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Abstract Simian—-human immunodeficiency virus (SHIV)
89.6P is considered to be one of the most pathogenic chi-
meric viruses in rhesus macaques. However, when crossing
from one to another species of monkeys the pathogenicity
of this virus may be affected. By using SHIV-89.6Py»43, a
virus obtained by passaging SHIV-89.6P in cynomolgus
macaques, we investigated the dynamics of viral replication
and the impact of the inoculum size (from 10 up to 50
monkey infectious dose) on the progression of the infection
in 22 cynomolgus macaques. SHIV-89.6P.y»43 caused
massive depletion of CD4+ T-cells within 4 weeks of the
inoculum, followed by an irreversible immune deficiency in
a high proportion of the infected monkeys. This study
demonstrates that SHIV-89.6P.,43 is pathogenic in cyno-
molgus macaques and that the dynamics of the viral
replication and the rate of clinical progression depend on
the size of the inoculum. Our findings provide unique and
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relevant data, particularly with regard to the value of the in
vivo titration used to select the most appropriate infectious
dose to study the “virus-host” interplay.

Introduction

Simian-human immunodeficiency virus (SHIV) infection
of macaques provides an excellent model for studying
human immunodeficiency virus-1 (HIV-1) pathogenesis
and for HIV-1/acquired immunodeficiency syndrome
(AIDS) vaccine development. Although many of the
SHIVs are infectious in macaques, only a few have been
found to be pathogenic. In fact, SHIVs do not readily
induce disease in macaques and require adaptation via
serial in vivo passages to generate variants able to replicate
at high titre, deplete CD4+ T-cells and to induce AIDS [6,
12, 15, 27]. The induction of immunodeficiency by path-
ogenic SHIVs appears to require the elimination of
virtually all CD4+ lymphocytes [8, 25]. In contrast, when
the loss of CD4+ cells is only partial, the resulting infection
is rarely associated with clinical symptoms, and animals
usually remain disease-free for several years [11, 26].
SHIV-89.6P, a pathogenic CXCR4-tropic virus obtained
after serial in vivo passages in rhesus macaques, has been
extensively used as a model for the preclinical evaluation
of HIV/AIDS vaccine candidates [1, 2]. However, the use
of SHIV-89.6P as a challenge virus is currently contro-
versial because in HIV-l-infected humans, a pattern of
disease progression like that following SHIV-89.6P infec-
tion of macaques is extremely rare [9]. The pathogenicity
of SHIV-89.6P is characterized by a profound and irre-
versible loss of CD4+ circulating T-cells, high levels of
viremia and AIDS-like disease [13, 14, 25]. However, it
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has been recently shown that infection with this virus in
Chinese rhesus macaques and cynomolgus macaques
results in lower levels of plasma viremia, CD4+ T deple-
tion, and a more attenuated pathogenicity as compared to
Indian rhesus macaques [26]. The different clinical out-
come observed in these monkey species has been related to
genetic factors or to differences in the host immune
response to the virus [26].

In the present study, we report results obtained by
infecting 22 cynomolgus macaques with different doses of
SHIV-89.6P»43, a virus obtained by in vivo passage of
the rhesus-derived SHIV-89.6P in cynomolgus macaques
[3, 4, 18]. SHIV-89.6P.y»43 was highly pathogenic in this
monkey species, as evidenced by the dose-dependent levels
of plasma viremia, the rapid decline of CD4+ T-cells and
by the survival rates of infected monkeys.

To ensure infection success in the experimental infec-
tion of macaques, the doses of the challenge virus are
usually much higher than those estimated to be transmitted
in the course of natural HIV infection, or, inappropriately,
tissue culture infectious doses (TCIDsg) are used, which do
not reflect the situation in vivo [24]. Here, we provide clear
evidence that the infectious dose, obtained by performing a
rigorous in vivo virus titration, affects the clinical pro-
gression to AIDS in cynomolgus monkeys.

