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ABSTRACT

Human T-lymphotropic virus type 1 (HTLV-1) is the etiological agent of a slowly progressive neurodegenerative disease, HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). This disease develops upon infiltration of HTLV-1-infected
lymphocytes into the central nervous system, mostly the thoracic spinal cord. The central nervous system is normally protected
by a physiological structure called the blood-brain barrier (BBB), which consists primarily of a continuous endothelium with
tight junctions. In this study, we investigated the role of activated leukocyte cell adhesion molecule (ALCAM/CD166), a member
of the immunoglobulin superfamily, in the crossing of the BBB by HTLV-1-infected lymphocytes. We demonstrated that
ALCAM is overexpressed on the surface of HTLV-1-infected lymphocytes, both in chronically infected cell lines and in primary
infected CD4� T lymphocytes. ALCAM overexpression results from the activation of the canonical NF-�B pathway by the viral
transactivator Tax. In contrast, staining of spinal cord sections of HAM/TSP patients showed that ALCAM expression is not al-
tered on the BBB endothelium in the context of HTLV-1 infection. ALCAM blockade or downregulation of ALCAM levels signifi-
cantly reduced the migration of HTLV-1-infected lymphocytes across a monolayer of human BBB endothelial cells. This study
suggests a potential role for ALCAM in HAM/TSP pathogenesis.

IMPORTANCE

Human T-lymphotropic virus type 1 (HTLV-1) is the etiological agent of a slowly progressive neurodegenerative disease, HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). This disease is the consequence of the infiltration of HTLV-1-
infected lymphocytes into the central nervous system (CNS), mostly the thoracic spinal cord. The CNS is normally protected by a
physiological structure called the blood-brain barrier (BBB), which consists primarily of a continuous endothelium with tight
junctions. The mechanism of migration of lymphocytes into the CNS is unclear. Here, we show that the viral transactivator Tax
increases activated leukocyte cell adhesion molecule (ALCAM/CD166) expression. This molecule facilitates the migration of
lymphocytes across the BBB endothelium. Targeting this molecule could be of interest in preventing or reducing the develop-
ment of HAM/TSP.

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus
discovered in 1980 (1). HTLV-1 is estimated to infect at least

10 million people worldwide, with a heterogeneous geographical
distribution: the main foci of high endemicity are southern Japan,
the Caribbean, South America, and equatorial Africa (2). Among
HTLV-1-infected individuals, 90 to 95% remain asymptomatic
throughout their lives. Nevertheless, HTLV-1 is the etiological
agent of two severe diseases: adult T cell leukemia/lymphoma
(ATLL), an aggressive T cell malignancy which affects around 5%
of HTLV-1-infected individuals (3), and HTLV-1-associated my-
elopathy/tropical spastic paraparesis (HAM/TSP), a chronic in-
flammatory disease of the central nervous system (CNS) which
develops in 0.2 to 3% of infected individuals (4).

HAM/TSP is clinically identified as a progressive motor and
sensory disturbance of the lower limbs (5). HAM/TSP is typically
characterized by the presence of the Babinski response and spas-
ticity associated with limb weakness and autonomic dysfunction,

slowly leading to paralysis. The pathophysiology of HAM/TSP is
not fully understood (6). The main feature is perivascular lym-
phocyte infiltration in the thoracic region of the spinal cord,
which is responsible for myelin and axonal degeneration and spi-
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nal cord atrophy observable by magnetic resonance imaging
(MRI) (7). Clonal populations of HTLV-1-infected lymphocytes
are found in the cerebrospinal fluid and are derived from the same
HTLV-1-infected progenitors as peripheral blood infected lym-
phocytes (8). This demonstrates that HTLV-1-infected lympho-
cytes can migrate between the blood and the CNS compartments
in HAM/TSP.

Normally, the CNS is protected from infectious agents by a
selective barrier: the blood-brain barrier (BBB). The BBB is a dy-
namic physiological interface between the blood and the CNS. It is
composed of three cell types: brain microvascular endothelial
cells, astrocytes (through their endfeet), and pericytes (9). Tight
junctions seal the endothelial cells together to form a selective
barrier responsible for maintaining CNS fluid homeostasis and
protecting neural tissues from toxins and infectious agents (10).
The tight junctions of the BBB endothelium in HAM/TSP patients
are locally disorganized; this allows T cells to transmigrate into the
CNS, resulting in neuroinflammation (11, 12).

We investigated the potential role of the activated leukocyte
cell adhesion molecule (ALCAM/CD166) in diapedesis to further
understand the mechanisms of HTLV-1-infected lymphocyte
transmigration through the BBB. ALCAM is a member of the
immunoglobulin superfamily. There are two ALCAM ligands:
ALCAM itself and CD6. ALCAM is expressed on endothelia and
epithelia, where it participates in tissue development and mainte-
nance (13); CD6 is not expressed on endothelia (14). ALCAM
downregulation on primary human umbilical vein endothelial
cells reduces monocyte transmigration (15). Conversely, ALCAM
overexpression on endothelia or epithelia usually enhances cell
extravasation and metastasis (14, 16). ALCAM is also upregulated
on the BBB endothelium in multiple sclerosis, thus promoting
leukocyte trafficking into the CNS (17). Leukocytes express both
ALCAM and CD6, which can interact with endothelial ALCAM.
ALCAM has been implicated in monocyte interaction with the
BBB and monocyte migration into the CNS during human immu-
nodeficiency virus type 1 (HIV-1) infection (18–20).

