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HTLV-1-infected cells drive it

the differentiation of monocytes
into macrophages in vitro
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Abstract

Background The human T-cell lymphotropic virus type 1 (HTLV-1) is a retrovirus that causes HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP). HAM/TSP is a chronic inflammatory neurodegenerative disease
characterized by leukocyte infiltration in the spinal cord. T-lymphocytes are the most important targets of HTLV-1
infection, but monocytes are also infected. Monocytes from HTLV-1-infected individuals exhibit important functional
differences compared to cells from uninfected donors. Here, we investigated the effects of cell-cell physical contact
and/or secreted factors of HTLV-1-infected cells in monocyte activation and differentiation.

Methods The THP-1 human monocytic cell line was co-cultured with a human cell line transformed by HTLV-1 (MT-2)
for 6 days. To determine the effects of co-culturing HTLV-1-infected cells in THP-1 monocytes cells were characterized
by flow cytometry, immunofluorescence microscopy, and real-time PCR. Computational analysis of published tran-
scriptomic datasets was realized to compare molecular profiles of macrophages and mononuclear cells from HTLV-1
carriers.

Results Co-culture of monocytes with HTLV-1-infected cells induced macrophage differentiation and upregulation
of typical macrophages-associated molecules (HLA-DR, CD80, and CD86), increased cytokine (TNFaq, IL-6, and IL-13)
levels and their coding genes expression. Consistently, published transcriptomic datasets showed changes in impor-
tant genes associated with inflammation during HAM/TSP in patients. The presence of HTLV-1-infected cells in the cul-
ture also induced significant upregulation of Interferon Stimulated Genes (ISG), indicating viral infection. Monocyte
activation and differentiation into pro-inflammatory macrophages occurred in a cell-to-cell contact-independent
manner, suggesting the role of factors secreted by infected cells.

Conclusions Together, our results indicated that HTLV-1-infected cells induced monocyte differentiation into mac-
rophages inflammatory, predominantly.
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Background

The human T-cell lymphotropic virus type 1 (HTLV-
1) is a retrovirus associated with myelopathy/tropical
spastic paraparesis (HAM/TSP) and adult T leukemia/
lymphoma (ATLL) [1, 2]. HTLV-1 is endemic and widely
distributed among different ethnicities and regions, pre-
vailing in Africa, Japan, and Central and South America.
Worldwide, it is estimated that around 15 to 20 million
individuals are living with HTLV-1 [3]. HAM/TSP is a
chronic inflammatory disease characterized by leukocyte
infiltration into the spinal cord, causing degeneration and
loss of motor capacity [4, 5]. HAM/TSP patients can pre-
sent spastic paraparesis followed by sphincter alterations,
peripheral neuropathy, low back pain, erectile dysfunc-
tion, cognitive and dysautonomic alterations, and loss of
myelin sheath and axons [6-8].

HTLV-1 primarily infects T CD4* lymphocytes [9, 10],
but can also infect other cells, such as T CD8" lympho-
cytes [11], natural killer cells [12], dendritic cells [13],
monocytes, and macrophages [14—17], including colos-
trum macrophages [18].

According to the bystander model, described by Bang-
ham (2015), infected cells and activated HTLV-1-specific
lymphocytes cross the blood-brain barrier and induce
an inflammatory response by IFN-y, TNF-a, and IL-6
production [19]. IFN-y stimulates astrocytes to secrete
CXCL10, attracting CX3CR1" lymphocytes and phago-
cytes to the Central Nervous System (CNS) [20, 21].
Consequently, these leukocytes induce glial stress, demy-
elination, and destruction of axons [19].

Monocytes play an important role in neurodegenera-
tive diseases but are under-investigated during HTLV-1
HAM/TSP. Generally, these cells infiltrate into the CNS
after the blood-brain barrier breaks [22] and differentiate
into dendritic cells and M1 (classic) macrophages pro-
moting inflammation [23]. The impairment of monocyte-
derived dendritic cells during HTLV-1 infection has been
described. Monocytes obtained from infected individu-
als and stimulated in vitro with GM-CSF and IL-4 have a
reduced capacity to differentiate into dendritic cells com-
pared to non-infected individuals [16]. Moreover, a lower
frequency of these cells has been observed in ATLL and
HAM/TSP patients [24, 25].

Ziegler-Heitbrock (1989) divided monocytes into three
groups according to the expression of CD14 and CD16
(FcRyII): classical (CD14M8"CD16"8), intermediate
(CD14*CD16"), and non-classical (CD14°V/"eCD16"sh)
[26]. In patients with acquired immunodeficiency syn-
drome (AIDS), intermediate monocytes (CD14TCD16%)
expand during HIV-1-associated dementia [27, 28].
De Castro-Amarante et al. (2015) showed that classi-
cal monocytes obtained from individuals with HTLV-1
express higher levels of chemokine receptors CCRS5,
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CXCR3, and CX3CR1 [29]. This evidence suggests that
intermediate monocytes could carry this virus to the
CNS [30, 31]. Enose-Akahata et al. (2012) observed the
presence of phagocytes expressing high levels of HLA-DR
and CX3CR1 in spinal cord injuries of individuals with
HAM/TSP [21]. Using proteomic analysis, our group
revealed important changes in the expression of cytoskel-
etal proteins in monocytes of HTLV-1 carriers, demon-
strating an increase in proteins associated with adhesion
and migration phenomena, such as gelsolin [17].

This study investigated the phenotypic and functional
profile of monocyte cell line (THP-1) co-cultured with
HTLV-1 permanently infected cells. We showed that
HTLV-1-infected cells induce a macrophage differen-
tiation in vitro, characterized by the expression of mole-
cules associated with M1-like phenotype, predominantly,
but also with M2-like molecules up-regulated. The com-
parison of published transcriptomic datasets highlighted
inflammatory-associated genes on monocytes and
macrophages’ transcriptional signatures from HTLV-1
infected individuals, corroborating our in vitro model.
Our study can contribute to understanding the immu-
nopathogenesis of HTLV-1-associated diseases.

