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Depletion of Dendritic Cells Enhances Susceptibility to
Cell-Free Infection of Human T Cell Leukemia Virus Type 1
in CD11c-Diphtheria Toxin Receptor Transgenic Mice
Saifur Rahman,*,† Sharrón L. Manuel,*,† Zafar K. Khan,*,† Brian Wigdahl,†
Edward Acheampong,*,† Frederic Tangy,‡ and Pooja Jain*,†

A

pproximately 10–20 million people are infected with human T cell leukemia virus type 1 (HTLV-1) worldwide;
endemic regions occur in Japan, the Caribbean, and parts
of South America and Central Africa (1). A majority of HTLV-1–
infected individuals remain asymptomatic carriers; only a small
percentage (,5%) develops the disease (2, 3). HTLV-1 therefore
represents a classic example of a persistent retroviral infection that
has adapted to coexist with humans through the ages. Why certain
infected individuals develop the disease whereas others remain as
healthy carriers is not known. Etiological studies have linked HTLV-1
with many different clinical syndromes (4) and two predominant,
immunologically distinct diseases: oncogenic adult T cell leukemia
(ATL) (5) and the neuroinflammatory HTLV-1–associated myelopathy and tropical spastic paraparesis (HAM/TSP) (6, 7). The clinical
outcome following HTLV-1 infection may be associated with the age
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as well as route of primary infection. It has been suggested that the
risk of developing HAM/TSP is higher if HTLV-1 infection is acquired during adulthood especially through the sexual transmission
(8). However, individuals infected early in life through breastfeeding
are believed to be at a greater risk to develop ATL because the infected
immature thymocytes have more chances to develop into malignant
cells (9). The i.v. route of viral transmission has a predisposition to
lead to the development of the neurologic disease associated with
hyperimmune responses, as was shown in a cohort of HAM patients,
most of whom received blood transfusions (10). On the contrary, rats
orally inoculated with HTLV-1 developed persistent infection, immune unresponsiveness, and T cell lymphomas (11, 12), suggesting
that mucosal exposure may lead to ATL.
HTLV-1 is an exogenous retrovirus that can replicate by either
the infectious or the mitotic route, with the latter being the preferred
mode of replication (13). Active expression of proviral DNA and
the subsequent release of viral particles that infect other target
cells lead to the infectious cycle of viral spread. Conversely, the
mitotic cycle helps to increase the proviral load through the clonal
expansion of such HTLV-1–infected cells by using host DNA
polymerase instead of the error-prone viral reverse transcriptase
(13–15). HTLV exists primarily as a cell-associated provirus and is
transmitted preferentially through cell-to-cell contact by cellular
cytoskeleton reorganization at the membrane interface (16),
a mechanism that has been similarly demonstrated for HIV-1 (17,
18). The virus primarily targets CD4+ T cells (19), but other
secondary target cell types, such as CD8+ T cells (20, 21), dendritic cells (DCs) (22), as well as those belonging to the CNS (23),
such as astrocytes, microglia, and cells of the monocytic/macrophage lineage within the CNS, are also infected (24–27). The DCs
are of particular significance with regard to HTLV-1 pathogenesis
because the development of the hyperinflammatory condition
HAM/TSP has been associated with the rapid maturation of DCs
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Human T cell leukemia virus type 1 (HTLV-1) is associated with two immunologically distinct diseases: HTLV-1–associated myelopathy/tropical spastic paraparesis and adult T cell leukemia. The genesis of these diseases is believed to be associated with the route
(mucosa versus blood) and mode (cell-free versus cell-associated) of primary infection as well as the modulation of dendritic cell (DC)
functions. To explore the role of DCs during early HTLV-1 infection in vivo, we used a chimeric HTLV-1 with a replaced envelope gene
from Moloney murine leukemia virus to allow HTLV-1 to fuse with murine cells, which are generally not susceptible to infection with
human retroviruses. We also used a CD11c-diphtheria toxin receptor transgenic mouse model system that permits conditional
transient depletion of CD11c+ DCs. We infected these transgenic mice with HTLV-1 using both cell-free and cell-associated infection
routes in the absence and presence of DCs. The ablation of DCs led to an enhanced susceptibility to infection with cell-free but not cellassociated HTLV-1 in both CD4 and non-CD4 fractions, as measured by the proviral load. Infection with cell-free virus in the absence
of DCs was also found to have increased levels of Tax mRNA in the non-CD4 fraction. Moreover, depletion of DCs significantly
dampened the cellular immune response (IFN-g+CD8+ T cells) against both cell-free and cell-associated virus. These results uniquely
differentiate the involvement of DCs in early cell-free versus late cell-associated infection of HTLV-1 and highlight a significant aspect
of viral immunopathogenesis related to the progression of adult T cell leukemia and HTLV-1–associated myelopathy/tropical spastic
paraparesis after the initial infection. The Journal of Immunology, 2010, 184: 5553–5561.
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Materials and Methods
Mice
Breeding pairs of B6.FVB-Tg Itgax-DTR/EGFP 57Lan/J (CD11c-DTR)
mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The
CD11c-DTR mice express the transgene encoding for the simian DTRGFP fusion protein, which is regulated under the control of the CD11c

promoter (46). Administration of DT (Sigma-Aldrich, St. Louis, MO) resulted in the selective ablation of CD11c+ cells. The genotypes of the pups
were determined by PCR using DNA obtained from tail clippings using
specific primer sequences (46). Age- and sex-matched mice between the
ages of 6 and 10 wk were used. All of the animal experiments were performed as per institutional guidelines.

