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FIG9 Different potentials of CD4 and BST?2 in the production of infectious cell-free virions and cell-to-cell HIV-1 transmission. A total of 800 ng of pAD8™ (WT
HIV-1-producing plasmid), pAD8-U,,; , (vpu-deficient HIV-1-producing plasmid), or pUC19 (parental plasmid; vector) was cotransfected with either 10 ng of
CD4 expression plasmid (pCD4) or BST2 expression plasmid (pBST2) or both into HEK293 cells. peGFP-C1 (100 ng) was also cotransfected to monitor
transfection efficiency. The assay was performed in quadruplicate. (A to C) Downregulation of surface CD4 and BST2. The surface expression levels of CD4 and
BST2 on the transfected HEK293 cells (i.e., GFP-positive cells) at 48 h posttransfection were assessed by flow cytometry. The positive percentage (left) and the
MEFI (right) are shown. The percentage of the cells negative for both CD4 and BST2 in the cells cotransfected with both pCD4 and pBST2 is also shown (C). (D
and E) Infectious potentials of cell-free virions in culture supernatant and transfected cells. The infectivities of the viruses in the supernatant and the transfected
cells (coculture) were titrated by TZM-bl assay and were normalized to the values per culture. Statistically significant differences (determined by Student’s ¢ test)
are shown as follows: *, P < 0.05; **, P << 0.01; ***, P << 0.001. Error bars represent SEMs.

and BST2 do not have the potential to attenuate cell-to-cell HIV-1
infection and that Vpu slightly associates with the efficiency of
cell-to-cell viral transmission.

DISCUSSION

The significance of Vpu for HIV-1 infection, especially in terms of
its interplay with BST2, has been extensively investigated in cell
culture experiments. However, its importance for HIV-1 propa-
gation in vivo remains unclear and needs to be addressed (7, 26).
In this study, we used vpu-deficient CCR5-tropic HIV-1 to infect
a humanized mouse model, which allowed us to track the patho-
genesis of HIV-1 from the onset of infection, and elucidated the
role of Vpuin HIV-1 propagation in vivo. Our results demonstrate
that Vpu downregulates CD4 and BST2 on the surface of infected
cells and enhances viral dissemination during the initial phase of
infection in vivo. This is the first report directly implicating the
importance of Vpu during HIV-1 infection in vivo.

Although our findings suggest that Vpu is weakly associated
with the viral cytotoxicity of HIV-1 infection in vivo, we hypoth-
esize that its involvement in early viral replication kinetics may be
critical. In our humanized mouse model, the preference of target
cells (Fig. 3B and C), the level of viral protein expression (Fig. 4D),
and the cytopathic effect (Fig. 2C to F) were nearly identical be-
tween WT and vpu-deficient HIV-1-infected mice. However, the
kinetics of early viral expansion in WT HIV-1-infected mice was
significantly higher than in HIV-1Avpu-infected mice (Fig. 2B). In
addition, although the percentage of Gag-positive cells in the
spleen of WT HIV-1-infected mice at 7 dpi was only 2.8-fold
higher than that of HIV-1Avpu-infected mice (Fig. 4B), the
amount of cell-free virions in WT HIV-1-infected spleens was
38.2-fold higher (Fig. 4A). Moreover, the levels of cell-free virions
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positively and significantly correlated with infected cells in the
spleen of WT HIV-1-infected mice but not in HIV-1Avpu-in-
fected mice (Fig. 4C). Interestingly, significant downregulation of
BST2 by WT HIV-1 appeared to be important for this virus dis-
semination to occur (Fig. 5B). Taken together, our findings sug-
gest that the Vpu antagonism of BST?2 closely associates with the
efficiency of virus expansion in vivo, especially during the early
phase of infection.

The amount of cell-free virions in the spleen of WT HIV-1-
infected mice was prominently (38.2-fold) higher than that in
HIV-1Avpu-infected mice (Fig. 4A); however, statistical signifi-
cance was not determined. To obtain the specimens of cell suspen-
sions and cell-free virions from the spleen of infected mice, the
spleen was mechanically dissociated according to a conventional
method. In carrying out this procedure, it is possible that the vi-
rions tethered by BST2 on the surface of HIV-1Avpu-infected cells
were partially dissociated. In fact, one study has suggested that the
virions tethered by BST2 can be partially dissociated by mechan-
ical agitation using a vortex (38). Therefore, it might be possible to
assume that the virions tethered by BST2 on the surface of vpu-
deficient HIV-1-infected cells partially dissociated by our proce-
dure, which led to no statistical difference.

In comparing the level of Gag expression in HIV-1-infected
cells, we noticed differences depending on the method used for
detection. Flow cytometry analyses of Pr55°°¢ expression in vpu-
deficient HIV-1-producing cells produced results comparable to
those in WT HIV-1-producing cells in the transfected HeLa cells
(data not shown), infected primary human CD4 ™" T cells (data not
shown), and infected humanized mice (Fig. 4D), suggesting equal
levels of virus production. On the other hand, Western blotting
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analyses revealed that the amount of p24 in the pAD8-Upg,-
transfected HeLa cells was clearly higher than that in the pAD8™-
transfected HeLa cells (Fig. 1B) although the expression levels of
Pr55%% were equal (Fig. 1B). These data indicate that the release of
virions in the absence of Vpu was impaired. HIV-1 particles teth-
ered on the plasma membrane are rapidly endocytosed and accu-
mulate in endosomal compartments (40). Thus, the anti-p24 an-
tibody used for flow cytometry may have underestimated the total
amount of Gag proteins because only intracellular Pr555¢ was
detected as p24 of virions in the endosomal compartment was not
accessible.

As shown in Fig. 2B, HIV-1 propagated more rapidly in hu-
manized mice at the highest dose than at the other doses. These
results suggest that the kinetics of viral growth is dependent on the
dose of inoculated viruses. On the other hand, the cytopathic ef-
fect was observed in the PB of infected mice at 14 and 21 dpi at the
highest dose but not at the other doses (Fig. 2C to E). In this
regard, we have previously observed that the viral load of HIV-1-
infected humanized mice reached a plateau at 3 to 4 weeks postin-
fection and that peripheral CD4™ T cells, especially memory
CD4" T cells, in infected humanized mice gradually decreased at
later time points (after 9 weeks postinfection) (44, 52). Therefore,
it is conceivable that the cytopathic effect (i.e., the decrease of
peripheral CD4 ™" T cells) in infected mice at the highest dose at 14
and 21 dpi (Fig. 2C and D) is caused by faster viral dissemination
than at the other doses and that the cytopathic effect would be
observed at later time points in infected mice at lower doses.

It was reported that CD4, BST2, and SLAMF6 are downregu-
lated from the surface of HIV-1-infected cells by Vpu in cell cul-
ture systems (7, 9, 31, 64). Here, we demonstrated that the Vpu
encoded by strain AD8 is able to downregulate these three mole-
cules from the surface of infected cells in vitro (Fig. 1D to F).
However, the magnitude of Vpu-mediated downregulation of
each cellular protein in vivo remains unknown. We observed that
CD4 and BST2 were significantly downregulated by Vpu ex-
pressed in infected cells at both 7 dpi (Fig. 5) and 21 dpi (Fig. 7).
We also demonstrated that both molecules were downregulated
from the surface of the same infected cells in a Vpu-dependent
manner (Fig. 6). In contrast to CD4 and BST2, Vpu-dependent
SLAMF6 downregulation was not observed in infected human-
ized mice (Fig. 5C and 6C). Therefore, our results suggest that Vpu
downregulates cell surface CD4 and BST2 both in vitro and in vivo,
while that the sequestration of SLAMF6 from the surface of in-
fected cells is not sufficiently elicited by Vpu in vivo.

It has been reported that CD4 expressed on the surface of in-
fected cells has the potential to impair HIV-1 replication by (i)
inhibiting the release of progeny virions (48), (ii) impairing the
incorporation of Env into nascent virions (6, 29), and (iii) seques-
tering Env from the virion budding site (3, 6, 29, 31, 32). We
confirmed that CD4 suppresses the production of infectious viri-
ons (Fig. 9D). Moreover, we provide the first evidence demon-
strating that CD4 and BST2 synergistically suppress the produc-
tion of infectious virions (Fig. 9D). Therefore, in accordance with
previous reports (29, 31), our results suggest that not only BST2
but also CD4 possesses the potential to impair the production of
infectious nascent virions, which can be counteracted by Vpu.

Even though Vpu downregulated CD4 and BST2 at 21 dpi (Fig.
7), the levels of plasma viral load and splenic cell-free virion in
vpu-deficient HIV-1-infected mice became equal to those in WT
HIV-1-infected mice (Fig. 2B and 3A). These findings raise the
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possibility that vpu-deficient HIV-1 is able to overcome the re-
striction mediated by CD4 and BST2 at this point. Interestingly, it
has been reported that HIV-1 can be transmitted through cell-to-
cell contact (17-22, 36, 57). In addition, although it is still contro-
versial (5, 28), one study has recently demonstrated that the cell-
to-cell HIV-1 spread is not restricted by BST2 in a T cell culture
system (16). By using an in vitro transfection systen, we demon-
strated that CD4 and BST2 did not associate with cell-to-cell in-
fection and that the efficiency of cell-to-cell transmission was not
enhanced by Vpu (Fig. 9E). Moreover, we found that the majority
of Gag-positive cells in the spleens of WT and vpu-deficient HIV-
1-infected mice were in contact with each other (Fig. 8). Taken
together, our findings, in agreement with previous reports,
strongly suggest that cell-to-cell virus transmission efficiently oc-
curs in humanized mice at 21 dpi and is not restricted by BST2
and CD4.