Methods

Cell culture and THP-1 differentiation

HTLV-1 transformed cell line MT-2 [32] was a gift from
Instituto Nacional de Infectologia Evandro Chagas,
Fundagdo Oswaldo Cruz, R], Brazil, and monocytic cell
line (THP-1) was gently donated by Dr. Ulisses Lopes
from Instituto de Biofisica Carlos Chagas Filho of UFR].
All cells were cultured in Roswell Park Memorial Insti-
tute (RPMI)—1640 medium (Lonza) supplemented with
10% fetal bovine serum (FBS) (Gibco/Thermo Fisher),
penicillin (100 UI/ml), and streptomycin (100 mg/ml;
LGC Biotechnology, Brazil) (complete medium). Cells
were cultivated at 37 °C in a humidified atmosphere with
CO, 5% and were passed twice a week.

To induce macrophage differentiation, THP-1 cells
were incubated in the presence of 50 ng/ml of Phorbol
12-myristate-13-acetate (PMA; Sigma-Aldrich/Merck)
for 72 h in a 37 °C humidified atmosphere with CO,
5%. Then, cells were washed with PBS (Sigma-Aldrich/
Merck) and incubated with a fresh complete medium
under the same conditions [33]. Concurrently, THP-1
monocytes were co-cultured with MT-2 cells, previously
irradiated (20 Gy) in a 1:2 ratio in a complete medium
or the presence of a conditioned medium from MT-2 or
THP-1 cells for 6 days at 37 °C in a humidified atmos-
phere with CO, 5%.

To evaluate the cell-contact dependence, THP-1 cells
were co-cultured with MT-2 cells (1:2 ratio), as described
anteriorly [34, 35], in the presence or absence of an insert
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(0,47 cm? 0.4 um pore; Thermo Fisher Scientific) in a
complete medium. After 6 days at 37 °C in a humidified
atmosphere with CO, 5%, the supernatants were col-
lected, and the wells were harvested for phenotypic and/
or molecular assay.

Cell viability assay

Cell viability was assessed using MTT (3-[4,5-dimethyl-
thiazol-2-yl])—2,5-diphenyl tetrazolium bromide (5 mg/
mL; Sigma-Aldrich/Merk) and Lactate dehydrogenase
(LDH; Invitrogen®) assay, according to the manufacturer’s
instructions. Both assays were performed by colorimetry
in a SpectraMax® Paradigm® microplate reader (Molecular
Devices) at 490 nm wavelength.

Cell morphology

Cell images were captured through phase-contrast
microscopy with magnification objectives 20 and 40. The
image analysis system consisted of a light microscope
(Olympus CKX41) and a charge-coupled device color
camera connected to a computer. All images were stored
as TIFF files, using Olympus cell Sens. Image analysis
was performed using the Image]J software.

Phenotype characterization

To determine the effects of co-culturing HTLV-1-in-
fected cells in THP-1 monocytes we characterize the cell
phenotype by flow cytometry and immunofluorescence
microscopy. After the co-culture period, supernatant was
collected and attached cells were washed twice with PBS.
For flow cytometry analyses, adherent cells were then
detached and incubated for 30 min, on ice, in PBS with 1
mM of EDTA (Sigma-Aldrich/Merck). Cells were stained
with anti-human CD14 FITC (clone 61D3, Bioscience),
CD80 PE (clone 307.4), CD86 PE (clone 307.4), HLA-DR
APC (clone G46-6), CD127 PE-Cy7 (clone HIL-7R-M21)
and CD32 PE (clone 3D3), all obtained from BD Phar-
migen, for 30 min on ice. For intracellular staining, cells
were permeabilized using eBioscence (ThermoFisher)
Permeabilization buffer according to the manufacturer’s
instructions. Then, cells were stained with polyclonal
rabbit IgG anti-WARS (Invitrogen/ThermoFisher, PA5-
29102) for 30 min at room temperature. After that, cells
were washed with permeabilization buffer and labeled
with a secondary anti-rabbit IgG polyclonal antibody
conjugated to fluorochrome Alexa Fluor 488 (Ther-
moFisher Scientific, A-11034). Then, cells were washed
and acquired on FACSCallibur™ or FACSCanto™ (Beck-
ton & Dickinson). Twenty thousand events were acquired
gating forward scatter vs. sideward scatter properties to
exclude debris and doublets. Frequency and mean fluo-
rescence intensity (MFI) were assessed by FlowJo 10.0
Software.
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For immunofluorescence analyses, cells were also
plated in glass coverslips and, after the differentiation
process, were fixed with paraformaldehyde 4% (Sigma-
Aldrick/Merck) overnight at 4 °C. After washing, cells
were permeabilized using Permeabilization buffer (eBio-
science®) according to the manufacturer’s instructions
and blocked with FBS 2% for 2 h at room temperature.
Then, samples were stained with CD68 FITC (clone
eBioY1/82A; eBioscience®) overnight at 4 °C in a humid
chamber. After 3 washes with PBS, the nucleic acids were
stained with 1 pg/mL of 4”,6-Diamidino-2-phenylindole
dihydrochloride (DAPL; Sigma-Aldrich/Merck) for 1 min
at room temperature. Slides were mounted with 30 pL
Fluoromount (Sigma-Aldrich/Merck) antifade reagent
and analyzed on Leica® or Nikon Eclipse Ti2 fluorescence
microscope. Image analyses were performed using the
mean fluorescence intensity in the Image J Software.

Cytokine production

Tumor necrosis factor alpha (TNF-o; R&D System),
Interleukin-6 (IL-6; R&D System), and CXCL10 (Invitro-
gen/Thermo) production were analyzed in THP-1 super-
natant from control groups and MT-2/THP1 co-cultured
cells using sandwich immunosorbent assay (ELISA) kit
according to the manufacturer’s instructions.

