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After experimental infection of squirrel monkeys (Saimiri sciureus) with human T-cell leukemia virus type 1
(HTLV-1)-infected cells, the virus is transcribed only transiently in circulating blood, spleen, and lymph nodes.
Stable disappearance of viral expression occurs at 2 to 3 weeks after inoculation. This coincides with the
development of the anti-HTLV-1 immune response and persistent detection of the provirus in peripheral blood
mononuclear cells (PBMCs). In this study, the HTLV-1 replication pattern was analyzed over time in PBMCs
and various organs from two HTLV-1-infected squirrel monkeys. Real-time quantitative PCR confirmed that
PBMCs and lymphoid organs constitute the major reservoirs for HTLV-1. The PCR amplification of HTLV-1
flanking sequences from PBMCs evidenced a pattern of clonal expansion of infected cells identical to that
observed in humans. Dissemination of the virus in body compartments appeared to result from cellular
transport of the integrated provirus. The circulating proviral burden increased as a function of time in one
animal studied over a period of 4 years. The high proviral loads observed in the last samples resulted from the
accumulation of infected cells via the extensive proliferation of a restricted number of persistent clones on a
background of polyclonally expanded HTLV-1-positive cells. Therefore, HTLV-1 primary infection in squirrel
monkeys is a two-step process involving a transient phase of reverse transcription followed by persistent
multiplication of infected cells. This suggests that the choice of the target for blocking HTLV-1 replication
might depend on the stage of infection.

Human T-cell leukemia virus type 1 (HTLV-1), the first
human pathogenic retrovirus isolated, is the etiologic agent of
a malignant CD4 lymphoproliferation (adult T-cell leukemia/
lymphoma [ATLL]) and of a chronic progressive neuromy-
elopathy (tropical spastic paraparesis/HTLV-1-associated my-
elopathy [TSP/HAM]) (16, 43). Furthermore, this virus has
been associated, to a lesser extent, with the development of a
variety of inflammatory diseases including uveitis (37), arthritis
(46), polymyositis (33), Gougerot-Sjögren syndrome (50), al-
veolitis (35), and infective dermatitis (28) in areas where the
virus is endemic. Roughly 3 to 5% of the 15 million to 25
million HTLV-1-infected individuals throughout the world will
develop TSP/HAM or ATLL, depending on certain unknown
cofactors.

The HTLV-1 proviral load is particularly elevated in pa-
tients with TSP/HAM, with up to one-fifth of peripheral blood
mononuclear cells (PBMCs) harboring HTLV-1 (18, 27). The
load in asymptomatic carriers is generally lower but can be as
high as 1/20 of PBMCs (47, 54). The problem is that consid-
erable viral replication is needed in order to attain such high
proviral loads. Such a situation should lead to extensive se-
quence diversity, but of all retroviruses, those of the HTLV/
bovine leukemia virus group are the most stable genetically

(17). This conundrum was resolved by the finding that HTLV-
1-bearing T cells underwent clonal expansion in vivo in all
symptomatic and asymptomatic carriers (5, 6, 55).

Animal models of HTLV-1 infection have been developed in
order to study host-virus interactions, virus transmission, the
natural history of infection, and the pathogenesis of HTLV-1-
associated diseases. Such models are also essential for testing
candidate vaccines. Chronic HTLV-1 infection has been ob-
tained in both rabbit (49) and rat (23) models. In addition,
several species of nonhuman primates have also been found to
be susceptible to HTLV-1 infection. For instance, marmosets
(Callithrix jacchus) are infected orally by the milk of HTLV-1
carrying women (56), while protection against infection with
recombinant HTLV-1 Env protein has been obtained in cyno-
molgus macaques (Macaca fascicularis) (22).

The squirrel monkey (Saimiri sciureus), a New World non-
human primate that is free of simian T-cell leukemia virus, is
susceptible to experimental infection with either syngeneic or
allogeneic HTLV-1-immortalized cells (25, 26, 40). As in hu-
man subjects, experimental infection leads to proviral expres-
sion, persistence, and humoral and cellular immune responses.
A recent study investigating primary HTLV-1 infection in this
model (26) demonstrated that after experimental infection, the
provirus was transcribed only transiently in the circulating
blood, spleen, and lymph nodes. The stable disappearance of
viral expression, as evidenced by tax/rex reverse transcriptase
PCR and in situ hybridization analyses, occurred about 2 weeks
postinoculation; it coincided with the development of the anti-
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HTLV-1 humoral response and was followed by the persistent
detection of the provirus in PBMCs (26).

