L.E Pereira et al./Cellular Immunology 259 (2009) 165-176

100

Total NK cells

A40
AR 1
20
0 . : : ' =

Baseline Week2 Week3 Weekd4 WeekS

Tatal CO4+ T-cells

100

B T e e %
30 SR 80
IR e 0

1 e 60

20 -

15 4 SN 0

10 1 B o 30

5 1 i - 20

0 . . . . ; 10

Baseline Week2 Week3 Week4 WeekS

P

Frequency of lymphocytes (%, as a fraction of

Frequency of o,p,+ cells (%, as a fraction of indicated cell lineage/subset)

S Total 8+ T-cells 120
EC 8O oo s e o 100
60 4 a0

a0 - 60

20 S e e e e e 40

o . , . ’20
Baseline Week2 Week3 Weekd4 Week S 0

o3 4~

173
’ AN e A I ) 2,3+ NK cells
v 1 \ ——CO3L00
N\ st
A § oo
\ / / \ T ——CB15-0056-—
| sull L
Baﬂ;ﬁne Week 1 ) We«.kz ' Neer 3 "‘;;;““* v;e;!; 5

,3,+ CD4+ T-cells

GO
~w-CO4+ Native
—CO4+ TCM
=CD4+ TEM

Basefine Waek | Waek 2 Week3 Wagkd Week 5

‘ 3+ CD8+ T-cells

~+CD8+

. ®CD8+ Naive
08+ TCM
=08+ TEM

Baseline Week 1 Week2 Week3 Weekd Week §

Time post SV infection

Fig. 8. Acute SIV infection in RM leads to a decline and/or mobilization of select asp;+ lymphacytes. Longitudinal analysis of the frequency of (A) total and a,fi;+ NK cell
subsets, {B) total and oB;+ CD4+ T-cell subsets and (C) total and ayp,+ CD8+ T-cell subsets during the acute phase of SIV infection in RM. The frequency of total NK cells, CD4+
T-cells and CD8+ T-cells (left panels) was determined in 4 RM that were experimentally infected with SIVmac239. Isolated PBMC were also stained with biotinylated murine
a4f; mAb followed by streptavidin PE-Cy7 and the frequencies of indicated o,8,+ lymphocyte subsets {right panels) in the periphery were monitored by flow cytometry every
week for 5 weeks post infection. Shown are the mean frequencies for each cell subset at the indicated time points. Changes, if any, in ABS are described in the text.

noted at week 2 post infection. Levels of ABS returned to near base-
line values for the cytolytic osf,+ CD16+CD56— NK subset by week
5 but remained elevated for oyp,+ CD16+CD56+ NK cells,

With regards to CD4+ T-cells, a steady decline in the frequency
of total CD4+ T-cells was observed (Fig. 8B, left panel) and while a
20-30% decrease in the frequency of total oyp,+ CD4+ T-cells and
the ouB,+ naive subset was observed by week 2, no significant
changes were noted in the frequency of oyp,+ TCM and oufr+
TEM subsets (Fig. 8B, right panel). However, the analysis of ABS
at week 2 revealed a significant 2-3-fold decline in all three
olqB7+ CD4+ T-cell subsets with the largest decrease being observed
for oL4B,+ naive and o+ TCM subsets (data not shown). The levels
of these subsets remained low with a modest increase in ABS being
observed at week 5 post infection. No significant changes in the
frequency of ayf,+ CD8+ T-cells and its op,+ subsets were ob-
served during the acute infection period (Fig. 8C, right panel).
However, in contrast to oyp,+ CD4+ T-cells, a slight increase in
the ABS of a4B,+ CD8+ T-cells and its subsets were noted at week
2 post infection, with the largest increase (2-fold) being noted for
the o4p,+ TEM subset (data not shown). The ABS of the o,p+
CD8+ TCM subset remained steady but by weeks 4 and 5, an
approximately 2-fold decline in the ABS of the a4p,+ CD8+ naive
and oyp;+ CD8+ TEM subsets were observed. There were no signif-
icant changes observed in the frequency of oyB,+ B-cells and there
was no clear trend noted in ABS of B-cells during acute SIV-infec-
tion (data not shown),

4. Discussion

The implications of oyB; expression patterns on the ability of
distinct cell populations to home to gut mucosal sites have led to
efforts to understand both the mechanism behind the substantial
decline in CD4+ T-cells in HIV/SIV pathogenesis as well as mecha-
nisms underlying the trafficking of lymphocytes that would natu-
rally replace and potentially help in the control of viral
replication at this site of infection. A recent study by Arthos et al.
[16] demonstrated that not only was there a direct interaction be-
tween o4f; and the HIV envelope protein gp120 but that depend-
ing on the viral isolate, there was considerable variability in the
efficiency with which this binding occurred. Thus, in addition to
offering one explanation for the rapid decline in mucosal memory
CD4+ T-cells during acute HIV infection, these observations also
raise the possibility that targeting gp120-o,p; interactions in vivo
may interfere with optimal binding, perhaps limiting and/or inhib-
iting the establishment of a successful viral infection, Studies of
in vivo blocking studies in mice using antibodies against o4, have
already laid the foundation for blocking such receptor ligand inter-
actions in the trafficking of T-cells to intestinal tissues [39,40]. Sev-
eral antagonists for the gut-homing markers o4f; and even CCR9
are currently in clinical development for the treatment of inflam-
matory diseases, which include humanized anti-oup; antibody
and the use of a small molecule CCR9 inhibitor such as Traficet-EN™
(ChemoCentryx) for the treatment of Crohn’s disease and ulcera-
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tive colitis [41,42]. Exploiting this approach in the context of HIV
pathogenesis may prove to be effective since an anti-o,p; blocking
or depleting antibody may have preventative or therapeutic ef-
fects. Given the limitations of our knowledge of the potential con-
sequences that such therapy would have in HIV patients, the
studies presented herein therefore set out to first characterize
o4f; expression patterns in RM, the non-human primate model
of AIDS, and then proceeded to evaluate the safety and efficacy
of a Rh-o4B; mAb which is a recombinant primatized construct
of the original murine ouf; mAb that has previously been shown
to specifically recognize the o4, heterodimer.

While the analysis of auB; expression on various lymphocyte
subsets from RM revealed expression patterns that are basically
very similar to what has been reported for human lymphocytes,
some notable differences were observed. First, ot4B; expression lev-
els on CD8+ T-cells and particularly B-cells in RM were predomi-
nantly low which is in contrast to what has been observed on
these two lymphocyte subsets in humans. This may possibly be
due to a species-specific difference although it should be noted
that even in humans, considerable variability in o8, density was
reported at least for B-cells and this appeared to be age-related
[10]. Second, our results showed that o,8;"® is expressed on
mostly peripheral CD4+ TCM T-cells (as defined by CD28, CD95
and CCR7 expression) with CD4+ naive and TEM cells being pre-
dominantly oyB,'°%, and only a small frequency of o,p;,"5" CD4+
cells were observed in GALT samples which was unexpected. These
observations raise the question of whether high densities of o,
are truly required for mobilization to the gut or if significant down-
regulation of o4, expression occurs after o,p,+ lymphocytes have
trafficked to this mucosal target site, More detailed trafficking
studies of oyB;'°" and ayp,"=" [ymphocytes will be required to bet-
ter address this issue. Nonetheless, our observation of op,M&h
expression levels on predominantly CD4+ memory T-cells in com-
bination with the recent finding by Arthos et al. regarding the
binding of HIV gp120 to ayp,, offers further support for why this
cell subset is relatively more susceptible to infection and depletion
early in infection. However, our analysis of cellular VL in purified
olafr+ and oB;— CD4+ T-cell populations from chronically SIV-in-
fected RM suggest no preferential replication of SIV in cB,+ cells
over oufi;— subsets although studies are being pursued by us to
determine cellular VL in more specific aup7°% and a,4p,"# subsets,
particularly in acutely SIV-infected animals, to elucidate the sus-
ceptibility of these cell populations to infection and subsequent
depletion. Replacing this depleted population via infusion methods
is not implausible as our current study showed that high levels of
a4P7 expression an CD4+ T-cells can be effectively induced in vitro
with RA. Thus, expanding these cells ex vivo for possible in vive
infusion experiments as a means to replenish CD4+ T-cells and/or
provide robust effector CD4+ T-cells that home preferentially to
the affected GI compartment is feasible. In support of this, a recent
study that involved the in vive tracking of infused CFSE-labeled
CD4+ ouPy+ T-cells that were expanded ex vive with anti-CD3/
CD28 Abs revealed that the gut tissues contained 2% of such la-
beled cells at 1 week following infusion (Villinger et al., manuscript
in preparation). While results of the in vitro RA assay did not reveal
any significant induction of o4, expression on CD8+ T-cells fol-
lowing a 5-day incubation period with RA, it is possible that the
kinetics of ouB; upregulation on this cell lineage may be delayed
in comparison to CD4+ T-cells and prolonged treatment with this
Vitamin A metabolite may lead to significant «,p; induction on
CD8+ T-cells,

Our analysis of osp; expression in the context of SIV infection
revealed rapid peripheral declines in select lymphocyte subsets
that include o+ CD4+ T-cells and o,B,+ NK cells primarily dur-
ing the acute phase. It is not clear whether these rapid peripheral
declines in of,+ CD4+ T-cells are due to induced trafficking to

the GALT, direct cytopathic effects of the virus, or both, Of impor-
tance, the declines in peripheral oyp,+ NK cells, particularly within
the cytokine-producing oup,+ CD16—CD56+ subset, suggest that
their trafficking to the GI track is induced as early as week 1, set-
ting in motion downstream SIV-specific adaptive immune re-
sponses at this major site of infection. In support of this view, a
decline in the ABS of ouB;+ naive and oLsp;+ TEM CD8+ T-cells oc-
curred in the periphery at weeks 4 and 5, after the noted decline in
o+ CD16—-CD56+ NK cells. If trafficking of asp,+ NK cells to the
GALT is indeed occurring, this again raises the question of whether
high densities of o4B; expression are truly required for trafficking
to this mucosal site since NK cells in RM were found to exhibit pri-
marily a a,f;'°% phenotype, as did CD8+ TEM cells. It is possible
that integrins other than o4B,; contribute to trafficking of certain
cell lineages to the GI tract. It is of interest to note that there were
minimal changes in the level of o4B,+ B-cells during acute SIV
infection, suggesting a less prominent role for this cell lineage in
the GALT or that other gut-homing receptors are upregulated on
B-cells during acute SIV/HIV infection.

