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Abstract

Human T-lymphotropic virus type 1 (HTLV-1) is a pathogenic retrovirus that infects human CD4*
T lymphocytes. Despite its presence in T cells, HTLV-1 causes little overt immunosuppression.
This host-virus relationship has therefore been exploited as an excellent model system for studying
the dynamic interaction between a persistent retrovirus and the normal human immune system. We
use a combination of mathematical and experimental techniques to identify key factors on both
sides of the /n vivo host-virus interaction that significantly determine HTLV-I proviral load and
disease risk. We develop a model to describe how these factors interact to enable viral persistence.

Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is a pathogenic, CD4* T-lymphotropic human
retrovirus that persists indefinitely in the infected host. Over 90% of HTLV-1-infected
individuals remain lifelong asymptomatic carriers (ACs) of the virus. In the remaining 5%-—
10% of individuals, HTLV-1 causes one of two types of disease: an aggressive T-cell
malignancy that typically kills the host within 12 months, and a range of chronic
inflammatory diseases, of which the best recognized is a disease of the nervous system,
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP).

HTLV-1 does not readily produce detectable extracellular virions; thus, viral burden is
quantified as the proviral load — the proportion of peripheral blood mononuclear cells that
carry an integrated HTLV-I provirus. HTLV-1 proviral load reaches a steady-state ‘set point.’
This set-point proviral load typically varies over time by less than 5-fold within each host,
but it can differ by more than 1000-fold between hosts. The risk of HAM/TSP is strongly
correlated with the proviral load. In a recent paper [1], we reviewed the evidence that the
HTLV-1 proviral load and the risk of HAM/TSP are influenced by the efficiency of the
cellular immune response to the virus. In the present article, we focus on a dynamic analysis
of the fundamental mechanisms by which HTLV-1 persists, that is the means by which the
virus avoids clearance by the immune system. This analysis includes an identification and
quantification of key factors in the host-virus interaction and the development of a model
describing how these factors interact to enable viral persistence.
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HTLV-1 persistence

Evidence for

latency of HTLV-1: the standard model

Superficially, it seems clear that HTLV-1 depends primarily on latency to persist in the host.
There are four main lines of evidence for HTLV-1 latency. First, HTLV-1 mRNA and
proteins such as Tax are usually undetectable in freshly isolated PBMCs, by using RT-PCR
or flow cytometry techniques, respectively, although low levels of each can be detected in
PBMCs in some infected individuals [2,3]. Second, HTLV-1 virions cannot be detected in
plasma, either by electron microscopy or RT-PCR, and transfusion of cell-free blood
products does not transmit HTLV-1 infection [4]. Third, HTLV-1 varies little in sequence,
which suggests that HTLV-1 does not replicate by the infectious route [5], because this
would require the action of the error-prone viral RNA polymerase [6]. Fourth, large clones
of provirus-positive lymphocytes persist over months or years in the infected host [7],
suggesting that HTLV-1 is maintained chiefly by T-cell proliferation [8], that is the ‘mitotic’
route.

These observations give rise to what we term the standard model of HTLV-1 persistence
(Table 1). In this model, HTLV-1 is maintained by passive proliferation of lymphocytes that
harbour a transcriptionally silent provirus [9]. A fraction of these provirus-containing cells
might express HTLV-1, but the vast majority remain silent and thus invisible to the immune
response. Consequently, the immune response does not make a significant impact on the
proviral load. In this model, latency is essential for viral persistence, and an increase in viral
expression would lead to a decrease in proviral load because of cell-mediated immune
destruction of HTLV-I-expressing cells. Viral expression is essential, in this scheme, only at
the stage of transmission between individuals.