Together with the low level of HTLV-1 genetic drift dem-
onstrated in the squirrel monkey (25), these data led us to
hypothesize that primary HTLV-1 infection consists of a first
transient step of reverse transcription and viral expression,
followed by a second prolonged phase of persistent clonal
expansion of HTLV-1-bearing T cells. To investigate this ques-
tion and better characterize the pattern of HTLV-1 replication
at the late stage of experimental infection in the squirrel mon-
key, we measured the proviral load and assessed the clonality
pattern of HTLV-1-infected cells over time and in different
anatomic sites in two experimentally infected animals.

Study design. S1657 and S1491, two 6-year-old male squirrel
monkeys from the primate breeding center at the Pasteur In-
stitute of French Guyana, were inoculated intravenously with
5 3 107 EVO/798 (animal S1491) or EVO/1540 (animal S1657)
HTLV-1-transformed monkey cells as previously detailed (26).
Humoral and cellular immune responses against HTLV-1 an-
tigens were observed in both monkeys (26), and HTLV-1 pro-
virus was also detected in PBMCs by PCR amplification using
gag and tax primers. S1657 was sacrificed at a late stage of
experimental infection (26 months after inoculation), whereas
S1491 was followed up over a period of 4 years postinfection.
DNA was extracted from the two inoculated cell lines, from the
PBMCs of both animals, and from 12 organs derived from
S1657. HTLV-1 proviral load was measured by an accurate and
reproducible quantitative PCR method using a dual-labeled
fluorogenic probe (ABI PRISM 7700 sequence detection sys-
tem). Standard curves for the albumin and HTLV-1 tax genes
were generated using DNA extracted from HTLV-1 negative
PBMCs for the former and an HTLV-1 plasmid for the latter.
It was assumed that 10 ng of high-molecular-weight DNA
contained 3,000 copies of the albumin gene. The primer set for
HTLV-1 tax gene was PXF (59-GAAACCGTCAAGCACAG
CTT-39, positions 7163 to 7182) and PXR (59-TCTCCAAA
CACGTAGACTGGGT-39, positions at 7385 to 7364). The
primer set for the albumin gene was 59-GCTGTCATCTCTT
GTGGGCTGT-39 (positions 16283 to 16304) and 59-ACTCA
TGGGAGCTGCTGGTTC-39 (positions 16442 to 16421) (nu-
cleotide coordinates are numbered according to the albumin
GenBank reference [HUMALBGC]) (36). The TaqMan probe
consisted of an oligonucleotide with 59-reporter dye and 39-
quencher dye. The fluorescent reporter dye, 6-carboxyfluores-
cein, was covalently linked to the 59 end of the oligonucleotide.
The reporter was quenched by 6-carboxy-tetramethylrhodam-
ine at the 39 end. Probes for the HTLV-1 tax and albumin
genes were PXT (59-TTCCCAGGGTTTGGACAGAGTCTT
CT-39, positions 7331 to 7355) and ALB (59-CCTGTCATGC
CCACACAAATCTCTCC-39, positions 16340 to 16366), re-
spectively. TaqMan amplification was carried out in reaction
volumes of 50 ml, using the TaqMan PCR core reagent kit.
Each reaction mixture contained 13 TaqMan buffer, primer
(300 nmol/liter) and the corresponding fluorescent probe (200
nmol/liter), MgCl2 (3.5 mmol/liter), dATP, dCTP, and dGTP
(each at 200 mmol/liter), dUTP (400 mmol/liter), 1.25 U of
AmpliTaq Gold, and 0.5 U of AmpErase uracil N-glycosylase.
Each sample was analyzed in triplicate, using 500 ng of DNA
per reaction. Thermal cycling was initiated with 2 min of in-
cubation at 50°C, followed by a first denaturation step of 10