Prior to in vivo administration of Rh-op; mAb, we confirmed
that this mAb had limited immunogenicity to minimize cellular
activation that could lead to additional cellular targets for SIV
infection therefore counteracting the intended preventive or ther-
apeutic effect of the antibody in future experiments with SIV-in-
fected RM. Experiments to evaluate the effect of this antibody on
general tyrosine phosphorylation in unfractionated PBMC or highly
enriched population of CD4+ T-cells failed to reveal any detectable
increase in phosphorylation when compared to untreated cells
(data not shown). An additional in vitro 3H-thymidine-based cell
proliferation assay revealed that Rh-a,8; at varying concentrations
(0.1-25 pg/ml) failed to induce detectable cell proliferation (data
not shown), thus lending further support for the observation that
Rh-o4f; does not induce detectable levels of cell activation at least
under these conditions. These data are distinct from a previous
study [43] which reported that immobilized o,p; mAb served to
co-stimulate T-cells when used in conjunction with sub-mitogenic
doses of anti-CD3 mAb. Similar approaches are therefore being
pursued in efforts to determine if in fact our Rh-ct4f; mAb has sim-
ilar effects. The administration of Rh-oB; in vivo, even at a high
dose of 50 mg/kg was however well tolerated. Importantly, the
substantial decline in the frequency and ABS of o8+ lymphocytes
in both the periphery and GALT on Day 1 suggests that Rh-v,p,
successfully exerted its effect in vivo. Although the reduction in
ABS and frequency of oup;+ lymphocytes in the periphery and
GALT, respectively, suggests a true decline in these cell popula-
tions, the redistribution of these lymphocytes to other compart-
ments cannot be ruled out. For future experiments, it would also
be important to determine if such a decrease in ABS also occurs
in the GALT following Rh-osB; administration.

During the course of this experiment, two additional observa-
tions were made which provided important information about both
the mAbD itself and the nature of the cells that it targets, First, a
recovery of B, integrin+ lymphocytes was noted in the periphery
at Day 5 and thereafter but the level of osp,+ [ymphocytes detected
by murine o487 mAb was still negligible for >6 weeks after Rh-osp;
administration, suggesting that circulating Rh-op; cross-blocked
newly produced and/or newly trafficking oup,+ cells upon entry
into the periphery thereby blocking their detection by the murine
mADb. The finding that the primatized mAb remained in circulation
for up to 40-50 days also suggests long-term in vivo stability and
that it was unlikely that the monkeys generated an immune re-
sponse to this antibody, which otherwise would have exhibited a
faster in vivo clearance. Second, our results also revealed that the
extent of decline was not uniform among the cell lineages, with a
slightly less pronounced decrease being noted for asf;+ B-cells in
the periphery and GALT. It is possible that differences in the tissue
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specific redistribution of these cell lineages and/or rates of cell turn-
over account for this difference, since it has been reported that B-
cell turnover in RM occurs at a rate faster than T-cells {44,45]. Thus,
the observed lower level of decline of o4B,+ B-cells may be due to
quicker neogenesis/replacement of these lymphocytes and perhaps
a more substantial decrease may have been observed in the hours
immediately following Rh-of; administration. Nonetheless, these
data collectively demonstrate that Rh-o4B; can be safely adminis-
tered and results in remarkably efficient cross-blocking of the
t4B; receptor and perhaps even a decline due to redistribution
and/or depletion of a,f;+ lymphocytes, particularly T-cells which
ultimately is the target cell lineage of interest. These observations
lay the foundation for future chronic dosing experiments with Rh-
a4f; in acutely and chronically SIV-infected animals. Whether
chronic dosing of this mAb leads to safe and sustained cross-block-
ing, depletion and/or redistribution of of,+ lymphocytes remains
to be determined and is the current focus of study in our laboratory,
as are studies to determine the potential preventative and/or ther-
apeutic effects of Rh-ouB; during early viral infection.
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The development of multidrug-resistant viruses compromises the efficacy of anti-human immunodefi-
ciency virus (HIV) therapy and limits treatment options. Therefore, new targets that can be used to
develop novel antiviral agents need to be identified. One such target is the interaction between Vpr,
one of the accessory gene products of HIV-1 and Importin o, which is crucial, not only for the nuclear
import of Vpr, but also for HIV-1 replication in macrophages. We have identified a potential parent com-

KEYW"(dS{ . pound, hematoxylin, which suppresses Vpr-Importin « interaction, thereby inhibiting HIV-1 replication
s;‘i‘l inhibitor in a Vpr-dependent manner. Analysis by real-time PCR demonstrated that hematoxylin specifically inhib-
Nuclear import inhibition ited nuclear import step of pre-integration complex, Thus, hematoxylin is a new anti-HIV-1 inhibitor that
Importin & targets the nuclear import of HIV-1 via the Vpr-Importin o interaction, suggesting that a specific inhib-
Small molecule itor of the interaction between viral protein and the cellular factor may provide a new strategy for HIV-1
Macrophage therapy.

© 2009 Elsevier Inc. All rights reserved.

Macrophages are a major target of human immunodeficiency
virus type 1 (HIV-1) and serve as a viral reservoir for the release
of small amounts of viral particles in symptomatic carriers [1].
HIV-1 in latently infected macrophages in some lymphoreticular
tissues cannot be eradicated by highly active anti-retroviral ther-
apy (HAART), and these cells may produce viral particles that can
spread throughout the body [2]. A striking feature of HIV-1 is its
ability to replicate in non-dividing cells, in particular, macro-
phages. Replication in non-dividing cells depends on the active nu-
clear import of the viral pre-integration complex (PIC) [3]. The HIV-
1 PIC exhibits biophysical properties typical of a large nucleo-pro-
tein complex and contains the viral proteins reverse transcriptase,
integrase (IN), nucleocapsid, Vpr, and small amounts of matrix
(MA), in addition to the viral nucleic acids [4-7). Three PIC-assaci-
ated proteins, MA, IN, and Vpr, have been proposed as karyophilic
agents that act probably via their interactions with Importin (Imp)
o, Imp B, and/or Imp 7 [8]. In addition, a recent study indicates that
transportin-SR2, which shuttles the essential splicing factor, medi-
ates PIC nuclear import, thereby facilitating HIV infection {9).
Moreover, a novel partner, tRNA, has been shown to facilitate PIC

* Corresponding author, Fax: +81 48 462 4399,
E-mail address: aida@riken.jp (Y. Aida).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved,
doi;10.1016/j.bbrc.2009.01.180

nuclear import [10]. However, the molecular mechanisms of PIC
nuclear import and its role in viral replication in macrophages
are still not completely understood.

Several studies have shown that Vpr is essential for the nuclear
import of PIC in macrophages [11,12], while others do not support
such observations [13]. However, our studies have clearly shown
that Vpr is targeted to the nuclear envelope and then transported
into the nucleus by Imp a alone, in an Imp B-independent manner
[12,14]. Furthermore, the interaction between Imp o and the N-ter-
minal o-helical domain (oH1) of Vpr, amino acid residues 17-34, is
indispensable, not only for nuclear import of Vpr, but also for HIV-1
replication in macrophages [12]. Thus, it appears that Vpr-Imp o
binding precedes a novel nuclear import process, which is a poten-
tial target for therapeutic intervention in macrophages, which is
crucial for subsequent viral spread to lymphoid organs and T-helper
lymphocytes [15]. In addition to nuclear transport, Vpr also has
other important functions, including the induction of cell cycle ar-
rest at the G, phase [16], the regulation of apoptosis [16,17] and
splicing [18,19], carried out through interactions with a variety of
cellular partners. These observations suggest that drug targeting
of Vpr may lead to pleiotropic effects on the HIV life cycle.

As a promising target for blocking HIV-1 replication in macro-
phages, by screening a large collection of chemical compounds,
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we here discovered several compounds that selectively inhibit the
nuclear import of Vpr in an Imp a-dependent manner. Importantly,
hematoxylin blocks HIV-1 replication in a Vpr-dependent manner
in macrophages by blocking the nuclear import of PIC, but does
not block Vpr-induced G, cell cycle arrest, the virion incorporation
function of Vpr and nuclear import of karyophilins, which possess
the classical nuclear localization signal (cNLS).

Materials and methods

Enzyme linked immuno-sorbent assay (ELISA)-based binding assay.
The wells of 96-well microplates (NUNC) were coated with an anti-
glutathione S-transferase (GST)-specific monoclonal antibodies
(MAD) (Sigma) in 50 mM NaHCO; (pH 9.8) for 6 h at 4 °C. After
washing the wells, GST or GST-N17C74 (0.5 pgfwell) in phos-
phate-buffered saline (PBS) containing 5% bovine serum albumin
(BSA) were added to the wells and incubated for 2 h at 4 °C. Imp
a-histidine tagg (Hisg) was added to the wells together with Imp
B or test compounds and incubated for 2 h at 4 °C. The horseradish
peroxidase (HRP)-conjugated anti-His tag MAb (Sigma) was added.
Following incubation at 22 °C for 1 h, the microplates were washed
three times and tetramethylbenzidine (TMB) (Pierce) was added.
After incubation at 37 °C for 30 min, the amount of surface-bound
Imp o was estimated by monitoring the optical density of the wells
at 450 nm using an ELISA plate reader {Wallac ARVO™ SX 1420;
Perkin-Elmer).