Materials and methods
Animals

Twenty-two adult cynomolgus macaques (Macaca fascic-
ularis) imported from Mauritius and tested seronegative for
STLV-1, SIV, simian Type D retrovirus and simian herpes
B virus infections, were housed in single cages within level
3 biosafety facilities according to the European guidelines
for nonhuman primate care (EEC, Directive No. 86-609,
November 24, 1986). Before the start of the experimenta-
tion, the animal protocol received approval from the ethics
committee of the Istituto Superiore di Sanita. Animals were
clinically examined, and weight and rectal temperature
were measured while they were under ketamine hydro-
chloride anaesthesia (10 mg/kg). Macaques used in this
study were part of different experimental protocols as naive
or control groups. Control animals were treated with dif-
ferent adjuvants. Adjuvants included: aluminum phosphate
(ALUM), 250 pL subcutaneous (s.c.); RIBI, 250 pL s.c. or
microspheres (HID), 60 pg intramuscular (i.m.) [5]. Ani-
mals were inoculated intravenously with different doses of
the same SHIV-89.6P.y,43 virus stock [range:10-50 mon-
key infectious dose (MIDsp)]. All animals used in these
studies were males except for four females (monkeys 9406,
9610, 9503, 9104).
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Origin of SHIV-89.6Py543

The virus was derived as previously described [3].
Briefly, SHIV-89.6P. 43 was obtained by infecting a
cynomolgus macaque (monkey 55111) with 50 MIDs, of
the SHIV-89.6P obtained from Letvin’s laboratory [3,25].
Blood, lymph nodes and spleen mononuclear cells were
collected and CD8+-depleted cells were stimulated with
PHA and interleukin-2 (IL-2) to induce massive virus
replication. At the peak of RT activity (95,000 cpm/mL),
determined as previously described [30], the cell-free
supernatant was stocked and frozen. The new viral stock
was termed SHIV-89.6P.,,43 This viral stock was titred
in vitro on human cell lines (CEMX174, C8166) result-
ing in titres of 5.6 x 10° and 1.6 x 10* TCIDsy/mL,
respectively, and on PBMCs from four naive monkeys,
its mean titre value was 3.23 x 10> TCID50/mL. To titre
the virus in vivo, eight cynomolgus monkeys were
exposed to serial dilutions of SHIV-89.6P.y,43 (dilution
range-1:50 one monkey, 1:500 one monkey, 1:5,000 two
monkeys, 1:50,000 two monkeys, 1:500,000 one monkey,
1:5,000,000 one monkey). The SHIV-89.6P,43 viral
stock contained 4.9 x 10° MIDso/mL.

Plasma viral RNA measurements and proviral
DNA detection

Plasma levels of SHIV-89.6P.,,43 were quantified using a
highly sensitive quantitative competitive RNA-polymerase
chain reaction assay (QT-RNA-PCR) [29]. Both method-
ologies were comparable in terms of sensitivity (50 RNA
eq/mL). To determine the cell-associated viral load, DNA
was extracted from 400 pL of whole citrated blood by
using the QIAamp DNA Blood Mini Kit (QIAGEN, Milan,
Italy) according to the manufacturer’s instructions. SHIV
proviral copy number was determined by a semi-quantita-
tive DNA PCR utilizing 1 pg of DNA and amplifying a
496-bp region of the gag gene of SIVmac239, as already
described [3].

Lymphocyte subset determination

Citrated peripheral blood cells were stained with FITC-
conjugated anti-CD3, phicoerythrin PE-conjugated anti-
CD4 and peridin chlorophyll protein (PerCP)-conjugated
anti-CD8 mAb (Becton-Dickinson, Mountain View, CA,
USA), and analyzed with a FACScan cytometer and soft-
ware (Becton-Dickinson) as described previously [7].
Absolute cell numbers were calculated from the blood cell
counts, performed by an automatic cell counter (Coulter
Onyx, Beckman Coulter, Milan, Italy).
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RT-PCR and sequencing analysis