We studied the role of ALCAM in HTLV-1 infection and
HAM/TSP pathogenesis. We found that ALCAM is overexpressed
on HTLV-1-infected T lymphocytes as a consequence of Tax-in-
duced NF-�B activation. In contrast, ex vivo studies showed that
ALCAM expression is not altered on the BBB endothelium during
HAM/TSP. Finally, ALCAM blockade or downregulation of
ALCAM reduced transmigration of HTLV-1-infected lympho-
cytes in an in vitro BBB model.

MATERIALS AND METHODS
Cells and tissues. T cells chronically infected with HTLV-1 (HUT-102,
C91/PL, and C81-66) and control (CEM and Jurkat) T cells were grown in
RPMI medium (Gibco, Life Technologies) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin (PS). Bay 11-7082
(Abcam) was added to the culture medium for 24 h, where indicated
below. Of note, cell viability was not affected by Bay 11-7082 treatment.
The human cerebral microvascular endothelial cell line hCMEC/D3
was provided by P.-O. Couraud (21) and grown on collagen I/fi-
bronectin-coated plates in EBM-2 (Lonza) supplemented with 5%
FBS, 1% PS, 1% chemically defined lipid concentrate (Invitrogen), 10
mM HEPES (Sigma-Aldrich), 1.4 �M hydrocortisone (Sigma-Al-
drich), 1.5 �g · ml�1 of ascorbic acid (Sigma-Aldrich), and 200 ng ·
ml�1 of basal fibroblast growth factor (Sigma-Aldrich). 293T cells
were grown in Dulbecco modified Eagle medium (DMEM; Gibco)
supplemented with 10% FBS and 1% PS.

For the transduction of primary cells, the blood samples were pro-
vided by the EFS (Etablissement français du sang). Peripheral blood
mononuclear cells (PBMCs) were obtained by Ficoll centrifugation and
CD4� T lymphocytes were isolated by positive selection with magnetic
beads (Miltenyi Biotech). Purity was higher than 95%. CD4� T cells were
grown in RPMI medium with 10% FBS, 1% PS, and interleukin 2 (IL-2; 50
U/ml) and activated by phytohemagglutinin (PHA; 1 �g · ml�1) for 3
days.

We obtained PBMCs from healthy donors (HDs), HTLV-1 asymp-
tomatic donors, and HAM/TSP patients in the context of a Biomedical
Research Program approved by the Committee for the Protection of Per-
sons, Ile-de-France II, Paris (2012-10-04 SC). All individuals gave in-
formed consent.

Paraffin-embedded spinal cord sections correspond to the previously
described anatomopathological specimen, obtained during postmortem
examination (22, 23).

Flow cytometry analysis. Frozen PBMCs were thawed and cultured
overnight in DMEM supplemented with 10% human serum. The cells
were stained for viability (LIVE/DEAD; Life Technologies), ALCAM
(clone 3A6; eBioscience), CD3 (clone UCHT1; Coulter), CD4 (clone
RPA-T4; eBioscience), CD6 (clone M-T605; BD Pharmingen), or CD25
(clone BC96; eBioscience). Paraformaldehyde (PFA)-fixed samples were
analyzed on an LSRII analyzer (BD Biosciences).

For cell lines, the cells were fixed with paraformaldehyde (2%) after
ALCAM staining. All data were acquired using a FACScalibur (Becton
Dickinson) and analyzed using FlowJo software (v10.0.8; FlowJo LCC). At
least 105 events corresponding to viable cells were acquired.

For neoinfection, HUT-102 donor lymphocytes were irradiated (10
Gy), washed, and cultured with Jurkat cells at a 1:1 ratio. After 1 week, the
cells were stained for ALCAM, fixed, permeabilized with a 0.1% Triton
solution, stained with an anti-p24 primary antibody (clone 46/3.24.4, Ab-
cam), revealed with the secondary antibody (Alexa Fluor 488; Life Tech-
nologies), and then analyzed by fluorescence-activated cell sorting
(FACS).

Lentiviral vector production and transduction. Lentiviral vectors en-
coding Tax and/or green fluorescent protein (GFP) were described previ-
ously (24). HEK293T cells were transfected with psPAX-2 (encoding HIV
Gag/Pol, 4.68 �g; Addgene), pMD2.G (vesicular stomatitis virus G pro-
tein [VSV-G], 2.52 �g; Addgene) and pSD101-FLAG-Tax (wild type
[WT] or mutant)-internal ribosome entry site [IRES]-GFP (9 �g) plas-
mids. For short hairpin RNAs (shRNAs), the cells were transfected with
psPAX-2, pMD2.G, and pGIPZ plasmids (9 �g) encoding alcam shRNA
or nontargeting shRNA (CTRL sh) (GE Dharmacon). After 72 h, super-
natants were collected, centrifuged, filtered at 0.45 �m, and stored at
�80°C.