Western blot

THP-1 cells were co-culture in the absence or presence
of irradiated THP-1 or MT-2 cells for 6 days at 37 °C
and 5% CO,. After this period, nonadherent cells were
removed by washing with phosphate-buffered saline
(PBS). The remaining adherent cells were lysed in RIPA
buffer (150 mM NaCl, 20 mM Tris-Cl pH 8.0, 0.1%
sodium dodecyl sulfate (SDS), 0.5% sodium deoxycho-
late and 1% NP-40 supplemented with 1x complete pro-
tease inhibitors (Roche) and 5 mM iodoacetamide) and
kept at —20°C until further use. Cell lysates were spun
down at 14,000 g for 10 min at 4°C. Cell lysates were
subjected to SDS-PAGE. Western blots were performed
with rabbit antibodies against GAPDH (cat. n°. 5174, Cell
Signaling Technology), H4 (cat. n°. 13919S, clone Cell
Signaling Technology) and H2A (cat. n°. 2578S, Cell Sign-
aling Technology).

Four-fold concentrated SDS sample buffer was added to
cell lysates, heated at 96°C for 7 min, iced for 5 min, sub-
jected to electrophoresis on a 15% SDS-polyacrylamide
gel, and then transferred onto a nitrocellulose sheet. Pro-
tein molecular weight standards (Bio-Rad) were run con-
currently. The sheet was blocked in Tris-buffered saline
(TBS) with Tween 20 (0.1%) containing 5% nonfat dry
milk for 1 h at room temperature. Then, membranes were
incubated overnight at 4 °C with rabbit anti-GAPDH
(1:2000), anti-H4 (1:1000), anti-H2A (1:1000). After
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washing 3 times with TBST, the membranes were stained
with anti-rabbit secondary antibody (1:5000; Merck,
AP510P, polyclonal) for 2 h. After washing 3 times with
TBS, membranes were incubated with the chemilumi-
nescent substrate (SuperSignal, Thermo Scientific) and
imaged with ChemiDoc MP system (Bio-Rad).

Differential gene expression

Gene expression analysis was performed by Real-Time
polymerase chain reaction (RT-PCR) after RNA iso-
lation and c¢DNA synthesis. RNA isolation was per-
formed using the Quick-RNA™ MiniPrep Plus (Zymo
Research®), following the manufacturer’s instructions.
RNAs were stored at —80 °C until cDNA synthesis was
performed using the ImProm-II"" Reverse Transcription
(Promega®). cDNAs were synthesized using the PTC-
100™ Programmable Thermal Controller (MJR/BioRad)
thermocycler and stored at —20°C until use.

RT-PCR was performed using Applied Biosystems'
StepOne’" system with Master Mix Syber Green (Qua-
troG P&D Ltda), following the manufacturer’s instruc-
tions. The specific primers were synthesized by IDT
(Coralveille, Iowa, USA) and listed in Table 1. The expres-
sion level of each gene was normalized by GAPDH or
B-ACTIN and expressed as a fold change concerning
the control group (undifferentiated THP-1), using the
2-AACT method [36]. Each sample was quantified in

Table 1 Primers used for gene expression by real-time PCR
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triplicate and points containing nuclease-free water were
used as negative controls.

Qualitative PCR

Qualitative PCR was performed using Platinum
DreamTaq Green PCR Master mix (Fermentas®) fol-
lowing the manufacturer’s instructions, using the
primer SK44 (5-GAGCCGATAA CGCGTCCATCG-
3’) for HTLV-1 tax. The second round of PCR was per-
formed under the same conditions using 2 pl of the
products from the first PCR round. The amplification
cycle consisted of enzyme activation at 94 °C for 3 min,
35 cycles of denaturation at 94 °C for 30 s, annealing
at 60 °C for 30 s, extension at 72 °C for 30 s, and a final
extension step at 72 °C for 10 min. PCR products were
electrophoresed in 2% agarose (Sigma-Aldrich/Merck)
gel stained with GelRed® (Biotium) in 1x Tris-Borate-
EDTA buffer (Invitrogen) at 100 V for 90 min. The bands
were visualized using the MiniBis Pro ultraviolet transil-
luminator (DNR Bio-Imaging Systems Ltd®).

Statistical analysis

Experimental data were analyzed using the Prisma 8.0
Software. The values expressed in the graphs indicate
the mean * standard error of the mean. Statistical analy-
sis was performed using a two-tailed Student t-test or

Primer Forward Reverse [1

B-actin CAGGCACCAGGGCGTGAT GCCAGCCAGGTCCAGACG 200 nM
Gapdh GTGAAGGTCGGAGTCAACGG CTCCTGGAAGATGGTGATGGG 200 nM
TNF-a TGTAGCAAACCCTCAAGCTG TTGATGGCAGAGAGGAGGTT 200 nM
TLR-4 CAGAGTTGCTTTCAATGGCATC AGACTGTAATCAAGAACCTGGAGG 200 nM
IL18 AACAAACTATTTGTCGCAGGAAT TGCCACAAAGTTGATGCAAT 200 nM
IL6 GCCCAGCTATGAACTCCTTCT CTTCTCCTGGGGGTACTGG 200 nM
TLR-2 GGGTCATCATCAGCCTCTCC AGGTCACTGTTGCTAATGTAGGTG 200 nM
IL-1B TTACAGTGGCAATGAGGATGAC GTCGGAGATTCGTAGCTGGAT 200 nM
MD-2 GCTCAGAAGCAGTATTGGGTCTG CGCTTTGGAAGATTCATGGTG 400 nM
ARG1 ACGGAAGAATCAGCCTGGTG GTCCACGTCTCTCTCAAGCCAA 400 nM
CCL22 ATCGCCTACAGACTGCACTC GACGGTAACGGACGTAATCAC 200 nM
TGF-B GCCCTGGACACCAACTATTGC GCTGCATTGCAGGAGCGCAC 200 nM
I1SG15 GCCTCAGCTCTGACACC CGAACTCATCTTTGCCAGTACA 200 nM
IFN-B ATGACCAACAAGTCTTCAAAG GGAATCCAAGCAAGTTGTAGCTC 200 nM
IL-28 TCCAGTCACGGTCAGCA CAGCCTCAGAGTGTTTCTTCT 200 nM
IL-29 GAAGACAGGAGAGCTGCAAC GGTTCAAATCTCTGTCACCACA 200 nM
OASL GCAGAAATTTCCAGGACCAC CCCATCACGGTCACCATTG 200 nM
H2A AGCTCAACAAGCTTCTGGGCAA TTGTGGTGGCTCTCGGTCTTCTT 400 nM
H2B TGCGCCCAAGAAGGGTTCTAAA ACGAAGGAGTTCATGATGCCCA 200 nM
H4 ACCGTAAAGTACTGCGCGACAA TTCTCCAGGAACACCCTTCAGCA 400 nM
H1S4 CCGGTGTCCGAGCTCATTACTAAA GCTTTCTTGAGAGCGGCCAAAGAT 200 nM
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One-way repeated-measures ANOVA with Bonferroni’s
multiple comparison post-test. Values of p<0.05 were
considered significant.