Viral infection assay. Primary macrophages in 24-well plates
were inoculated with vesicular stomatitis virus G (VSV-G) pseudo-
typed reporter virus [NL-Luc-E"R* (VSV-G) or NL-Luc-E"R™ (VSV-
G); 4 ng of p24 antigen], cultured in the absence or presence of
hematoxylin for 2 days, harvested, and lysed in luciferase assay
substrate (Promega). Luciferase activity was measured using a
Wallac ARVO™ SX 1420 luminometer (Perkin-Elmer). Moreover,
primary macrophages were exposed to diluted virus stocks (con-
taining 2 or 20 ng of p24 antigen), the JR-CSF strain of the HIV-1
macrophage-tropic virus for 3 h at 37°C. The cells were then
washed three times and seeded in a 24-well tissue-culture plate
(NUNC) for primary macrophages. Cells were maintained in
RPMI-1640 that contained 10% fetal calf serum. Culture superna-
tants were harvested at 4-, 8-, 12-, 16-day intervals for primary
macrophages and viral production was monitored by sequential
quantitation of p24 antigen in cell-free supernatants using an
HIV-1 p2488 ELISA kit (LUMIPULSE; Fuji REBIO).
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Quantitative real-time PCR. Real-time PCR for quantification of
total viral DNA, 2-long terminal repeat (LTR) circular DNA, was per-
formed as follows. Differentiated primary macrophages were in-
fected with VSV-G pseudotyped reporter viruses [NL-Luc-E"R*
(VSV-G) or NL-Luc-E"R™ (VSV-G)] containing 4 ng of p24 antigen
and genomic DNA was isolated at 24 h. Total DNA, 2-LTR DNA,
and B-globin were quantified with specific primers (2-LTR-for-
ward, ccctcagacccttttagtcagtg; 2-LTR-reverse, tggtgtgtagttctgecaat-
USgag reverse,
caagccgagtectgegt; B-globin primers were those used by Yamamot-
o et al. [20]).

Other assays. Other assays were described in Supplementary
materials.

Results

To identify compounds inhibiting HIV-1 replication, we focused
on the nuclear entry of HIV-1 via the Vpr-Imp o interaction as a
target for therapeutic strategies and performed ELISA-based bind-
ing assays using natural product libraries derived from microbial
and fungal metabolites. For these experiments, we used the Vpr
N17C74 fragment (containing residues 17-74), because this is a
functionally transportable region [12,14]. Among 49 compounds
that specifically inhibited the interaction between N17C74 and
Imp «, as measured by the ELISA-based binding assay (Fig. 1B),
one compound, hematoxylin, inhibited specific binding of Vpr to
Imp o in a dose-dependent manner, as assessed by in vitro pull-
down assays (Fig. 1A and C). Next, we tested the effect of this com-
pound in an in vitro nuclear import assay using digitonin-perme-
abilized Hela cells. Interestingly, Imp a-mediated nuclear import
of Vpr was dose-dependently inhibited by the addition of hema-
toxylin with a mean 50% inhibitory concentration (ICso) of 5 uM,
suggesting that hematoxylin is a potent small-molecule inhibitor
of Vpr nuclear entry. Furthermore, we demonstrated the effect of
hematoxylin on Vpr-mediated G, phase cell cycle arrest, which is
one of the major roles of Vpr in HIV-1 replication (Fig. 2B). Flow-
cytometry analysis showed that hematoxylin failed to inhibit the
Vpr-induced G, phase cell cycle arrest. The oH1 which is essential
for the nuclear import of Vpr appeared to be critical for the expres-
sion, stability and incorporation of Vpr into the viral particle
[14,21]. Therefore, we analyzed whether hematoxylin has an effect
on the incorporation of Vpr into viral particle using the virion
incorporation assay. Hematoxylin had no effect on the virion incor-

hematoxylin F
Vpr-GFP
DMSO o
GST-Imp a -Hisg T T T
GST - - .
N17C74-GFP-Hisg + 0+ -+ o+
GFP e T
hematoxylin - -« - 1 10 100 (xM)

Fig. 1. Identification of a small-molecule that inhibits the interaction between Vpr and Imp c. (A) Chemical structure of hematoxylin. (B) Binding of GST-N17C74 to Imp o~
Hisg was quantified using an ELISA-based binding assay. The bound GST-N17C74 was incubated with Imp a-Hisg in the absence () or presence (+) of Imp B or hematoxylin.
Bound Imp o-Hiss was detected using a HRP-conjugated anti-His MAb. The data are presented as means * standard deviation of three independent experiments, The asterisk
(+} indicates a statistically significant difference (p < 0.05). (C) Glutathione-Sepharose beads coupled with GST-Imp «-Hiss or GST were incubated with N17C74-green
fluorescence protein (GFP)-Hiss or GFP in the absence (-) or presence of 1, 10 or 100 uM hematoxylin, or 1, 10 or 100 pl dimethy! sulfoxyde (DMSO). The bound fractions

were analyzed by Western blotting with anti-GFP MAb,
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Fig. 2. Hematoxylin inhibits the nuclear import of Vpr by Imp o. (A) Nuclear import of Vpr by Imp o. Digitonin-permeabitized Hela cells were incubated with 1 uM of GST-
N17C74-GFP-Hisg in the absence {—) or presence (+) of 2 uM Imp o, or the indicated concentration of hematoxylin. After fixation, cells were analyzed by confocal laser-
scanning microscopy. Bar = 10 um. (B) Vpr-mediated G, arrest. Hela celis were transfected with pME18Neo encoding Flag-tagged Vpr, or the pME18Neo-Flag, together with
pEGFP-N1, At 42 h after addition of 1, 5 or 10 pm hematoxylin, cells were fixed and stained with propidium iodide (PI) for analysis of DNA content and GFP-positive cells were
analyzed by flow-cytometry, The proportion of cells in the G, phase is indicated at the upper right in each panel. (C) Incorporation of Vpr into viral particles. At 6 h post
transfection with pNL4-3, 293T cells were cultured in the absence or presence of hematoxylin, and viral particles were analyzed by Western blotting with anti-Vpr antibody
or anti-HIV-1 p24 MAb. (D) Stability of Vpr in HeLa cells. At 6 h post transfection with pME18Neo encoding Flag-tagged Vpr, Hela cells were cultured in the absence or
presence of hematoxylin cells were harvested, lysed and analyzed by Western blotting with anti-Flag M2 MAb and anti-GAPDH MADb.

poration function of Vpr (Fig. 2C). As regards the stability of Vpr,
Western blotting analysis showed that the expression level of
Vpr in Hela cells was not affected by hematoxylin 48 h post trans-
fection (Fig. 2D). These results clearly indicate that although hema-
toxylin has a specific effect on the nuclear import of Vpr, it does not
affect the ability of the Vpr to induce G, cell cycle arrest or the vir-
ion incorporation function of Vpr.

Given the key role played by Vpr in the nuclear import of PIC in
non-dividing cells, treatment of infected macrophages with hema-
toxylin might block HIV-1 replication. Initial experiments were de-
signed to determine a concentration of hematoxylin that could be
used with minimal effects on cell viability and cell cycle progres-
sion. We investigated the survival of hematoxylin treated human
primary macrophages. Macrophages were incubated with hema-
toxylin at various concentrations in complete culture medium for
15 days and cell viability was evaluated using a 3-(4, 5-dim-
ethylthylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) as-
say (Fig. 3A). For primary macrophages, hematoxylin was toxic
with a 50% cytotoxity concentration (CCsp) of >40 UM, respectively.
Hematoxylin had no effect on the host cell cycle progression, as
indicated by flow-cytometry analysis (Fig. 3B). Given the results
here, hematoxylin had no adverse effect on the cell growth and via-
bility of the cells at the 1Csq concentrations for the binding and nu-
clear import assays, determined in Figs. 1 and 2. Furthermore, we
tested whether nuclear import of the cNLS, which requires the for-
mation of a ternary complex of Imp B and Imp o, was inhibited by
hematoxylin. The cNLS-Imp o interaction and classical transport
were not inhibited by hematoxylin (Fig. 3C and D), implying that

hematoxylin has a specific action on the Imp a-mediated nuclear
import of Vpr.