For Tax transduction, cell surface expression of ALCAM was assessed
72 h posttransduction for Jurkat cells and 96 h posttransduction for pri-
mary CD4� T cells. For shRNA transduction, the cells were selected for 10
days with puromycin (1 �g · ml�1) prior to migration assays.

Western blot analysis. Cell extracts were prepared from 106 cells lysed
in radioimmunoprecipitation assay (RIPA) buffer containing protease
inhibitors (Roche) for 30 min at 4°C. The protein concentration was de-
termined using the Pierce bicinchoninic acid (BCA) protein assay (Life
Technologies). The proteins were denatured for 15 min at 70°C, separated
by electrophoresis on NuPAGE Novex 4 to 12% bis-Tris protein gels (Life
Technologies), and transferred to a 0.2-�m nitrocellulose membrane us-
ing the Trans-Blot Turbo transfer system (Bio-Rad). The membrane was
saturated with Tris-buffered saline with Tween 20 (TBST) plus 5% bovine
serum albumin (BSA), incubated overnight at 4°C with the primary anti-
body (anti-Tax [Tab172; NIH], anti-GFP [clone JL-8; Clontech], or anti-
�-tubulin [polyclonal; Santa Cruz]), washed three times with TBST, in-
cubated for 1 h with the secondary antibody, and washed. The results were
obtained using the Odyssey CLx infrared imaging system (LI-COR Bio-
sciences).

Curis et al.
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Reverse transcription (RT)-qPCR. Total cellular RNA was extracted
using the RNeasy Plus minikit (Qiagen). cDNA was synthesized from 500
ng of RNA using Superscript II reverse transcriptase (Invitrogen). The
alcam mRNA level was quantified by SYBR green-based quantitative PCR
(qPCR) using an Eppendorf realplex2 thermal cycler (15 min at 95°C and
then 40 cycles of 15 s at 95°C, 20 s at 60°C, and 30 s at 72°C). GAPDH was
used as a housekeeping gene. qPCR efficiency was determined by serial
dilution of the samples (25). The primers were as follows: for human
ALCAM (hALCAM), 5=-TCCTGCCGTCTGCTCTTCT-3= (forward) and
5=-TTCTGAGGTACGTCAAGTCGG-3= (reverse), and for human glyc-
eraldehyde-3-phosphate dehydrogenase (hGAPDH), 5=-GGAGCGAGA
TCCCTCCAAAAT-3= (forward) and 5=-GGCTGTTGTCATACTTCTCA
TGG-3= (reverse).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed using the Pierce Agarose ChIP kit (Thermo Scientific). C81-66
cells were cross-linked and lysed, and the DNA was sheared by micrococ-
cal nuclease digestion to obtain �900-bp DNA fragments. The chromatin
extracts were incubated overnight at 4°C with 10 �g of antibodies (poly-
clonal rabbit IgG, anti-PolII, anti-p52, anti-p65 [Abcam], and anti-Tax
[Tab 172; NIH]). The immune complexes were collected the next day by
the addition of magnetic protein A beads (Thermo Scientific) and washed,
stepwise, according to the manufacturer’s protocol. Cross-linking was
reversed by proteinase K digestion, and the resulting DNA was puri-
fied. qPCR, amplifying kB site 1, was performed using the following
primers: 5=-AATCACCGCTTAACTAAAG-3= (forward) and 5=-TATT
TGCTTTTCCCGGG-3= (reverse). The PCR products were visualized
on a 3% agarose gel.

Immunohistofluorescence. Spinal cord sections (5 �m thick) were
deparaffinized and fixed in acetone. Staining with the primary antibodies
was performed after saturation with 10% normal donkey serum. The fol-
lowing primary antibodies were used: anti-ALCAM (polyclonal goat an-
tibody; R&D) and anti-factor VIII (polyclonal rabbit antibody; Dako).
Specific secondary antibodies were coupled with either Alexa Fluor 488
(Life Technologies) or Dylight 549 (Pierce). The sections were mounted in
DAPI Fluoromount-G (Southern Biotech) and observed with an Apo-
Tome.2 microscope (Zeiss). Quantification of the signal intensity was
performed on 5 linear sections per image using Fiji software as previously
described (17).

Cellular transmigration assay. Lymphocyte transmigration through
an hCMEC/D3 monolayer cultured on a 3-�m-porosity Transwell filter
(Corning) was determined by adding 2 � 105 lymphocytes to the upper
compartment and counting the cells present in the lower compartment
after 24 h. Where indicated, lymphocytes migrated in the presence of
antibodies (30 �g · ml�1; anti-human ALCAM blocking antibody, anti-
human CD6 blocking antibody, or mouse IgG1 isotype control; R&D
Systems). We confirmed that the antibodies have no effect on endothelial
integrity under the conditions used; i.e., they do not alter monolayer per-
meability.