Viral RNA was isolated from the SHIV-89.6P.y,43 viral
stock by using the QIAamp viral RNA kit (QIAGEN,
GmbH, Hilden, Germany). RT-PCR was performed using
SuperScript III (Invitrogen, Carlsband, CA, USA) and
Platinum Taq High Fidelity (Invitrogen) according to the
manufacturer’s instructions. Primers were designed based
on the SHIV-89.6P KB9 sequence present in GenBank
under accession number U89134. Primers (+)5'-CAGTC
GCTCTGCGGAGAGGC-3'[nt1-20]), (-)5'-CATCTCCCA
CTCTATCTTA-3'[nt520-538]), (+)5-GCTGTCTTTTAT
CCAGGAAGG-3[nt494-514]), (-)5'-TGCTTGCCCAACT
GCATGTAG-3'[nt1951-1971]), (+)5'-GCTGTGGATCTG
CTAAAGAA-3'[nt1931-1970]), (-)5'-GTCTCACTCCATT
GGTATGTG-3'[nt3410-3430]), (+)5'-GAGTCAGGACAA
TCAGTGGTC-3'[nt3327-3347]), (-)5'-GTCCACCATGCC
CATCCGAC-3'[nt4961-4980]), (+)5'-AGAGGCTAGAGA
GGTGGCATAG-3'[nt4872-4893]), (-)5'-GGCTGAAAGG
ATACCTTTGGAC-3'[nt6961-6982]), (+)5'-GTAACACC
TCAGTCATTACACAG-3/[nt6934-6956]), (-)5'-AGGAA
CACAGCTCCTATTCC-3'[nt7872-7891]), (+)5'-CCATC
ACAGGACAAATTAGATG-3'[nt7642-7663]), (-)5'-AAGT
GCCAAGGATCCGTTCA-3'[nt8578-8597]), and (+)5'-CC
TGGATGGAGTGGGAAAGA-3'[nt8212-8231]), (-)5'-GT
CTAAGATTCTATGTCTTC-3'[nt9191-9210)), (+)5'-TGG
AAGGGATTTATTACAGTG-3'[nt9167-9187]), (-)5'-TAC
TTCTAAAATGGCAGCTTT-3'[nt9840-9860]) were used
for reverse transcription of the entire viral genome. These
PCR products were directly sequenced.

Statistical analysis

Plasma virus levels were expressed as log;q copies/mL
before all analysis. Plasma virus and CD4 T-cell count data
were reduced to eight measurements for each macaque. To
compare the different dose groups, three measurements of
viral load and CD4+ T-cells were determined: acute period
(median of 2-4 weeks p.i.), post-acute period (median of
weeks 8-21) and chronic phase of infection (median of
weeks 25-35). The Kruskall-Wallis test was used to assess
overall differences among the four dose groups, and the
Wilcoxon rank sum test was performed to compare each
group to the others.

The smoothed curves of viral load and CD4 T-cells were
estimated using a smooth local regression (LOESS), with a
quadratic fit and a span of 0.5. Log-rank test was used to
compare the survivor functions estimated by the Kaplan—
Meier method. Statistical tests were performed at a two-
sided 5% significance level. All statistical analysis and data
processing were performed using SAS® software-version
8.1 for Windows (SAS Institute, Cary, NC, USA).

Results
Origin of SHIV-89.6P543

The original SHIV-89.6P viral stock was inoculated intra-
venously at a dose of 50 MIDsy in 3 cynomolgus
macaques. The course of infection was quite different in
the three animals (Fig. 1). In fact, in monkey 9, plasma
virus reached 1.6 x 107 copies/mL 2 weeks post-infection
(p.i.) and was maintained at 10° copies/mL thereafter.
Peripheral CD4+ T-cells slightly decreased at 2 weeks p.i.
and dropped at 4 weeks, remaining below 1% until week
16. At this time, when plasma viral RNA was
6.8 x 10’ copies/mL, this monkey was euthanized because
of AIDS-related syndrome. In contrast, monkey 27 dis-
played high viremia at 2 weeks p.i. (4.4 x 10° copies/mL),
which declined sharply at 4 weeks p.i. (2.1 x 10* copies/
mL), remaining below the detection limit (<50 copies/mL)
from week 8 to week 57 p.i., and subsequently rebounded
to 10-10° copies/mL by the end of the follow-up (week
77). This monkey experienced a profound CD4+ T-cell
depletion starting 2 weeks p.i., reaching a nadir of 6% at
week 4 p.i. After the acute phase of infection, this animal
showed a partial CD4+ T-cell recovery which, however,
remained below 10% up to week 77. The third animal
(monkey 55111) exhibited high primary viremia at
2 weeks p.i. (1.5 x 10° copies/mL), which was coincident
with a decline in CD4+ T-cells, that, however, was less
pronounced (33% at 2 week p.i.) than in monkeys 9 and 27.
According to our experience, it is difficult to produce a
large-scale stock of virus from a monkey that exhibits a
significant depletion of CD4+ T cells, since CD4+ T cells
are the primary target in which virus actively replicates.
Thus, as a source of virus, we selected monkey 55111
because it presented a less pronounced decline of CD4+ T-
cells compared to the other two monkeys. Monkey 55111
was sacrificed at 3 weeks after infection, and the new stock
of virus, termed SHIV-89.6P.y,43, was titrated in cyno-
molgus macaques.