Production of cell-free virus
The chimeric HTLV-1 plasmid (pCS-HTLV-chimDR) encoding the HTLV-1
with the Mo-MLV envelope and the Tax-expressing plasmid (pCMV-envDPvuII) were obtained from Dr. Frederic Tangy (Institut Pasteur, Paris, France)
(43, 44). The HEK-293T cells were cotransfected with 3 mg pCS-HTLVchimDR and 0.5 mg pCMV-envDPvuII per million cells by the calcium
phosphate (Invitrogen, Carlsbad, CA) method. Five hours posttransfection, the
medium was washed off and replaced with fresh medium. The successful
production of virus was confirmed 36 h posttransfection, in both the supernatant and the cell lysate of transfected cells by the HTLV-1 Ag (p19) ELISA
kit (ZeptoMetrix, Buffalo, NY). For the cell-associated infection, transfected
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(28), whereas the immunosuppressive condition ATL involves
a maturation defect in this cell population (29–31). HTLV-1 infection of DCs has been demonstrated in HAM/TSP patients (32) as
well as in vitro (28, 33, 34). In addition, autologously infected DCs
as well as those pulsed with inactivated HTLV-1 virions can lead to
a strong proliferative response of both CD4+ and CD8+ T cells (35).
We showed previously that DCs exhibit higher binding affinity to
cell-free HTLV-1 than other susceptible cell types, including CD4+
T cells (36), the primary target cell population in patients. Additionally, we and others have demonstrated that cell-free HTLV-1
productively infects DCs, which can in turn transfer the virus to
CD4+ T cells (33, 34, 37), suggesting that DCs play a critical role in
primary infection and subsequent transmission. A unique feature of
HTLV-1–associated neuroinflammatory disease is the intense proliferation of CD8+ T cells, the majority of which are targeted against
the viral transcription transactivating protein Tax (38). We showed
previously that, following exposure to Tax, the murine DC cell line
JAWS II as well as human monocyte-derived DCs undergo activation and maturation, exhibiting changes in mRNA levels of activation markers, surface phenotype, and secretion of cytokines/
chemokines leading to allogenic and Ag (Tax)-specific immune
responses (39–42). In addition, we showed that DCs can prime
a functional Tax-specific cytotoxic T cell response in naive human
PBLs in vitro and in the line HHD II HLA-Ap0201 transgenic mice
in vivo (34). With these compelling findings from the murine DC
cell line JAWS II and Tax immunization results from the line HHD II
mice, we addressed whether DCs play a role in determining the
degree of infection engendered by cell-free and cell-associated
routes using a realistic infection model system.
The inefficient fusion of murine cells and HTLV-1 has been
overcome by a chimeric HTLV-1 wherein the envelope gene of
HTLV-1 was replaced with that of the ecotropic Moloney murine
leukemia virus (Mo-MLV) (43, 44). A similar approach was used
to study HIV-1 pathogenesis in mice (45). We used C57BL/6CD11c-diphtheria toxin receptor (DTR) transgenic mice, which
express the high-affinity simian DTR coupled to the murine
CD11c promoter, thereby allowing the selective depletion of the
CD11c+ DCs through the administration of diphtheria toxin (DT)
(46). Because the chimeric HTLV-1 had not been tested in C57BL/
6 mice, we first determined the susceptibility and infection of the
chimeric virus on this background before studying DCs’ involvement in two routes of infection: cell-free and cell-associated.
Our studies show that depletion of DCs increases the susceptibility
of CD11c-DTR transgenic mice to infection with cell-free virus in
both CD4 and non-CD4 fractions. During cell-associated infection, no major difference was observed in the levels of infection
in the absence or presence of DCs. However, a reduced proviral
load was seen in the CD4+ fraction in the DC-depleted group,
suggesting that DCs may be important for the transmission of the
virus to the CD4+ population in a cell-associated manner. The
CD8+ T cells from the DC-depleted group showed a reduced
ability to generate an IFN-g response compared with those from
the nondepleted group, thereby correlating with the infection results. These findings demonstrate that during the initial phase of
HTLV-1 infection DCs may be critical to the control of cell-free
virus; however, during cell-associated infection, they may facilitate trans-infection to T cells, as is known for other viruses.