As mentioned above, viruses are propagated by two modes:
cell-free virus-mediated transmission and cell-to-cell transmis-
sion. In comparisons of these two modes of transmission, it has
been reported that cell-to-cell HIV-1 spread is more efficient than
cell-free infection in in vifro cell culture systems (4, 50). Here, we
found that the infectivity of transfected cells per culture was mark-
edly higher than that of the supernatant per culture (Fig. 9D and
E). Given that leukocytes, including CD4™ T cells, exist in dense
clumps and are in contact with each other in lymphoid tissues
(e.g., spleen), it is feasible to assume that HIV-1 dissemination is
more likely to occur through cell-to-cell contact in vivo. More-
over, previous reports have demonstrated that BST2 potently im-
pairs the release of Orthomyxoviridae (influenza A virus) and Fi-
loviridae (Ebola virus and Marburg virus); however, BST2 does
not suppress the spread of these viruses in in vitro cell cultures (47,
69). Therefore, it is conceivable that BST2 does not impair the
cell-to-cell spread of viruses even if the cell-free virus-mediated
infection of these viruses is restricted by BST2.

Andrew and Strebel have recently suggested that endogenous
BST2 is not a “restrictive factor” that limits HIV-1 spread but,
rather, a “modulator” that shifts the mode of HIV-1 infection
from cell-free spread to cell-to-cell transmission (2). Building
upon this hypothesis, we used our current findings, together with
previous reports, to propose a model regarding the role of Vpu in
HIV-1 infection in vivo. During the acute phase of infection (until
7 dpi in humanized mice), when the level of infected cells in the
body is low (Fig. 4B), cell-free virus-mediated infection serves as
the major route of virus spread in vivo. Therefore, Vpu-mediated
counteraction of BST2 (and CD4) has a crucial role for the effi-
cient virus amplification in vivo during this phase. From our data,
the reduced infectivity of vpu-deficient HIV-1 compared to WT
HIV-1 in humanized mice (Fig. 2A) further suggests the impor-
tance of a boost in the amount of cell-free viruses necessary for the
establishment of virus production in vivo. However, at a later stage
of infection when the level of infected cells achieves a certain
threshold (21 dpi in humanized mice), HIV-1 would be mainly
propagated through cell-to-cell transmission, which is resistant to
BST2-mediated restriction. Therefore, the antagonistic behavior
of Vpu would become dispensable for efficient virus spread at this
point. In summary, consistent with the concept proposed by An-
drew and Strebel (2), our findings suggest that endogenous BST2
is not a restrictive but a modulatory factor for HIV-1 spread in
vivo.
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Association of Major Histocompatibility Complex Class I Haplotypes
with Disease Progression after Simian Immunodeficiency Virus
Challenge in Burmese Rhesus Macaques

Takushi Nomura,>® Hiroyuki Yamamoto,® Teiichiro Shiino,” Naofumi Takahashi,*? Taku Nakane,™” Nami lwamoto,™® Hiroshi Ishii,>?
Tetsuo Tsukamoto,” Miki Kawada,” Saori Matsuoka,” Akiko Takeda,® Kazutaka Terahara,® Yasuko Tsunetsugu-Yokota,

Naoko lwata-Yoshikawa,? Hideki Hasegawa,” Tetsutaro Sata,® Taeko K. Naruse,® Akinori Kimura,® and Tetsuro Matano™”

AIDS Research Center, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan®; The Institute of Medical Science, The University of Tokyo,
Shirokanedai, Minato-ku, Tokyo, Japan®; Department of Immunology, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan©; Departrent of
Pathology, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan®; and Department of Molecular Pathogenesis, Medical Research Institute, Tokyo
Medical and Dental University, Kandasurugadai, Chiyoda-ku, Tokyo, Japan®

Nonhuman primate AIDS models are essential for the analysis of AIDS pathogenesis and the evaluation of vaccine efficacy. Mul-
tiple studies on human immunodeficiency virus and simian immunodeficiency virus (SIV) infection have indicated the associa-
tion of major histocompatibility complex class I (MHC-I) genotypes with rapid or slow AIDS progression. The accumulation of

macaque groups that share not only a single MHC-I allele but also an MHC-I haplotype consisting of multiple polymorphic
MHC-I loci would greatly contribute to the progress of AIDS research. Here, we investigated SIVmac239 infections in four
groups of Burmese rhesus macaques sharing individual MHC-1 haplotypes, referred to as A, E, B, and J. Out of 20 macaques be-
longing to A* (1 = 6), E* (1= 6),B* (n = 4), and J* (n = 4) groups, 18 showed persistent viremia. Fifteen of them developed
AIDS in 0.5 to 4 years, with the remaining three at 1 or 2 years under observation. A" animals, including two controllers, showed
slower disease progression, whereas J* animals exhibited rapid progression. E* and B* animals showed intermediate plasma
viral loads and survival periods. Gag-specific CD8* T-cell responses were efficiently induced in A* animals, while Nef-specific
CD8" T-cell responses were in A, E*, and B* animals. Multiple comparisons among these groups revealed significant differ-
ences in survival periods, peripheral CD4" T-cell decline, and SIV-specific CD4™" T-cell polyfunctionality in the chronic phase.
This study indicates the association of MHC-I haplotypes with AIDS progression and presents an AIDS model facilitating the

analysis of virus-host immune interaction.

rus-specific CD8" cytotoxic T lymphocytes (CTLs) are major
effectors against persistent virus infections (13, 44). In virus-in-
fected cells, viral antigen-derived peptides (epitopes) are bound to
major histocompatibility complex class I (MHC-I) molecules and
presented on the cell surface. Viral peptide-specific CTLs recognize
the peptide-MHC-I complexes by their T-cell receptors. CTL effec-
tors deliver cell death via apoptosis as well as lysis (15, 48).

Human immunodeficiency virus type 1 (HIV-1) infection in-
duces persistent viral replication leading to AIDS progression.
CTL responses play a central role in the suppression of HIV-1
replication (6, 18, 25, 32, 43). Multiple studies on HIV-1-infected
individuals have shown an association of HLA genotypes with
rapid or delayed AIDS progression (14, 23, 27, 51, 54). For in-
stance, HIV-1-infected individuals possessing HLA-B*57 tend to
show a better prognosis with lower viral loads, implicating HLA-
B*57-restricted epitope-specific CTL responses in this viral con-
trol (3, 33, 34). In contrast, the association of HLA-B*35 with
rapid disease progression has been indicated (8).

Nonhuman primate AIDS models are important for the anal-
ysis of AIDS pathogenesis and the evaluation of vaccine efficacy (5,
35, 47). Models of simian immunodeficiency virus (SIV) infection
in macaques are widely used currently (12, 22). Indian rhesus
macaques possessing certain MHC-I alleles, such as Mamu-A*01,
Mamu-B*08, and Mamu-B*17, tend to show lower set point
plasma viral loads in SIV infection (30, 36, 37, 59). Regarding
MHC-I alleles, humans have a single polymorphic HLA-A,
HLA-B, and HLA-Clocus per chromosome, whereas MHC-1 hap-
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lotypes in macaques have variable numbers of expressed polymor-
phic MHC-Iloci (7,9, 26, 41). Thus, the accumulation of multiple
macaque groups, each sharing a different MHC-I haplotype,
would contribute to the precise analysis of SIV infection.

We have been working on the establishment of an AIDS model
using Burmese rhesus macaques sharing MHC-I haplotypes (38, 50).
In the present study, we have focused on SIV infection in four groups
of Burmese rhesus macaques, each consisting of four or more ani-
mals. These groups share MHC-I haplotypes 90-120-1a (referred to as
A), 90-010-Ie (E), 90-120-Ib (B), and 90-088-1j (]), respectively. The
analysis of SIVmac239 infection among these groups revealed differ-
ences in plasma viral loads, peripheral CD4™ T cell counts, survival
periods, virus-specific CTL responses, and T-cell polyfunctionality.
Our results indicate the association of MHC-I haplotypes with dis-
ease progression in SIV infection and present a sophisticated model
of SIV infection.
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TABLE 1 MHC-I haplotypes
Confirmed MHC-I allele(s)

MHC-T haplotype ~ Mamu-A Mamu-B
A (90-120-Ia) A1*043:01, A1*065:01 B*061:03, B*068:04, B*089:01
E (90-010-Ie) AI*066:01 B*005:02, B*015:04

B (90-120-1b) AI*018:08, A2*005:31 B*036:03, B*037:01, B*043:01,

B*162:01
B*007:02, B*039:01

] (90-088-Ij) A1*008:01

MATERIALS AND METHODS

Animal experiments. We examined SIV infections in four groups of Bur-
mese rhesus macaques having MHC-I haplotypes 90-120-Ia (A) (n = 6),
90-010-Ie (E) (n = 6), 90-120-Ib (B) (n = 4), and 90-088-Ij (J) (n = 4).
Macaques R02-007, R06-037, R07-001, R07-004, R07-009, RO1-011, RO6-
038, R06-001, R02-004, R04-014, and R06-022, which were used as controls