Plasma viral load and CD4+ T-cell levels
in cynomolgus macaques inoculated
with SHIV-89.6P 543

Naive or control macaques that were part of different
experimental protocols were used in this study. The identi-
fication number, the viral dose and the treatment for each of
the animal are listed in Table 1. Viral RNA levels were
analyzed and compared between the different groups at three
different time points. These included: peak of plasma
viremia (2—4 weeks p.i.) as the acute phase of infection,
post-acute period (median of weeks 8-21), and the chronic
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Fig. 1 Profiles of CD4+ T-cells 50 +
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(SHIV-89.6P,243)
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phase of infection (median of weeks 25-35). In all animals,
high levels of viral RNA were rapidly detected and peaked at
2 weeks p.i. (Fig. 2). The peak of viral RNA was signifi-
cantly higher in the 50-MIDsq group than in the 15-MIDs,
group (P < 0.05), although for the 10-MIDs, group the
P value was near the significance level (P = 0.0526). In the
post-acute phase (weeks 8-21), a 50% reduction in the
plasma RNA levels was observed in the 10-MIDs, groups,
while the other dose-groups maintained a higher level of
viral replication (>10* RNA copies/mL) (Fig. 2). During
this time, no significant differences in viral RNA levels
among the groups were observed. In the chronic phase of
infection (weeks 25-35), the median levels of plasma vire-
mia ranged from 1 x 10% in the lowest dose group to
1.1 x 10° RNA copies/mL in the highest dose group. During
this observation period, the levels of plasma viremia fell and
remained below detection (<50 RNA copies/mL for at least
two measurements) in 2/3 (66%) and in 3/6 (50%) of the
monkeys inoculated with 10 and 15 MIDs, respectively.
In contrast, only one out of three and one out of four animals
in the 20-MIDs, and 50-MIDsq dose groups, respectively,
displayed undetectable plasma viremia levels in the same
time period. Although a trend emerged suggesting an
association between the amounts of virus administered
and viral load, this correlation was not statistically signifi-
cant. Nevertheless, the comparison between the 15 and
the 50 MIDs, dose group was near the significance level
(P = 0.0599).

According to the smooth regression line for the plasma
virus level (Fig. 3a), it was clear that although viral RNA
was detectable in a few animals in the 15-MIDs, and
50-MIDs, dose groups one week p.i. (average 1.7 x 107
RNA copies/mL at 15 MIDs, and 2.0 x 10* RNA copies/
mL at 50 MIDsg), the data consistently indicated that the
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peak of plasma viremia was at week 2 p.i. Moreover, the
viral long-term set point level was reduced in the lower
dose groups compared to the higher ones. Monkeys in the
20-MIDsq and 50-MIDsq groups displayed a higher long-
term set point viremia as compared to monkeys in the
10-MIDsy, and 15-MIDs, groups, suggesting that viral

Table 1 Monkeys used in the study

Animal ID Treatment Inoculum size
61754 None 10 MIDsq
61784 None

55123 ALUM

55129 RIBI

AC032 HID 15 MIDs
AC739 HID

AC921 HID

AC734 None

AC756 None

BDS585F None

AC225 ALUM

AC277 ALUM

AC637 ALUM

AF838 None

AF710 None

61768 None 20 MIDs
61776 None

61763 None

9406 None 50 MIDs
9610 None

9503 None

9104 None
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Fig. 2 Dynamics of viral infection relative to different inoculum
size. Viral RNA levels during the acute, post-acute and chronic phase
post-infection of cynomolgus monkeys inoculated with 10, 15, 20 and
50 MIDsq of the SHIV-89.6P 543, respectively. The bars represent
the median values of RNA copies/mL in the different phases of
infection. Asterisk indicates a significant difference between 10-50
MIDsq dose group (P = 0.05), 15-50 MIDs, dose group (P = 0.0055)
or 15-50 MIDs, dose group (P = 0.0259)

dynamic was dependent on the inoculum size. The CD4+
T-cell levels in the different dose groups of monkeys were
also compared during the acute, post-acute and long-term
set point period. The trend line of the smooth local
regression (loess) of the absolute CD4+ T-cell number for
each group of monkeys is shown in Fig. 3b. All animals
suffered a progressive and profound CD4+ T-cell decline
within 4 weeks p.i. Monkeys that in the acute phase of
infection developed a rapid and almost complete loss of
CD4+ T-cells (i.e., below 50 cells/mm?) showed an irre-
versible CD4+ T-cell depletion during the follow-up
period. In contrast, a partial recovery of CD4+ T-cells was
observed in the remaining monkeys from all groups start-
ing at week 4 p.i., although they never returned to pre-
infection values (Fig. 3b). However, the trend line of CD4+
T counts in the 10- and 15-MIDsq groups during all three
post-inoculation time periods analyzed was higher than in
the 20- and 50-MIDs( groups. Thus, as for plasma viremia,
these results indicate that the CD4 T lymphopenia is related
to the amounts of the administered virus.