ROLE OF DENDRITIC CELLS IN HTLV-1 INFECTION

FIGURE 1. Qualitative detection of HTLV-1 infection on day 5 from
splenocytic DNA of one control and three infected mice. A, Cell-associated
HTLV-1 infection: nested PCR showing amplification of the Gag gene in
PCR-2 from two of three infected mice. Demonstration of the presence of
mouse GAPDH (positive control) and the absence of human chromosome 2
(negative control) in the DNA preparation from the mice splenocytes by
nested PCR. Southern blot hybridization was performed to detect Gag PCR-1
product. B, Relative levels of proviral load (HTLV-1 Gag) in the two different
infection groups measured by real-time PCR and normalized to the endogenous mouse GAPDH. The representative data are from three mice per
group. The bar represents the median. Mouse GAPDH values serve as positive controls for all four samples tested, whereas human chromosome 2 was
used as a negative control and could not be detected. The real-time PCR was
independently repeated three times with each sample in duplicate. CM,
control mouse; M1, infected mouse 1; M2, infected mouse 2; M3, infected
mouse 3; NC, negative control; PC, positive control.
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Sequence Detection System (Applied Biosystems, Foster City, CA). The
standard real-time PCR reaction using SYBR Green I consisted of 15 ml
SYBR Green PCR Master Mix (Applied Biosystems), 10 mM each of forward and reverse primers (Integrated DNA Technologies, Coralville, IA),
and 10 ml of DNA in a total volume of 30 ml. The thermal cycling conditions
comprised an initial activation step at 95˚C for 10 min followed by 40 cycles
including denaturation at 95˚C for 15 s and annealing and extension at 60˚C
for 1 min. The following primers were used to detect HTLV-1 Gag (forward,
59-CCTTACCACGCCTTCGTAGA-39; reverse, 59-ACAAGCCCGCAACATATCTC-39), mouse GAPDH (forward, 59-CCTTAAACAGGCCCACTTGA-39; reverse, 59-CCTTCCACAATGCCAAAGTT-39), and human chromosome 2 (forward, 59-CTGCCATTGACAGCAACACT-39; reverse, 59-TTGGGCACTGACAAGTGAAG-39), yielding 180, 201, and 225 bp products, respectively. The following primers were used for HTLV-1–spliced Tax
mRNA (47) (RPX3, 59-ATCCCGTGGAGACTCCTCAA-39; RPX-4+3, 59CCAAACACGTAGACTGGGTATCC-39) and for mouse GAPDH coding
sequence (forward, 59-TGTGTCCGTCGTGGATCTGA-39; reverse, 59-CCTGCTTCACCACCTTCTTGA-39). By use of the 22DDCT method (48), the
levels of HTLV-1 Gag gene and Tax mRNA were quantified relative to the
control group and normalized to the endogenous housekeeping GAPDH.
Experiments were performed in duplicate for each data point. Dissociation
or melting curve analysis was performed to ensure the presence of a single
peak at the correct melting temperature.

FIGURE 2. Kinetics of dendritic cells during depletion with DT from
days 0–5. A, Percentage and median of CD11c+CD8a+ DCs in DTR
transgenic mice. B, Median absolute number of CD11c+CD8a+ DCs in
DTR transgenic mice. The representative data are from five mice per group
per condition per time point. Statistical significance (pppp , 0.001) between day 0 and day 1 determined by Student t test.
cells were pooled and injected into the mice. To obtain a sample of concentrated cell-free virus, the collected supernatant was first passed through a 0.45mm filter (Millipore, Bedford, MA) and then overlaid on a 20% (w/v) sucrose
cushion in polyallomer tubes (Beckman Coulter, Fullerton, CA). The virus
particles were concentrated from the filtered supernatant by ultracentrifugation
for 2 h at 25,000 rpm on the Beckman Optima CE-80K (SW28.1; Beckman
Coulter). The virus pellet was resuspended in 1:100 volume of PBS and
quantified before use by HTLV-1 p19 ELISA (ZeptoMetrix).

For nested PCR, two primer sets (Integrated DNA Technologies) were
used to detect the HTLV-1 Gag gene. The first primer set (forward, 59TAGCCAGCCTACTCCCAAAA-39; reverse, 59-GCGGGGAGGTCTAATAGGAG-39) amplified a 1045-bp product of the Gag gene, whereas the
second set (forward, 59-CCTTACCACGCCTTCGTAGA-39; reverse, 59ACAAGCCCGCAACATATCTC-39) amplified a 180-bp product within the
first PCR-amplified product. Two control PCR reaction sets were also
performed, the first using mouse GAPDH as a positive control to demonstrate that the isolated DNA is indeed from mouse splenocytes and the
second using human chromosome 2 as a negative control to abrogate the
question of DNA contamination from the transfected HEK-293T cells. The
first set for mouse GAPDH (forward, 59-ATGAGTGATGGGGGTGATGT39; reverse, 59-CCTTCCACAATGCCAAAGTT-39) yielded a 1081-bp
product, whereas the second set (forward, 59CCTTAAACAGGCCCAC
TTGA-39; reverse, 59-CCTTCCACAATGCCAAAGTT-39) gave a 201-bp
product. For human chromosome 2, the first primer set (forward, 59TTCTGGAGGTCAGCCTGTCT-39; reverse, 59-TCAGTGTGACCAGT

Administration of DT and virus
The mice were given (i.p.) only PBS as the control or a uniform dose of 100 ng
DT (∼5 ng DT per gram of body weight) DT (Sigma-Aldrich) resuspended in
water. Approximately 20 h later, the virus was administered to the mice in
either cell-associated or cell-free form. For cell-associated viral infection,
each mouse was injected (i.p.) with 107 transfected HEK-293T cells as described previously (44). For cell-free viral infection, 0.5 3 106 pg p19 virus
was injected (i.p.) in each mouse. The mice were sacrificed on day 5 postviral
challenge, and their spleens were harvested for further analyses.