Vpr is essential for the nuclear import of PIC in macrophages.
Therefore, specific inhibition of nuclear import by hematoxylin
via the Vpr-Imp o interaction led us to investigate whether
hematoxylin blocks HIV-1 replication in macrophages. Primary
macrophages were infected with the macrophage-tropic JR-CSF
HIV-1 strain at low viral input (2 ng of p24 antigen) and cultured
for 8 days in the presence or absence of hematoxylin at indicated
concentrations (Fig. 4A, left panel). Virus replication was moni-
tored at 4 or 8 days post infection by p24 ELISA. Hematoxylin
blocked virus replication efficiently and in a dose-dependent
manner, reaching inhibition levels up to about 50% and 70% in
4 and 8 days, respectively, at 20 uM (ICsp = 1.64 pM). Similarly,
results of infection at high viral input (20 ng of p24 antigen)
showed same tendency (Fig. 4A, right panel). Furthermore, to
confirm the effect of hematoxylin on HIV-1 replication in macro-
phages, macrophages were infected with a VSV-G-pseudotype
HIV-1 strain that encoded either the wild-type Vpr or a truncated
Vpr which can only support a single round of HIV-1 replication,
and cultured for 2 days in the absence or presence of 2.5, 5, 10
or 20 uM hematoxylin (Fig. 4B). When hematoxylin was added
at the time of infection, the replication of Vpr* virus was sup-
pressed by hematoxylin in a dose-dependent manner with a
mean of ICso of 5 uM (Fig. 4B). Importantly, levels of luciferase
activity of the Vpr~ virus were not effective in each concentration
of hematoxylin, indicating that inhibition of viral replication by
hematoxylin is a Vpr-dependent manner.
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Fig. 3. Analysis of the effect of hematoxylin on normal cell functions. (A) Differentiated primary macrophages were treated with the indicated concentrations of hematoxylin
for 15 days. Cell viability was determined using an MTT assay. (B) HeLa cells were treated with 10 uM hematoxylin for 48 h and cell cycle profiles were analyzed by flow
cytometry. (C) Glutathione-Sepharose beads coupled with GST-Imp a-Hisg or GST were incubated with ctNLS-GFP-Hisg or GFP as a control, in the absence (—) or presence of
hematoxylin or DMSO at indicated concentrations. The bound fractions were analyzed by Western blotting with a GFP-specific MAb. (D) Digitonin-permeabilized Hela cells
were incubated with GST-cNLS-GFP-Hisg in the absence () or presence (+) of hematoxylin and soluble factors as described previously [12], and then analyzed by confocal

laser-scanning microscopy. Bar =10 pum,

To determine the target of hematoxylin in HIV-1 life cycle, we
quantified the viral nucleic acid species present in macrophages
after infection. We analyzed the effect of hematoxylin on the for-
mation of late reverse transcripts, as an indicator of total viral
DNA (U5 gag as shown in the text), 2-LTR circular DNA, as a marker
for successful nuclear import of viral genomic DNA [22]. Treatment
with hematoxylin dramatically reduced the amount of 2-LTR circu-
lar forms without affecting the copy numbers of U5 gag total DNA
in a Vpr-dependent manner (Fig. 4C). These results strongly indi-
cate that the anti-retroviral activity of hematoxylin is likely to be
mediated by inhibition of HIV-1 nuclear transport, in macrophages,
rather than other steps, such as virus entry and virus maturation.

Discussion

In this study, we explored the anti-HIV activity of hematoxylin,
a compound screened by ELISA-binding assays to target the inter-
action between Vpr and Imp o. By targeting the Vpr-Imp o inter-
action, we successfully identified a compound inhibiting HIV-1
replication. This result indicates that a specific inhibitor of an inter-
action between a viral protein and a host cellular factor may pro-
vide a new therapeutic strategy for blocking HIV-1 replication.
Our results further demonstrate that hematoxylin can efficiently

block the nuclear import of Vpr and PIC, and potently blocked
HIV-1 replication with Vpr-dependent manner in macrophages.
By contrast, hematoxylin, did not inhibit HIV-1 replication in
peripheral blood mononuclear cells (PBMCs), which limits the
effectiveness of nuclear import inhibitors (unpublished data). This
result strongly suggests that Vpr-Imp o interaction is a valuable
new drug target which can be exploited for the development of
HIV-1 therapies targeting macrophages which cannot be eradi-
cated by HAART.

In present study, by targeting the interaction between Imp «
and oH1, we identified a compound inhibiting HIV-1 replication.
However, whether hematoxylin directly interacts with Imp o or
Vpr remains to be clarified. Recently, using a new hematoxylin
derivative and photo-cross-linked small-molecule affinity matrix
assay, we obtained evidence to suggest that hematoxylin deriva-
tive directly interacts with the o«H1 domain of Vpr, but does not
interact with Imp o (unpublished data). We postulate that hemna-
toxylin directly bind oH1 and that specifically inhibit Vpr-Imp o
interaction without disrupting the global structure of Vpr, because
hematoxylin did not inhibit the incorporation of Vpr into viral par-
ticle, which is mediated by the aH1 domain. Moreover, the modi-
fied Wu-Kabat variability index clearly showed that the «H1 of Vpr
is highly conserved among various HIV-1 strains, compared to the
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Fig. 4. Hematoxylin inhibition of HIV-1 replication depends on the Vpr in macrophages. (A} Macrophages were infected with HIV-1 {JR-CSF strain) at 2 ng (left panel}or 20 ng
{right panel} of p24 antigen in the absence or presence of hematoxylin. Cells were maintained for 4, 8, 12 and 16 days, and the levels of virus production in the culture
supernatants were measured by p24 antigen ELISA. (B) Macrophages from two healthy donors were infected with VSV-G-pseudotype virus encoded wild-type Vpr (closed
circle) or truncated Vpr {open circle) at 4.0 ng of p24 antigen, and cuitured in the absence or presence of hematoxylin. Proviral gene expression was analyzed by luciferase
assays 2 days after the infection. (C) Macrophages were infected with the VSV-G-pseudotype virus encoding wild-type Vpr or truncated Vpr at 4 ng of p24 antigen and
cultured in the absence or presence of 10 M hematoxylin, Total HIV-1 DNA and 2-LTR DNA were determined using real-time PCR at 24 h post infection. All samples were
tested in duplicate or triplicate, and the data are presented the mean levels of p24 antigen or luciferase activity.

o-helix 2 and o-helix 3 domains, suggesting that the «H1 domain
may play crucial roles in HIV-1 survival (unpublished data).
Although these data are preliminary, the fact that hematoxylin di-
rectly binds to aH1 predicts that HIV-1 resistance to hematoxylin
would occur far less frequently than resistance to other conven-

tional drugs. More importantly, understanding of the detailed
mechanism of the interaction between Vpr and hematoxylin is
essential.

Three HIV-1 proteins, Vpr, MA, and IN, have been proposed as
karyophilic agents that recruit the cellular nuclear import machin-

— 237 —



T. Suzuki et al./ Biochemical and Biophysical Research Communications 380 (2009) 838843 843

ery to the PIC [8]. Other machineries in addition to the Vpr likely
contribute to HIV-1 nuclear import; nevertheless, potent inhibition
of HIV-1 replication was achieved by hematoxylin inhibition of
Vpr-Imp o interaction. As shown in Fig. 4A, although hematoxylin
blocked viral replication efficiently, resulting in 70% on 8 or 16 day,
it did not block viral replication completely. This may indicate that
there are PIC nuclear import pathways that mediate PIC nuclear
import independently of the Vpr; for example, Imp 8, Imp 7, Imp
B/Imp 7 heterodimer and transportin-SR2 are involved in the nu-
clear import of PIC into macrophages. In addition, IN, MA, and
Vpr either work sequentially or synergistically to regulate PIC nu-
clear import.

Our results demonstrate that the Vpr-Imp o interaction, a virus
protein-cellular protein interaction, is a potential target for an
antiviral agent that inhibits nuclear entry. To clarify the mecha-
nism of action of hematoxylin, we are conducting ongoing studies
to analyze the crystal structures of the hematoxylin-oH1 domain
complex and the aH1 domain-Imp o complex. Detailed descrip-
tions of these interactions will provide new therapeutic strategies
for rational drug design. Nuclear import-blocking drugs may be
useful not only against HIV, but also against other viruses that re-
quire nuclear import for replication, such as the influenza virus,
hepatitis B virus, or herpes viruses. The development of such com-
pounds is likely to provide a valuable enrichment of our arsenal of
antiviral drugs.
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ARTICLE INFO ABSTRACT

Longitudinal studies of patients infected with HIV-1 reveal a long and variable length of asymptomatic
phase between infection and development of AIDS. Some HIV infected patients are still asymptomatic
after 15 or more years of infection but some patients develop AIDS within 2 years. The mechanistic basis
of the disease progression has remained obscure but many researchers have been trying to explain it. For
example, the possible importance of viral diversity for the disease progression and the development of
AIDS has been very well worked out in the early-1990s, especially by some important works of Martin
A. Nowak, These studies can give an elegant explanation for a variability of asymptomatic phase. Here, a
simple mathematical model was used to propose a new explanation for a variable length of asymptomatic
phase. The main idea is that the immune impairment rate increases over the HIV infection. Our model
suggested the existence of so-called “Risky threshold” and “Immunodeficiency threshold” on the impair-
mentrate, The former implies that immune system may collapse when the impairment rate of HIV exceeds
the threshold value. The latter implies that immune system always collapses when the impairment rate
exceeds the value. We found that the length of asymptomatic phase is determined stochastically between
these threshold values depending on the virological and immunological states. Furthermore, we investi-
gated a distribution of the length of asymptomatic phase and a survival rate of the immune responses in
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1. Introduction

The infection with HIV-1 is characterized by various patterns of
the disease progression among the patients [18,49]. Longitudinal
studies of the patients reveal a long and variable length of latency
(asymptomatic) phase between infection and development of AIDS
[3,13,28,45]. Some HIV infected patients are still asymptomatic
after 15 or more years of infection but some patients develop AIDS
within 2 years [4,27](the similar disease progression patterns are
also observed in SIV/SHIV infected individuals [2,21]). Although the
mechanistic basis of the disease progression has remained obscure,
several factors such as viral reproductive abilities and immune pro-
liferative abilities are considered as a cause of the diverse disease
progression [1,10,11,14,15,19,29,47].

Above all, the possible importance of viral diversity for the dis-
ease progression and the development of AIDS have been very well
worked out in the early-1990s, especially by some important works

* Corresponding author. Tel.: +81 53 478 1200; fax: +81 53 478 1200.
E-mail address: takeuchi@sys.eng.shizuoka.ac jp (Y. Takeuchi).