Clinical outcome and survival analysis in cynomolgus
macaques inoculated with SHIV-89.6P 43

Monkeys were monitored for evidence of immunodefi-
ciency and AIDS-related symptoms. Twelve animals with
high levels of viral replication and profound CD4+ T-cell
depletion in peripheral blood were sacrificed at the first
onset of AIDS as required by regulatory authorities for
animal welfare. One animal belonging to the 50-MIDs,
group was lost for causes not related to the infection.

Cumulative survival rates of the four dose groups through
80 weeks after inoculation with SHIV-89.6P.y»43 are
shown in the Kaplan—Meier curve (Fig. 4). Although sta-
tistical analysis using a log-rank test did not reveal
significant differences among the groups (P = 0.4843), a
clear correlation between the inoculum dose and the rate of
disease progression was observed. Conversely, nine mon-
keys remained asymptomatic for 80 weeks p.i., during
which they were monitored for clinical and virological
parameters. After a marked loss of CD4+ T-cells in all
monkeys at 4 weeks p.i., the three monkeys in the 10-
MIDs, group completely recovered CD4+ T-cells, whereas
one out of the five animals in the 15-MIDs, group and one
in the 20-MIDs, group nearly returned to preinoculation
levels at 80 weeks p.i. (Table 2). All surviving animals
became aviremic 8-76 weeks p.i., during which proviral
DNA was detected in peripheral blood at different time
points (Table 2). Interestingly, five out of eight monkeys
that received adjuvants survived up to week 80, suggesting
a potential beneficial effect of the adjuvants on the
dynamics of viral replication. However, their virological
pattern, such as the absence of plasmaviremia and the
presence of provirus, did not differ from that of monkeys
that were not treated before infection. In addition, monkeys
AC225 and AC637 showed a significant reduction of CD4+
T cells at 80 weeks p.i. as compared to the value of CD4+
T cells of the other monkeys. Altogether, our data indicate
that the adjuvants do not have a significant effect on the
pathogenicity of the cynos-grown SHIV89.6P nor on the
clinical progression of the infection.

Genomic sequence of SHIV-89.6Py543

Since SHIV-89.6P,,43 consistently induced high levels of
viral load and rapid disease progression, investigations
were done to verify whether the virus had acquired muta-
tions during the in vivo passage that might have changed its
replication efficiency and virulence. In order to determine
the molecular changes upon transmission to the new host,
the entire genome of the SHIV-89.6P,»43 was sequenced
(GenBank accession number EF672090) and compared to
the published SHIV-89.6P sequence (GenBank accession
number U89134). The viral gene sequences were deter-
mined directly from PCR products, and they therefore
represent the predominant genotype of the viral population.
This analysis revealed that SHIV-89.6P .43 and SHIV-
89.6P differed by eight amino acids. One mutation in the
gag region (457 M/I) and three mutations in pol region (65
A/T, 412 S/L and 770 K/R) of the SHIV-89.6P.y,43 were
detected. Three amino acids changes were observed in the
gp41 cytoplasmic domain of the envelope protein (756 D/
A, 779 I/T and 842 L/V). One change (109 R/K) was found
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Fig. 3 Changes in plasma virus
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in the nef protein. A single nucleotide difference at position
312 in the primer binding site region of the 5’ long terminal
repeat (LTR) was also identified (Table 3). Of note, these
amino acid changes were found in the SHIV-C2/1 virus
(GenBank accession number AF217181), a SHIV-89.6
variant isolated by in vivo passage in cynomolgus maca-
ques [27]. In fact, SHIV-89.6Py>43 showed 100% identity
to the sequence of the highly pathogenic SHIV-C2/1 [4, 24,
25, 26].