CD4+ T cell separation from splenocytes
The spleens of the sacrificed mice were harvested in RPMI 1640 media
(Mediatech, Manassas, VA), macerated, and passed through a 0.45-mm sterile
nylon filter (BD Biosciences, San Jose, CA). The splenocytes were then
subjected to CD4+ separation using the EasySep mouse CD4+ T cell enrichment kit (STEMCELL Technologies, Vancouver, BC, Canada). DNA was
subsequently isolated from the CD4+ T cell fraction using the SV Wizard
Genomic DNA Purification System kit (Promega, Madison, WI), whereas
both DNA (Promega) and RNA (RNeasy Mini Kit; Qiagen, Valencia, CA)
were isolated from the non-CD4 fraction. From the isolated RNA, 2 mg was
then reverse-transcribed into cDNA using the Omniscript RT kit (Qiagen).
The isolated DNA was used to determine the proviral load in both CD4 and
non-CD4 fractions, whereas the RNA isolated only from the non-CD4 fraction
was used to determine the Tax mRNA load.

Real-time PCR
The DNA from both CD4 and non-CD4 fractions was subjected to real-time
PCR analysis to detect the HTLV-1 Gag gene; similarly, the cDNAwas used to
detect Tax mRNA. Real-time PCR was performed on an ABI Prism 7300

FIGURE 3. Kinetics of CD8+ T cells and weight of mice from days 0–5. A,
Total number and median of CD3+CD8a+ T cells in DTR transgenic mice. B,
Mean weights of control (PBS-treated) and experimental (DT-treated) mice.
The representative data are from five mice per group per time point.
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GGGGTA-39) yielded a 1163-bp product, and the second set (forward, 59CTGCCATTGACAGCAACACT-39; reverse, 59-TTGGGCACTGACAA
GTGAAG-39) resulted in a 225-bp product. For the first PCR, 50 ng
DNA was used as template and from which 3 ml was added to the second
PCR as template. Both rounds of PCR were performed for 35 cycles
(94˚C for 30 s, 50˚C for 30 s, and 72˚C for 1 min) on the Mastercycler
(Eppendorf, Westbury, NY) using the PCR SuperMix High Fidelity (Invitrogen).

Southern blot hybridization
The Gag PCR-1 samples from nested PCR were used with the amplified
positive control (1045 bp) as the probe that was end-labeled with a-[32P]
dCTP (Perkin Elmer, Waltham, MA) using the Amersham Rediprime II
random prime labeling system kit as per the manufacturer’s instructions
(GE Healthcare, Piscataway, NJ). The membrane with the labeled probe
was left for 24 h on the phosphor imager screen, which was then scanned
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FIGURE 4. Weight chart and percentage survival rate of DTR mice infected
with either cell-free or cell-associated virus in the absence or presence of DCs. On
day 21, the control mice were given PBS
(white circle), whereas the experimental
mice were given DT (black circle). The
next day (day 0), both groups were given
the virus in either cell-free (diamonds)
or cell-associated (circles) form. A, Confirmation of depletion of DCs in the DTtreated group on day 0. B, Mean weight
chart for the four different groups. C,
Percentage survival of the different
groups. The representative data are from
five mice per group per condition per time
point with standard deviations.
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on the STORM 820 scanner (Amersham Biosciences, Piscataway, NJ) and
analyzed using the ImageQuant software (version 2003).

In vitro stimulation experiment
After CD4 separation, cells from the non-CD4 fraction were set up for an invitro
stimulation experiment to examine IFN-g production. With a 24-well plate, 1 3
106 cells were either left untreated as controls or pulsed with 5 mg/ml concavalin A (Sigma-Aldrich) or 100 pg p19 HTLV-1 virus. The cells were then
collected, stained with anti-mouse mAbs, and analyzed by flow cytometry.

Abs for flow cytometric analyses
To detect mouse T cells and DCs, the cells were stained using fluorochromelabeled anti-mouse mAb for mouse surface markers CD3, CD4, CD8a, and
CD11c (eBioscience, San Diego, CA). For in vitro analyses, the cells were
treated with brefeldin A (BD GolgiPlug; BD Biosciences) for 5 h prior to
initiating staining of cells. After surface staining, the cells were permeabilized using a BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit with BD GolgiPlug (BD Biosciences) and then stained
intracellularly for mouse IFN-g (eBioscience). The stained cells were
analyzed by flow cytometry on the FACSCalibur (BD Biosciences), and
the data were analyzed using FlowJo software (Tree Star, Ashland, OR).