For the migration assay with primary cells, CD4� T cells were isolated

from PBMCs by negative selection using magnetic beads (Miltenyi Bio-
tech), and 5 � 105 T cells were added onto the hCMEC/D3 cells.

Luciferase reporter assay. alcam promoter fragments (truncated at bp
�1000 or �400) were amplified by PCR (Table 1) and cloned into a pGL2
basic luciferase vector (Promega). Site-directed mutagenesis was
performed on the pGL2 bp �1000 alcam reporter plasmid using the
QuikChange II XL site-directed mutagenesis kit (Agilent Technologies)
and primers in Table 1.

293T cells (6 � 105) were transfected with 300 ng of pGL2-alcam
promoter plasmids and 100 ng of empty pSG5M or pSG5M-Tax plasmid
using LipoD293 (SignaGen) according to the manufacturer’s instruc-
tions. Luciferase activity was measured 24 h after transfection with the
luciferase assay system (Promega), and chemiluminescence was detected
using an EnSpire multimode plate reader (PerkinElmer). The protein
concentration was determined using the DC protein assay (Bio-Rad) to
normalize for luciferase activity.

Statistical analyses. Analyses were performed using Prism software
(v.6; GraphPad). Results were considered to be significant when the P
value was �0.05.

RESULTS
HTLV-1-infected lymphocytes have high levels of ALCAM on
their cell surface. We analyzed the cell surface levels of both
ALCAM and CD6 on primary HTLV-1-infected CD4� T cells.
PBMCs collected from noninfected healthy donors (HDs),
asymptomatic HTLV-1 carriers (HACs), and HAM/TSP patients
(n 	 6 for each group) were immunostained for CD3, CD4, CD25,
ALCAM, and CD6 and analyzed by flow cytometry.

The CD3� CD4� population was divided into 3 subpopula-
tions based on CD25 levels. According to the literature, CD25�

cells correspond to nonactivated lymphocytes and CD25� cells
correspond to activated T cells (26). The CD25�� population is
composed of both T regulatory lymphocytes (Tregs) and HTLV-
1-infected cells (27–29). Thus, the size of the CD25�� population
was larger for infected individuals (both HACs or HAM/TSP pa-
tients) than for HDs (Fig. 1A), and the percentage of CD4�

CD25�� cells correlates with proviral load (Fig. 1B).
The levels of CD6 were identical for all CD4� T cell subpopu-

lations and were unaffected by the clinical status of the individuals
(Fig. 1C). In contrast, the Treg population (CD3� CD4�

CD25��) of HDs had significantly higher levels of ALCAM than
nonactivated or activated CD4� T cells (P � 10�4, Friedman test,
Dunn’s post hoc test) (Fig. 1D). The level of ALCAM on the
CD25�� subpopulation of cells from infected individuals (i.e.,
mostly HTLV-1-infected cells) was high and similar to that of

TABLE 1 Primer list for promoter analysis

Primer pair Primer sequencea

�400 prALCAM F: 5=-ATATATGAGCTCCAGAAAGTGTTAGTCCCAGG-3=
R: 5=-AGAGAAAGCTTGGTGCTAAGAAGGACTCG-3=

�1000 prALCAM F: 5=-ATATATGAGCTCAAATCACCGCTTAACTCAAAG-3=
R: 5=-AGAGAAAGCTTGGTGCTAAGAAGGACTCG-3=

prALCAM 
 site 1 F: 5=-CTTTTGTAGACATTGTATGACGAAGTACGG-3=
R: 5=-CCGTACTTCGTCATACAATGTCTACAAAAG-3=

prALCAM 
 site 2 F: 5=-GAATCAGTCCAGTGCCAACAAGTAG-3=
R: 5=-CTACTTGTTGGCACTGGACTGATTC-3=

a F, forward; R, reverse.

HTLV-1-Induced ALCAM Overexpression
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Tregs (Fig. 1D). Thus, HTLV-1-infected cells express high levels of
ALCAM.

Similarly, ALCAM levels were systematically higher on T cells
chronically infected with HTLV-1 (e.g., HUT-102, C91/PL, and
C81-66) than uninfected control cell lines (e.g., Jurkat and CEM)
(Fig. 2A). To see whether the increase in ALCAM levels is a direct
consequence of HTLV-1 infection, we infected Jurkat cells
through coculture with irradiated HUT-102 cells, as previously
described (30). The newly infected Jurkat cells (as assessed by ex-
pression of the viral p24 protein) had significantly higher levels of
ALCAM on their surface than the uninfected cells present in the
same culture (Fig. 2B).

Together, these data demonstrate that cell surface ALCAM in-
creases upon HTLV-1 infection of CD4� T lymphocytes (both
chronically infected cell lines and primary cells).

