular adhesion molecule 1 (ICAM-1),
which is critical in the initial formation of immunological synapses
between TEC and immature lymphocytes in the thymic microenviron-
ment (Fig. 3F).

3.4. HTLV-1 infection induces TEC chemokine gene upregulation and
promotes T cell migration

Because TEC are major intrathymic chemoattractant producer, thus
promoting lymphocyte migration (Savino, 2010), we next searched for
gene expression modifications in HTLV-1-infected TEC, using a whole
human genome microarray chip. We detected 315 differentially ex-
pressed genes, comprised by 111 upregulated and 204 downregulated
relative to uninfected TEC (GEO series accession no. GSE 73169), and
the gene set enrichment analysis detected 50 biological processes
(Fig. 4A and Supplementary Table 1). It is worthy to highlight the en-
richment of NF-kB process (Gene Ontology (GO; www.geneontology.
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org) (Ashburner et al., 2011), in agreement with previous findings de-
scribing NF-kB pathway activation in HTLV-1 infected cells (Currer
et al., 2012). In addition, migration relevant biological process, such as
taxis, leukocyte migration and regulation of chemokine production,
were also enriched (Fig. 4A). Most of the migration-related genes were
upregulated (Fig. 4B), and this was confirmed by real time PCR re-
garding the expression of CCL2, CXCL1, CXCL3 and IL-8 genes (Fig. 4C).

Because these cytokines are known to attract T lymphocytes, we
evaluated the ability of HTLV-1-infected TEC to favor T cell migration,
and found an increased lymphocyte movement towards HTLV-1-TEC
relative to uninfected TEC (Fig. 4D), a phenomenon that corroborates
the chemokine gene expression upregulation.

3.5. HTLV-1"*TEC transmit virions to primary human lymphocytes

Since TEC can be infected by HTLV-1 and express adhesion mole-
cules critical for HTLV-1 virological synapse, we next investigated
whether infected TEC could transmit the virus to other HTLV-1 target
cells. For this purpose, we co-cultured HTLV-1-TEC (infected by cell-
free virions) with uninfected CEM cells (CD4* leukemic cell line) or
with primary CD4™" T cells derived from healthy donors. We found that
infected TEC transmitted the virus to CEM cells (p19 positive lympho-
cytes), which can be seen in close contact with HTLV-1-infected TEC
(Fig. 5A, top). Besides, a phylopodium structure emitted by CEM cells
can be observed (Fig. 5A, bottom panels; detailed images from Fig. 5A
top), which probably facilitated HTLV-1 transmission from TEC to CEM
cells. Furthermore, HTLV-1-infected TEC transferred virus to primary
CD4™" T lymphocytes from healthy donors, as detected by HTLV-1 p19
protein-positive lymphocytes adhered to infected TEC at 48 h of co-
culture (Fig. 5B-D). These figures show a massive virus transmission to
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Fig. 4. HTLV-1 infection induces TEC chemokine gene upregulation and promotes T cell migration. Graphic representation of the biological process enriched based on Gene Ontology
database in HTLV-1-infected TEC (A). Black bars indicates the number of expected genes differentially expressed. White bars represents the number of genes enriched in each process.
Heatmap of migration-related genes (B). PCRq for CCL2, CXCL1, CXCL3 an IL8 (C). Enhanced migration of primary CD4* sorted T cells under the stimulus of HTLV-1" TEC (black bar)
when compared to non-infected TEC (gray bar) in transwell chambers coated with BSA (D). Fibronectin is a positive migration control (white bar). The values shown correspond to specific
migration after subtracting numbers obtained for each individual in wells coated with BSA.