C57BL/6 mice are susceptible to infection with the chimeric
HTLV-1 virus
The infectivity of the HTLV-1 chimeric virus was previously
demonstrated in various mouse strains (BALB/c, C3H/He, 129Sv,
and 129Sv IFNAR2/2) but not in the C57BL/6 strain (44). Be-

cause the CD11c-DTR transgenic mice used in our studies were on
the C57BL/6 background, we decided to test whether this mouse
strain is susceptible to infection with both cell-associated and cellfree chimeric HTLV-1. For the cell-associated infection, we followed a previously described approach (44). Briefly, the wild-type
C57BL/6 mice were injected (i.p.) with 107 transfected HEK293T cells. The mice were sacrificed on day 5, their spleens were
harvested, and DNA was extracted from the isolated splenocytes.
We detected proviral Gag DNA using three independent qualitative
techniques—nested PCR and Southern blot hybridization (Fig. 1A)
as well as real-time PCR (Fig. 1B). Of the three mice tested for cellassociated infection, two yielded positive results by all three techniques (Fig. 1). Because transfected human HEK-293T cells were
injected into these mice, we confirmed that the extracted DNA was
indeed coming from mouse splenocytes and not from the injected
human cells by amplifying for mouse GAPDH as the positive
control and for human chromosome 2 as the negative control (Fig.
1A). To test for infection by cell-free virus, each mouse was given
0.5 3 106 pg HTLV-1 p19 virus (i.p.) and sacrificed on day 5, and the
isolated splenocytic DNA was analyzed by real-time PCR for
HTLV-1 Gag. All three mice tested positive for HTLV-1 Gag (Fig.
1B). These results demonstrated that the C57BL/6 strain was infected by both cell-associated and cell-free chimeric HTLV-1.
Kinetics of DC depletion in CD11c-DTR transgenic mice
After demonstrating infection with chimeric HTLV-1 virus in
C57BL/6 mice, we proceeded to determine the kinetics of DC depletion in our hand. On the basis of results from the literature, the mice
were given a uniform dose of 100 ng DT (i.p.) and sacrificed on day 5.
Flow cytometric analyses demonstrated a significant drop in the
percentage of CD11c+CD8a+ conventional DCs starting on day 1,
with gradual repopulation of depleted DCs from day 3 to day 5 (Fig.
2A). We also examined the absolute number of CD11c+CD8a+ cells
and observed that the drop in DC numbers was very significant
(pppp , 0.001) after the administration of DT (Fig. 2B). Some
studies have suggested that CD11c may be expressed on activated
CD8+ T cells (46, 49, 50); therefore, we also examined the absolute
numbers of CD3+CD8+ T cells but observed no significant changes
(Fig. 3A). To assess for the toxicity of DT, we compared mean body
weight of mice given DT with that of control mice but observed no
significant differences (Fig. 3B).
Mice are susceptible to cell-free virus in the absence of DCs

FIGURE 5. Relative levels of proviral load in the four different infected
mice groups measured by HTLV-1 Gag amplification and normalized to
the endogenous mouse GAPDH. A, B, Cell-free (A) and cell-associated (B)
viral infection in the absence and presence of DCs. The representative data
are from five mice per group. The bar represents the median. Statistical
significance (pp , 0.05) determined by Student t test.

After having demonstrated that the C57BL/6 strain can be infected
with the chimeric HTLV-1 and standardizing the depletion of
murine DCs in our laboratory settings, we then compared the two
routes of infection in the absence and presence of DCs. Among the
four groups tested (n = 5), two groups were administered DT and
subsequently given either cell-free or cell-associated virus. The
depletion of DCs was confirmed in all of the DT-treated animals as
shown by the representative data in Fig. 4A. Overall, the group
that had been depleted of DCs and given cell-free virus showed the
most striking change. This group not only showed weight loss
(Fig. 4B) but mortality as well (Fig. 4C); however, the cause of
animal death is not very clear at this point.
We sacrificed these mice on day 5 and harvested their spleens.
Interestingly, one mouse from the DC-depleted and cell-free virus
group died on the last day (Fig. 4C) after having its weight taken,
the spleen from which was immediately isolated and processed.
Instead of examining the total splenocytic population, which is
composed of different cell types, we separated the splenocytes
into two fractions, CD4 and non-CD4, by enriching for the CD4+
T cells from the total splenocytes. Because HTLV-1 is CD4-tropic
and the tropism of the chimeric virus with the replaced Mo-MLV
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each mouse in all four groups, we observed a significant weight
loss in the mice that were depleted of DCs and given cell-free
virus (Table I). The same group also demonstrated a much higher
proviral load in both CD4 and non-CD4 fractions compared with
those in the other groups (Table I). Overall, these data suggest that
cell-free virus can induce an increased level of infection with
greater proviral load in the absence of DCs. These results confirm
the critical role of DCs in controlling cell-free virus.