Computational analysis of published transcriptomic
datasets

Datasets GSE29312 of Tattermusch et al, 2012, and
GSE117040 of Gerrick et al., 2018 were obtained from the
Gene Expression Omnibus (GEO) database. The dataset
GSE29312 characterizes global gene expression profiles
of blood cells taken from AC and HAM/TSP patients
by HumanHT-12 V3 or WG6 V3 expression BeadChip
arrays (Illumina, San Diego, CA, USA) [37] and the data-
set GSE117040 characterized differential gene expression
from macrophages derived from human peripheral blood
monocytes cultured in the presence of LPS and IFNy to
induce M1 polarization, or IL-4 and IL-13 to induce M2
polarization. The authors used TrueSeq Stranded Total
RNA kit (Illumina) to prepare the libraries and sequenced
by HS2500 Rapid Run instrument Illumina [38]. Differ-
ential gene expression results from both datasets were
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downloaded using R Studio GEOquery package software
[39]. Data were visualized using the R packages ggplot2
and ComplexHeatmap [40, 41].

Results

HTLV-1-infected cells induced macrophage differentiation
in vitro

To evaluate the monocyte profile during HTLV-1 infec-
tion, we used an in vitro system. The human monocytic
cell line (THP-1) was cultured with HTLV-1-infected
cells (MT-2), previously irradiated, and THP-1 cell mor-
phology and viability were analyzed after 6 days. The co-
culture with MT-2 or PMA did not impact cell viability
(Supplementary Figure 1). THP-1 cells showed a non-
adherent and rounded morphology of monocytes, as
described in the literature (Fig. 1A). PMA stimulation
was used as a positive control for macrophage differen-
tiation [33]. Interestingly, cells co-cultured with MT-2
spread out and adhered to the plate surface, acquiring a
macrophage-like morphology, as also observed for PMA-
treated cells (Fig. 1A). Moreover, THP-1 cells cultured
with MT-2 expressed CD68, a surface marker highly

CD68

Fig. 1 Analysis of morphology and CDé68 expression in THP-1 cells co-cultured HTLV-1-infected cells (MT-2). THP-1 monocytes were incubated
in 24-well plates with coverslips for 6 days. Monocytes were co-cultured with HTLV-1-infected cells (MT-2 irradiated at 20 Gy) in a 1:2 ratio. Cells
treated with PMA (100 nM) or untreated were used as controls, positive and negative, respectively. A On day 6, cell morphology was analyzed
by phase contrast microscopy in 20x magnification objective, using a light microscope (Olympus CKX41). B Macrophage phenotype

was characterized using CD68 in immunofluorescence assay. After the THP1 culture, cells were permeabilized and stained with intracellular
antibody CD68 FITC, followed by nucleic acid staining with DAPI. CD68-positive cells were indicated with white arrows. Photographs were taken
on a Leica® fluorescence microscope at 40x magnification, and images were analyzed in Image) Software
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expressed in macrophages (Fig. 1B and supplementary
Figure 2). These results suggested monocyte differen-
tiation into macrophages in the presence of HTLV-1-in-
fected cells.

To further evaluate the differentiation, we explored
prototypical macrophage surface molecules. The lev-
els of HLA-DR, a class II MHC molecule, increased in
THP-1 cells after co-culture with MT-2 (Fig. 2A and sup-
plementary Figure 3). The mean fluorescence intensity
(MFI) was approximately 50-fold higher compared to
undifferentiated cells (THP-1 CTR; Fig. 2A). Co-stim-
ulatory molecules CD80 and CD86 also increased sig-
nificantly (Fig. 2B-C). More than 50% of cells cultured
with MT-2 cells expressed CD86. It was approximately
200-fold higher than THP-1 CTR (Fig. 2C). No differ-
ence was observed in the frequency of cells expressing
CD14 (Fig. 2D) but both THP-1 co-cultured with MT-2
and treated with PMA expressed higher levels of CD14,
as demonstrated by the MFI in Fig. 2D. The frequency of
CD327" (Fcy receptor II) cells and their MFI were slightly
increased after co-culturing with MT-2 or PMA (Fig. 2E).
We also observed an increase in the levels (MFI) of
CD127* (IL-7a receptor) cells after the co-culture com-
pared to the undifferentiated THP-1 (CTR) (Fig. 2F).
Altogether these results support the hypothesis that
monocyte differentiation into macrophages is induced by
the HTLV-1-infected cells.
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THP-1 cells co-cultured with HTLV-1-infected cells express
high levels of pro-inflammatory genes