A —@&— R02-007 —%— R06-037
—»~ R07-001 —O— R0O7-004
—— R07-009 —V— R06-019

A

plasma viral loads (copies/ml)

in previous experiments (49, 53, 58), were included in the present study. The
determination of MHC-I haplotypes was based on the family study in com-
bination with the reference strand-mediated conformation analysis (RSCA)
of Mamu-A and Mamu-B genes as described previously (31). Briefly, locus-
specific reverse transcription-PCR (RT-PCR) products from total cellular
RNAs were prepared and used to form heteroduplex DNAs with a 5" Cy5-
labeled reference strand (50). The heteroduplex DNAs were subjected to a 6%
nondenaturing acrylamide gel electrophoresis to identify the patterns of
MHC-I haplotypes. In addition, although recombination events could not be
ruled out, major Mamu-A and Mamu-B alleles were determined by cloning
the RT-PCR products and sequencing at least 48 clones for each locus from
each subject as described previously (38). Because we used locus-specific
primers in the RT-PCR, which were designed on the basis of known alleles
(31, 38), MHC class 1 alleles harboring mismatches with the primer sequences
or alleles of low expression would not be amplified well, hence there was a
limitation that not all of the MHC class  alleles could be detected in our study.
Confirmed Mamu-A and Mamu-B alleles in MHC-I haplotypes A, E, B, and
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FIG 1 Plasma viral loads after SIVmac239 challenge. Plasma viral loads (SIV gag RNA copies/ml plasma) were determined as described previously (31). The
lower limit of detection is approximately 4 X 10 copies/ml. (A) Changes in plasma viral loads after challenge in A™ (upperleft), E* (upper right), B* (lower left),
and J* (lower right) macaques. (B) Changes in geometric means of plasma viral loads after challenge in A™ (black), E* (blue), B* (green), and J* (red) animals.
(C) Comparison of plasma viral loads at 6 months among four groups. Those of A* animals were significantly lower than those of ] animals (P = 0.0444 by

one-way ANOVA and Tukey-Kramer’s multiple-comparison test).
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J are shown in Table 1 (38). All animals were unvaccinated and challenged
intravenously with 1,000 TCID,, (50% tissue culture infective doses) of STV-
mac239 (22). At 1 week after challenge, macaques R06-019, R06-038, and
R10-008 were intravenously infused with 300 mg of nonspecific immuno-
globulin G purified from uninfected rhesus macaques (57). Fifteen animals
were euthanized when they showed typical signs of AIDS, such as reduction in
peripheral CD4* T-cell counts, loss of body weight, diarrhea, and general
weakness. Autopsy revealed lymphoatrophy or postpersistent generalized
lymphadenopathy conditions consistent with AIDS (20). All animals were
maintained in accordance with the guidelines for animal experiments at the
National Institute of Biomedical Innovation and National Institute of Infec-
tious Diseases.

Analysis of SIV antigen-specific CD$™ T-cell responses. SIV antigen-
specific CD8™" T-cell responses were measured by the flow-cytometric
analysis of gamma interferon (IFN-v) induction as described previously
(17). Peripheral blood mononuclear cells (PBMCs) were cocultured with
autologous herpesvirus papioimmortalized B-lymphoblastoid cell lines
(B-LCLs) pulsed with peptide pools using panels of overlapping peptides
spanning the entire SIVmac239 Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and
Nef amino acid sequences. Intracellular IFN-y staining was performed
using a Cytofix Cytoperm kit (BD, Tokyo, Japan). Fluorescein isothiocya-
nate-conjugated anti-human CD4 (BD), peridinin chlorophyll protein
(PerCP)-conjugated anti-human CD8 (BD), allophycocyanin Cy7 (APC-
Cy7)-conjugated anti-human CD3 (BD), and phycoerythrin (PE)-conju-
gated anti-human IFN-y antibodies (Biolegend, San Diego, CA) were
used. Specific T-cell levels were calculated by subtracting nonspecific
IFN-y™" T-cell frequencies from those after peptide-specific stimulation.
Specific T-cell levels of less than 100 cells per million PBMCs were con-
sidered negative. Using PBMCs obtained from four SIV-infected ma-
caques, we compared antigen-specific CD8 ™" T-cell frequencies measured
by this method (using peptide-pulsed B-LCLs) to those measured by the
flow-cytometric analysis of IFN-y induction after a pulse of PBMCs with
peptides (without using B-LCLs). The levels of the former tended to be
slightly higher than those of the latter. Specific CD8" T-cell responses,
which were shown to be 100 to 200 cells per million PBMCs by the former
method using B-LCLs, were undetectable by the latter method.

Sequencing analysis of plasma viral genomes. Viral RNAs were ex-
tracted using the High Pure Viral RNA kit (Roche Diagnostics, Tokyo,
Japan) from macaque plasma obtained around 1 year after challenge.
Fragments of cDNAs encoding SIVmac239 Gag, Pol, Vif, Vpx, Vpr, Tat,
Rev, and Nef were amplified by nested RT-PCR from plasma RNAs and
subjected to direct sequencing by using dye terminator chemistry and an
automated DNA sequencer (Applied Biosystems, Tokyo, Japan) as de-
scribed before (19). Predominant nonsynonymous mutations were deter-
mined. The Env-coding region, which is known to have multiple anti-
body-related mutations, was not included for the analysis.

Analysis of SIV-specific polyfunctional T-cell responses. To analyze
polyfunctionality in SIV-specific T-cell responses, we examined the SIV-
specific induction of IFN-y, tumor necrosis factor alpha (TNF-a), inter-
leukin-2 (IL-2), macrophage inflammatory protein 18 (MIP-18), and
CD107a in CD4" and CD8™" T cells as described previously (58), with
some modifications. Around 8 months after challenge, PBMCs were
cocultured with B-LCLs infected with vesicular stomatitis virus G protein-
pseudotyped SIVGP1 for the SIV-specific stimulation or mock-infected
B-LCLs for nonspecific stimulation. The pseudotyped virus was obtained
by the cotransfection of 293T cells with a vesicular stomatitis virus G
protein expression plasmid and an env and nef deletion-containing simi-
an-human immunodeficiency virus molecular clone (SIVGP1) DNA that
has the genes encoding SIVimac239 Gag, Pol, Vif, Vpx, and a part of Vpr
(31, 46). Immunostaining was performed using a Fix & Perm fixation and
permeabilization kit (Invitrogen, Tokyo, Japan) and the following mono-
clonal antibodies: APC-Cy7-conjugated anti-human CD3 (BD), PE-
Texas red-conjugated anti-human CD4 (Invitrogen), Alexa Fluor 700-
conjugated anti-human CD8 (BD), PE-Cy7-conjugated anti-human
IFN-v (eBioscience, San Diego, CA), Pacific blue-conjugated anti-human
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TABLE 2 List of macaques in this study

Disease Euthanasia time

MHC-I haplotype Macaque progression point (mo)
A RO2-007 AIDS 42
A R0O6-037 No 49
A RO7-001 No 49
A RO7-004 AIDS 40
A RO7-009 AIDS 17
A R0O6-019 AIDS 43
E ROL-011 ALDS 24
B RO5-007 AIDS 37
E R0O8-003 Under observation

(24 months)
E R0O8-007 AIDS 20
E R09-011 AIDS 12
E RO6-038 AIDS 22
B RO6-001 AIDS 34
B RO6-039 AIDS 13
B R10-005 Under observation

(12 months)
B R10-008 Under observation

(12 months)
] R02-004 AIDS 37
J R04-014 AIDS 9
J R06-022 AIDS 5
i R10-001  AIDS 9

TNEF-a (Biolegend), PerCP-Cy5.5-conjugated anti-human IL-2 (Bioleg-
end), PE-conjugated anti-human MIP-18 (BD), and Alexa Fluor 647-
conjugated anti-human CD107a (Biolegend). Dead cells were stained us-
ing Live/Dead Fixable Dead Cell Stain kit (Invitrogen). Analysis was
carried out using PESTLE (version 1.6.1) and SPICE (version 5.2) pro-
grams as described previously (42). The polyfunctionality (polyfunctional
value) was shown as mean numbers of induced factors among the five
(IFN-y, TNF-a, IL-2, MIP-18, and CD107a) per SIV-specific T cell.

Statistical analysis. Statistical analyses were performed using R soft-
ware (R Development Core Team). Comparisons were performed by one-
way analysis of variance (ANOVA) and Tukey-Kramer’s multiple com-
parison test with significance levels set at P < 0.05. Correlation was
analyzed by the Pearson test.

RESULTS

SIV infection in Burmese rhesus macaques. We accumulated
four groups of unvaccinated, SIVmac239-infected Burmese rhe-
sus macaques, groups A* (n=6),E" (n =6),B" (n=4),and "
(n = 4), sharing MHC-I haplotypes A (90-120-Ia), E (90-010-Ie),
B (90-120-1b), and ] (90-088-1Ij), respectively, to compare SIV in-
fections among these groups (Table 1). Out of these 20 animals, 18
showed persistent viremia (geometric mean plasma viral loads at 6
months of 1.6 X 10° copies/ml), while in the remaining two (A"
macaques R06-037 and R07-001), plasma viral loads became less
than 10° copies/ml or were undetectable at the set point (Fig. 1A).
The former 18 animals are referred to as noncontrollers and the
latter two as controllers in this study. Fifteen noncontrollers were
euthanized with AIDS progression in 4 years (geometric mean
survival period of 24 months), and the remaining three, after 1 or
2 years, are under observation (Table 2).