is still considered to be CD4-tropic (43, 44), we determined the
proviral load in both fractions and the Tax mRNA load in only the
non-CD4 fraction. Using real-time PCR and the 22DDCT method
(48), we compared the relative levels of the HTLV-1 Gag gene in
both fractions of the four experimental groups to the levels in the
controls. We observed a marked significant (pp , 0.05) increase in
the relative levels of HTLV-1 Gag in both CD4 and non-CD4 fractions of mice depleted of DCs and given cell-free virus compared
with those not depleted of DCs (Fig. 5A). This result clearly demonstrates that the susceptibility to HTLV-1 infection of the CD4+
T cells, which are the primary target of the virus, as well as other
target cells in the non-CD4 fraction increases in the absence of the
sentinel DCs. Although the proviral load was slightly higher in the
non-CD4 fraction compared with that in the CD4 fraction, the observed difference was not statistically significant. This slight increase could be due to the fact that the non-CD4 fraction contains
many different cell types (i.e., CD8+ T cells, B cells, macrophages,
and NK cells), all of which can be infected by HTLV-1 to varying
degrees. In fact, previous work with the chimeric HTLV-1 virus also
demonstrated greater infection in the CD42/CD82 fraction compared with that in the CD4+ fraction (44).
However, when we compared the relative levels of infection in
the case of cell-associated viral infection, we observed no significant differences (p , 0.5) in either the CD4 or the non-CD4
fraction in the absence or presence of DCs (Fig. 5B). These data
indicate that, in the case of cell-associated infection, the HTLV-1
virus is rarely exposed to the monitoring DCs and that the absence
or presence of DCs therefore does not make much difference in
determining the level of infection, unlike the situation seen with
the cell-free virus. It is well known that HTLV-1 prefers cell-tocell–mediated transmission and is rarely found as free budding
virus (16). Therefore, unlike cell-free virus, it is not easily available to the DCs. When we compared the individual changes in
weight and proviral load in both CD4 and non-CD4 fractions for

Increased Tax mRNA load in mice depleted of DCs

Dampened cellular immune response in the absence of DCs
The role of DCs, compared with the roles of other APCs, such as
macrophages and B cells, in controlling viral infection has been
demonstrated using numerous murine infection models (46, 51,

Table I. Comparative analysis of change in weight and proviral load in both CD4 and non-CD4 fractions of
four groups of mice
Weight (in Grams)a
Group

Cell-free virus w/o DT

Mouse

M1
M2
M3
M4
M5
Median
Cell-free virus with DT
M1
M2
M3
M4
M5
Median
Cell-associated virus w/o DT
M1
M2
M3
M4
M5
Median
Cell-associated virus with DT M1
M2
M3
M4
M5
Median

Proviral Copies per 100 Cellsb

Day –1 Day 5 Change in Weight CD4 Fraction Non-CD4 Fraction

20.5
20.4
20.6
20.8
20.2
20.5
20.3
20.7
20.5
19.8
20.2
20.3
20.7
20.5
20.3
20.9
21.0
20.7
20.1
20.4
20.7
20.3
20.8
20.4

20.8
20.7
21.0
21.2
20.4
20.8
18.5
20.1
18.3
16.4
died
18.4
20.9
20.7
20.5
21.1
21.2
20.9
20.4
20.6
20.9
20.6
21.0
20.6

0.3
0.3
0.4
0.4
0.2
0.3
-1.8
-0.6
-2.2
-3.4
–
-1.9
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.3
0.2
0.2

67
63
65
67
69
67
69
71
74
76
–
72
74
68
67
71
69
69
65
67
69
71
67
67

65
63
69
71
74
69
79
76
69
71
–
74
71
74
76
71
67
71
68
85
72
78
67
72

Change in weight was determined between day 21 and day 5.
Proviral load in both CD4 and non-CD4 fractions was calculated by taking the ratio of the Ct value for Gag obtained from
1 mg TARL-2 [which is known to have a single copy of HTLV-1 provirus (62)] DNA and 1-mg sample DNA, which yields the
number of copies per cell. This value was then multiplied by 100 to obtain the number of copies per 100 cells.
Ct, threshold cycle; w/o, without.
a
b
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To determine whether both the cell-free and the cell-associated
viruses were able to replicate in mice, we looked at the expression of
the viral transcriptional transactivating protein Tax by determining
the mRNA levels from the non-CD4 fraction. After reverse transcription of the isolated RNA into cDNA, we performed real-time
PCR using primers for spliced Tax mRNA (47). Using the 22DDCT
method (48), we compared the levels of HTLV-1 Tax mRNA in the
non-CD4 fraction of the four experimental groups relative to that in
the control. We observed a significant increase (pp , 0.05) in the
relative levels of Tax mRNA in mice depleted of DCs and given cellfree virus (Fig. 6), which correlates with the increased levels of
HTLV-1 Gag DNA observed in the same group (Fig. 5A). However,
no change was observed in the cell-associated infection group in
either the absence or the presence of DCs (Fig. 6). These results
suggest that in the absence of surveillance by DCs, cell-free virus
can easily infect the primary target CD4+ T cells as well as other
cells (as seen in the non-CD4 fraction, Fig. 5A) and then begin to
transcribe viral (Tax) mRNA at an increased rate, as seen in the nonCD4 fraction (Fig. 6), leading to a heightened state of infection.
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FIGURE 6. Relative mean levels of Tax mRNA load in the non-CD4
fraction of the four different groups of infected mice measured by Tax
amplification and normalized to the endogenous mouse GAPDH mRNA.
The representative data are from five mice per group. Error bars represent
SE of mean. Statistical significance (pp , 0.05) between cell-free virus
without and with DT, determined by Student t test.