min at 95°C and then 45 cycles of 15 s at 95°C and 1 min at
58°C (for tax) or 60°C (for albumin). The 7700 sequence de-
tection system software automatically determines the threshold
cycle value (Ct), i.e., the threshold cycle at which fluorescence
is first detected above background, and infers the starting copy
number in each sample. The p4.39 HTLV-1 plasmid, kindly
provided by T. Astier-Gin (42), was used to establish the cal-
ibration curve for tax. Plasmid concentrations from 5 3 100 to
5 3 104 molecules were mixed with 0.5 mg of HTLV-1-negative
genomic DNA, an equivalent of 75,000 cells, and then am-
plified. The lower limit of detection, i.e., the lowest plasmid
concentration having a Ct of #45, was 5 copies per 0.5 mg of
DNA, which corresponded to 10 copies per 1.5 3 105 PBMCs.
The clonality of HTLV-1-infected cells was assessed by the
sensitivequadruplicate ligation-mediatedPCR(LMPCR)meth-
od as described elsewhere (5–8, 30, 32).

The mean proviral copy number of the 16 samples with a
positive signal was 750 per mg of DNA (150,000 cell equiva-
lents) (range, 15 to 3,334; median, 61.5; standard error of the
mean, 293; mean coefficient of variance, 9.3%). The clonality
of infected cells was therefore analyzed by LMPCR, which is
the most appropriate method for assessing the amplification of
HTLV-1 flanking sequences derived from samples with low
proviral loads (52). Briefly, DNA was digested with NlaIII in
13 NlaIII buffer for 3 h at 37°C. Digestion was controlled by
gel electrophoresis. DNA was phenol-chloroform extracted
and ethanol precipitated. Digested DNA was ligated with
BIO1 primer (30, 53) using T4 DNA ligase. This was followed
by two phenol-chloroform extractions and precipitation. Li-
gated DNA was amplified for 100 cycles using the BIO2 prim-
er alone (30). Conditions were 13 Stoffel DNA polymerase
buffer, 1.5 mM MgCl2, 50 pmol BIO2, 150 mM each deoxy-
nucleoside triphosphate, and 10 U of Stoffel fragment of Taq
DNA polymerase (Perkin-Elmer Cetus) in a final volume of 85
ml. Twenty-five microliters of 13 PCR buffer containing de-
oxynucleoside triphosphates and primers was loaded in a 750-
ml tube, and an Ampliwax PCR Gem 100 (Cetus) was added to
each tube. After wax layer formation by incubation at 75°C for
10 min and cooling at room temperature for 15 min, 60-ml
aliquots of the remaining reagent and ligated products were
loaded. Thermal cycling parameters were 94°C for 10 min; 100
cycles of 95°C for 45 s, 60°C for 45 s, and 72°C for 2 min; and
a final elongation step of 10 min at 72°C. Ten microliters of this
linear PCR mixture was used in a classical PCR amplification
using the BIO3-BIO4 primer pair (31, 55). Amplification con-
ditions were as before, with 40 pmol of each primer and 2.5 U
of Taq polymerase in a final volume of 100 ml. Thermal cycling
parameters were 94°C for 10 min; 35 cycles of 95°C for 45 s,
58°C for 45 s, and 72°C for 1 min; and a final elongation step
of 10 min at 72°C.

HTLV-1 does not integrate in a specific region of the cellu-
lar genome (31). In addition, the absolute LMPCR detection
threshold (the value below which a signal is never detected) is
;20 copies (8); therefore, each signal obtained after runoff
analysis corresponded to a cluster of at least 20 proviruses
sharing the same integration site and thus derived from a single
HTLV-1-infected progenitor. A stochastic element has previ-
ously been evidenced in the detection of HTLV-1 integration
sites by LMPCR; signals detected one, two or three, and four
times after four LMPCR experiments correspond to 50, 100,
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and more than 500 copies, respectively, per mg of DNA (8).
Quadruplicate experiments and runoff analyses of LMPCR
products were performed as previously described (5–8, 30, 32).
The clonality pattern of HTLV-1-infected cells is represented
in Fig. 1. Table 1 shows the proviral load and number of
detected clones in each of the 18 samples studied.