Group A" macaques, including two controllers, showed lower
set point viral loads, whereas group J* macaques had higher viral
loads (Fig. 1B). Viral loads in group E* and B* macaques were at
intermediate levels. Multiple comparisons indicated significant
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FIG 2 Relative CD4"* T-cell counts after STVmac239 challenge. (A) Relative CD4 ™ T-cell counts after challengein A™ (upper left), E* (upper right), B* (lower left), and
J* (lower right) macaques. For each animal, the peripheral CD4 counts relative to that at challenge (set at 100) are shown. (B) Changes in means of relative CD4 ™ T-cell
counts after challengein A* (black), E* (blue), B* (green),and ] " (red) animals. (C) Comparison of relative CD4 " T-cell counts at 6 months among four groups. Those
inJ* animals were significantly lower than those in A* (P = 0.0090 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test).

differences in set point plasma viral loads between groups A* and
J* (Fig. 1C).

Most noncontrollers showed a decline in peripheral CD4™" T-
cell counts (Fig. 2A). Relative CD4™ T-cell counts in the chronic
phase were the highest in group A™ animals and the lowest in
group J* animals. Multiple-comparison tests revealed significant
differences in relative CD4™ T-cell counts at 6 months between
groups A" and J* (Fig. 2B and C). Furthermore, multiple com-
parisons among groups A™, E*, and ] found significant differ-
ences in survival periods, which were the longest in A™ and the
shortest in J* animals (Table 2 and Fig. 3). These results indicate
an association of MHC-I haplotypes with AIDS progression after
SIV challenge in Burmese rhesus macaques.

SIV antigen-specific CD8* T-cell responses. We analyzed
SIV-specific CD8" T-cell responses at 3 months and 1 year after
SIV challenge by the detection of antigen-specific IFN-vy induc-
tion to examine which antigen-specific CD8" T-cell responses
were induced predominantly (Table 3). Analysis revealed the pre-

6484 jviasm.org

dominant induction of Gag-specific and Nef-specific CD8" T-cell
responses in group A" animals and Nef-specific CD8 " T-cell re-
sponses in groups E* and B™. Vif-specific CD8* T-cell responses
were detected in three J* animals but not macaque R06-022,
which rapidly developed AIDS in 5 months without detectable
SIV-specific CD8™" T-cell responses.

There was no significant difference in whole SIV antigen-spe-
cific CD8" T-cell responses among these four groups, although
those responses were marginal or undetectable in two of four J*
animals (Fig. 4A). However, Gag-specific CD8 " T-cell frequencies
at 3 months were significantly higher in A™ animals (Fig. 4B). The
analysis of four groups revealed inverse correlations between Gag-
specific CD8" T-cell frequencies and plasma viral loads at 3
months (P = 0.0087; ©* = 0.3407; data not shown). Three groups
of A¥, E¥, and B™ animals tended to show higher Nef-specific
CD8™ T-cell responses than J© animals (Fig. 4C).

Viral genome mutations. We then analyzed mutations in viral
cDNAs amplified from plasma RNAs of group A*, E*, and B¥
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FIG 3 Kaplan-Meyer survival curves after SIVmac239 challenge in A™, E*,
and J* macaques. Macaque R08-003, which is under observation, is not in-
cluded. B* animals were excluded from this analysis because data on only two
animals were available. We determined the Kaplan-Meyer estimate of the sur-
vival function of each group and then compared the three curves using the
log-rank test (Mantel-Cox test). Analysis showed significant differences in
survival curves (chi square, 9.9; P = 0.007 by log-rank test of Kaplan-Meyer
estimates).

TABLE 3 SIV antigen-specific CD§* T-cell responses”

MHC-1 Haplotypes and SIV Infection

macaques around 1 year after SIV challenge. Nonsynonymous
mutations detected predominantly were as shown in Fig. 5. Mul-
tiple comparisons among groups A", E*, and B* (Fig. 6) showed
no differences in total numbers of nonsynonymous mutations but
revealed significantly higher numbers of gag mutations in A" an-
imals. E* animals had higher numbers of tat mutations than A™*
animals. There was no significant difference in the numbers of
mutations in other regions, including nef, among these groups.
Group J " animals were not included in the multiple comparisons,
because three of them were euthanized by 9 months. These three
had lower numbers of nonsynonymous mutations before their
death, possibly reflecting lower immune pressure.
Polyfunctionality in SIV-specific T-cell responses. Finally, we
investigated T-cell polyfunctionality to compare T-cell functions
(2, 4, 45) in these four groups having different viral loads. We
analyzed the polyfunctionality of SIV-specific CD4" and CD8" T
cells around 8 months after challenge by the detection of SIV-
specific induction of IFN-y, TNF-c, IL-2, MIP-1B, and CD107a.
SIV-specific CD4™ T-cell polyfunctionality inversely correlated
with plasma viral loads at around 9 months (Fig. 7A). We also
found an inverse correlation between SIV-specific CD8" T-cell
polyfunctionality and viral loads (Fig. 7A). However, there was no

CD8™ T-cell response to:
MHC-1 haplotype and time

point after challenge Macaque Gag Pol Vif Vpx Vpr Tat Rev Env Nef

3 mo
A R02-007 ND ND ND ND ND ND ND ND ND
A RO6-037 657 — 104 e — — — —_— 520
A RO7-001 193 —_ - - — — — — 322
A RO7-004 316 e 137 — e —_ o e 353
A R07-009 440 — 124 o e — e 100 247
A R06-019 322 - e o e — — — 253
E RO1-011 —_ — 186 — — — — — —
E R05-007 — — - —— — 203 — . 330
E RO8-003 —_ . —_ —_ — — . — . 213
E RO8-007 e — — e — — —_ 335 —
E R09-011 o — 807 — 307 — e 1,598 2,327
E R06-038 199 — 248 — — 249 — 234 634
B R06-001 — 107 253 172 — — — 114 313
B R06-039 — — — —_ — — — 110 195
B R10-005 163 172 —_ 1,033 141 —_ 579 — 1,554
B R10-008 — — — 133 — — 165 —_ —
] R02-004 — — 171 — — 145 — 382 117
] R04-014 — 534 625 280 440 290 1,060 —_ 296
J R06-022 — — — — — — — — —
J R10-001 — e 102 — — — — — —

Tyr
A R02-007 — — 119 — — — — 112 250
A R06-037 515 — 124 272 178 — — — 906
A R07-001 126 — e e — _— — — 180
A R0O7-004 = — — — —_ — — —_ 150
A R07-009 254 120 173 — 112 — — 215 166
A R06-019 444 155 284 — 188 — — 174 583
E RO1-011 160 — — —_ — —_ — — 228
E R05-007 — oo — - - - e e o
E R08-003 — — — — — —_ —_ —_ 537
E R08-007 — — — — o — — — 199
E R09-011 — 159 — — — —_ 150 259 102
E R06-038 298 174 611 — — 406 387 1,052 1,982
B R06-001 — — —_ — — — — 127 140
B R06-039 — — — — — 151 —_ —_ e
B R10-005 185 — — — — — — — —
B R10-008 109 232 — — — — 325 —_ 296
] R02-004 158 — — — — — — — —_
] R04-014° 114 141 178 o o 360 288 —_ 142
J R10-001° — — — - - — — - -

¢ Responses were measured by the detection of antigen-specific IFN-y induction. Macaque R06-022, euthanized at 5 months, is not included in the lower portion. Antigen-specific
CD8™ T-cell frequencies (per 1 million PBMCs) are shown. ND, not determined; —, undetectable (<100).

& At 9 months (before euthanasia).
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FIG 4 Comparison of SIV antigen-specific CD8™" T-cell responses. Responses were measured by the detection of antigen-specific IFN-vy induction using PBMCs
at 3 months (3 M; left) and at 1 year (1Y; right). (A) Whole SIV antigen-specific CD8" T-cell frequencies. The sum of Gag-, Pol-, Vif-, Vpx-, Vpr-, Tat-, Rev-,
Env-, and Nef-specific CD8™" T-cell frequencies in each animal is shown. (B) Gag-specific CD8" T-cell frequencies. The frequencies at 3 months in A" animals
were significantly higher (A* and E*,P<<0.0001;A™ and B*, P = 0.0003; A" and ], P < 0.0001 by one-way ANOVA and Tukey-Kramer’s multiple-comparison

test). (C) Nef-specific CD8" T-cell frequencies.

correlation between viral loads and total SIV-specific CD4 ™ T-cell
or CD8" T-cell frequencies (Fig. 7B). Polyfunctional T-cell re-
sponses tended to be higher in group A* and lower in group J*.
Multiple comparisons revealed significant differences in SIV-spe-
cific CD4"* T-cell polyfunctionality with the highest in group A™
and the lowest in group J© (Fig. 7C). These results may reflect
difference in disease progression among these animals.

DISCUSSION

This study describes SIVmac239 infection in 20 Burmese rhesus
macaques. Geometric means of set point plasma viral loads were
approximately 10° copies/ml. The levels are considered lower than
those usually observed in the widely used SIVmac239 infection
model of Indian rhesus macaques (28, 55) but are higher than
those typically observed in untreated humans infected with
HIV-1. While two A* animals controlled SIV replication, the re-
maining 18 Burmese rhesus macaques failed to control viremia.
Indeed, all of the animals in the three groups E*, BT, and J*
showed persistent viremia. Those noncontrollers, including four
A" animals, developed AIDS in 0.5 to 4 years. These results indi-
cate that the SIVmac239 infection of Burmese rhesus macaques
does serve as an AIDS model.