ALCAM overexpression is dependent on NF-�B activation
by the viral transactivator Tax. We hypothesized that the viral
transactivator Tax is the causative agent of HTLV-1-mediated
ALCAM overexpression. We transduced Jurkat cells with lentivi-
ral vectors encoding Tax together with GFP as a reporter (Tax
IRES GFP vector) or GFP alone under conditions where the trans-
duction efficiency was 50%; cell survival was more than 90% un-
der these conditions. Tax was detected by Western blotting 72 h
posttransduction (Fig. 2D). The level of ALCAM was higher on
Tax-expressing cells than on control cells expressing GFP alone
(Fig. 2C and E). Tax-induced ALCAM overexpression was also
confirmed on primary CD4� T cells (Fig. 2F).

We tested whether ALCAM overexpression was associated
with an increase in alcam mRNA levels, as Tax is a transactivator.
We found that alcam levels were higher in T cell lines chronically

infected with HTLV-1(HUT-102, C91/PL, and C81-66) than in
control cell lines (Jurkat and CEM) (Fig. 3A). We observed a
5-fold increase in alcam levels in Tax-expressing Jurkat cells com-
pared to GFP-expressing cells following transduction with the len-
tiviral vectors (Fig. 3B). Thus, Tax expression induces an increase
in alcam transcription.

Tax is known to activate multiple cellular pathways, including
the CREB and NF-�B pathways, involved in viral transcription
and viral pathogenesis, respectively (31). We tested the capacity of
2 Tax-1 mutants to transactivate alcam. The Tax-1 M22 mutant
activates the CREB pathway but is unable to activate the NF-�B
pathway, and the Tax-1 M47 mutant is unable to activate the
CREB pathway but activates the NF-�B pathway (32). We found
that M22, but not M47, fails to activate alcam transcription (Fig.
3B), suggesting a central role of NF-�B in Tax-induced alcam
transcription. To confirm the importance of this cellular pathway,
we treated infected cells with the NF-�B pathway inhibitor Bay
11-7082 (33), which led to a dose-dependent decrease in alcam
expression (Fig. 3C). Thus, activation of the NF-�B pathway is
implicated in HTLV-associated alcam overexpression.

Previous studies have reported the presence of two potential
�B sites in this region, located between �973 and �962 (�B 1),
and �765 and �754 (�B 2) nucleotides upstream of the initiation
codon, on the human alcam promoter (34, 35). We investigated
which site on the alcam promoter participates in Tax-induced
promoter activation. Using a luciferase assay, we found that Tax
activates alcam transcription using a site between bp �1000 and
bp �400 upstream of the initiation codon (Fig. 3D). By separately
deleting the �B sites on the alcam promoter, we found that the
distal �B site participated in Tax-induced promoter activation,

FIG 1 ALCAM is overexpressed on primary HTLV-1-infected CD4� T lymphocytes. (A) Percentage of the primary CD4� T lymphocyte subsets based upon
CD25 levels by flow cytometry. Subpopulations correspond to nonactivated CD4� T cells (CD25�, in black) or activated CD4� T cells (CD25�, in blue). The
CD25�� subpopulation (in red) corresponds to Tregs in healthy donors (HDs) and mostly HTLV-1-infected cells in HTLV-1-infected asymptomatic carriers
(HACs) and HAM/TSP patients. (B) The percentage of CD4� CD25�� cells correlates with proviral load. Proviral load was calculated as a number of copies of
Tax for 100 CD4� T cells. Spearman’s correlation test was significant (P � 10�4; Spearman’s correlation coefficient [rs] 	 0.9796). (C) Mean fluorescence
intensity (MFI) of CD6 on the different CD25-based subpopulations. (D) ALCAM MFI on the different CD25-based subpopulations.

Curis et al.
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while deletion of the proximal one had no impact on alcam tran-
scription (Fig. 3D).

Tax can activate both the canonical and noncanonical NF-�B
pathways (36). We performed a chromatin immunoprecipitation
assay (ChIP) and determined which proteins are present on the
alcam promoter to determine which NF-�B pathway is associated
with alcam overexpression. Both Tax and p65 were present on the
alcam promoter, whereas p52 NF-�B was absent (Fig. 3E).

We have demonstrated that Tax increases alcam transcription,
via the direct recruitment of the canonical NF-�B complex to the
�973/�962 �B site on its promoter, resulting in ALCAM overex-
pression at the cell surface of HTLV-1-infected lymphocytes.

ALCAM expression on the BBB endothelium remains un-
changed during HAM/TSP. ALCAM, but not CD6, is overex-
pressed on HTLV-1-infected lymphocytes. We investigated whether
ALCAM is also overexpressed on the BBB endothelium in the context
of HTLV-1 infection, as shown for multiple sclerosis (17).