Evidence against the standard model of HTLV-1 persistence

We identify two main objections to the standard model. First, there is a large, chronically
activated cytotoxic T lymphocyte (CTL) response in most infected individuals [10,11],
indicating persistent expression of HTLV-1 proteins. There is also a chronic, HTLV-1-
specific IgM antibody response in 10%—40% of infected people [12]: this similarly implies
persistent production of viral antigens. Indeed, if all proviruses remained transcriptionally
silent indefinitely, the virus could not be transmitted to another host. Second, the proviral
load must be maintained by selective proliferation of provirus-containing lymphocytes rather
than normal homeostatic lymphocyte proliferation. The reason for this is that if even a small
proportion of proviruses was spontaneously transcribed each day, the proviral load would
steadily decline unless provirus-expressing cells were replaced, because the expressing cells
would be killed by the immune response or by direct toxic effects of the virus. Because a
steady decline in proviral load is not observed [13], the provirus-expressing cells must be
continuously replaced /n vivo. Passive proliferation cannot selectively replace provirus-
carrying cells to balance their selective loss. We conclude that the standard model of
HTLV-1 persistence is not compatible with current observations, and that an alternative
understanding of HTLV-1 persistence and immune control /n vivo is needed.
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An alternative model of HTLV-1 persistence

An alternative model (Table 1) involves HTLV-1-infected cells spontaneously expressing
viral proteins, including Tax, which, in turn, induces infected cell proliferation by
mechanisms including upregulation of promitotic cellular genes [14] and deregulation of cell
cycle checkpoints [15]. In this model, as in the standard model, mitosis is the main route of
viral replication: the crucial difference is that, in the alternative model, expression of HTLV-I
proteins — particularly Tax — is required to promote the selective expansion of cells that
harbour a provirus. Infected cells do not evade immune surveillance, and the immune
response makes a significant impact on proviral load. Tax expression is then silenced in the
majority of surviving cells, by mechanisms that are still poorly understood (Figure 1). As in
the standard model, infectious cycle replication of HTLV-1 is necessary for transmission of
the virus to a new host. We suggest that most cells that initiate viral protein expression
during the chronic phase of infection do not complete a round of infectious viral replication
because cells that continue to express viral protein are rapidly killed by the CTL response.
Upon infection of a new host, before the establishment of an adaptive immune response, it is
probable that a greater proportion of cells that express Tax will successfully produce virions.

The presence of a large, chronically activated, lytic CTL response in HTLV-1-infected
individuals indicates that such a model might be accurate. However, 95%-99% of infected
cells do not express viral proteins at any one time [2,16], which raises the question of
whether the CTL response can make a significant contribution to the control of proviral load.
But, there are several independent lines of evidence that, despite low numbers of virus-
expressing cells, CTL-mediated killing does indeed play a significant role in determining the
set-point proviral load. This evidence, which has been extensively reviewed elsewhere [17],
comes from studies of host genetics [18,19], viral genetics [20-22], gene expression
microarrays [23], and /n vitro T-cell function [24,25] (Figure 2a,b). Further, vaccination
studies in several animal models [26—28] have shown that vaccine-induced CTLs can be
associated with suppression of viral replication.

However, it remains counterintuitive that CTLs can have a large impact on proviral load
when most infected cells are invisible to the immune response at any one time. We
hypothesize that expression of viral proteins is necessary to drive cell division and maintain
proviral load in the chronic phase of infection. Any factor that kills virus-expressing cells
will therefore block this pathway and will probably have a large effect on proviral load.
Work to test this hypothesis is currently in progress.

The alternative model is consistent with the observations of the genetic stability of HTLV-1
[6,29] and the large population sizes of infected cell clones [7,30], which both suggest that
infected cell division rather than error-prone reverse transcriptase-dependent replication is
the dominant mode of infected cell production during the chronic phase of infection.
Importantly, the existence of large infected cell clones also implies selective (we hypothesize
Tax-driven) proliferation rather than passive proliferation of infected cells. Infected cell
clones are frequently very large (1/1500-1/300 PBMC) [7,30], and such large selective
clonal expansion could not occur by normal homeostatic or antigen-driven proliferation:
antigen-specific CD4* cell clones are typically very small [31] and do not reach frequencies
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of 1 cell in 10,000 even during chronic infection such as acute infectious mononucleosis
[32].