0165-2478/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.imlet.2009.03.007

of Martin A. Nowak [29-33]. These very interesting studies revealed
the potential existence of viral diversity threshold which states that
the viral load explodes when the diversity of virus strains exceeds
this threshold number. Although the diversity threshold theory
can give an elegant explanation for variability of asymptomatic
phase, there are several unverificational and skeptical points over
HIV/SIV/SHIV disease progression (for example, the difficulty of
detection of the number of quasispecies, the disease progression
without increasing the viral diversity, and the limitation of viral
diversity are included), and therefore it might be difficult to validate
this theory by experiments.

Here we construct a simple mathematical model describing
the interactions between HIV and immune cells and propose a
new explanation for the variable length of asymptomatic phase
in HIV infection. The main idea is that immune impairment effect
increases over the HIV infection. This idea is naturally justified by
progressive decrease of dendritic cell (DC) number and function,
which are crucial in generation and regulation of adaptive immu-
nity such as cytotoxic T lymphocytes (CTLs), during the course of
HIV infection [8,9,23,42,43,48].

Our model suggests the existence of two thresholds: one is
“Risky threshold” which states that immune system may collapse
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when the impairmentrate of HIV exceeds the threshold value (arisk
of immunodeficiency) and the other is “Immunodeficiency thresh-
old” which states that immune system always collapses when the
impairment rate exceeds the value (a fatality of immunodeficiency).
We found that the length of asymptomatic phase is determined
stochastically between these threshold values depending on the
virological and immunological states. Furthermore, we investigated
a distribution of the length of asymptomatic phase and a survival
rate of the immune responses in one HIV patient.

2. Methods

After encountering HIV in the peripheral blood, DCs mature and
travel to lymphoid organs {8,18]. The matured DCs present HIV on
MHC class I to prime CD4*T cells to become activated CD4*T cells
which can secrete helper signals (e.g. 1L-2) [14,18]. Furthermore,
the DCs cross-present HIV on MHC class I to prime CD8'T cells.
By receiving antigen signal from the DCs and helper signal from
activated CD4*T cells, CD8* T cells expand and differentiate into
CTLs to kill HIV infected cells [18,26G,41,49]. Here we use a sim-
ple mathematical model describing the interactions between HIV
and immune cells and explain about our modeling approach, basic
assumptions, and scenario in detail.

2.1. Dynamics of HIV replication and CTL inducement

Asdescribed in [5,44], we only consider activated CD4* T cells (x)
as target cells for HIV. This is because other cell populations bear-
ing CD4 molecule such as naive CD4*T cells, resting CD4* T cells
and macrophages are less commonly infected by HIV compared
with activated CD4* T cells [5,14,44}. We assume that activated
CD4*T cells are produced at a rate of A cells day~!, decay ata rate d
day~1[5,44], and can become infected at a rate proportional to the
number of infected CD4*T cells (y) with transmission rate constant
Bday~'cell=1[17,47]. The infected CD4*T cells are assumed to decay
at arate g day~1.

In order to suppress HIV replication, our immune system induces
CTL responses through the interactions with DCs. Here we consider
that CTL responses (z) include both CTL effector and memory (CTL
naives are assumed to be described by initial value of z). The CTL
responses eliminate infected CD4* T cells at a rate proportional to
the number of CTLs with killing rate constant p day~!cell-! and
decay at a rate b day—1{17,47]. We simply assume that proliferation
of CTLs (i.e., expansion and differentiation) requires both antigen
and helper signal [18,26,41,49] and its rate is ¢ day~'cell~2. This
implies that, in the absence of any immune impairment effects, the
proliferation is described by cxyz [1,36,47]. However, in the pres-
ence of immune impairment effects caused by HIV infection, CTL
proliferation is reduced (we give a detailed explanation in later).
Therefore, we model immune impairment effects as cxyz/(1 + y).
Here we mention that the impairment effect depends on the num-
ber of infected CD4*T cells and ¢ represents immune impairment
rate.

2.2. Mathematical model

We extend the standard virus-immune model [29] including the
effect of immune impairment caused by HIV infection. Our mathe-
matical model is given by the following equation:

Y =By-ay—pyz, Z=- bz (1)

X =A—dx - Bxy, =Tiey -

Because free virus populations decay at much faster rates than the
other T cells, we can assume that the virus population is in a quasi
steady state [46], and the dynamics of free virus is neglected in
model (1)[17,47].

2.3. Immune impairment effect over HIV infection

Several DC populations are targets for HIV [14,22,48] and, as
a consequence, the ability of DCs (e.g. antigen presentation) to
stimulate T cell proliferation is impaired because of depletion
and dysfunction of DC (e.g. downregulation of CD80/86 and MHC
I expression) [8,9,20,22,23,35]. The evidence comes from obser-
vations that DCs express CD4 and chemokine receptors and are
susceptible to HIV infection in vitro [35,48)]. Actually, progres-
sive depletion of DC and its functional defects, which would in
turn impair generation of CTLs, in patients with HIV-1 infection
are observed [8,9,23] and the reduction of DC number and func-
tion is particularly marked in patients with AIDS compared with
asymptomatic subjects {23,35]. Therefore, the progressive change
of DC might contribute to the immunodeficiency associated with
HIV-1 disease [8,9,20,22,23,35,48]. In order to understand how the
progressive depletion and functionat defect of DCs affect disease
symptoms, we simply assume that the immune impairment rate
(e) gradually increases and therefore CTL proliferation decreases
over the HIV infection.

2.4. Pathological scenario

Usually, after infection of HIV, the virus establishes the acute
infection [29). This implies that basic reproduction number of the
virus, Ry = AB/ad, is greater than 1. Furthermore, at the end of the
acute infection, CTL responses are induced and the infected cells are
regulated by themn at a virological set point [18,26]. That is, most of
patients progress to asymptomatic phase which follows the acute
phase and remain at this phase for a long time, which represents a
typical disease progression of HIV infection.

Actually, if the viral infectivity (i.e., infection rate of HIV: 8)
is remarkably large, in the sense that Ac/b < g, our immune sys-
tem do not establish CTL responses in spite of very high viral load.
Because too much CD4*T cells are destroyed during the acute infec-
tion, infected individuals immediately develop immunodeficiency
without the asymptomatic phase, which represents a rapid disease
progression observed in experimental SIV/SHIV infection [2,21}.

On the other hand, if the cytopathogenicity is not small, in the
sense that AB/d — B1/AcbB/cd < a, CTL responses are hardly or
not observed because of lack of antigen signals. These phenomena
are considered as CTL non-responsiveness which is different from
immunodeficiency of HIV infection [47](AIDS is characterized by
high virus load of HIV and CD4* T cell depletion [18]). The CTL non-
responsiveness might be observed in a viral infection with a high
degree of cytopathogenicity but can not be applied to HIV infection.

Therefore, because we focus on the typical HIV disease progres-
sion in this paper, we assume that:

+/Ach
1 < Rg, ﬂ<i\b—c, O<a<édﬁ—-ﬂ——£-é

The detailed mathematical explanation for the derivation of the
above thresholds is given in [16].

3. Results

We investigate how loss of DCnumber and function (i.e,, increase
of immune impairment rate) correlates with the development of
immunodeficiency and discuss with a distribution of the length of
asymptomatic phase.

3.1. Risky and immunodeficiency thresholds

We demonstrate the existence of immune impairment thresh-
olds which can determine patients’ symptoms.
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Fig. 1. Typical disease progression in HIV infection: the black and red solid lines, respectively, represent each ceil number at the controlled and immunodeficiency state
over HIV infection (the black dashed lines represent each cell number at E; ). Because the immune impairment rate is small at the beginning of the infection, the sustained
CTLs suppress HIV replication, However, the CTL responses gradually decrease and the infected individuals become to have a risk of development of AIDS, if the impairment
rate exceeds the risky threshold (i.e., & < &), and they always develop AIDS, if the rate exceeds the immunodeficiency threshold (i.e., e~ < &). Here we choose our baseline
parameter values as follows: A = 0.1089, d = 0.01089, = 0.2027, a = 0.366, p = 0.016, ¢ = 2.13, and b = 0.0125, These values are based on previously estimated parameter
values in [7,24,34,44]. Because we are interested in change of immune impairment effect and their threshold phenomena, we set ¢ a free parameter. The detailed explanation
of the estimate of our baseline parameter values is given in [ 16]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)}

Because we assumed a relatively small infection rate (f)
and cytopathogenicity of HIV (a), sustained CTL responses are
established and therefore the viral replication is suppressed
at a low level in “controlled state” E} = (x},yf,zZ) after the
acute infection. Actually our model has another possible interior
equilibrium E; = (x7,yz,2z7) but E is not biologically appro-
priate because the equilibrium is always unstable even if it
exists [16].

However, as immune impairment rate increases, the CTL
responses gradually become weak and the infected individuals
eventually develop immunodeficiency (i.e., AIDS) because of deple-
tion of CD4*T cells (Fig. 1). This progressive immune decline
corresponds to the typical disease progression of HIV infection [18].
QOver the disease progression, we have the following two immune

impairment thresholds which can characterize the development of
AIDS:

_ge, e
b ad—AB’ -

o

_ (/BB- V)
- bd

Until the impairment rate exceeds &, CTLs control the virus load at
very low level, but if the impairment rate exceeds this threshold
value, the patient has a risk of development of AIDS (Fig. 1). This
is because, in this case, “immunodeficiency state” Ey = (x4, yu, 0)
is stable, in which a complete breakdown of our immune system
occurs (i.e., zconverges to 0), and both the controlled and immunod-
eficiency states can be stable sirnultaneously. Here we call £ “Risky
threshold".
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Fig. 2. Development of AIDS caused by stochastic perturbations: we calculate time-
course of the disease progression in the context of stochastic perturbations. The
stochastic perturbations can occur in the CTL proliferation cxyz/(1 + sy + £), where
& is a noise measured by a lognormal distribution, We assume that, because of pro-
gressive depletion and dysfunction of DC, the immune impairment accumulates with
a very low rate during disease progression, &(t) = 0.25t, where 0.25 is the rate of
average impairment per day. The most severe patient (red line) develops AIDS after
the impairment rate exceeds around 700. However, the most mild patient (green
line) do not develop AIDS until the rate exceeds around 1000, The development of
AIDS is determined stochastically between these threshold values depending on the
virologicai and immunological states. Therefore, we can explain the variable length
of asymptomatic phase in HIV infection. Here we use the same parameter values
in Fig. 1. The risky and immunodeficiency thresholds, respectively, are estimated to
& == 303.63 and ¢.. = 1366.45, (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

Furthermore, once the impairment rate exceeds £_, our immune
system completely collapses, CTL responses become inactivated
and the patient always develops AIDS (Fig. 1). This is because the
controlled equilibrium is degenerated but the immunodeficiency
equilibrium remains stable. We call e..“Immunodeficiency thresh-
old”.