Clonal expansion of HTLV-1-infected PBMCs in squirrel
monkeys. Results from quadruplicate analyses of the two mon-
key cell lines evidenced patterns similar to those observed with
human HTLV-1 cell lines (Fig. 1) (5–8, 30, 32). PBMCs from
monkey 1657 were analyzed 26 months postinfection, at which
time the circulating proviral load was 274 of 150,000 PBMCs
(Table 1). Figure 1 shows that six distinct clones of cells har-
boring an integrated HTLV-1 provirus were detected after
quadruplicate LMPCR (4 3 0.5 mg). All of these clones were
detected in a single sampling (clonal frequency of about
1/3,000). This corresponded to a calculated proviral load of
;300 copies in 150,000 PBMCs, which was consistent with the
value obtained after quantitative PCR (Table 1). Figure 1A
shows that the six clones detected in the PBMCs from monkey
1657 were absent from the EVO/1540 cell line, demonstrating
that they corresponded to newly infected cells rather than to
persistent expanded allogeneic cells. Figure 1B shows that a
typical pattern of clonal expansion of newly infected cells also
characterized the PBMCs of monkey 1491. Taken together,
these results indicate that in squirrel monkeys, the circulating
HTLV-1 proviral burden results mainly from the clonal expan-
sion of newly HTLV-1 infected PBMCs.

Cellular transport of the HTLV-1 provirus in lymphoid and
nonlymphoid organs. In ATLL, cellular transport of HTLV-1
as a provirus has been documented in various anatomic sites
such as the skin, lymph nodes, and central nervous system (7,
34). It was recently observed that in patients with TSP/HAM,
the virus could cross the blood-brain barrier via its host cell (4).
During early HTLV-1 infection of squirrel monkeys, PBMCs,
spleens, and lymph nodes serve as virus reservoirs (26). In
addition, other organs could harbor proviral sequences in the
late stage of experimental infection. Indeed, PCR amplifica-
tion experiments with gag- and tax-specific primers were pre-
viously found to give a positive signal in animal 1657 when the
DNA from the spleen, lymph nodes, bone marrow, salivary
gland, lung, pancreas, intestine, and spinal cord was analyzed.
To assess the distribution of HTLV-1 proviral sequences in
these body compartments, we analyzed the proviral load and
clonality pattern of HTLV-1 infected cells in 12 organs from
monkey 1657. As shown in Table 1, the circulating proviral
load in this animal was up to more than seven times higher
than that of other organs analyzed. In addition, the mean
proviral load of lymphoid organs was about twice as high as
that of other sites displaying a positive signal: 47.8 versus 24
copies per mg, respectively. The clonal distribution of HTLV-1
integration sites was evidenced in two lymph nodes and in the
pancreas. Given the sensitivity of the LMPCR, it appears that
almost all the proviral sequences from these three organs were
distributed among the four detected clones. As shown in Fig. 1,
the signal at ;420 bp observed for the pancreas and inguinal
lymph node was also detected in the corresponding PBMCs.
Similarly, the band at ;160 bp observed for the inguinal lymph
node was also present in the PBMCs. An additional band at
;250 bp was also present in both PBMCs and the mesenteric

lymph node. All of the organs tested were histologically nor-
mal. These results suggest that the four detected clones corre-
sponded to infiltration of these organs by infected lymphoid
cells. The proviral copy number of the nine remaining organs
was below the LMPCR detection threshold.