Viral escape from CTLs

Unlike HIV, CTL escape mutants of HTLV-1 do not become established in the proviral
population [21,22]. Two important differences could reduce the likelihood of escape in
HTLV-1. First, because of the infrequency of infectious transmission, HTLV-I generates
fewer mutants than HIV-1 [6]. Second, the immunodominant Tax protein is intolerant of
mutations: naturally occurring escape mutations in Tax severely impair the transactivation
function of Tax [21]. Furthermore, the fax gene overlaps with rex, which places further
functional constraints on any mutations. Therefore, it seems that HTLV-1 depends on
approaches other than CTL escape to persist in the host.

Determinants of proviral load

Expression of Tax both increases infected cell division (and thus the proviral load) and
exposes infected cells to effective immune surveillance, thus decreasing proviral load. The
balance between these two opposing factors will determine the net effect of Tax expression.
Whereas the standard model predicts that Tax expression will decrease the proviral load, the
alternative model predicts that Tax expression will increase the load.

Both the rate of CD8" cell lysis and the probability that an infected cell expresses Tax are
independent, significant predictors of an individual’s proviral load [33]. A high proviral load
was associated with a low rate of CTL lysis and with a high probability of Tax expression by
an infected cell (Figure 2c). Together, the rate of lysis and the probability of Tax expression
predicted almost half of the between-individual proviral load variation: 30% of the proviral
load was predicted by the CTL lysis rate, and 13% was predicted by the probability of Tax
expression in an infected cell. These data are consistent with the alternative model and
suggest that the net effect of Tax expression is to increase proviral load. That is, the positive
effect of Tax expression on cell division outweighs the negative effect of exposure to the
immune response. Furthermore, as expected, the net benefit to the virus (increase in proviral
load) conferred by Tax expression was lower in individuals with a strong CTL response than
in individuals with a weaker CTL response [33] (Figure 3).

Determinants of HAM/TSP risk

A high proviral load is a significant risk factor for the development of HAM/TSP [34]. If
CTLs do indeed play a major role in controlling proviral load, then a strong CTL response
that reduces the proviral load should be associated with protection from HAM/TSP. This was
borne out by an immunogenetics study in Kagoshima [18,35] in which two HLA class |
alleles that were associated with a reduced proviral load in healthy carriers were also
associated with a lower incidence of HAM/TSP.

How can a high proviral load cause disease when most of that proviral load is not expressed?
The answer again appears to be that the small proportion of infected cells that do express
viral proteins play a crucial role. The CD4* cell population from HAM/TSP patients
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expresses higher levels of zax MRNA [3,36] than CD4" cells from ACs. Moreover, infected
cells from HAM/TSP patients had a significantly higher probability of expressing Tax
protein than infected cells from ACs (Figure 2c¢) [33]. The probability of Tax expression was
a significant predictor of HAM/TSP status [33] and correctly classified 89% of subjects
independently of proviral load. We therefore suggest that proviral expression itself plays an
active part in the pathogenesis of the inflammatory disease, and that the well-documented
association between a high proviral load and HAM/TSP [34] arises because both result from
proviral expression [37,38]. Consistent with both the observation that Tax expression is
significantly higher in HAM/TSP patients and that Tax expression drives cell division, it has
recently been shown that CD4*CD45RO* (‘memory’) T cells proliferate significantly faster
in vivoin HAM/TSP patients than the same cell population in healthy carriers [16], and that
CD4*CD45RO™ T-cell proliferation /n vivo is directly correlated with Tax expression.

The host-virus interaction

The emerging picture of HTLV-1 suggests that two chief aspects of the host-virus interaction
— the efficiency of the cellular immune response and the rate of spontaneous HTLV-1
expression — determine the outcome of HTLV-1 infection, that is, the HTLV-1 proviral load
and the risk of the associated inflammatory diseases HAM/TSP. We hypothesize that the
reason why HAM/TSP patients have a higher proviral load at a given rate of lysis (Figure
2b) — a picture that is qualitatively repeated if CD8*-cell lytic activity is measured by mRNA
expression (Figure 2a) — is that infected cells from HAM/TSP patients have a higher
probability of Tax expression (Figure 2c¢), which drives both infected cell proliferation and
disease. We find that subjects with the highest proviral loads (upper right-hand quadrant in
Figure 4) have infected cells that express Tax readily combined with a weak CTL lytic
response. Subjects with the lowest proviral loads (lower left-hand quadrant in Figure 4) have
both an effective CTL response and infected cells that express Tax less frequently. Subjects
with intermediate proviral loads (upper left and lower right-hand quadrants in Figure 4)
either have a good CTL response but infected cells that rapidly express Tax or a poor CTL
response but infected cells that are largely latent. The observed difference in probability of
Tax expression can explain the previously puzzling observation that subjects with a low
proviral load can develop HAM/TSP, whereas others with a higher proviral load can remain
asymptomatic.