3.2. Development of AIDS

The development of AIDS in the patient might be affected by
stochastic perturbations caused by virological and immunologi-
cal events, such as mutational changes of viral epitopes and their
specific immune responses [25,26,29], a switch of coreceptor from
CCRS to CXCR4 [18,37], and an emergence of drug resistance [38].
Here we investigate an impact of the stochastic perturbations on a
deterioration of the disease (Fig. 2).

Usually, virus load of HIV equilibrates and remains at a viro-
logical set point just after the acute infection [18,26]. Even if the
immune impairment rate increases, the viral replication is well
controlled by CTL responses at the controlled state until the rate
exceeds the risky threshold (i.e.,, 0 < & < ). This is because only E}f
is stable, and therefore the immune suppression is robust for any
stochastic perturbation (Fig. 2).

However, when the impairment rate exceeds the risky threshold
(i.e.,& < g), the stochastic perturbations lead to the development of
immunodeficiency (Fig. 2) because of the bistability of controlled
state and immunodeficiency state. Furthermore, to investigate a
progressive risk of immunodeficiency, we plot a basin of attrac-
tion (i.e., absorbing region) of E, as red region which is called
“Risky zone” in Fig. 3 (if their virological and immunological
states are located on the risky zone, an HIV patient eventually
develops immunodeficiency). Because the risky zone gradually
expands during the impairment rate increases (simulations are
not shown) until the immunodeficiency threshold (¢ < &_), the
patient becomes sensitive to these stochastic perturbations (i.e.,

150 —z
+
EC
100 |~ @
50

&z i , g x
0 Eu. 5 10

Fig. 3. Risky zone of immunodeficiency: we plot a basin of attraction of E, as red
region and call it “Risky zone”. Until the immune impairment rate (&) exceeds the
risky threshold (Z), only E7 is stable. On the other hand, when the impairment rate
exceeds the risky threshold, E is generated into B3 via a transcritical bifurcation
with E, and the risky zone emerges (i.e, both Ef and E, become stable simul-
taneously). The stable manifold of E; forms boundary surface of the risky zone.
And also, the risky zone expands during the impairment rate increases until the
immunodeficiency threshold (¢..). However, once the impairment rate exceeds the
immunodeficiency threshold, EF are degenerated via a saddle-node bifurcation and
full space becomes the risky zone (i.e, only E, is stable). Here we use the same
parameter values in Fig. T and set € = 450.

the risk of the development of immunodeficiency is progressively
increased).

In addition, once the impairment rate exceeds the immunode-
ficiency threshold (6 < €), the risky zone expands into total space
(simulations are not shown) and the patient always develops AIDS
because the immunodeficiency state E;, becomes unique stable
steady state.

Thus, the development of AIDS (i.e., the length of asymptomatic
phase)isdetermined stochastically between these threshold values
depending on the virological and immunological states (Fig. 2).

3.3. Distribution of length of asymptomatic phase

It is a well-known empirical fact that incubation times of most
diseases obey a lognormal distribution that is often referred to as
‘Sartwel’s model’ [19,40). For example, the waiting times between
HIV infection and the development of AIDS is considered as a log-
normal distribution. We mention that these results are based on
cross-sectionally epidemiological studies of the HIV patients from
around the world [3,13,45]. Actually, it is poorly understood how the
incubation times (i.e., the possibility of the development of AIDS)
are distributed in one HIV patient. Here we study the distribution of
the length of asymptomatic phase (i.e., a probability density func-
tion of development of AIDS) based on within host dynamics (1) in
one HIV patient which shows the typical disease progression.

We calculate 1000 trials of time-course of the disease pro-
gression in the context of stochastic perturbations and investigate
frequency of the development of immunodeficiency at each
immune impairment rate in Fig. 4. The histogram in Fig. 4 rep-
resents a distribution of the length of asymptomatic phase (the
median values & = 986.61). Here we simply assume that the length
of asymptomatic phase is represented by the immune impairment
rate at which CTL responses vanish. The blue curve drawn by solid
line in Fig. 4 represents a survival rate of the immune responses
(i.e., the probability that an HIV patient has not yet developed AIDS
at each impairment rate). The two dashed-curves represent a 95%
confidence interval of the survival rate.

Because the patient does not develop AIDS until the impairment
rate exceeds the risky threshold, the distribution (or the median
value) leans to the range of large impairment rate and the survival
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Fig. 4. Distribution of length of asymptomatic phase: we calculate 1000 trials of
time-course of the disease progression in the context of stochastic perturbations
(we use the same method in Fig. 2) and investigate frequency of the development of
immunodeficiency at each immune impairment rate. The left histogram represents
a distribution of the length of asymptomatic phase (here we simply consider that
the length of asymptomatic phase is represented by the immune impairment rate
at which CTL responses vanish). We assume that the categories of the histogram are
60 and the scale of the histogram is 1 (i.e., each category represents a probability
density). The right function drawn by solid blue line represents a survival rate of the
immune responses (i.e,, the probability that an HIV patient has not yet developed
AIDS at each impairment rate). The two dashed-lines represent a 95% confidence
interval of the survival rate. Estimation for the distribution of the survival rate is
computed with GNU R package for survival analysis. These results imply the exis-
tence of long and variable asymptomatic phase between infection and development
of AIDS. Here we use the same parameter values in Fig. 1. The risky and immunodefi-
ciency thresholds, respectively, are estimated to & = 303.63 and ¢. = 1366.45. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

curve is flatin the range of small impairment rate. However, because
the patient has a (stochastic) risk of development of AIDS once
the rate exceeds the risky threshold and the risk is progressively
increased until the immunodeficiency threshold, the distribution
tends to have a center peak and the survival curve begins to decay
gradually. Furthermore, because the patient always develops AIDS
after the impairment rate exceeds the second threshold, the shape

of the distribution is characterized by a short right tail and the
survival rate vanishes.

Thus, we obtain the relatively wide shape of the distribution of
the length of asymptomatic phase between the risky thresholds and
immunodeficiency thresholds and a gradually decreasing function
of the survival rate of the immune responses. These results predict
the existence of long and variable asymptomatic phase between
infection and development of AIDS.

4. Discussion

The origin of various disease progression in HIV infection is
largely unresolved but many researchers have been trying to
explain it. An important factor in understanding the unusual incu-
bation period distribution in the development of AIDS is the
dynamics of the long-lasting struggle between HIV and our immune
system [19]. Until now, several approaches have been proposed to
explain the long-term fight in HIV infection [1,10,11,14,15,19,29,47].
For example, in very early models of HIV infection worked by Mar-
tin A. Nowak, increasing of HIV variants’ diversity, which leads to
an explosion in the virus load, explained the collapse of immune
system after a long incubation period. They claimed the possible
importance of viral diversity for the disease progression and the
development of AIDS [29-33].

Here we discussed about an immune impairment effect caused
by the depletion and dysfunction of DC on HIV disease progres-
sion. Because the progressive decrease of DC number and function
during the course of HIV-1 infection is observed [8,9,23], we
simply assumed that the immune impairment rate (g) increases
over the HIV infection instead of directly considering a pop-
ulation dynamics of DCs. In the typical disease progression
which is characterized by relatively small infection rate (8) and
cytopathogenicity of HIV (a), we demonstrated that increasing of
immune impairment rate eventually leads to the development of
immunodeficiency and proposed the possibility of the existence of
the risky threshold (&) and the immunodeficiency threshold (e_)
over the disease progression (Figs. 1 and 2). Our theoretical frame-
work can explain the disease progression as many experimenters
hypothesized that the progressive alteration of the immune sys-
tem (the depletion and dysfunction of DCs are central to many of
these hypotheses) might be caused by the development of AIDS
(8,9,20,22,23,35,42,48].

Using our within host dynamics model (1), we also investigated
a distribution of the length of asymptomatic phase for a typical
disease progressor in Fig. 4, From cross-sectionally epidemiolog-
ical studies of the HIV patients from around the world, it is said
that the distribution among the patients is considered as a lognor-
mal distribution [3,13,45](e.g. a cellular automaton model with a
sequence space framework reported that the incubation time is a
lognormal-like distribution [19]). However, our predictable distri-
bution based on the within host dynamics in one HIV patient is
different from the well-known distribution obtained by the cross-
sectional studies (actually, it is difficult to reveal the distribution in
one HIV patient from epidemiological data). The shape of the distri-
bution is characterized by the center peak and the short right tail.
Furthermore, the right tail of the distribution might be character-
ized by a small peak at the end, if stochastically long-term-survival
trials exist (simulations are not shown), because the patient always
develops AIDS above the immunodeficiency threshold. Thus, our
theoretical framework leads to an epidemiologically-falsifiable (or
-difficult) predictions which merit further experimental investiga-
tions in SIV/SHIV infection.