6486 jviasm.org

In the present study, we compared SIVmac239 infections
among four groups sharing MHC-I haplotypes A, E, B, and J,
respectively. These animals showed differences in plasma viral
loads, peripheral CD4 " T-cell counts, survival periods, patterns of
viral antigen-specific CD8* T-cell responses, polyfunctionality of
SIV-specific T-cell responses, and numbers of viral genome mu-
tations. These results indicate the association of MHC-I haplo-
types with AIDS progression. There has been a number of reports
describing SIV infections in macaques sharing a single or a couple
of MHC-I alleles, but few studies have examined SIV infection in
macaques sharing an MHC-I haplotype (10, 11, 40). SIV infection
induces multiple epitope-specific CD8" T-cell responses, and
CD8" T-cell responses specific for some MHC-I-restricted
epitopes can be affected by those specific for other MHC-I-re-
stricted epitopes due to CTL immunodominance (16, 29, 52).
Thus, the preparation of macaque groups sharing MHC-I geno-
types at the haplotype level, as described in the present study,
would contribute to the precise analysis of SIV infection. The es-
tablishment of groups sharing both MHC-I haplotypes (56) may
be ideal, but the accumulation of macaque groups sharing even
one MHC-I haplotype could lead to the constitution of a more
sophisticated primate AIDS model.
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FIG 5 Predominant nonsynonymous mutations in viral cDNAs around 1 year after STVmac239 challenge. Amino acid substitutions in SIV Gag, Pol, Vif, Vpx,
Vpr, Tat, Rev, and Nef are shown. In three animals, R04-014, R06-022, and R10-001 in group J*, data on the samples obtained before their death at 5 or 9 months
after challenge are shown. Asterisks indicate the residues where different mutations were detected. It is known that amino acid substitutions at the Pol residues
413 and 821 and the Rev residue 40 are frequently observed in SIVmac239 infection and contribute to higher viral fitness in vivo (1, 39).

Various MHC-1 alleles that do not consist of the first MHC-I
haplotypes (Ain A", EinE*, Bin B", and J in J" animals) were
detected as shown in Table 4. Two A" macaques, R02-007 and
R07-004, had two major alleles, Mamu-A1*008:01 and Mamu-

B*007:02, of MHC-I haplotype J, although their second MHC-I
haplotype was not determined as J on the basis of information on
the family tree. Even when these two animals were excluded from
the A" group, multiple-comparison analyses showed significant
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FIG 6 Comparison of the numbers of predominant nonsynonymous mutations in viral cDNAs around 1 year after SIVmac239 challenge among A*, E*, and
B* macaques. ] animals were excluded from this analysis because three of them were euthanized by 1 year. The first graph (total) shows the sum of the numbers
of amino acid substitutions in SIV Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef. Gag, Tat, and Nef graphs show the numbers of Gag, Tat, and Nef amino acid
substitutions, respectively. The numbers of Gag amino acid substitutions in A™ animals were significantly higher than those in E* and B animals (A* and E™,
P =10.0037; A" and B*, P = 0.0069 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test). The numbers of Tat amino acid substitutions in E*
animals were significantly higher than those in A™ animals (P = 0.0140).
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FIG 7 Polyfunctionality in SIV-specific CD4" and CD8™ T cells around 8 months after STVmac239 challenge. Samples of macaques R02-007 (A™), R01-011
(E*), R10-005 (B™), R10-008 (B™), and R10-001 (J*) were unavailable. (A) Correlation analysis of plasma viral loads at 9 months with polyfunctionality
(polyfunctional values) of SIV-specific CD4™ (left) and CD8™ (right) T cells. Viral loads inversely correlated with SIV-specific CD4* (P = 0.0101; /* = 0.4105)
and CD8" (P = 0.0002; * = 0.6731) T-cell polyfunctionality. (B) Correlation analysis of plasma viral loads at 9 months with SIV-specific CD4* (left) and CD8™*
(right) T-cell frequencies (frequencies of CD4 " and CD8™ T cells showing the SIV-specific induction of induction of IFN-y, TNF-a, IL-2, MIP-1B, or CD107a).
(C) SIV-specific CD4™ (left) and CD8 ™ (right) T-cell polyfunctionalityin A* (n = 5),E™ (n = 5), B” (n = 2),and J* (n = 3) macaques. Multiple comparisons
among A*, BE*, and J* animals (excluding the B* group with available data on only two animals) revealed significant difference in SIV-specific CD4* T-cell
polyfunctionality (A" and J*, P = 0.0195 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test).

differences in plasma viral loads, peripheral CD4* T-cell counts,
survival periods, Gag-specific CD8" T-cell responses, and num-
bers of viral gag mutations. These two A™ animals were noncon-
trollers, supporting the notion that CTL responses specific for
Mamu-A1*008:01- or Mamu-B*007:02-restricted epitopes are
not efficient or effective. In addition, several MHC-I alleles were
shared in two or three animals, but the influence of these alleles on
disease progression remains unclear.

In the group A" animals that showed lower viral loads and slower
disease progression, Gag-specific CD8" T-cell responses were effi-
ciently induced, and their frequencies were significantly higher than
those in the other three groups. Furthermore, these A animals had
higher numbers of nonsynonymous gag mutations, possibly reflect-
ing strong selective pressure by Gag-specific CD8" T-cell responses.
Previously, CD8* T-cell responses specific for the Gag,os_»1 (IINEE-
AADWDL) epitope restricted by MHC-I haplotype A-derived
Mamu-A1*043:01 and the Gag,,, ,40 (SSVDEQIQW) epitope re-
stricted by A-derived Mamu-A1*065:01 have been shown to exert
strong suppressive pressure on SIV replication (19, 21). In the present

6488 jviasm.org

study, most A™ animals selected escape mutations from these CD8 ™
T-cell responses, GagL216S (a mutation leading to a leucine [L]-to-
serine [S] substitution at the 216th amino acid in Gag) and
GagD244E (aspartic acid [D]-to-glutamic acid [E] substitution at the
244th amino acid) or 1247L (isoleucine [I]-to-L substitution at the
247th amino acid). These results are consistent with recent findings
suggesting the potential of Gag-specific CD8" T-cell responses to
efficiently suppress HIV-1/SIV replication (24).

In SIV-infected A* animals, predominantly Nef-specific as well as
Gag-specific CD8" T-cell responses were elicited. At 3 months post-
challenge, all of the A* animals showed relatively similar levels of total
antigen-specific, Gag-specific, and Nef-specific CD8"* T-cell re-
sponses, and their deviations appeared to be less than those in the
other three groups. This may reflect the diminished influence of the
second MHC-I haplotypes in these A* animals in the early phase of
SIV infection, i.e., CD8™ T-cell responses specific for epitopes re-
stricted by MHC-I molecules derived from the second haplotypes
may be suppressed by dominant CD8™" T-cell responses specific for
A-derived MHC-I-restricted epitopes.
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TABLE 4 Alleles in the second MHC-I haplotypes in macaques”

Group Macaque Allele(s)

At R02-007 A1*008:01, B*007:02

At R06-037 AI1%052:01, A2*005:13, B*089:02/03"

A RO7-001 A1*032:02, B*066:01

A" RO7-004 AI*008:01, B*007:02, B*039:01

A" RO7-009 ND*

A" R06-019 A1*032:02, A2*005:02, B*106:01, B*124:01

E" RO1-011 AI*004:01, B*004:01, B*060:03, B*102:01

E* R05-007 AI*032:03, B*042:01, B*066:01, B*089:01

E* R08-003 B*074:02, B*101:01

E* RO8-007 A2%005:10, B*054:02, B*061:04, B*063:02,
B*124:01

E* R09-011 A1*041:02, B*061:02, B*068:04/05"

E* R06-038 A1*004:01, A-new,® B¥001:01, B*007:02/
03, B*017:03

B* R06-001 AI*008:01

Bt R06-039 A1*032:02, B*004:01, B*033:01, B*066:01,
B*102:01

B* R10-005 AI1%003:01, B*019:01

B" R10-008 B*026:02, B*045:07, B*051:06

7t R02-004 ND/

J* R04-014 A4*014:03, B*071:01

N R06-022 A5*030:06, B*102:01

7t R10-001 AI*004:01, B*026:02, B*043:01, B*073:01

“ Detected alleles not included in the fist MHC-I haplotypes (A in A™, Ein E*, Bin
B*,orJin]" animals) are shown.

¥ The Mamu-B allele has sequences identical to B*089:02 and B*089:03 in exons 2 and 3.
¢ MHC-1 alleles other than those consisting of the MHC-I haplotype A were not
detected,

4The Mamu-B allele has sequences identical to B*068:04 and B*068:05 in exons 2 and 3.
¢ New Mamu-A allele 96% similar to A1*018:03 by sequence homology in exons 2

and 3.

FMHC-T alleles other than those consisting of the MHC-I haplotype J were not
detected.