We compared ALCAM expression levels on thoracic spinal
cord sections of uninfected individuals (n 	 3) and HAM/TSP
patients (n 	 2). Immunoreactivity for factor VIII, an endothelial
cell marker, was assessed to verify that the sections were well con-
served and comparable. ALCAM immunoreactivity colocalized
with factor VIII, showing that ALCAM is expressed on the BBB
endothelium in the thoracic spinal cord. We did not observe any

FIG 2 ALCAM levels are increased by Tax upon HTLV-1 infection. (A) ALCAM levels of the different cell lines. Cell surface ALCAM levels were measured by
FACS on uninfected (Jurkat and CEM) or infected (HUT-102, C91/PL, and C81-66) lymphocytes. The control corresponds to isotype antibody staining. The
graph is representative of the results of four independent experiments. (B) Newly infected cells overexpress ALCAM. Jurkat cells were cultured with 10-Gy-
irradiated HUT-102 cells at a 1:1 ratio. After 1 week, p24 staining was monitored to assess for HTLV-1 neoinfection. The graph presents the ALCAM MFI
means � standard deviations (SD) for four independent experiments (normalized to Jurkat cells). The P value is calculated using the Wilcoxon test. (C
to E) Tax-expressing Jurkat cells overexpress ALCAM. Jurkat cells were transduced with lentiviral vectors encoding GFP or Tax IRES GFP to achieve 50%
transduction. (C) ALCAM and GFP were detected by FACS; the graph is representative of the results of four independent experiments. (D) Tax, GFP, and
�-tubulin were detected in cellular extracts of nontransduced (NT) or GFP- or Tax-transduced Jurkat cells by Western blotting. (E) ALCAM MFI was
normalized to NT cells (mean � SD; n 	 4). (E) ALCAM MFI was normalized to NT cells (mean � SD; n 	 4). *, significance (P � 10�4, Friedman test,
Dunn’s post hoc test). (F) Tax-expressing primary CD4� T cells overexpress ALCAM. CD4� T cells were transduced with GFP or Tax-IRES-GFP lentiviral
vectors and ALCAM levels were assessed by FACS. The results were normalized to NT cells (mean � SD; n 	 4 independent donors). *, significance
(P � 10�4, Friedman test, Dunn’s post hoc test).

HTLV-1-Induced ALCAM Overexpression
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difference in ALCAM immunoreactivity between samples from
control and HAM/TSP patients (Fig. 4A). We quantified the
ALCAM signal intensity and confirmed the absence of ALCAM
overexpression on the BBB endothelium in the thoracic spinal
cord of HAM/TSP patients (Fig. 4B).

In agreement with the spinal cord staining results, we showed,
by immunofluorescence, that the ALCAM level and distribution
pattern on a monolayer of human cerebral microvascular endo-
thelial hCMEC/D3 cells were unaltered upon coculture with lym-
phocytes (infected or not with HTLV-1). Of note, similar to other
endothelial cells (14), hCMEC/D3 cells do not express CD6.

We conclude that ALCAM expression is unaltered on BBB en-
dothelial cells during HAM/TSP.

ALCAM is involved in the transmigration of lymphocytes
chronically infected with HTLV-1 in an in vitro BBB model. We
tested the impact of an anti-ALCAM blocking antibody (used in

previous studies [17, 19, 20]) on the transmigration of T cell lines
through a monolayer of human cerebral microvascular endothe-
lial hCMEC/D3 cells cultured on a Transwell device to determine
if ALCAM plays a role in the migration of HTLV-1-infected lym-
phocytes across the BBB. These cells have been extensively used as
a relevant in vitro model for the human BBB endothelium (37). As
CD6 is also expressed by HTLV-1-infected lymphocytes, we used
an anti-CD6 blocking antibody to evaluate its potential role in
migration as well.

Cells chronically infected with HTLV-1 migrated more than
uninfected T cells in the presence of a control isotype antibody
(Fig. 5A), in agreement with previous reports (12). Anti-CD6
blocking antibody had no significant impact on cell migration
(infected or not) across the BBB model. The migration of unin-
fected cells was unaltered when anti-ALCAM blocking antibody
was added, whereas the migration of HTLV-1 chronically infected

FIG 3 The canonical NF-�B pathway upregulates alcam expression via Tax transactivation. (A) alcam expression is higher in cells chronically infected with HTLV-1.
alcam mRNA levels were assessed by RT-qPCR in uninfected (Jurkat and CEM) or infected (HUT-102, C91/PL, and C81-66) lymphocytes. The data were normalized
to GAPDH expression and Jurkat cells. The graph presents means � SDs from four independent experiments. (B) alcam is overexpressed in Jurkat cells upon
transduction with Tax proteins competent for NF-�B activation. alcam mRNA levels were assessed by RT-qPCR on Jurkat cells transduced with lentiviral vectors
encoding GFP or Tax (WT or mutants M22 and M47)-IRES-GFP. The data were normalized to GAPDH expression and nontransduced (NT) Jurkat cells. Theraph
represents means�SDs from four independent experiments. *, significance (P�10�4, Friedman test, Dunn’s post hoc test). (C) NF-�B inhibition reduced alcam mRNA
levels. Jurkat and C91/PL cells were cultured with different concentrations of Bay 11-7082. alcam mRNA levels were assessed by RT-qPCR after 24 h of treatment. The
graph presents means � SEMs of ALCAM mRNA from three independent experiments. (D) The �B site 1 (at position �962) is involved in Tax-mediated alcam
transactivation. 293T cells were transfected with pGL2-basic vectors encoding luciferase under the control of the alcam promoter (either a 400-bp (pr400) or a 1,000-bp
(pr1000) segment, or the pr1000 lacking a �B site: site 1 or site 2), together with the pSG5M or pSG5M-Tax plasmids. Luciferase activity (relative light units [RLU]) was
normalized to the protein concentration. The graph presents the means � SEMs from three independent experiments. *, significance (P � 10�4, two-way ANOVA,
Sidak’s post hoc test). ns, not significant. (E) Tax directly recruits the canonical NF-�B complex to the alcam promoter. A ChIP assay was performed on C81-66 cells using
IgG control, anti-RNA PolII (noted PolII, as a positive control), anti-Tax, anti-p52, and anti-p65 antibodies. A 140-bp DNA fragment corresponding to the alcam
promoter was revealed on an agarose gel. The results are representative of those from three experiments.
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cells decreased significantly (P � 10�4, two-way analysis of vari-
ance [ANOVA], Sidak post hoc test) (Fig. 5A). Thus, homotypic
ALCAM interactions play a role in the transmigration of HTLV-
1-infected cells in an in vitro BBB model.