Monocyte-derived macrophages can polarize into differ-
ent populations, usually M1 (classic) and M2 (alternative)
[42]. Given that HTLV-1-infected cells induce changes in
the THP-1 phenotype, we evaluated the expression of M1
and M2-associated genes after co-culturing with MT-2.
The mRNA levels for pro-inflammatory cytokines TNF-a,
IL-6, and IL-1P were upregulated in THP-1 cells (Fig. 3A).
THP-1 macrophages differentiated using PMA and stimu-
lated with LPS for 24 h were used as a positive control and
showed upregulation of pro-inflammatory genes (Sup-
plementary Figure 4). Similarly, higher concentrations of
TNF-a and IL-6 were found in the supernatant of THP-1
co-cultured with MT-2 (Fig. 3B). Members of the matrix
metalloproteinase (MMP) family are highly observed in
various inflamed tissues [43] and MMP1 is an indicator
of PMA-induced THP-1 cell differentiation [44]. MMP-1
was increased in PMA-differentiated cells (4370+725.5
pg/mL) compared to control cells (320.4+320 pg/
mlL; Fig. 3C). After co-culture with MT-2, MMP-1 also
increased (1024 £615.1 pg/mL), but the presence of MT-2
in the culture induced a higher production of MMP-2
(Fig. 3C). Furthermore, soluble CD14 (sCD14) was highly
produced after co-culturing compared to undifferenti-
ated cells (Fig. 3D), and manner consistent with the high
expression of TLR2 and TLR4 (Fig. 3E).
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Fig. 2 Analysis of surface molecules in THP-1 cells co-cultured with MT-2. THP-1 cells were co-cultured with MT-2 (irradiated at 20 Gy) in a 1:2

ratio or treated with PMA (100 nM, positive control) for 6 days. On day 6, differentiated cells were detached with PSB+EDTA (100 nM) and stained
with antibodies for flow cytometry. Frequency and media fluorescence intensity (MFI) of A HLA-DR, B CD80, C CD86, D CD14, E CD32, and F CD127
in THP-1 cells cultured alone (THP-1), stimulated with PMA (+PMA) or co-cultured with MT-2 (+ MT-2). Means of MF| were normalized based

on the expression pattern of undifferentiated THP-1 control cells. Graphs are mean + SEM values from 3 to 5 independently performed experiments.

*p <0.05 compared to controls (THP-1)
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Fig. 3 Analysis of gene expression and cytokines associated with M1-M2 profile in cells co-cultured with MT-2. THP-1 cells were co-cultured
with MT-2 (irradiated at 20 Gy) in a 1:2 ratio or treated with PMA (100 nM, positive control) for 6 days. On the sixth day, cells were lysed for RNA
extraction and cDNA synthesis for RT-PCR, and cultured supernatants were collected to mediators were assayed by the ELISA method. mRNA
expression of M1-associated pro-inflammatory genes ATNF-q, IL-6, IL-1, ETLR-2, and TLR-4; F and G mRNA expression of M2-associated genes
Arg, TGF-3, CCL22, and MD-2. Graphs represent relative mRNA levels, calculated using the 2-AACT method and normalized to Gapdh or $-actin
in the same sample, compared to the expression of the respective genes in undifferentiated THP-1 cells. B Detection of TNF-q, IL-6, D sCD14,

C MMP-1 and MMP-2, H IL-10, concentration in cultured supernatant. Graphs are mean +SEM values of supernatants from 4 to 7 independently

performed experiments. *p < 0.05 compared to controls (THP-1)

Regarding M2-associated genes, we did not observe
upregulation of arginase (ARG) or TGF-f (Fig. 3F). Dex-
amethasone-treated cells were used as a positive control
for M2 differentiation (Supplementary Figure 4). Inter-
estingly, MD2 and CCL22 were induced by the co-culture
with MT-2 (Fig. 3G) as well as the release of IL-10 in the
supernatant (Fig. 3H). These data suggest the induction of
a profile associated with M1 polarization in THP-1 cells
co-cultured with HTLV-1-infected cells predominantly.

High levels of interferon-stimulated genes were induced

in THP-1 cells after co-culture with MT-2

Antiviral responses are characterized by the upregulation
of Interferon-Stimulated Genes (ISGs) [45]. We accessed
the expression of some genes of the interferon family

(IL-18, IL-28, IL-29, and IFN-fB), and ISGs (OASL and
ISG15). THP-1 cells co-cultured with MT-2 showed sig-
nificant upregulation of IL-29, IEN-f, OASL, and ISG15
genes (Fig. 4A and Supplementary Figure 5). Moreover,
THP-1 cells co-cultured with MT-2 secreted higher levels
of CXCL10, chemokine stimulated by IEN (Fig. 4B). Posi-
tive controls are represented in supplementary Figure 4.
Lee et al,, 2019 demonstrated that tryptophanyl-tRNA
synthetase (WARS) is induced and released during viral
infection [46]. This enzyme acts as an alarmin and stim-
ulates type I IFNs production and mutations in WARS
gene have been associated with motor neuropathy [47,
48]. Figure 4C shows the upregulation of WARS in THP-1
cultured with MT-2.
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Graphs are mean + SEM values of supernatants from 3 independently performed experiments. *p <0.05 compared to controls (THP-1). C After

the co-cultures, the WARS expression was investigated by flow cytometry, using a specific polyclonal antibody. The values on the graphs are

mean + SEM values of supernatants from 4 independently performed experiments. *p < 0.05 compared to controls (THP-1)

HTLV-1 infection reduced histone genes transcription

in THP-1 macrophages

HTLV-1-infected cells undergo epigenetic modifications
[49, 50]. Moreover, our group demonstrated a negative

regulation of histone expression in monocytes of HTLV-1
carriers through proteomic analyses [17]. We sought to
investigate whether the co-culture of THP-1 with MT-2
affects the expression of histones. The mRNA expression
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to GAPDH was performed using ImageJ software. This is a representative figure from 2 independent experiments performed in duplicates. Full

uncropped gels from Western Blot gels in supplementary Figures 6-8

of H2A, H2B, H4, and H154 is downregulated in THP-1
cells co-cultured with MT-2 (Fig. 5A-D). These results
were confirmed by western blot assay. Protein levels of
H2A and H4 histones were reduced in THP1 monocytes

co-cultured with MT-2 comparing control groups
(Fig. 5E-F), suggesting that the macrophage differen-
tiation induced by HTLV-1-infected cells affects histone
gene expression.
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THP-1 co-cultured with MT-2 cells or its
supernatant-induced cellular alterations and infection