T cells (Fig. 5B), multiple HTLV-1-infected lymphocytes adhered to TEC
body and to phyllopodia emitted by these cells (Fig. 5C) and a confocal
3D reconstruction of HTLV-1-infected TEC and T lymphocytes (Fig. 5D).
The adherence of T cells to HTLV-1-infected TEC was quantified,
showing that 70% of infected TEC were specifically bound to lympho-
cytes (considering =3 CD4* T cells adhered to TEC as a specific at-
tachment), suggesting that a large number of virological synapses was
formed between the original and secondary infected cells (Fig. 5E). The
virus transmission from TEC to T lymphocytes was dependent of a
productive infection, since the co-culture treatment with the reverse
transcriptase inhibitor zidovudine (AZT) decreased by 60% the virus
transmission from TEC to tumor CD4"* T cell line (Fig. 5F), demon-
strating that an active virus replication is required for an effective virus
propagation among TEC and from TEC to lymphocytes.

We next investigated whether the HTLV-1 transmission from TEC to
T lymphocytes would induce fusion between those cells, triggering
syncytium formation. We observed that the infection dynamics lead to
induction of several different structures between both infected cells, as
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depicted in Fig. 6. In fact, we observed, for example, a single primary
CD4™ T cell engulfed by HTLV-1-infected TEC (Fig. 6A), a phylopodium
emitted by CD4* T cell (Fig. 6B), a T cell spreading along and em-
bracing the HTLV-1-infected TEC (Fig. 6C), and a TEC with multiples
nuclei (Fig. 6D). Engulfment of T cells is further demonstrated in tri-
dimensional images (Fig. 6E-G).

4. Discussion

The thymus is a primary lymphoid organ, where bone-marrow-de-
rived T cell precursors differentiate, ultimately leading to migration of
positively selected thymocytes to the peripheral lymphoid organs. The
T cell development depends on interactions between developing lym-
phocytes and thymic epithelial cells, which influence lymphocyte ma-
turation and migration patterns via Notch ligand expression, and pro-
duction of cytokine, chemokine, adhesion molecules, extracellular
matrix proteins, and by presenting self-peptides in the context of the
MHC (Savino, 2010). These recent thymic lymphocyte emigrants join
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Fig. 6. HTLV-1* TEC induce different structures of CD4* T cells. Co-culture of HTLV-1 infected TEC with uninfected CD4* T cells by immunofluorescence where co-culture were labeled
with cytokeratin in green, HTLV-1 viral gag protein p19 in red, and DAPI for nuclei in blue. This figure depicts a single primary CD4 " T cell engulfed by HTLV-1" TEC (A, arrowhead), a
phylopodium emitted by CD4* T cell (B, arrowhead), a T cell spreading along and embracing the HTLV-1" TEC (C, arrowhead), and engulfment between both infected cells TEC and T
cells (D-G). Tridimensional pictures from infected cells (E-G). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the pool of mature peripheral T cells and can recirculate back to the
thymus. Moreover, a prior exposure to antigen enhances the homing of
mature T cells to the thymus (Hale and Fink, 2009). All these well-
orchestrated events can be dysregulated by infections, affecting the
thymus homeostasis and the T cell repertoire selection mediated by TEC
(Nobrega et al., 2010). We and others have proposed that the human
thymus can function as a HTLV-1 reservoir through successful infec-
tions of thymic epithelial cells (Currer et al., 2012) or thymocyte pre-
cursors (Feuer et al., 1996). This hypothesis is strengthened by the
detection of HTLV-1 genome in thymuses from patients with myas-
thenia gravis (Manca et al., 2002). In this paper, we show new evidence
that support the hypothesis that thymus stroma can be a HTLV-1 re-
servoir, such as the HTLV-1 propagation in TEC cultures and the ability
of HTLV-1-infected TEC to transmit the virus to lymphocytes. Our
present results point to the possibility that TECs can be infected in vivo
by virions carried by recirculating HTLV-1-infected mature lympho-
cytes, or even by cell-free virus, since the HTLV-1 has been detected in
the plasma of HTLV1-infected patients (Demontis et al., 2015).