We treated Jurkat and C91/PL cells with anti-alcam shRNAs to
confirm that it is indeed the overexpression of ALCAM on lym-
phocytes that favors their transmigration (Fig. 5B). shRNA treat-
ment had no impact on the ALCAM level on Jurkat cells, as the
basal ALCAM level of these cells is already low. shRNA-expressing
Jurkat cells migrated similarly to control cells (Fig. 5B). In con-
trast, shRNA treatment of C91/PL cells reduced the level of
ALCAM and significantly reduced the capacity of these cells to
migrate across the hCMEC/D3 monolayer (P � 10�3 is consid-
ered significant; two-way ANOVA, Sidak post hoc test).

We isolated CD4� T cells from HDs or HAM/TSP patients and
tested the impact of the anti-ALCAM antibody on the transmigra-
tion of these cells across an hCMEC/D3 monolayer (compared to
the isotype antibody). We found that blocking ALCAM had no
impact on the migration of CD4� T cells from HDs, whereas it
significantly reduced the migration of the CD4� T cells from
HAM/TSP patients (Fig. 5C).

In conclusion, ALCAM overexpression on HTLV-1 infected
lymphocytes facilitates transmigration in an in vitro BBB model.

DISCUSSION

We showed that ALCAM is overexpressed on HTLV-1-infected
lymphocytes (both cell lines and primary cells) and participates in
their migration across an endothelial monolayer in a BBB model.

ALCAM levels increase in primary CD4� T cells upon HTLV-1
infection. The CD3� CD4� CD25�� lymphocyte population cor-
responds to regulatory T cells (Tregs) in HD (27). A high level of
ALCAM on Tregs was reported in a previous study (38). The
CD3� CD4� CD25�� subpopulation is enriched for HTLV-1-
infected cells in infected donors (27, 28); indeed, upon HTLV-1
infection, CD25 is overexpressed (39). We found that HTLV-1-
infected T cells have levels of ALCAM similar to those of Tregs.
HTLV-1-infected cells exhibit a Treg-like phenotype based on
their surface markers (e.g., CD25, CD45RO, and CD127) (40).
Thus, ALCAM is another marker that is similarly expressed in
these two populations.

We demonstrated that ALCAM overexpression on T cells can
be mediated by the viral transregulator Tax at the transcriptional

FIG 4 ALCAM expression on the thoracic spinal cord BBB endothelium is unchanged in HAM/TSP patients. (A) Spinal cord sections of control (n 	 3) and
HAM/TSP (n 	 2) patients were immunostained for factor VIII (left) and ALCAM (right). In the merged image, factor VIII is presented in red, ALCAM in green,
and nuclei in blue (4=,6-diamidino-2-phenylindole [DAPI] staining). Observations were performed using an ApoTome.2 microscope. The images are repre-
sentative of the observed ALCAM and factor VIII immunoreactivities for each individual. Scale bar 	 50 �m. (B) Quantification of ALCAM and factor VIII
expressions on the BBB. Five distinct cross sections were defined for each vessel presented in panel A. Peak fluorescence signal intensity for each staining is
reported. Horizontal line indicates the mean � SD.
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level, via the NF-�B pathway. alcam upregulation by Tax was pre-
viously suggested in microarray studies (24), although the role of
the NF-�B pathway was not addressed. Tax directly recruits the
canonical NF-�B complex to the promoter: it was previously
shown that the p65 NF-�B subunit is able to bind to two func-
tional �B sites, located �962 and �754 nucleotides upstream of
the initiation codon, on the human alcam promoter (34, 35). We
confirmed the functional role of the distal �B site here.