Persistent clonal expansion with accumulation of infected
cells within clones increases the proviral load over time.
Clonal stability with fluctuating abundance of persistent clones
characterizes HTLV-1-infected malignant or nonmalignant
cells in humans (6, 12, 14, 32). The fact that 10 to 80% of
human PBMCs from HTLV-1 infected individuals are capable
of expressing Tax in vivo (20) suggests that such clonal stability
results from the persistent proliferation of infected lympho-
cytes driven by the positive effect of Tax on cell cycling (13, 41,
45, 48). To assess the pattern of HTLV-1 replication in squirrel
monkeys more precisely, the temporal stability of infected
clones was examined in blood samples collected from animal
S1491 on four occasions over a period of 4 years with 1-year
intervals. Circulating clones of infected cells were evidenced in
every sample, i.e., 3 months to 4 years after experimental
infection, and the frequency of abundant clones (those de-
tected more than once and having a clonal frequency of $1/
1,500 PBMCs) increased as a function of time (Fig. 1B). In this
experiment, numerous circulating HTLV-1-positive clones
persisted over time in PBMCs. In addition, quadruplicate ex-
periments revealed that there was a fluctuation in the clonal
frequency of these persistent clones (Fig. 1B). For example,
proportions of the clone corresponding to the signals at ;140
bp were ,1/3,000 in 1995, $1/300 in 1996, 1/1,500 in 1997,
$1/300 in 1998, and 1/3,000 in 1999. Such fluctuation was
clearly observed for other clones. However, as shown in Fig.
1B, the abundance of persistent circulating clones was higher
in the last samples than in those collected early after experi-
mental infection. The mean proviral loads of persistent clones,
as calculated from their mean frequency of detection at each
point, in samples collected in 1995, 1996, 1997, 1998, and 1999
were 25, 67, 117, 316, and 131, respectively. Real-time quan-
titative PCR analysis of the proviral load was assessed over
time in animal S1491. As shown in Fig. 2, both the level of the
anti-HTLV-1 antibody response, as measured by enzyme im-
munoassay (Cobas Core Anti-HTLV-I/II EIA; Roche, Basel,
Switzerland), and the circulating HTLV-1 proviral copy num-
ber increased as a function of time. The proviral loads were
found to correlate with both the intensity of the antibody
response (Fig. 2; P 5 0.005, R ; 0.9429, Spearman rank cor-
relation) and the frequency of abundant clones (i.e., those
having a clonal frequency higher than 1/300) (P 5 ,1024, R ;
0.99, Spearman rank correlation) rather than with the overall
number of clones (P 5 0.22, R ; 0.67).

HTLV-1 replicates in squirrel monkeys as in humans. The
data presented here show an elevated HTLV-1 proviral load in
PBMCs and lymphoid organs that results from the persistent
clonal expansion of infected cells. This indicates that HTLV-1
replication at the late stage of experimental infection in squir-
rel monkeys is identical to that observed in humans (5, 6, 12,
14, 32, 52, 53). Indeed, such cell-associated proviral multipli-
cation helps explain the low level of HTLV-1 genetic drift
demonstrated in squirrel monkeys (25). At this stage of infec-
tion, quantitative PCR measurement of the proviral load con-
firms that PBMCs and lymphoid organs correspond to the
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FIG. 1. Quadruplicate LMPCR analysis of HTLV-1 integration sites in DNA samples from experimentally infected squirrel monkeys. DNA was
submitted to quadruplicate LMPCR; amplified products were subjected to runoff analysis with an HTLV-1 39 long terminal repeat-specific
oligonucleotide. Run-off products were resolved on a sequencing gel. M, molecular weight marker (positions are indicated in base pairs). (A)
E1540 cell line, PBMCs and organs from animal S1657; (B) E798 cell line, PBMCs from animal S1491 collected over 4 years with 1-year intervals
(abundant persistent clones are identified by arrows).
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major reservoirs for HTLV-1. A similar distribution of infected
cells was previously reported for the rabbit model after exper-
imental infection with lethally irradiated HTLV-1-infected
cells from patients with ATLL or TSP/HAM (29). It is of note
that the circulating proviral loads observed in experimentally
infected squirrel monkeys (reference 26 and this study) are in
the same range as those measured by quantitative competitive
PCR in rabbit inoculated with irradiated cell lines expressing a
wild-type molecular clone of HTLV-1 (2, 3). As for ATLL and
TSP/HAM, two diseases in which there is cellular transport of
the provirus in various anatomic sites (6, 7, 34), PCR amplifi-
cation of proviral flanking sequences integrated in the DNA
from squirrel monkeys suggests that dissemination of the virus
in body compartments results from the same pathway. Persis-
tent clonal expansion characterizes HTLV-1 replication in hu-
mans (6, 12, 14), and we previously showed that the number of
abundant clones increased with age among asymptomatic car-
riers (5). The present study addresses for the first time the
temporal evolution of both the proviral loads and clonality
patterns of infected PBMCs in an asymptomatic monkey. Fig-
ure 1B shows that some clones of infected cells persist over
time. Interestingly, we observed an accumulation of infected
cells via persistent clonal expansion, which accounted for an
increase of the circulating proviral load over time. The clonal-
ity pattern of infected PBMCs differed significantly between
the two animals. S1657 harbored a relatively low proviral load
together with the polyclonal expansion of only six circulating
clones. By contrast, animal S1491 displayed, at the same time
postinoculation, an elevated proviral load correlated with, and
therefore resulting from, the persistent proliferation of a re-
stricted number of abundant clones on a background of poly-
clonally expanded cells. This mode of infected cell prolifera-
tion is reminiscent of the HTLV-1 replication pattern observed
in ATLL (7, 30, 32) and suggests that monkey S1491 presents
an equivalent of the pre-ATLL stage (10). Prolonged follow-up
of this animal will permit us to determine whether this repli-
cation pattern is associated with the development of malig-
nancy.