TEC infection by HTLV-1 cell-free virions results in efficient and
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productive infection, likewise to HTLV-1-infected dendritic cells (DCs).
Infected DCs maintain the expression of NRP-1 and HSPGs, two crucial
molecules for efficient HTLV-1 cell binding and transferring from DCs
to T cells (Jones et al., 2008). We observed that HTLV-1-infected TEC
also sustain the expression of NRP-1 and GLUT-1, suggesting their in-
volvement in virus transmission. In addition, interactions between TEC
and immature lymphocytes enhance NRP-1 expression on lymphocytes
(Lepelletier et al., 2007), what may favor the formation of virological
synapses and may explain the high number of adhered lymphocytes per
infected TEC that we saw in co-cultures. This NRP-1 enhancement may
also explain the syncytium formation, since it has been demonstrated
that NRP-1 increases HTLV-1 Env-mediated syncytium formation (Ghez
et al., 2006). Furthermore, HTLV-1-infected TEC maintain the expres-
sion of HLA class I and class II molecules, CD80 and ICAM-1, raising the
possibility of the virological synapse formation between infected TEC
and lymphocytes. These findings also suggest that HTLV-1-infected TEC
could present viral antigens to T lymphocytes via MHC molecules.
The HLA expression in TEC expression and the consequent self-
peptides presentation are essential in lymphocyte fate decision in
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thymus. In medullary TEC (mTEC), the self-peptides presentation are
under the control of Aire (Autoimmune regulator gene), which is re-
sponsible for the expression of tissue-restricted antigen and playing a
central role in the deletion of auto-reactive lymphocytes (Derbinski
et al., 2001). The development of Aire* mTEC are whitin the host
transcription factor NF-xB pathway, and deletion of genes involved in
this pathway results in reduced Aire* mTEC (Sun et al., 2014). On
other hand, it is well established that Tax, the HTLV-1 transactivator
protein, interacts with and activates the NF-kB pathway, which is cri-
tical for transformation, proliferation, and survival of HTLV-1 infected
cells (Currer et al., 2012). Because our expression data were obtained
after only 1.5 h of infection, we cannot exclude the possibility of AIRE
modulation after a longer period of infection. It is possible that 90 min
is a too short time to detect significant increase of AIRE expression,
although this event has already been described (Currer et al., 2012; Sun
et al., 2014). Even without statistical significance in Aire mRNA ex-
pression between HTLV-1-infected and non-infected TEC in our mi-
croarray data, we do not exclude a possible post-transcriptional mod-
ulation of the corresponding gene expression. This synergy between
Aire and NF-xB pathways in TEC, and the enrichment of NF-kB-related
biological processes in our global gene expression analysis, may suggest
that the constitute activation of NF-kB could enhance Aire expression,
and, by consequence, interfere in self-peptide presentation. It also raises
the possibility that Tax could modulate the antigen expression by at
least two mechanisms: I) avoiding the presentation of virus peptides by
MHC, or II) by the expression of viral peptides as self-antigens to thy-
mocytes. The second possibility might explain the weak immune re-
sponse against HTLV-1.

HTLV-1 establishes a chronic, long lasting infection, and it is intri-
guing that the host immune system is not quite effective in eliminating
this virus infection (Matsuoka and Jeang, 2007). HTLV-1 escapes from
immune system surveillance through different mechanisms (Johnson
et al.,, 2001), possibly also including viral reservoirs as additional
strategy to avoid an immune response-derived eradication. The thymus
could play a major role in this scenario, through TEC HTLV-1 permis-
siveness and productive infection, and ability to transmit virions to
CD4" T cells as well. In conclusion, our results show that TEC can be
infected by cell—cell contact with HTLV-1-infected lymphocytes, and by
HTLV-1 cell-free suspensions. In addition, we show here that HTLV-1-
infected TEC can attract lymphocytes and convey the virus to CD4* T
cell lines and human primary CD4* T lymphocytes. This study raises
the possibility that TEC play an important role in the pathogenesis of
HTLV-1 infection, functioning as viral reservoir and propagator and,
thus, eventually contributing to tissue damages in the periphery.
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