Lessons drawn from the HTLV-1 system

The increasingly detailed picture of HTLV-1 persistence makes possible certain inferences
that are of general significance in persistent viral infections.

Importance of CTLs in determining viral load

The HTLV-1 system provides the most direct evidence to date that CTLs can determine load
in a retroviral infection [17]. This conclusion has been widely suspected, but clear evidence
in natural human infections has been hard to obtain. There is growing evidence, albeit less
direct [39-41], that CTLs similarly make a significant impact in HIV-1 infection. CTL lysis
of HTLV-1-infected cells appears to be considerably more rapid than CTL lysis of HIV-1-
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infected cells [42], although different methods of quantification make direct comparison
problematic.

CTL efficacy in viral infections cannot be inferred from CTL frequency

Studies of the correlation between CTL frequency and viral load, notably in HIV-1 infection,
have given contradictory results [43-45]. Recently, a hypothesis has been suggested to
explain this apparent contradiction [46,47]: certain CTL responses are ‘drivers’ that
effectively control viral infection and thus are negatively correlated with viral load, whereas
other CTL responses are merely ‘passengers’ that have no impact on viral infection and
passively follow viral load, leading to a positive correlation between the viral load and the
frequency of virus-specific passenger CTLs. While such an explanation is intuitively
appealing, we have previously shown that the feedback loop between CTL frequency and
viral load (high CTL frequency lowers viral load, leading to reduced antigen stimulus and
thus reduced CTL frequency) makes it impossible to predict the direction of correlation
between the frequency of a driver CTL response and viral load without several implicit
assumptions that cannot be justified [48]. This argument is supported by data from the
HTLV-1 system. In HTLV-1 infection in Japan, HLA-A*02 was associated with a
significantly lower proviral load and significantly reduced HAM/TSP prevalence [18]: HLA-
A*02-restricted responses would thus be classified as ‘driver’ responses, and a negative
correlation between frequency and proviral load would be predicted. It is not known which
HLA-A2-restricted CTL response confers protection, but the HLA-A2:Tax11_19 response
probably plays a significant role because the affinity of Tax;1_19 for HLA-AZ2 is unusually
high [49], and the Taxq1_19-Specific response is frequently immunodominant [50]. However,
within HLA-A*02* individuals, both the frequency of CTLs specific for the
immunodominant epitope Tax11-19 and the frequency of all HTLV-I-specific CTLs was
observed to correlate positively with proviral load rather than negatively [43,51,52]. We
suggest that inferring CTL control from the correlation between CTL frequency and viral
load might be misleading. Measurement of CTL function, for example by killing assays ex
vivo [25,53] or in vivo[42,54] in both HIV and HTLV-1 infections, appears to provide the
most direct and coherent understanding of the importance of the CTL response.

Comparison of strategies of viral persistence

Many persistent viruses have evolved mechanisms to evade or disrupt the host immune
response; indeed, it has been hypothesized that such mechanisms are essential for viral
persistence [55]. Some viruses such as HIV-1 or cytomegalovirus (CMV) subvert the
immune response by disrupting major histocompatibility complex (MHC) class |
presentation of antigen [56,57], while others such as Epstein Barr virus (EBV) have evolved
complex, two-phase life cycles to restrict viral gene expression [58]. HTLV-I does not
appear to rely on any such mechanisms. Putative CTL escape mutants of HTLV-1 fail to
become established [21,22]. Partial MHC class | downregulation by p12l has been described
in vitro[59], but, conversely, Tax upregulates class | expression [60]. Moreover, in primary
cells, there is no evidence for loss of class | from the cell surface ([38] and S. Sowinski,
pers. commun.). More directly, ex vivo CTLs from infected subjects are able to lyse
HTLV-1-infected cells very efficiently [24,25]. It is possible that HTLV-1, a small (9 kb)
genetically stable virus, has limited opportunity to use more sophisticated methods of
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persistence. Instead, it appears simply to out-pace the immune response, replicating faster
than it is killed.