In summary, we found that increasing of the immune impair-
ment rate caused by the progressive decrease of DC number and
function plays an important role in HIV infection. This implies that
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recovering DC function and increasing DC number are effective in
inducing immune response and delaying the disease progression
(actually, several studies of DC immunotherapy found transient
decrease of the virus load by activating T cell responses against
HIV-1 [6,12,39]) because the modulation of DC leads to decrease of
the immune impairment rate. Furthermore, if the impairment rate
can be quantified by time-course data of DCs [8,9,23], our theory
might enable to predict a real-time risk of the development of AIDS
for each patients.
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Results of several studies show that some DC populations are susceptible to HIV. Modulation of DCs by
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pathogenesis and contributes to viral evasion from immunity because the loss of the DC function
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Under the assumption, four processes of the disease progression dynamics of our model are classifiable
according to their virological properties. It is particularly interesting a typical disease progression
presents a “risky threshold” and an “immunodeficiency threshold”. Regarding the former, the immune
system might collapse when the impairment rate of HIV exceeds a threshold value (which corresponds
to a transcritical bifurcation point). For the latter, the immune system always collapses when the
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theoretical framework, we investigate the existence and distribution of these thresholds in 10 patients.
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1. Introduction

A basic principle of immunology has largely been ignored in
defining immune parameters of HIV infection: the role of
professional antigen presenting cells (APCs)—dendritic cells
(DCs), monocytes/macrophages, and B lymphocytes (Rinaldo,
2008). However, these cells play an important role in immune
responses (see Fig. 1). In fact, DCs are positioned geographically as
sentinels, detecting “danger signals” and linking innate and
adaptive immune responses (Donaghy et al, 2001; Rinaldo,
2008). These cells mature and migrate to the secondary
lymphoid tissue after they encounter HIV in the periphery
(Donaghy et al,, 2001; Janewa et al,, 2004), The DC maturation
process involves increasing antigen presentation on major
histocompatibility complex (MHC) molecules, and upregulating
co-stimulatory molecules (Hogue et al., 2008; Janewa et al., 2004).
The mature DCs present HIV peptides to specific T cells at the
lymph nodes and prime antigen-specific CD4* T cells to become
activated CD4* T cells and CD8* T cells to differentiate into

* Corresponding author.
E-mail address: dsiwami®@ipc.shizuoka.ac.jp {S. Ilwami},

0022-5193/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j,jtbi.2009.06.023

cytotoxic T lymphocytes (CTLs) (Donaghy et al., 2001; Hogue et al,,
2008). Consequently, this cell-based immunity is necessary for
fighting HIV infection (Janewa et al, 2004; McMichael and
Rowland-Jones, 2001).

However, several studies have revealed that some DC subtypes
are susceptible to HIV infection and that the infection engenders
interference of the antigen-presenting function of DCs (Donaghy
et al., 2001; Kawamura et al,, 2003; Lore et al,, 2002; Macatonia
et al, 1990; Wu and Kewal-Ramani, 2006). The modulation of
DCs by HIV infection is a key aspect in viral pathogenesis. It
contributes to viral evasion from immunity because the dysfunc-
tion of DC engenders some impairment effects for CTL induce-
ment (Donaghy et al.,, 2003; McMichael and Rowland-jones, 2001;
Rinaldo, 2008; Smed-Sorensen et al,, 2004). Furthermore, pro-
gressive loss of the DC number and function during the course of
HIV-1 infection are reported in Donaghy et al. (2001, 2003) and
Macatonia et al. (1990). These findings suggest that the loss of
DC number and function in HIV infection might contribute to
development of AIDS.

As described herein, we use a simple mathematical model to
reveal how loss of the DC number and function correlate with HIV
disease progression. Because the progressive decrease of DC
number and function are observed (Donaghy et al., 2001, 2003;
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CD4+ T cell
TCR MHC I

CD8+ T cell

Fig. 1. Summary of function of dendritic cell and its disturbance by HIV infection:
after encountering HIV in the peripheral blood, DCs mature and travel to lymphoid
organs, The mature DCs present HIV on MHC class Il to prime CD4* T cells to
become activated CD4% T cells, which can secrete helper signals (e.g. IL-2),
Furthermore, the DCs cross-present HIV on MHC class I to prime CD8* T cells. By
receiving an antigen signal from the DCs and a helper signal from activated CD4+ T
cells, CD8* T cells expand and differentiate into CTLs to kill HIV infected ceils. On
the other hand, some DC subtypes are reportedly susceptible to HIV infection. The
infection of DCs, for example, reduces expression of the co-stimulatory molecules
CD80 and CD86 on the DC surface, which are required for antigen presentation toT
cells (to combine with CD28 on the T cell surface). Consequently, the down-
regulated expression of CD80 and CD86 engenders subsequent impaired activation
of CD8™ T cells.

Macatonia et al, 1990), we simply assumed that the immune
impairment effect increases over the HIV infection. Herein, the
disease progression dynamics of our model are classifiable into
four processes by virological properties. It is particularly interest-
ing a typical disease progression presents a so-called “risky
threshold” and an “immunodeficiency threshold” on the impair-
ment rate. Between these thresholds, infected individuals develop
to the immunodeficiency phase stochastically depending on their
virological and immunological states. Furthermore, to test our
theoretical framework, we investigated the existence of these
thresholds in 10 patients using previously estimated parameters
in Davenport et al. (2004), Mandl et al. (2007), Ogg et al. (1999)
and Stafford et al. (2000). We confirmed that all patients take the
typical disease progression and that the risky and immunodefi-
ciency thresholds are distributed in similar ranges, irrespective of
virological and immunological differences.

Results of our study suggest that a decrease of the immune
impairment rate (e.g., we might recover the DC function and
increase the DC number by DC immunotherapy, which is a current
HIV clinical trial (Connolly et al., 2008; Garcia et al., 2005; Lore et
al, 2002; Rinaldo, 2008; Wu and Kewal-Ramani, 2006)) might
induce immune responses and delay the disease progression.

2. Materials and methods
For this study, we use a simple mathematical model and
previously estimated parameters (Davenport et al., 2004; Mandl

etal,, 2007; Ogg et al., 1999; Stafford et al., 2000). Here we explain
our modeling approach, basic assumptions, and scenario in detail.

2.1. HIV and immune cells dynamics

We describe interactions between HIV and its specific immune
responses in the context of immune impairment effects caused by

the viral infection. Here, as described in Ciupe et al. (2006) and
Stafford et al. (2000), we only consider activated CD4* T cells (x)
as target cells for HIV because other cell populations bearing CD4
molecules such as naive CD4" T cells, resting CD4* T cells, and
macrophages are less commonly infected by HIV than activated
CD4* T cells are {Ciupe et al,, 2006; Hogue et al., 2008; Stafford et
al., 2000). We assume that activated CD4" T cells are produced at
a rate of A cells day™?, decay at a rate d day™" (Ciupe et al., 2006;
Stafford et al,, 2000), and can become infected at a rate that is
proportional to the number of infected CD4™ T cells (y) with a
transmission rate constant § day!cell™! (lwasa et al, 2005;
Wodarz et al., 1998). The infected CD4% T cells are assumed to
decay at the rate of a day™'. To suppress HIV replication, our
immune system induces CTL responses through interactions with
DCs (see Fig. 1). Here we consider that the CTL responses (z)
include both CTL effector and memory (CTL naives are assumed to
be described by an initial value of z). The CTL responses eliminate
infected CD4* T cells at a rate that is proportional to the number
of CTLs with a killing rate constant p day™ cell™ and decay at a
rate of b day™ (Iwasa et al., 2005; Wodarz et al., 1998). We simply
assume that proliferation of CTLs (i.e., expansion and differentia-
tion) requires both antigen and a helper signal and that its rate is ¢
day~' cell™. This implies that, in the absence of any immune
impairment effects, proliferation is described by cxyz (Altes et al.,
2002; Regoes et al,, 1998; Wodarz et al,, 1998). However, in the
presence of immune impairment effects caused by HIV infection,
CTL proliferation is reduced (a detailed explanation is provided
later). Therefore, we model immune impairment effects as
cxyz/(1 + gy). The impairment effect depends on the number of
infected CD4* T cells; ¢ represents the immune impairment rate
(unit is cell™?),

2.2. Mathematical model

We extend the standard virus-immune model including the
effect of immune impairment caused by HIV infection (Nowak and
May, 2000). Our mathematical model can be represented by the
following equations:

X = A—dx— fxy,

Y = fxy —ay —pyz,

cxyz

=1+8y—bz. (¢))

Because free virus populations decay at much higher rates than
the other T cells, we can assume that the virus population is in a
quasi-steady state (Thieme, 2003), and that model (1) (Iwasa
et al,, 2005; Wodarz et al., 1998) neglects the free virus dynamics.

2.3. Estimation of parameter values

Baseline values of model parameters for simulations and their
respective ranges for sensitivity analysis are presented in Table 1.
These parameters are based on previously estimated parameters
in Davenport et al. (2004), Mandl et al. (2007), Ogg et al. (1999)
and Stafford et al. (2000).

Stafford et al. (2000) estimated parameter values of 4, d, 8, and
a using 10 patients’ virus concentration data. They assumed the
ratio of activated CD4* T cells before infection at 1% of the CD4* T
cells in peripheral blood. Here we also use this assumption.
Therefore, before infection, we fix the number of activated CD4* T
cells at 10 cells per pl of peripheral blood (i.e., x;, = 10 at the
healthy state Ej: see Results) because a healthy human adult has
about 1000 CD4* T cells plI™' (Janewa et al, 2004; Nowak and
May, 2000). Herein, we can estimate that the proliferation rate of
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Table 1

Baseline parameter values for numerical simulations and their ranges for sensitivity analysis: the parameters 4, d, 8, and a are set, respectively, to be estimated values based

on 10 patients’ virus concentration data in Stafford et al. (2000).