The two-step nature of HTLV-1 primary infection in squir-
rel monkeys. The results presented here strongly support the
hypothesis that HTLV-1 primary infection is a two-step pro-
cess: a transient first step of reverse transcription and integra-
tion characterized by a burst of viral expression, followed by
the persistent multiplication of infected cells that account for
the dissemination of the virus in the organism.

ATLL is a disease with long latency in the development of
which the immune status of the infected individual plays an
important role. Clinical observation and experimental investi-
gation have shown that a decrease in the host cellular immu-
nity against HTLV-1 led to malignant transformation (11, 19,
24, 51). Furthermore, additional cofactors such as parasitic or
viral superinfections have been found to increase the risk for
asymptomatic carriers to develop ATLL (1, 11, 15, 19, 39, 44).
The finding that the persistent clonal expansion of HTLV-1-
bearing cells precedes ATLL suggests that in ATLL (7), tumor
cells may originate in a clonally expanding nonmalignant cell,
presumably through the acquisition of subsequent mutations in
genes such as p53 or p16 (9, 21). The results presented here
suggest that squirrel monkeys constitute a promising animal
model for assessing the impact of putative ATLL cofactors on
the clonality of infected cells in vivo.

Finally, the two-step nature of HTLV-1 replication over
time suggests that two specific approaches might be used to
inhibit HTLV-1 replication in vivo. First, blocking the horizon-
tal route of virus multiplication with drugs such as reverse
transcriptase inhibitors may be suitable for the treatment of
primary infection, i.e., during the 2 to 3 weeks that follow
contamination. By contrast, such an approach might be inap-
propriate in the second phase of the infection, which is char-
acterized by vertical dissemination of the virus via clonal ex-
pansion. However, at this stage, blocking the proliferation of
infected T cells may help to reduce the proviral load, which is

FIG. 2. Temporal evolution of circulating HTLV-1 proviral load
and anti-HTLV-1 antibody titers in animal S1491. The first sample was
collected 3 months after experimental infection. For the proviral load,
the mean viral copy number obtained after three experiments is given
at each time point. For the five samples, the standard deviation ranged
from 3.3 to 11.8 and the mean coefficient of variance was 6%. O.D.,
optical density.

TABLE 1. Proviral load and infected cell clonality in PBMCs and
various organs from two squirrel monkeysa

Monkey Sample
No. of proviral

copies/mg
of DNA

No. of
HTLV-1-

infected clones
after 4 expts

No. of clones
$1/1,500
PBMCs

1491 PBMC 2,153 21 5
1657 PBMC 274 6 32.3 6 0

Spleen 40 6 7.2 0 0
Mesenteric LN 75 6 8.4 1 0
Submaxillary LN 22 6 2.11 0 0
Axillary LN 20 6 2.14 0 0
Inguinal LN 110 6 12.9 2 0
Bone marrow 20 6 3.6 0 0
Salivary gland 20 6 2.2 0 0
Lung #10 0 0
Pancreas 48 6 2.24 1 0
Intestine 13 6 1.5 0 0
Cervical spinal cord #10 0 0
Lumbar spinal cord 15 6 1.6 0 0

a For animal 1491, values are means obtained for five samples studied over
time (Fig. 1B and 2). For animal 1657, the time point of the data is 26 months
from inoculation; values represent mean viral copy number obtained for each
sample after three experiments 6 standard deviation. LN, lymph node.
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associated with the risk of developing HTLV-1-associated dis-
eases (18, 27, 38, 47, 54).
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