Discussion
Under natural circumstances, the HTLV-1 virus can enter the body
either through the mucosal surface or the peripheral blood. With
mucosal exposure, as hypothesized for the genesis of ATL (11, 12),
the resident DCs can capture the virus, process it, and then present
the Ag to the CD8+ T cells for targeted lysis of infected cells.
However, during the course of infection in ATL, the DCs exhibit
defective maturation, thereby leading to a subdued cellular immune response (29). However, peripheral blood exposure, as hypothesized for the genesis of HAM/TSP (10), can lead to the direct
infection of target CD4+ T cells or can be picked up by the blood
DCs. The DCs from such patients exhibited a matured phenotype
and induced rapid proliferation of lymphocytes (28). Moreover,
the depletion of DCs from such patients’ PBMCs abrogated the
spontaneous proliferation of lymphocytes, whereas proliferation
could be restored by supplementing with DCs but not with either of
the other APCs—B cells or macrophages. In addition, such spontaneous proliferation of lymphocytes can be blocked by mAbs to

FIGURE 7. Cellular immune response for both infection groups in the
absence and presence of DCs. Graphs represent the absolute numbers of IFNg+CD8+ T cells from DC-depleted and nondepleted mice when pulsed in vitro
with media or virus. Immune response represented by the cell-free (A) and cellassociated (B) infections. The bar represents the median. Error bars represent
SD. Statistical significance for both groups determined by Student t test.