In some cases, ALCAM is overexpressed on endothelial cells
and facilitates leukocyte transmigration. In pancreatic carcinoma,

tumor-induced activation of the endothelium triggers the expres-
sion of ALCAM and facilitates Treg recruitment to the tumor (38).
In multiple sclerosis, ALCAM expression increases on the BBB
endothelium and facilitates pathogenic lymphocyte migration
(17). In contrast, ALCAM was not found to be overexpressed in
any part of the BBB endothelium of thoracic spinal cord sections
of HAM/TSP patients. This is comparable to what has been re-
ported for neurological disorders associated with HIV-1 infection
(called neuroAIDS) (18). Nevertheless, BBB endothelial cells can
be infected with HTLV-1 (11); thus, it is possible that HTLV-1-

FIG 5 ALCAM is involved in the transmigration of HTLV-1-infected lymphocytes across a BBB endothelial monolayer. (A) Anti-ALCAM antibody reduces
transmigration of HTLV-1-infected T cells through an hCMEC/D3 monolayer. Either uninfected T cells (Jurkat and CEM), or infected T cells (HUT-102,
C91/PL, and C81-66) were added onto a monolayer of hCMEC/D3 cells, in the upper compartment of a Transwell device. Where indicated, anti-human ALCAM
or anti-human CD6 blocking antibody or an IgG1 isotype control was added (30 �g · ml�1). Cell migration was determined after 24 h. The results represent the
means � SDs from three independent experiments. *, P � 10�4 (considered significant), two-way ANOVA, Sidak post hoc test. (B) Downregulation of alcam
reduces transmigration of HTLV-1-infected T cells through an hCMEC/D3 monolayer. Jurkat and C91/PL cells were transduced with lentiviral vectors encoding
ALCAM shRNA (sh1 and sh2) or a nontargeting shRNA control. ALCAM expression was assessed by FACS (left side is a representative FACS for C91/PL cells),
and transduced cells were then used for the migration assay (right side). The results represent the means � SDs from three independent experiments. *, P � 10�3

(significant), two-way ANOVA, Sidak post hoc test. (C) Anti-ALCAM antibody reduces transmigration of primary CD4� T cells from HAM/TSP patients through
an hCMEC/D3 monolayer. CD4� T cells were isolated from PBMCs of HDs (n 	 3) or HAM/TSP patients (n 	 4) and added onto an hCMEC/D3 monolayer
in the presence of antibodies (anti-ALCAM or isotype). The cells were allowed to migrate for 24 h. The data represent the percentages of cells that have migrated
in the presence of the anti-ALCAM antibody relative to those that migrated in the presence of the isotype antibody. The P value was calculated using the
Mann-Whitney test.
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infected endothelial cells could overexpress ALCAM and facilitate
local extravasation. However, persistent infection of BBB endo-
thelial cells appears to be a rare event (11).

We demonstrated that blockade or downregulation of ALCAM
significantly reduced HTLV-1-infected lymphocyte migration
through an endothelial monolayer in a BBB model. In contrast,
blocking ALCAM did not significantly affect the migration of un-
infected lymphocytes. A previous report has similarly shown that
Th1 and Th17 migration through retinal vascular endothelium
was ALCAM independent (41). Our data suggest that ALCAM
plays a role in HAM/TSP pathogenesis similar to its role in neu-
roAIDS. Indeed, in neuroAIDS, ALCAM levels are not altered on
the BBB endothelium (18), HIV infection increases ALCAM ex-
pression on monocytes (20), and ALCAM blockade by neutraliz-
ing antibodies reduces HIV-infected monocyte extravasation in in
vitro BBB models (19, 20).

ALCAM expression facilitates migration of HTLV-1-infected
lymphocytes across a BBB endothelial monolayer. Lymphocyte
extravasation is a multistep process that involves rolling, adhe-
sion, and transmigration (42). ALCAM does not directly partici-
pate in leukocyte adhesion to endothelium in a model consisting
of THP-1 monocytes interacting with human umbilical vein en-
dothelial cells (HUVECs) (15). However, ALCAM regulates actin
dynamics during the lymphocyte-endothelium cross talk (43, 44).
ALCAM is likely involved in the extravasation process, during
transmigration.

ALCAM overexpression is not sufficient for efficient lympho-
cyte extravasation, although it facilitates the process. If ALCAM
overexpression were sufficient, Treg infiltration into the CNS
would be a frequent event. HTLV-1-infected lymphocytes migrate
efficiently through the BBB because HTLV-1 infection modulates
molecules that intervene in each step of the extravasation process.
For example, HTLV-1-infected lymphocytes disrupt the tight
junctions between endothelial cells through the secretion of in-
flammatory cytokines (12). Moreover, HTLV-1-infected lympho-
cytes adhere tightly to the endothelial cells (45). Endothelial
ICAM-1 is essential for mediating shear-resistant arrest of CD4�

effector T cells to the inflamed BBB endothelium (46), and p12-
induced LFA1 clustering may participate in HTLV-1-infected T
cell arrest (47).

In conclusion, ALCAM may be important for the onset of neu-
roinflammation and subsequent HAM/TSP pathogenesis. Target-
ing ALCAM may be useful for future therapeutic approaches.
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