The fact that THP-1 acquired an M1-like phenotype
conducted the hypothesis that MT-2 lymphocytes
might be contacting THP-1 monocytes, inducing its

Page 10 of 16

activation and differentiation to macrophages. To
address this hypothesis, THP-1 monocytes and MT-2
cells were co-cultured with MT-2-filtered superna-
tant (SN MT?2), or an insert to block cell contact. Co-
cultured cells with MT-2 supernatant still induce
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Fig. 6 Analysis of gene expression by THP-1 cells co-cultured with MT-2 cells or their supernatant. THP-1 and MT-2 cells were cultured for 3 days
at 37°C for supernatant isolation. Then, fresh THP-1 cells were co-cultured with or without supernatants from THP1 or MT-2 cells. After 6 days,

the morphology of these cells was analyzed by contrast phase microscopy. A Representative picture of cells. Photographs were taken on a Leica®
fluorescence microscope at 40x magnification, and images were analyzed in ImageJ Software. Representative graph of 2 or 3 independently
compiled experiments. After the culture, cells were lysed for RNA extraction and cDNA synthesis to perform RT-PCR (B) mRNA expression of IFN-{3,
OASL, ISG15, and IL-6. Representative image of 3 independently performed experiments. Nd =not detected. *p <0.05 compared to controls
(THP1). THP1 cells were also cultured in the presence of MT-2 without cell contact, using an insert as described in the methods. Following, cells
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with MT-2 supernatant); THP1 4+ MT-2 (culture of THP-1 in presence of MT-2 cells); MT-2 (DNA from MT-2 cells, used as positive control). The $-actin
gene was used as a constitutive control. L —50-bp DNA ladder
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monocyte differentiation (Fig. 6A). Pro-inflammatory
cytokine IL-6 and ISGs, such as ISG15, OASL, and
IFN-B were upregulated in THP-1 cells co-cultured
with MT-2 supernatant (Fig. 6B). Furthermore, the fre-
quency of CD86™ cells increased after co-culture with-
out cell contact (Fig. 6C). These data suggested that
products secreted by MT-2 can induce THP-1 differen-
tiation and activation of genes related to the inflamma-
tory and antiviral response.

HTLV-1 infects monocytes and macrophages [16,
18]. We next investigated whether THP-1 is infected
with HTLV-1, demonstrated by the expression of tax
(SK43/44), after co-cultivation with MT-2 cell or its
supernatant. This gene was found in THP-1 after the
co-culture with MT-2 cells (THP-1+MT-2) and MT-2
supernatant (+ SN MT-2; Fig. 6D). These findings indi-
cate that the presence of HTLV-1-infected cells in the
culture is enough to induce monocyte activation and
differentiation into M1-like macrophages. The cellular
changes observed in the present study may be related to
the infection of THP-1 cells, including a non-cell con-
tact-dependent manner.
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Signatures of macrophages and their subpopulations

in HTLV-1 patients

Changes in phenotypic and functional profiles of mono-
cytes from people living with HTLV-1 have been demon-
strated by our group [16, 17] and others [51]. Our in vitro
findings demonstrated that HTLV-1 induces macrophage
differentiation in an inflammatory profile, predomi-
nantly, but also expressing suppressor genes. To evaluate
whether this phenotype is observed in HTLV-1 human
carriers and further investigate monocytes and mac-
rophages phenotypic and molecular profile, we compared
PBMC gene expression data published by Tattermusch
et al, 2012 (GSE29312) [37] with M1/M2 transcrip-
tional profiles from Gerrick et al, 2018 (GSE117040)
[38]. 51 genes were commonly expressed on “M1” and
“HTLV-1” transcriptional signatures (Fig. 7A-C, supple-
mentary Table 1), including genes associated with type 1
interferon (CCR7, IL23, IFITM3, WARS) and purinergic
receptors (P2RY2, P2RY14). In contrast, 52 genes were
both upregulated in “M2” and “HTLV-1” signatures such
as F13A1 (related to coagulation), CASP5 (regulation of
the inflammatory response), DNSEIL3 (apoptotic cell
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Fig. 7 Correlation between M1/M2 macrophage transcriptional profile and HTLV-1 or HAM/TSP transcriptional signatures. Datasets were obtained
from Gerrick et al. [38] and Tattermusch et al. [37] publications (GSE117040 and GSE29312, respectively). Venn diagrams comparing the intersection
of M1- or M2-associated genes (1205 and 995, respectively) macrophage with A-B HTLV-1 (542 genes) or D-E HAM/TSP (80 genes) signatures; C;

F Heatmap of M1 and M2 macrophage subpopulations during HTLV-1 infection (C) and HAM/TSP (F) normalized by Z score. Data were visualized
in Heatmaps and Venn diagrams, using the R packages ggplot2, Complex Heatmap, and Venn Diagram. M1 N HTLV-1: p=0.000020577; M2 N
HTLV-1: p=0.0000022564; M1 N HAM/TSP: p=0.0001048; M2 N HAM/TSP: p=0.01893
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death) and CTSC (antigen processing). Interestingly, the
ISGs IFIT1/2, OASL/3, and IFITM3 were upregulated on
the “M2” signature (Fig. 7C) and were similarly found in
THP-1 cultured with MT-2.

We also compared “M1” and “M2”-associated genes
with HAM/TSP signature. Figure 7D shows 14 genes in
the intersection of “M1” and “HAM/TSP”. Genes asso-
ciated with antiviral response (GBP1, WARS, BTN3Al,
IFITM3, and GBPS) were commonly expressed, as well
as purinergic receptors (P2RY2 and P2RYI14) and cell
death (FAS) genes (Fig. 7F). The “M2” and “HAM/TSP”
also exhibited 8 genes commonly expressed (Fig. 7E),
related to neurodegeneration (BACE?2), antiviral response
(GBP5, CASP5, GBP1, IFIT1, and IFITM3), and signal
transduction (PLCLI). We presuppose that its upregu-
lation contributes to neuroinflammation and antiviral
response.