Symbol Description Value {range)

Reference

#1 #2 #3

#5 #6 #7 #3 #9 #10

Proliferation rate of CD4* T cells (cellsday™') 013 02 0065
Decay rate of CD4* T cells (day™") 0013 002 00065
Infection rate of CD4™ T cells (cell " day™) 015027 0216 0.2048
Decay rate of infected CD4* T cells (day™) 04 08 043
Killing rate of infected CD4* T celis (cell™' day™")

Proliferation rate of CTLs (cell™2 day™)
Immune impairment rate of HIV

Decay rate of CTLs (day")

To oYW R T R

0046 017 012 047
0.0046 0017 0012 0,017
01568 0.1827 0.1975 0.19467 0.1826 0.09167 0.44967 Stafford et al. (2000)
0.18 033 039 031 0.17 013 0.46

0.043  Stafford et al. (2000)
0.0043  Stafford et al. (2000)

0.085 0.06
0.0085 0.006

Stafford et al. (2000)
Mand! et al. (2007)
Davenport et al. (2004)

0,016
2.13 (0.426-4.26)

0.0125 (0.0025-0.025) Ogg et al. (1999)

We note that f is calculated using original parameter values in Stafford et al. (2000) because we consider that the virus population is in a quasi-steady state, The estimated
values of immunological parameters p, ¢, and b are referred to Stafford et al. (2000), Mand! et al. {2007) and Ogg et al. (1999). We are interested in change of immune
impairment effect and their threshold phenomena. Therefore, we need not estimate ¢ and instead set it as a free parameter. .

activated CD4" Tcells is 1 = dx;, for each patient. Furthermore, we
calculate the infection rate of CD4* T cells 8 as ntk/c using original
estimated parameter values 7, k and c in Stafford et al. (2000)
because we neglect the free virus dynamics. Furthermore, we use
the estimated values of the decay rate of activated CD4" T cells d
directly, along with those of infected CD4" T cells a.

Next, we estimate immunological parameter values (which are
not based on virus concentration data of the 10 patients). The
killing rate of infected CD4* T cells by CTLs is estimated at p =
0.016 cell"' day™! in Mandl et al. (2007). This parameter does not
affect our main results at all (see Results). Therefore, we simply
assume that the killing rate is the same in all patients and use it.
In Ogg et al. (1999), the mean life-span of CTL effector is estimated
as 80 days (i.e., the decay rate is b = 0.0125day™!). We use the
same value for this study. Here, to investigate the sensitivity of
the parameter (or a difference among patients), we assume that
the CTL decay rate b ranges from 0.0025 day™ (i.e., one-fifth of the
value) to 0.025 day™" (i.e., double the value) (because we consider
both the CTL effector and memory, we investigate the long-life
range of the CTLs). Furthermore, in Davenport et al. (2004), a
doubling time of CTLs is estimated as about 18 h. If we assume
that CD4" T cells and infected CD4" T cells remain at steady state
E, (at which the virus load equilibrates with no immune response:
see Results) and the impairment effect is sufficiently small (i.e.,
& ~ 0) during a primary expansion and differentiation of CTLs in
the acute infection, we can roughly estimate the CTL proliferation
rate as ¢ = 2.13 cell"2 day™! (we used the average value x, = 1.81
and y, =0.24 for 10 patients at E, and the mean decay rate
of CTL b = 0.0125 day™"). To investigate a parameter’s sensitivity,
we assume that the CTL proliferation rate ¢ ranges from
0.426cellday™! (ie, a one-fifth of the value) to
426cell”2day™! (ie., double the value). Moreover, because we
are interested in progressive immune impairment effects and
their threshold phenomena (see Results), we need not estimate ¢
and set it as a free parameter.

In Appendix B, we investigate how our mathematical model
fits the 10 patients’ virus concentration data using our baseline
parameter values in Table 1.

2.4, Immune impairment effect over HIV infection

Several DC populations are targets for HIV (Hogue et al., 2008;
Lore et al., 2002; Wu and Kewal-Ramani, 2006). Consequently,
the ability of DCs {e.g. antigen presentation) to stimulate T cell
proliferation is impaired because of the depletion and dysfunction
of DC (e.g. downregulation of CD80/86 and MHC II expression)

(Donaghy et al., 2001, 2003; Kawamura et al., 2003; Lore et al,,
2002; Macatonia et al., 1990; Patterson et al., 1998). The evidence
comes from observations that DCs express CD4 and chemokine
receptors and are susceptible to HIV infection in vitro (Patterson
et al,, 1998; Wu and Kewal-Ramani, 2006). Progressive depletion
of DC and its functional defects, which would in turn impair
generation of CTLs in patients with HIV-1 infection are observed
(Donaghy et al, 2001, 2003; Macatonia et al,, 1990) and the
reduction of DC number and function is particularly marked in
patients with AIDS compared with asymptomatic subjects
(Macatonia et al, 1990; Patterson et al, 1998). Therefore, the
progressive change of DC might contribute to the immunodefi-
ciency associated with HIV-1 disease (Donaghy et al., 2001, 2003;
Kawamura et al., 2003; Lore et al., 2002; Macatonia et al., 1990;
Patterson et al,, 1998; Wu and Kewal-Ramani, 2006). To elucidate
how the progressive depletion and functional defect of DCs affect
disease symptoms, we simply assume that the immune impair-
ment rate (¢) gradually increases. Therefore, CTL proliferation
decreases over the HIV infection. We need not consider dynamics
of DC population directly to capture the essence of the progressive
immune impairment effect over HIV infection.

3. Results

We investigate how the loss of DC number and function
(i.e. increase of immune impairment rate) correlates with HIV
disease progression and demonstrate the existence of various
thresholds that can determine patients’ symptoms.

3.1. Steady states during HIV infection

We explain the virological and immunological meanings of
possible steady states of our model (1).

In a healthy human, only activated CD4" T cells attain an
equilibrium level of x,. We designate this homeostatic equilibrium
Ej = (x;,0,0) as a “healthy state” (Nowak and May, 2000).

After infection of HIV, if the basic reproduction number of the
virus, Ry = Af8/ad, is greater than 1, then infected CD4* T cells
increase initially to a high level and subsequently converge to an
equilibrium value y,. Furthermore, activated CD4* T cells attain an
equilibrium level of x,. This equilibrium E, = (x4, yu, 0) represents
a state in which the virus load of HIV is balanced with no immune
response because of a shortage of activated CD4* T cells during a
primary phase of HIV infection (Nowak and May, 2000). In this
case, we designate the steady state E, as a “shortage state”,
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In addition, at the end of the primary phase, if CTL responses
are induced, then the infected cells are regulated by them for a
long time at some steady state (Janewa et al., 2004; McMichael
and Rowland-Jones, 2001). Actually our model has two possible
interior equilibria—E; = (x7,y7,z7) and E}f = (x¢,y},z})—but E7
is not biologically appropriate because the equilibrium is always
unstable even if it exists (see Appendix). Therefore, we consider
the equilibrium E} a “controlled state”, in which effective and
sustained CTLs have been established and the virus load is

. suppressed at a low level.

On the other hand, if CTLs are not induced at the end of the
primary phase, then the infected individuals immediately develop
AIDS after (or during) the acute infection (Binley et al., 2000;
Cecilia et al., 1999; Meissnera et al., 2004). Moreover, even if CTLs
are induced, the immune responses gradually weaken and some
infected individuals, in a late stage of the infection, develop AIDS
(Janewa et al, 2004; McMichael and Rowland-Jones, 2001;
Tunetsugu-Yokota, 2005). Consequently, when a complete break-

(l) Rapid disease progression (I I) Typical disease progression

493

down of the immune systemn occurs (implying that z converges to
0), activated and infected CD4" T cells also converge to the same
equilibrium values of E,. In this case; we call the steady state E,
the “immunodeficiency state”.

Here we remark that equilibrium E, has two meanings (the
shortage state during the acute infection and the immunodefi-
ciency state over the disease progression) in our model (1). Later
in this report, we provide a detailed explanation about the
qualitatively different properties of these two states,

3.2. Classification of disease progression dynamics

We assume that the basic reproduction number of HIV, Ry, is
greater than 1 and that HIV establishes the infection (Nowak and
May, 2000). Herein, we can divide the patterns of disease
progression of our model (1) into four cases ((i)-(iv)) (Fig. 2).
Because we are interested in the long-term dynamics of HIV
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Fig. 2. Classification of disease progression dynamics: the black and red solid lines, respectively, represent each cell number at the controlied and immunodeficiency state
over HIV infection (black dashed lines represent each cell number at E; ). (i) When the infectivity is large, our immune system does not establish CTL responses in spite of
the high virus load because of the depletion of CD4* T cells. This case corresponds to rapid disease progression of SIV/SHIV infection. On the other hand, when a viral
infectivity is small, our immune system can establish sustained CTL responses. Additionally, (i) if the cytopathogenicity is small (i.e. 0<a<a_), then the sustained CTLs
suppress HIV replication for a long time. However, the CTL responses decrease gradually and infected individuals come to risk developing AIDS if the impairment rate
exceeds the risky threshold (i.e. £<g). They always develop AIDS if the rate exceeds the immunodeficiency threshold (i.e. £_ <&). This case corresponds to typical disease
progression of HIV infection. Furthermore, regarding (iii) and (iv), if cytopathogenicity is not small (i.e, a- <a<@ or T<d<dma), then CTL responses are slight or
nonexistent because of a lack of antigen signals. These cases correspond to CTL non-responsiveness, which differs from immunodeficiency, This phenomenon might be
observed in some viral infection with a high degree of cytopathogenicity, but is inapplicable to HIV infection. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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