Nef-specific CD8™ T-cell responses were induced efficiently at
3 months or 1 year postchallenge in groups A*, E*, and B but
notinmost] " animals, which showed higher viral loads and rapid
disease progression. The former three groups had relatively higher
numbers of nonsynonymous nef mutations, which correlated
with Nef-specific CD8" T-cell responses at 1 year (P = 0.0063;
1* = 0.4765; data not shown). Thus, these Nef-specific CD8™ T-
cell responses, whose suppressive pressure might be less than that
of Gag-specific ones, may play roles in the suppression of SIV
replication, while we have not determined Nef epitopes for those
CD8™ T-cell responses exerting strong suppressive pressure. No
nef mutations common to each group were detected, which sug-
gests multiple Nef epitope-specific CD8" T-cell responses. Re-
garding the Nef-specific CD8" T-cell responses in SIV-infected
E™ animals, some Nef epitopes are speculated to be restricted by
E-derived MHC-I molecules. Our results, however, indicate that
primary SIV infection induces no predominant CD$" T-cell re-
sponses specific for Gag epitopes restricted by E-derived MHC-I
molecules in the early phase. In J* animals, we found no predom-
inant CD8" T-cell responses specific for J-derived, MHC-I-re-
stricted epitopes in the early phase of SIV infection.

This study indicates differences in the patterns of CTL immu-
nodominance among these groups. Gag-specific CD8" T-cell re-
sponses were induced in group A", showing slower disease pro-
gression, and Nef-specific CTL responses were induced in those
animals other than group J* animals, which showed rapid disease
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progression. These results can be reasonably explained by the dif-
ferences in MHC-I haplotypes, although it is difficult to com-
pletely rule out the possibility of disease progression associating
with other genes located around the MHC-Tlocus. In our previous
study (21), the challenge of A" macaques with a mutant SIV-
mac239 carrying Gagl216S and GagD244E mutations showed
higher set point viral loads, indicating that these A-derived, MHC-
I-restricted, Gagyos.2,¢ and Gag,,,..40 epitope-specific CD8™ T-
cell responses are responsible for lower viral loads in group A™
animals.

Our analysis revealed differences in the target antigens for pre-
dominant CD8" T-cell responses but not in the magnitudes of
SIV-specific CD8 " T-cell responses among four groups. However,
we found differences in polyfunctional SIV-specific CD4™ T-cell
responses in the chronic phase. Remarkably, plasma viral loads
inversely correlated with the polyfunctionality of SIV-specific
CD8" T cells as well as CD4™ T cells. These results suggest stron-
ger polyfunctional T cell responses in animals with lower viral
loads, which, conversely, could contribute to the sustained sup-
pression of viral replication in the chronic phase.

In summary, we examined SIVmac239 infection in four groups
of Burmese rhesus macaques, with each group sharing different
MHC-T haplotypes. Our results indicate the association of MHC-I
haplotypes with disease progression. This study presents a robust
AIDS model of STV infection facilitating the analysis of virus-host
immune interaction.
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Quantification system for the viral dynamics of a
highly pathogenic simian/human
immunodeficiency virus based on an in vitro
experiment and a mathematical model

Shingo lwami'**", Benjamin P Holder”, Catherine AA Beauchemin®, Satoru Morita®, Tetsuko Tada®, Kei Sato®,
Tatsuhiko Igarashi® and Tomoyuki Miura®

Abstract

Background: Developing a quantitative understanding of viral kinetics is useful for determining the pathogenesis
and transmissibility of the virus, predicting the course of disease, and evaluating the effects of antiviral therapy. The
availability of data in clinical, animal, and cell culture studies, however, has been quite limited. Many studies of
virus infection kinetics have been based solely on measures of total or infectious virus count. Here, we introduce a
new mathematical model which tracks both infectious and total viral load, as well as the fraction of infected and
uninfected cells within a cell culture, and apply it to analyze time-course data of an SHIV infection in vitro.

Results: We infected HSC-F cells with SHIV-KS661 and measured the concentration of Nef-negative (target) and
Nef-positive (infected) HSC-F cells, the total viral load, and the infectious viral load daily for nine days. The
experiments were repeated at four different MOIs, and the model was fitted to the full dataset simultaneously. Our
analysis allowed us to extract an infected cell half-life of 14.1 h, a half-life of SHIV-KS661 infectiousness of 17.9 h, a
virus burst size of 22.1 thousand RNA copies or 0.19 TCIDsg, and a basic reproductive number of 62.8. Furthermore,

produced.

Human immunodeficiency virus

we calculated that SHIV-KS661 virus-infected cells produce at least 1 infectious virion for every 350 virions

Conclusions: Our method, combining in vitro experiments and a mathematical model, provides detailed
guantitative insights into the kinetics of the SHIV infection which could be used to significantly improve the
understanding of SHIV and HIV-1 pathogenesis. The method could also be applied to other viral infections and
used to improve the in vitro determination of the effect and efficacy of antiviral compounds.

Keywords: Viral infectiousness, Quantification of viral dynamics, In vitro experiment, Mathematical model, Simian/

Background

Historically, the study of the highly pathogenic simian/
human immunodeficiency virus (SHIV) has provided
important information for the understanding of human
immunodeficiency virus type-1 (HIV-1) pathogenesis.
For example, it was clarified in an SHIV animal study
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that co-receptor usage determined by the HIV-1 env
gene affects the virus’ cell tropism (preference for speci-
fic target cell populations), and thus its pathogenesis, in
vivo [1-3]. Furthermore, infections with highly patho-
genic SHIV strains in animal models have exhibited
stable clinical manifestations in most infected animals,
similar to an aspect of infection course in human HIV
infections [4,5]. One of the highly pathogenic SHIV
strains, SHIV-KS661, which has the env gene of HIV-1
89.6 and predominantly uses CXCR4 as the secondary
receptor for its infection [2], causes an infection that

© 2012 Iwami et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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systemically depletes the CD4" T cells of rhesus maca-
ques within 4 weeks after infection [6,7]. In observations
by our group in recent years, the intravenous infection
of rhesus macaques with SHIV-KS661 has consistently
resulted in high viremia and CD4" T cell depletion, fol-
lowed by malignant morbidity as a result of severe
chronic diarrhea and wasting after 6 to 18 months [8].
Despite this well-developed in vivo model, the detailed
kinetics of SHIV-KS661 remain unclear. Quantifying
and understanding viral kinetics will provide us with
novel insights about the pathogenesis of SHIV (and
HIV-1), for example, by enabling the quantitative com-
parison of the replicative capacity of different strains.

In recent years, virological data from clinical patient
studies, animal experiments, and cell culture studies
have frequently been analyzed using mathematical mod-
els. Mathematical analysis of clinical data is an increas-
ingly popular tool for the evaluation of drugs, the
elaboration of diagnostic criteria, and the generation of
recommendations for effective therapies [9-17]. Analyses
of animal and cell culture studies have revealed funda-
mental aspects of viral infections including the specifica-
tion of the half-life of infected cells and virus, the virus
burst size, and the relative contribution of the immune
response [18-29]. Important results have also been
obtained in the analysis of purely in vitro experiments.

. For example, in Beauchemin et. al. [19], simple mathe-
matical models were employed to analyze the effect of
amantadine treatment on the course of experimental
infections of Madin Darby canine kidney (MDCK) cells
with influenza A/Albany/1/98 (H3N2) in a hollow-fiber
(HF) reactor. Fits of the models to the experimental
data determined that the 50% inhibitory concentration
(ICsp) of amantadine for that particular strain was 0.3-
0.4 uM and found amantadine to be 56-74% effective at
blocking the infection of target cells. Thus, analyses of
experimental data using mathematical models have pro-
vided, and continue to provide, quantitative information
about the kinetics of viral infections - particularly for
HIV-1, the hepatitis C virus (HCV), and the influenza
virus - by estimating infection parameters buried within
experimental data.

Despite these successes, the available virological data,
even for in vitro experiments, have often been limited in
that many modeling analyses have been based only on
total viral load data (e.g., RNA or DNA copies, hemag-
glutination assay (HA)) [9-13,15-17,20,22,23,26,27] or
infectious viral load data (e.g., 50% tissue culture infec-
tion dose (TCIDsy) or plaque forming units (PFU))
[18,19,25]. Thus, while the applied mathematical models
typically depend on the interaction of many components
of the infection - including the populations of suscepti-
ble and infected cells - they are often only confronted
by a single biological quantity: the time-course of the
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viral load. More rarely, diverse data sets including both
virus and cell measurements have been considered
[14,29-37]. Notable examples of the latter case include
the analysis of an influenza infection in a microcarrier
culture by Schulz-Horsel et al. [29], who measured and
modeled the infectious and total viral load, along with
the fraction of infected cells; and the in vivo studies of
HIV-1 dynamics following antiviral therapy by Perelson
and co-workers (e.g., [14,31]), who have considered
measurements of viral load as well as susceptible and
infected cells.

Here, we combined a relatively simple mathematical
model of SHIV infection in HSC-F cells with an in vitro
experimental system which allows for the measurement
of both total and infectious viral load and the concentra-
tion of target and infected cells. We infected HSC-F - a
CD4" T cell line established from cynomolgus monkey -
in vitro with SHIV-KS661 at four different multiplicities
of infection (MOI) and measured the concentration of
Nef-negative (susceptible/target) and Nef-positive
(infected/virus producing) HSC-F cells [cells/ml], and
the total [RNA copies/ml] and infectious [TCIDso/ml]
viral load daily over nine days. With this abundant and
diverse data, we were able to fully parameterize the
dynamic model and determine robust estimates for viral
kinetics parameters, thus quantifying the infection cycle.
Our in vitro quantification system for SHIV-KS661
should be a valuable complement to the well-developed
in vivo model and can be used to significantly improve
the understanding of SHIV and HIV-1 pathogenesis.