Future questions

This work raises several important questions. In particular:

. What factors other than HLA genotype determine the efficiency of the antiviral
CTL response? Variation between individuals in antiviral CTL efficiency might
explain the different outcomes of viral infections and the effectiveness of
antiviral vaccines.

. What determines the rate of expression of the HTLV-1 provirus? There is
significant variation between individuals in the probability that an HTLV-1
provirus is expressed in a given time, and a higher probability is associated with
a higher risk of the inflammatory disease HAM/TSP. Possible factors include
epigenetic changes and the genomic integration site of the HTLV-1 provirus.

. How can we reconcile low-level viral expression with a large contribution of
CTL in controlling proviral load? We suggest here that CTLs control the proviral
load of HTLV-1 despite the low proviral expression rate /n7 vivo because CTLs
attack the key point in the viruses life cycle — virus-driven host-cell proliferation
— that maintains the proviral load. While existing experimental data are
consistent with this conclusion, further corroborative evidence needs to be
obtained, for example, from assays of HTLV-1 expression and load in plausible
animal models of HTLV-1 infection.

Answering these questions will enable us to understand what constitutes an effective CTL
response, what determines an individual’s risk of developing HAM/TSP, and how the
immune response can be effective despite frequent viral latency.
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Figure 1.

Ag alternative model of HTLV-I persistence: active proliferation of Tax-expressing cells. We
propose that, at any one time, the majority of infected cells making up an individual’s
proviral load are not expressing viral protein. Every day, a small proportion (0.03%—-3%) of
infected cells express Tax (and possibly other viral proteins). The trigger for Tax expression
is unknown but might include cell division or the cytokine microenvironment (e.g. IL-2 or
IL-15). These Tax-expressing cells proliferate more rapidly than silently infected and
uninfected cells, leading to the selective expansion of infected cells and an increase in
proviral load. This increase in proviral load is counterbalanced by an efficient HTLV-I-
specific CTL response that rapidly kills Tax-positive cells. Tax expression is then silenced in
the majority of surviving cells. The mechanism of such transcriptional shutdown is not fully
understood: the viral proteins HBZ, Rex, and p30l1, as well as epigenetic modifications have
been shown to regulate HTLV-I gene expression and might play a role. In this model, an
increase in Tax expression would lead to an increase in proviral load. In this model, we
consider only nonmalignant HTLV-1 infection. The dynamics of adult T-cell leukaemia
cells, which are malignantly transformed and usually proliferate independently of 1L-2, will
be different. Source of parameter estimates: average life span of a silently infected cell (30
d): assumed to be the same as the life span of an uninfected cell of the same phenotype
(CD4*CD45R0™) [61]. Rate of Tax expression (0.03%—3% per d): [16]. Average life span of
a Tax-expressing cell (1 d): the life span of Tax-expressing cells depicted is the upper limit
in the infected cell life span imposed by CTLs (i.e. it is the life span of an infected cell if
CTLs were the only factor contributing to infected cell death; life span = 1/rate of CTL lysis)
[25]. In this figure, we depict average values of the parameters; in Figure 4, we show how
the values of these parameters differ in examples of actual infected individuals.
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Figure 2.
CD8™ cell Iytic activity, proviral load, HTLV-1 Tax expression, and disease. A negative
correlation between proviral load and CD8* cell lytic activity can be observed in both
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asymptomatic carriers (ACs) (solid triangles) and HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP) patients (open squares). (a and b) This was true whether

lytic activity was measured (a) by expression of lytic genes or (b) by an ex vivokilling

assay. When ACs and HAM/TSP patients with similar lytic activity were compared, the
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this is because infected cells from HAM/TSP patients have a significantly higher probability
of expressing Tax protein, which drives cell proliferation and increases proviral load [33].
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Figure 3.