Discussion

It is well described that HAM/TSP development and
progression involve mononuclear cells, including mono-
cytes and macrophages [17, 21, 52]. Given the difficulty
of obtaining animal models to study HTLV-1, we used an
in vitro model to characterize monocyte differentiation
during the HTLV-1 infection.

In this study, we demonstrated that HTLV-1-infected
cells induced THP-1 monocyte activation and differen-
tiation into macrophages. THP-1 cells acquired a mac-
rophage morphology, up-regulated the levels of surface
molecules (HLA-DR, CD80, CD86, CD14, CD127, TLR4,
and TLR2), and increased the expression and/or levels of
inflammatory cytokines (IL-6, TNF-a, IL-1) and MMP2.
Surprisingly, the upregulation of M2-associated mol-
ecules, such as CCL22, IL-10, and MD-2 was observed
after the co-culture. Moreover, the monocyte interaction
with HTLV-1-infected cells resulted in a cellular antivi-
ral state characterized by ISGs expression (IFN-f3, IL-29,
OASL, and WARS). We showed that HTLV-1-infected
cells can induce macrophage differentiation and infection
regardless of cell contact.

We can attribute these findings, at least partially, to
viral infection. After co-culture THP1 monocytes were
infected, suggesting virus infection participation in THP1
differentiation. Corroborating this result many stud-
ies showed HTLV-1 infection in monocytes and mac-
rophages [14—18, 53]. The differentiation can be induced
by cytokines secreted from MT-2 cells. These cells can
produce TNFq, IL-6, IL-1q, IL-17, and IFNy [54, 55]. To
clarify the role of HTLV-1 infection in monocyte differ-
entiation to macrophage cell transfection assays could be
used, eliminating the participation of secreted molecules.
These results suggested that the mechanisms of THP1 dif-
ferentiation depend on cytokines, metabolites, and viral
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proteins as Tax secretion. Besides the direct Tax produc-
tion by infected cells, viral protein is transferred by cell
contact and/or exosomes [56, 57]. Tax protein activates
several specific transcription factors such as CREB (cAMP
response element binding protein), AP-1, NF-kB, JNK,
IRF4, and mTOR [58-60]. The hyperactivation of some of
these factors was associated with macrophage M1 polari-
zation during bacterial or viral infection [61]. Tax protein
participates in viral replication, leading to histone ubiqui-
tylation, which can be related to epigenetic modifications
(methylation) and protein degradation [62—64]. Moreo-
ver, Grant et al. (2006) suggested that infected-monocyte
AP-1 expression is up-regulated during differentiation to
macrophages [65]. According to our results, this phenom-
enon may mean a greater differentiation capacity for mac-
rophages. After co-culture THP1 monocytes presented a
reduction in the levels of mRNAs (H2A, H2B, H4, H154)
and protein (H2A and H4) for histones, suggesting an
effect on chromatin regulation. Interestingly, our group
has demonstrated a reduction of histone expression in
monocytes obtained from HTLV-1-infected individuals,
using proteomic and immunofluorescence assays [17].
Furthermore, epigenetic modifications, such as hypo-
methylation and hypermethylation in H3K4 and H3K27,
have been demonstrated during human monocyte differ-
entiation to macrophage [66].

To further understand monocyte and macrophage pro-
file during the infection and complement our findings,
we compared M1 and M2 macrophage transcriptional
gene signatures with signatures from PBMCs of HTLV-
1-infected donors, including HAM/TSP patients. Com-
mon expression of several genes was remarkable: while
the M1 signature in asymptomatic infection was marked
by genes associated with inflammation, antigen process-
ing, and antiviral response; the M2 signature was high-
lighted by associated genes with coagulation, apoptosis,
and regulation of immune response. Interferon-inducible
genes [FITM3, WARS, GBP1, GBP5, CCR7, ISG15, and
OASL were likewise in the intersection of macrophages
(M1 and M2) and HTLV-1 or HAM/TSP gene signatures
supporting our in vitro findings.

Zarei Ghobadi et al. (2020) analyzed three microarray
datasets to identify gene transcriptional signatures asso-
ciated with HAM/TSP development, which we used to
associate our data and found an intersection. The authors
found 38 modules enriched in HAM/TSP patient signa-
tures [67], including the IL-10 signaling pathway, associ-
ated with M2 phenotype, and cytokine detected in this
work. The involvement of immunological-related pro-
teins, PSME1 and GBPS5, can be considered an intersec-
tion of both findings. The proteasome is an important
component of the processing by class I MHC peptides
composed of core and regulator complexes. The PSME1
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(or proteasome activator subunit 1) is an immunopro-
teasome component connected to class I MHC peptide
processing [67]. IFNy induces the gene encoding PSME1
[68], like HLA-DR, CD80, and CD86 [69]. These mol-
ecules are upregulated for effective antigen presentation
during APC maturation [70, 71]. The PSME1 was associ-
ated with HAM/TSP progression [67], and we connected
this data to HLA-DR, CD80, and CD86 upregulation
after THP1 monocytes co-cultured with HTLV-1-in-
fected cells due to common related functions. Moreover,
these proteins were also related to M1 polarization dur-
ing the attenuated strain of Junin virus (etiological agent
of Argentine hemorrhagic fever) [72]. In addition, GBP5
protein (guanine nucleotide-binding protein 5) was also
detected in the comparison of published datasets and can
be associated with M1 macrophage polarization due to
its effects. This GTPase was induced by influenza A virus
infection, then stimulated infected-cell antiviral state,
leading to IFNs type I and III expression genes [73]. Cor-
roborating our data, it is known that GBP5 also promotes
ISGs activation and proinflammatory cytokines produc-
tion such as TNF-a, IL-6, and IL-1p/IL-18 [74, 75]. Addi-
tionally, higher levels of IL-18 in cerebrospinal fluid from
HAM/TSP patients have been demonstrated and validate
this enhancement to neuroinflammation and BBB dis-
ruption [75].