Results

Mathematical model

To describe the in vitro kinetics of the SHIV-KS661
viral infection in our experimental system (Table 1), we
expanded a basic mathematical model widely used for
analyzing viral kinetics [13,17-19,27,38,39]. The follow-
ing equations are our extended model:

dx

i —Bxvy — dx (1)

dy

A — 2

I Bxvy — ay (2)

dv

—d—I = pky — 11V — TRNAY (3)
L

duny

T (1 — pky + riv; — rRNAUNI (4)

where x and y are the number of target (susceptible)
and infected (virus-producing) cells per ml of medium,
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Table 1 Experimental data for the in vitro experiment
MOl Measurement day
0 1 2 3 4 5 6 7 8

Concentration of Nef-negative HSC-F cells (cells/ml)

2% 107 5470829 6044623 2690861 1012828 223584 42130 58470 10386 10270

2% 10" 2333804 4953074 2985268 2201172 811240 621750 60255 19998 4857

2x10% 2574201 3563431 3434160 2345412 1269216 1345728 264794 71792 127996

2% 10° 3357117 2583058 4557411 35074989 1334060 1896048 1022157 307908 153360
Concentration of Nef-positive HSC-F cells (cells/ml)

2x10°  di¥ dl. 439139 1167172 736416 177870 41530 19614 9730

2% 107 dl dl. 84732 158828 548760 878250 89745 40002 5143

2% 10°  dl. dl. dl. 64588 170784 574272 165206 88208 92004

2x10%  dl. dl. dl. dl 65940 383952 347843 232092 86640
Total viral load of SHIV-KS661 (RNA copies/ml)

2107 9180000 331000000 2840000000 4050000000 3140000000 1120000000 154000000 20200000 5650000

2% 10" 1030000 26200000 256000000 1670000000 2110000000 1740000000 609000000 134000000 19400000

2% 10° 126744 4370000 51200000 489000000 1280000000 1940000000 1230000000 570000000 130000000

2% 10% 10170 800536 4600000 54200000 322000000 1300000000 1210000000 603000000 275000000
Infectious viral load of SHIV-KS661 (TCIDse/ml)

2% 10° 40 4064 40960 81920 163840 20480 2560 160 dl.

2% 10" dl 101 403 5120 40960 1280 101 40

2% 10°  dl 64 640 4064 20480 25803 5120 1280 640

2x10° 40 40 80 640 5120 1280 1280 640 1280
“d).” designates samples in which the concentration was below the detection limit.

. . . dx

vy and vpy are the number of RNA copies of infectious i —Bsoxvsy — dx — 8x (5)

and non-infectious virus per ml of medium, respectively.
Parameters d, a, rgna, and  represent the death rate of
target cells, the death rate of infected cells, the degrada-
tion rate of viral RNA, and the rate constant for infec-
tion of target cells by virus, respectively. We assume
that each infected cell releases k virus particles per day
(i-e., k is the viral production rate of an infected cell), of
which a fraction p are infectious and I-p are non-infec-
tious. Infectious virions lose infectivity at rate rj, becom-
ing non-infectious. Implicit in Eqgs.(1)-(4) is the
assumption that once a cell is infected by infectious
virus it immediately begins producing progeny virus.
We also tested a variant of the model which incorpo-
rates an “eclipse” phase of infection to represent the
cell’s period of latency prior to virus production. We
found, however, that including this phase did not signifi-
cantly improve the fit of the model to the data and led
to very similar extracted parameter values (see Addi-
tional files 1, 2, 3). Therefore, in all further analyses, this
phase was omitted in favor of the simpler model formu-
lation. A schematic of our mathematical model is shown
in Figure 1.

To fit the observed viral load data - consisting of RNA
copies/ml and TCIDso/ml - and to account for the par-
tial removal of cells and virus due to sampling, we
transformed Eqs.(1)-(4) into the following scaled model:

Target cells T Infected cells Y

£

infection rate

Death rate

Infectious virus U Replication rate
L-p
® 7 rowootnon
Degradation rate @ @ infectious virus
tn
TREA @

Non-infectious virus U py 7

Loss rate of 7
infectvity ' 4

Figure 1 A schematic representation of the mathematical
model. The variables x and y are the number of target and infected
cells; v, and vy are the number of RNA copies of infectious and
non-infectious virus, respectively. Parameters d, a, rpya, and
represent the death rate of target cells, the death rate of infected
cells, the degradation rate of viral RNA, and the rate constant for
infection of cells by infectious virus, respectively. It is assumed that
infected cells release virus particles at a rate k, that a fraction p of
these particles are infectious (7-p are non-infectious) but lose
infectivity at a rate r, becoming non-infectious.
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d
d_)t’ = Bsoxvso — ay — 8y (6)
dv

Z\IA = ky — TRNAVRNA — TcVRNA (7)
dv
_d%Q = ksoy — TiVs0 — TRNAV50 — TeVsg (8)

where vpas = Vi+Var is the total concentration of viral
RNA copies, vso = ov; is the infectious viral load
expressed in TCIDso/ml, and ¢ is the conversion factor
from infectious viral RNA copies to TCIDsq. Since the
measure of 1 TCIDs, corresponds to an average of 0.68
infection events (by Poisson statistics), we have 0
<0=1.47 TCIDso per RNA copies of infectious virus.
Parameters f8so = /0 and ksp = opk are the converted
infection rate constant and production rate of infectious
virus, respectively. At each sampling time, the concen-
tration of Nef-negative and Nef-positive HSC-F cells
must be reduced in our model by 5.5% and the viral
loads (RNA copies and TCIDs5g) by 99.93% to account
for the experimental harvesting of cells and virus. These
losses were modeled in Eqs.(5)-(8) by approximating the
sampling of cells and virus as a continuous exponential
decay, yielding a rate of § = 0.057 per day for cell har-
vest and r, = 7.31 per day for virus harvest. We found
that a model which implements the sampling explicitly,
as a punctual reduction at each sampling time, similar
to the model in [19], did not significantly improve the
quality of the fit (data not shown).
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Of the seven free model parameters remaining, three
of them (d, ry, rpaza) were determined by direct measure-
ments in separate experiments described below. The
remaining four parameters (Bso, 4, k, kso) along with 16
initial (¢ = 0) values for the variables (four at each of the
four MOI values) were determined by fitting the model
to the data as described in Methods (Tables 2 and 3).

In vitro half-lives of the SHIV-KS661 virus and HSC-F cells
The rates at which SHIV-KS661 virions lose infectivity,
r;, and the rate at which their viral RNA degrades, reya,
were each estimated directly in separate experiments
(Figure 2). Linear regressions were performed to fit
logvrna(t) = logvrna(0)-Trnat and logvso(t) = logvso(0)-rit
to those data, yielding values of rpna = 0.039 per day
(95% confidence interval (95%CI): 0.013-0.065 per day)
and r; = 0.93 per day (95%Cl: 0.44-1.4 per day). These
correspond to an infectious virion half-life of 17.9 h and
an RNA viability half-life of 17.7 d. The death rate of
target cells, d, was also estimated directly, in a mock
infection experiment where Nef-negative (target) HSC-F
cells were exposed to the culture conditions of the
experiment without virus (data not shown). A linear
regression was performed to fit logx(t) = logx(0)-(d+d)t
to the time course data, yielding d = 0.21 per day (95%
CI: 0.18-0.27), corresponding to an average target cell
lifespan of 4.76 d (half-life of 3.30 d).

Time-course in vitro data
Time-course in vitro experimental data were collected
over nine days, consisting of the concentrations of Nef-

Table 2 Parameters values and derived quantities for the in vitro experiment

Parameter Name Symbol Unit Value 95%Cl
Calculated parameters for the continuous approximation of cell and virus harvest

Harvest rate of target and infected cells 1) day™ 0.057 -

Harvest rate of total and infectious virus Ie day 731 -

Fitted parameters from separate experiments

Decay rate of uninfected cells d day” 021 0.17-0.26

Rate of virion infectivity loss I day™ 093 044-14
Degradation rate of virion RNA TRNA day” 0.039 0.013-0.065
Parameters obtained from simultaneous fit to full in vitro dataset

Rate constant for infections Bso (TCIDse/mi-day)”! 495 x 107 (235-9.59) x 10°
Decay rate of infected cells a day 118 0.85-1.26
Production rate of total virus k RNA copies-day™ 261 % 10* (1.55-3.70) x 10*
Production rate of infectious virus kso TCIDsgday™ 0.22 0.12-0.40
Quantities derived from fitted values

Viral burst size (total) Ka RNA copies 221 x 10 (1.74-2.96) x 10*
Viral burst size (infectious) kso/a TCIDso 0.19 0.11-033

Basic reproductive number (without removal) Ro - 62.8 51.1-76.8

Basic reproductive number (with removal) Ro* - 701 5.70-845
Minimum fraction of infectious virus kso/k TCIDso/RNA copies 863 x 10°° (453-16.9) x 10°®

- 193 -



lwami et al. Retrovirology 2012, 9:18
http://www.retrovirology.com/content/9/1/18

Page 5 of 12

Table 3 Fitted initial (t = 0} values for the in vitro experiment

Variable Unit Fitted initial value at MOI of

2x10? 2x10% 2% 107 2x10°
X(0) cells/ml 655 x 10° 650 x 10° 582 % 10° 494 % 10°
¥(0) cells/ml 647 % 107 1.60 % 107 689 % 107 0254
Varai(0) RNA copies/ml 915 % 10° 105 % 10° 158 % 10° 821 x 107
Vsg0) TCIDge/ml 431 0162 2.92 299

negative and Nef-positive HSC-F cells [cells/ml], the
total SHIV-KS661 viral load [RNA copies/ml], and the
infectious viral load [TCIDgo/ml]. At each daily mea-
surement, almost all of the culture supernatant (99.93%)
was removed for viral counting; a small percentage of
cells (5.5%) were removed for counting and FACS analy-
sis, and the remaining cells were thoroughly washed and
replaced in fresh medium. The experiment was repeated
for four different values of the initial viral inoculum
(MOI). In total, we obtained 130 data points for quanti-
fying SHIV-KS661 viral kinetics in vitro (Table 1 and
Figure 3).