Tr?e net effect of HTLV-1 Tax expression on proviral load. Tax has both positive and
negative effects on proviral load. The former occurs because Tax expression drives host T-
cell proliferation, and the latter occurs because Tax expression facilitates detection and
elimination by the host cytotoxic T lymphocyte (CTL) response. The balance between these
two opposing factors determines the net effect of Tax expression on proviral load. (a) The
predicted net effect of Tax expression on proviral load within hosts with CTL responses of
differing efficiency. As the CTL response becomes stronger, the net positive effect of Tax
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expression on proviral load is predicted to decrease [33]. (b) The net effect of Tax
expression on HTLV-I proviral load was estimated by grouping individuals with similar rates
of CTL lysis and then measuring the difference in proviral load between individuals whose
infected cells had a high rate of Tax expression and individuals whose infected cells had a
low rate of Tax expression; the difference in proviral load was plotted as a function of the
group’s rate of CTL lysis. We found that Tax expression was always associated with an
increase in HTLV-I proviral load, and that the net effect of Tax expression on proviral load
decreased as the rate of CTL lysis increased [33]. There is thus a good correlation between
the theoretically predicted pattern of provirus expression and actual patient data.
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Figure 4.

Both sides of the host-virus interaction affect proviral load and HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) risk. A total of 30% of between-
individual variation in proviral load is explained by the rate of CTL lysis [25]; 13% is
explained by the probability of Tax expression of infected cells [33]. The probability of Tax
expression of infected cells predicts 89% of HAM/TSP cases [33]. We have observed HTLV-
I-infected subjects in all four categories [25,33], e.g. (a) patient TAY has a high rate of CTL
lysis of 600% per d (Tax* cell life span = 0.2 d) and a high probability of Tax expression: the
patient has HAM/TSP and a proviral load of 2%; (b) patient TBG has a low rate of CTL
lysis of 20% per d (life span = 5 d) and a high probability of Tax expression: the patient has
HAM/TSP and a proviral load of 16.4%; (c) patient HBD has a high rate of CTL lysis of
540% per d (life span = 0.2 d) and a low probability of Tax expression: the patient is
asymptomatic and has a proviral load of 0.001%; (d) patient HS has a low rate of CTL lysis
of 3% per d (life span = 30 d) and a low probability of Tax expression: the patient is
asymptomatic and has a proviral load of 5.8%.
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Summary of the key similarities and differences between two models of HTLV-1

persistence during stable chronic infection

Standard model:
Passive proliferation of latently infected cells

Alternative model:
Active proliferation of Tax-expressing cells

Similarities

Level of Tax expression

Infected cell propagation

Differences

HTLV-1 persistence

Production of new infected cells

HTLV-1-specific CTL

syduosnuelA Joyiny sispun4 DA @doing ¢

HAMI/TSP occurrence

Impact of increased Tax
expression (other factors
unchanged)

The majority of infected cells do not express Tax in a
day.

Most infected cells are produced by division of a
provirus-positive cell; de novo infectious events
make little, if any, contribution.

Latency is essential for persistence.

Latent integrated proviruses are ‘passively’
replicated when the host-cell divides. There is no
selective proliferation of infected cells.

CTL have few targets and thus have minimal impact
on proviral load.

HAMI/TSP is associated with reactivation of HTLV-1
after a long period of viral and clinical latency.

Proviral load would decrease (because previously
latent cells would be exposed to immune
surveillance).

The majority of infected cells do not express Tax
in a day.

Most infected cells are produced by division of a
provirus-positive cell; de novo infectious events
make little, if any, contribution.

Tax-driven proliferation is essential for
persistence.

Tax protein drives infected cell proliferation.
There is selective proliferation of infected cells.

CTL inhibit the key pathway of viral persistence
and thus have a significant impact on proviral
load.

HAM/TSP is associated with a high continuous
rate of Tax expression.

Proviral load would increase (because Tax-driven
proliferation would exceed CTL lysis).
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