MHC class II, CD86, and CD58, thus demonstrating a DC-dependent mechanism (32). As a result of two contrasting end-disease
states with starkly opposite differences in DC maturation and activation, the role of DCs in HTLV-1 immunopathogenesis warrants
further attention. Moreover, it has been suggested from some DC
studies in HIV-1 and HTLV-1 that the infection of DCs can lead to
the development of T cell abnormalities (53). For these reasons, we
believe that, depending on the route of viral entry (mucosal versus
peripheral blood) and mode of transmission (cell-free versus cellassociated), the virus can modulate the functions of DCs and thereby
determine the quality of the immune response generated and possibly that of the end-disease state. As part of this hypothesis, we
explored the role of DCs during cell-free and cell-associated early
HTLV-1 infection in a mouse model system.
The complexity of the cytotoxic T cell response in HTLV-1 infection contributes to the lack of clarity regarding the disease
pathogenesis that follows. To understand HTLV-1 disease, one must
characterize the stages in early infection following the initial viral
insult. Therefore, the interactions of DCs and T cells are important
in understanding HTLV-1 infection. We showed previously that
DCs exhibit a greater degree of binding to HTLV-1 virions compared
with that of other cell types examined, including T cells, which are
the main target of HTLV-1, and are highly susceptible to cell-free
infection (36). Furthermore, DCs are heavily concentrated on mucosal surfaces, which are easily breeched by viruses and other
pathogens. In addition, we and others have demonstrated the ability
of DCs to transmit HTLV-1 to CD4+ T cells (33, 37). Thus, DCs
appear to be key in the early immune process. However, no suitable
model exists to study the early stages of immune interactions in
HTLV-1 infection. Therefore, we used the CD11c-DTR transgenic
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52). After observing significantly increased proviral and Tax
mRNA loads in mice depleted of DCs and given cell-free virus
(Figs. 5, 6), we compared the quality of the cellular immune response in these mice to that in the group not depleted of DCs. We
analyzed in vitro the IFN-g response of the CD8+ T cells following challenge with virus. The cells from the non-CD4 fraction
were pulsed with either media as a control or virus and then 5 h
later treated with brefeldin A to block IFN-g secretion. Thereafter,
the cells were surface-stained for CD3 and CD8 and intracellularly for IFN-g. We looked at the absolute numbers (Fig. 7)
and percentages (data not shown) of IFN-g+CD8+ T cells from
both groups. With cell-free infection, we observed a very significant reduction (ppp , 0.005) in the ability of the CD8+ T cells
from mice depleted of DCs to produce IFN-g when challenged
with virus compared with that of those from mice that were not
depleted of DCs (Fig. 7A). With the cell-associated infection
group (Fig. 7B), we observed a similarly significant trend (pp ,
0.05); however, the response was not as pronounced as that observed with cell-free infection. The reduced ability of the CD8+
T cells to produce IFN-g in response to viral challenge in mice
depleted of DCs in both cell-free and cell-associated infection
groups demonstrates the critical role of this unique immune cell
type in warding off and controlling the viral threat.
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in contrast to cell-associated HTLV-1, as seen by weight loss and
mortality of mice as well as increased proviral and Tax mRNA loads.
These results are quite intriguing, highlighting the importance of
DCs during the initial phase of HTLV-1 infection and in controlling
viral spread. The ablation of this professional APC leads to a significantly diminished cellular (CD8+IFN-g+) immune response (Fig.
7A), thereby allowing for greater proviral load as seen in both
CD4 and non-CD4 fractions (Fig. 5A) as well as in an increased rate
of viral transcription in the non-CD4 fraction (Fig. 6). Although no
major difference was observed during cell-associated infection, the
slightly reduced proviral load seen in the CD4 fraction of the DCdepleted mice suggests that DCs can help to transmit HTLV-1 to the
CD4+ T cells. As demonstrated in many previous studies, the DCs
play a crucial role in the generation of a successful immune response, and its ablation severely abrogates the ability of the mice to
respond to the viral challenge. Overall, these results offer a clear
and real representation of the in vivo dynamics of DCs, particularly
during the early phase of HTLV-1 infection. Parallels can be drawn
from these results to help shed light on our understanding of the
role of DCs in humans during early HTLV-1 pathogenesis and also in
the ensuing HTLV-1–associated diseases.
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mice as a tool to study the priming capacity of DCs in HTLV-1 infection in vivo.
An animal model allows us to answer many questions that could
not be easily answered from studies in humans because of scarcity
of patient samples and ethical constraints. The absence of a reliable
animal model for HTLV-1 has long been a bottleneck and a debated
issue in the field. Although many researchers have tried to use the
mouse as a model system for HTLV-1 disease studies, they have
been hampered by the poor infectivity of murine cells in response to
infections with human retroviruses. Most of these studies involved
i.p. inoculation of the HTLV-1 Tax-producing cell line MT2
into various strains of mice (54–56). The goal for most of these
studies was to develop a mouse system for either of the HTLV-1–
associated diseases: ATL or HAM/TSP. However, compared with
the response of human cells, the main barrier to infection of
murine cells with HTLV-1 is its inefficient fusion (57–60). Recently, a chimeric HTLV-1 was developed in which the HTLV-1
envelope gene was replaced by that of the ecotropic Mo-MLV,
thereby facilitating fusion of murine cells with the chimeric virus
containing the HTLV-1 genome (43, 44). This chimeric virus was
infectious for a number of mouse strains tested (44). To understand the role of a particular cell type in vivo, a system in
which hypotheses can be addressed and results compared in both
the absence and the presence of the cell type in question offers
a perfect model system. The CD11c-DTR transgenic mice are
a useful tool for exploring the role of DCs in mice because they
allow the selective transient depletion of DCs through the administration of DT (61). This model system demonstrates the
critical role of DCs in the generation of a potent antiviral cellular
immune response through the priming of naive CD8+ T cells
against both exogenous (46) and endogenous (51) cell-associated
viral Ags. Using this chimeric virus, we compared cell-free and
cell-associated HTLV-1 infections in both the absence and the
presence of DCs using CD11c-DTR transgenic mice to better
understand the role of DCs during HTLV-1 immunopathogenesis.
This study is the first of its kind using mouse as a model system to
explore the role of DCs in HTLV-1 immunopathogenesis.
It is difficult to have an exact comparison of the amount of virus
used for the two routes of infection, especially postinoculation
given the fact that the fates of cell-associated versus cell-free
viruses could be different. Therefore, to equate the amount of
administered virus via the two routes, we used HTLV-1 Gag (p19)
ELISA units as the quantitative measure. The amount of virus
collected from 107 transfected HEK-293T cells has been generally
found to be in the range of 0.3–0.4 3 106 pg p19; therefore, we
used a slightly higher amount of virus (0.5 3 106 pg p19) in the
cell-free infection to compensate for the amount of virus lost
during inoculation or those taken up by the local resident cell
population in the peritoneum. As evident from the quantitative
PCR data given in Table I, the number of proviral copies is fairly
similar in both CD4 and non-CD4 fractions between cell-free and
cell-associated infections in the absence of DT (control condition).
Nevertheless, the main goal of this study was not to compare the
efficiencies of cell-free versus cell-associated infections because
the latter are already proven to be the preferred mode of HTLV-1
transmission. The primary purpose for these investigations was to
investigate the role of DCs during HTLV-1 infection, transmission,
or both using an in vivo system, as it has not been studied before.
Previous in vitro data (33, 37) suggested that DCs are able to bind,
internalize, and transfer HTLV-1 to T cells, and the current in vivo
data indeed reveal a critical involvement of DCs in HTLV-1
pathogenesis, especially during early infection.
The present study clearly demonstrates that in the absence of
DCs the cell-free HTLV-1 can lead to a greater degree of infection
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