In examining the MOI = 2 x 107% data, one can see
that the target cell population remains high (near its
initial value of approximately 6,46 x 10° cells/ml) until
just before the peak of the virus concentration, at which
point the target cell population decreases rapidly. The
total infected cell population, the total virus count
(RNA/ml), and the infectious virus count (TCIDs/ml)
all peak around ¢ = 3 days. Moreover, the rate of expo-
nential decay (downward slope) of the total virus and
the infected cell population after their respective peaks
are quite similar. This behavior is expected: since the

®: TCIDs/ml @ RNA copies/ml

1011

1001 T Y LIl IITIT

107}

105 | o-:--.........?.....g____
e

103 L L 1 L
0 1 2 3 4 5

Time of mcubation (day)

Figure 2 Rates of RNA degradation and loss of infectivity for
SHIV-KS661. Stock virus was incubated under the same conditions
as the infection experiments, but in the absence of cells, then
sampled every day and stored at -80°C. After the sampling, the RNA
copy number (gray circles) and 50% tissue culture infectious dose
(black circles) of the samples were measured. Linear regressions
yielded a rate of RNA degradation of rgys = 0.039 per day and a
rate of loss of viral infectivity of r, = 0.93 per day.

virus is being almost completely removed from the cul-
ture on a daily basis due to sampling and the RNA
degradation rate is very small (rpya = 0.039 per day);
the measured RNA count of virus is nearly equal to the
total number of virus produced over the preceding day
which should be proportional to the number of cells
producing virus. Similar reasoning should apply to the
decay of infectious virus - the net infectious virus mea-
sured after one day should also be approximately pro-
portional to the number of infected cells - but the rates
appear much less closely aligned in this case, perhaps
due to larger errors in the TCIDso measurement techni-
que. Alternatively, the observed more rapid than
expected decrease of infectious virus could have a biolo-
gical cause. For instance, the co-infection of cells by
competent and defective interfering viruses at late stages
in the experiment could lead to an enhanced production
of the latter [40], thus successively reducing the fraction
of infectious particles. An increase in cell-death by-pro-
ducts could also contribute to the decline in virus infec-
tivity. In SIV and SHIV infections in vivo, a decreasing
viral infectiousness has been observed over time
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Figure 3 Fits of the mathematical model to experimental data
of SHIV-KS661 in vitro. HSC-F cells were inoculated with SHIV-
KS661 24 h before t = 0, and each in vitro experimental quantity
was measured daily from t = 0 d to 8 d. The curves show the best-
fit of the model (Egs.(5)-(8), lines) to the experimental data (points)
for the target cells, infected cells, and the total and infectious viral
load for the four different experiments conducted at different MOls.
All data were fitted simultaneously as described in the text. The

fitted ¢ = 0 values of each quantity are given in Table 3.
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[7,41,42], but the timescale of this decay is longer than
that observed here and likely has an in-host origin.

A comparison of the experiments at the four different
MOI values shows that a decrease in the initial viral
inoculum serves primarily to delay the course of the
infection. The target cell populations drop to approxi-
mately half of their original values at ¢t = 1.9, 2.6, 3.5
and 4.1 days, respectively, for the four experiments in
order of decreasing MOI. Similarly the peaks of the
total viral RNA occur at ¢ = 3.0, 4.0, 5.0 and 5.5 days,
respectively. The experiments at lower MOI have
slightly lower viral and infected cell peaks, but differ
from those of the experiment at MOI = 2 x 107 by less
than a factor of three.

Relevant SHIV-KS661 viral kinetics measures

Having fixed the values of the rates of virion decay (r;
and rpna) and the target cell death rate (d) using sepa-
rate experiments, we estimated the values and 95% CI
of the four remaining unknown parameters (85, a, &,
ksp) by fitting the model in Eqgs.(5)-(8) to the full in
vitro dataset simultaneously (Table 2). The death rate of
infected cells was determined to be a = 1.18 per day
(95%CI: 0.85-1.26 per day) which implies that the half-
life of infected cells (i.e., log2/a) is 14.1 h. Infected HSC-
F cells were found to produce k = 2.61 x 10* RNA
copies of virus per day.

From the directly fitted parameters, we also calculated
a number of important derived quantities and their 95%
CI, determined from the bootstrap fits (Table 2). One
key measurement of viral kinetics is the viral burst size,
which is the total number of virus produced by an
infected cell during its lifetime [18-20]. The total burst
size of SHIV-KS661 (including non-infectious and infec-
tious virus) is given in our model by k/a and was esti-
mated from our in vitro experiment to be 2.21 x 10*
RNA copies. The burst size of infectious SHIV-KS661,
kso/a, was 0.19 TCIDs,.

To broadly characterize viral kinetics, it is instructive
to calculate the basic reproductive number for the sys-
tem, which has the form R, = Bsoksoxo/(a(rr+rrya)) and
is interpreted as the number of newly infected cells
intrinsically generated by a single infectious cell at the
start of the infection [15-19,27]. The initial number of
HSC-F cells, #,, was approximately 6.46 x 10° cells/ml,
which, together with the values of the five estimated
parameters, yields an estimate for the basic reproductive
number of 62.8. This large value (62.8»1) implies that,
given a small initiating infected cell population, the
infection is overwhelmingly likely to spread to the entire
population of cells.

After the repetitive removal of cells and virus begins,
the basic reproductive number is effectively reduced,
much like the effect of quarantine on the
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epidemiological measure of Ry,. When the effects of
removal are included in the calculation of the basic
reproductive number it has the form Ry* = Bsoksoxo/((a
+3)(ri+rrna+rc)) which yields a smaller value of 7.01.
This value better characterizes the course of the infec-
tion in our system, for example, through the recursive
relation for the approximate fraction of eventually
infected cells, f; = 1- exp(-Ry* f) [43]. Using this expres-
sion, we find that the fraction of target cells at the end
of the infection (I-f;) should be 9.01 x 107% which
implies an approximately final target cell concentration
is 5.87 x 10° cells/ml. This value agrees well with the
asymptotic concentration of Nef-negative HSC-F cells in
the MOI = 2 x 107 experiment, ~1.03 x 10% cells/ml.
The delay of the infection precludes an estimate of the
final target cell value at smaller MOI values.

Our model formulation also enables us to determine,
albiet not fully, two interesting quantities related to the
infectiousness of SHIV-KS66 virions. Parameter p
(where 0 <p=1) is the fraction of SHIV-KS66 virions
which are infectious at the time of production: the lar-
ger the value of p, the fewer defective virus particles are
produced by infectious cells. Parameter a is approxi-
mately the fraction of infectious virions which are mea-
sured in the TCIDs, assay, i.e., it is the ratio of TCIDsq
viral titer (vso) to the RNA count of infectious virions
(vy). It follows from Poisson statistics that 0 <a=1.47
TCIDsq per infectious RNA copies of infectious virions.
While we cannot determine p and « individually in our
analysis, their product is given by ksp/k = (apk)/k = ap
= 8.63 x 10° TCIDs, per infectious RNA copies.
Because of the upper bounds on p and ¢, the value of
their product imposes a minimum condition on each:
587 x 10° < p £ 1 and 8.63 x 10°® <a=1.47 TCIDs, per
RNA copies.

We can constrain these parameters further by consid-
ering the basic reproductive number Ry = 62.8, which
implies that one infectious cell will infect 62.8 other
cells over the course of its infectious lifespan. Thus, one
infectious cell must produce at least 62.8 infectious vir-
ions over its lifespan, i.e., have a burst size of at least
62.8 infectious RNA copies. The burst size in infectious
virions is given by pk/a, so this requirement can be writ-
ten as pk/a = R, infectious RNA copies (or, equivalently,
p = aRy/k infectious RNA copies) which, based on the
values of these quantities from Table 2 implies that p >
2.84 x 107, Thus 2.84 x 10°Sp=1, which means that at
least one in every 350 virions produced is infectious.
Since ap = 8.63 x 10°® TCIDg, per infectious RNA
copies, it follows that 8.63 x 10° <aS3.04 x 10°°
TCIDs, per infectious RNA copies, which means that 1
TCIDsq corresponds to at least 330 (1/3.04 x 107) infec-
ti016ls virus, but perhaps as many as 120, 000 (1/8.63 x
10°9).
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