Macrophage polarization has been classified on a
transcriptional level to describe tissue-specific states. A
significant macrophage diversity has been observed in
morphology, function, and cell surface molecule expres-
sion [76]. Altogether, our findings propose the ability of
monocyte differentiation into macrophages that may
contribute to pro-inflammatory and anti-viral responses
observed by the upregulation of associated genes.
Although few features of M2 macrophages are still found
during the infection, we suggest that the M1 phenotype
may contribute to HAM/TSP progression based on Zarei
Ghobadi et al. (2020) findings [67]. However, more spe-
cific studies are needed to further understand the role of
M1 and M2 macrophages and molecular modifications
resulting from HTLV-1 infection.
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HTLV-1 Human T-cell lymphotropic virus type 1

HAM/TSP  HTLV-1-associated myelopathy/tropical spastic paraparesis
AC Asymptomatic carriers

cDNA Complementary DNA

CCL Chemokine (C-C motif) ligand

CCR5 C-C motif chemokine receptor 5

CXCR3 C-X-C motif chemokine receptor 3

CX3CR1 C-X3-C motif chemokine receptor 1

CcD Cluster of differentiation

DC Dendritic cell

DNA Deoxyribonucleic acid

GM-CSF Granulocyte-macrophage colony-stimulating factor

GO Gene Ontology
HIV-1 Human Immunodeficiency Virus type 1
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IFN-y Interferon-gamma

IL Interleukin

ISGs Interferon-stimulated genes
MD2 Myeloid differentiation protein 2
MFI Mean fluorescence intensity
ORF Open reading frame

PBMC Peripheral blood mononuclear cells
PBS Phosphate buffered saline

PCR Polymerase chain reaction

PMA Phorbol 12-myristate-13-acetate
RNA Ribonucleic acid

RT-PCR Real-time PCR

TNF-a Tumor necrosis factor-alpha
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Supplementary Material: Supplementary Figure 1. Cell viability analy-

sis of THP-1 cells co-cultured with HTLV-1-infected cells (MT-2). THP-1
monocytes were co-cultured with HTLV-1-infected cells (MT-2 irradiated
at 20 Gy) in a 1:2 ratio. Cells treated with PMA (100 nM) as used as controls,
positive and negative, respectively. (A) Cell viability analyzed by LDH
assay, using supernatants of cultures. (B) On day 6 at 37 °C in a humid
atmosphere with 5% CO,, cells were stimulated with or without LPS (10
ng/ml) for 24 h and incubated with MTT (5 mg/mL) for 3 h. Colorimetric
analysis was measured at 490 nm, using a microplate spectrophotometer
reader. Graphs are mean +SEM values of supernatants from 3 independ-
ent experiments performed in duplicates. Supplementary Figure 2. CD68
expression analysis in THP-1 cells co-cultured HTLV-1-infected cells (MT-2).
THP-1 monocytes were incubated in 24-well plates with coverslips for

6 days. Monocytes were co-cultured with HTLV-1-infected cells (MT-2
irradiated at 20 Gy) or THP-1 irradiated cells in a 1:2 ratio. Irradiated THP-1
cells were used as a control. On day 6, the macrophage phenotype was
characterized using CD68 immunofluorescence assay. After the THP1
culture, cells were permeabilized and stained with intracellular antibody
CD68 FITC, followed by nucleic acid staining with DAPI. CD68-positive
cells were indicated with white arrows. Photographs were taken on a
Nikon Eclipse Ti2 fluorescence microscope at 63x magnification, and
images were analyzed in ImageJ Software. Supplementary Figure 3. Flow
cytometry gating strategies related to Fig. 2. THP-1 monocytes were co-
cultured with HTLV-1-infected cells (MT-2 irradiated at 20 Gy) in a 1:2 ratio.
Cells treated with PMA (100 nM) as used as controls, positive and negative,
respectively. On day 6, differentiated cells were detached with PSB+EDTA
(100 nM) and stained with antibodies for flow cytometry. Gating strategies
on cells for immunophenotyping (HLA-DR, CD80, CD86, CD14, CD32, and
CD127). All histograms were compared with unstained cells (Negative)
using FlowJo Software 10.0. Supplementary Figure 4. analysis of pro-
inflammatory mediators produced by THP-1 cells differentiated with PMA.
THP-1 cells were treated with PMA (100 nM) for 6 days. On day 6, cells
were stimulated with LPS (10 ng/ml; M1 positive control) for 24 h or dexa-
methasone (100 nM; M2 positive control) for 72 h. Following, cells were
lysed for RNA extraction and cDNA synthesis for RT-PCR. mRNA expression
of TNF-q, IL-6, IL-13, TLR2, TLR4 after LPS stimuli; mRNA expression of Arg,
MD2, CCL22, TGF3 after LPS and/or dexamethasone treatment. Graphs
represent relative mRNA level, calculated using the 2-AACT method and
normalized to Gapdh or 3-actin in the same sample, compared to the
expression of the respective genes in PMA-treated THP-1 cells. Supple-
mentary Figure 5. analysis of ISGs expression by THP-1 cells differentiated
with PMA. THP-1 cells were treated with PMA (100 nM) for 6 days. On day
6, cells were stimulated with LPS (10 ng/ml; M1 positive control) for 24 h
or dexamethasone (100 nM; M2 positive control) for 72 h. After LPS and/
or dexamethasone treatment, cells were lysed for RNA extraction and
cDNA synthesis for RT-PCR. IL-18, IL-28, IL-29, ISG15, OASL, and IFNB mRNA
expression. Graphs represent relative mRNA level, calculated using the
2-AACT method and normalized to Gapdh or B-actin in the same sample,
compared to the expression of the respective genes in PMA-treated THP-1
cells. Supplementary Figure 6. Full uncropped gels from GAPDH western
blot gel. The protein extracts were separated into polyacrylamide gels.
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Supplementary Figure 7. Full uncropped gels from H2A western blot gel.
The protein extracts were separated into polyacrylamide gel. Supplemen-
tary Figure 8. Full uncropped gels from H4 western blot gel. The protein
extracts were separated into polyacrylamide gel.
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