Discussion

SHIV-89.6P is noted for its ability to cause an unusually and
typically irreversible CD4 T-cell depletion accompanied
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by rapid progression to simian AIDS and death, and it has
been used as a challenge virus for the evaluation of vaccine
efficacy in pre-clinical models [13, 14, 25]. However, the
infection of monkeys with SHIV-89.6P does not mimic the
natural course of HIV infection observed in humans, and
therefore it cannot represent the ideal challenge model [9].
In this study, the pathogenicity of SHIV-89.6P.y 43 a
virus obtained by passaging SHIV-89.6P in cynomolgus
macaques, was determined by evaluating levels of plasma
viremia, CD4+ T-cell number and disease progression
[16, 20, 23]. Accordingly, SHIV-89.6P.y,43 was highly
pathogenic in cynomolgus macaques, indicating that this
virus is suitable for assessing vaccine efficacy and that the
SHIV-cynomolgus system is a relevant nonhuman pri-
mate model for studying lentivirus pathogenesis. In fact,
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Fig. 4 A Kaplan—Meier plot of survival rates of monkeys up to
80 weeks post-challenge with the pathogenic SHIV-89.6P.y»43 is
shown. One animal inoculated with 50 MIDs was lost for reasons not
related to the infection. Statistical analysis showed that the result is
not significant (P = 0.4843), but a correlation between the inoculum
size and the rate of disease progression was observed

Table 2 Virological markers in monkeys that survived simian—
human virus (SHIV)-89.6P.y,43 infection up to 80 weeks

Inoculum  Animal  Week of first CD4+ Proviral
size ID undetectable  T-cells® DNA®
plasma
viremia®
10 MIDs, 61754 29 3332/1578 14 (1-140)
55129 46 505/556 <1 (<1-6)
55123 23 947/1180 28 (3-80)
15 MIDs,  AC921 21 1438/770 48 (33-63)
BD585F 13 1944/1450 14 (9-36)
AC225 28 2006/636 5 (2-10)
AC637 76 2829/311 46
AF838 46 1200/787 2 (2-3)
20 MIDsg 61776 8 1169/827 60 (2-1000)

Monkeys were grouped according to the virus dose they received.
Animals were constantly monitored for virological status until week
80

% Absence of plasma viremia from the week shown in the table

° CD4+ T-cell number (mm)?® at the day of challenge and at 80 weeks
p-i.

¢ Median and range of proviral copies/ig DNA determined in

peripheral blood mononuclear cells (PBMC) of infected animals
during the aviremic period

SHIV-89.6P,>43 caused a massive depletion of circulating
CD4+ T-cells early after infection and replicated at high
rates, as shown by the high levels of plasma viremia
observed in all infected animals. When CD4+ T-cell counts
dropped below 50 cells/uL in the first few weeks after
infection, monkeys did not recover and progressed to AIDS.
This rapid and dramatic depletion of CD4+ T-cells has been
extensively described not only for SHIV-89.6P but also for

other SHIVs [6, 11, 26]. In our studies, 8 out of 22 animals
belonging to the different dose groups, experienced almost a
total CD4+ T-cell depletion in the acute phase of infection
that persisted up to the time of death, which occurred by
week 35 post-infection. Of note, these animals remained
viremic until death. Conversely, when a partial recovery of
CD4+ T-cells occurred, the majority of animals contained
the viral load and remained asymptomatic for more than
1 year and a half. However, in most of these animals the
recovery of circulating CD4+ T-cells was partial since their
level remained below 50% of the values observed before
infection. Moreover, in 10 out of the 22 infected animals, the
plasma viremia remained detectable over 35 weeks of fol-
low-up. Lastly, even if the number of animals that died of
AIDS did not statistically correlate with the inoculum viral
dose, a trend toward a positive correlation between the
infection and the rate of disease progression was observed in
the different dose groups. Thus, according to our data, the
cynomolgus-derived SHIV-89.6P43 is highly pathogenic
in cynomolgus macaques.

However, Reimann et al. [26] have reported attenuated
pathogenicity of SHIV-89.6P in cynomolgus macaques. In
particular, upon infection with 100 MIDs, of SHIV-89.6P
grown in rhesus monkey, they found lower levels of vire-
mia, better preservation of CD4+ T-cell counts and longer
survival of cynomolgus macaques than of rhesus maca-
ques. According to these authors, many factors, such as the
origin of the virus and of the animals, could have con-
tributed to determining the diminished susceptibility of
cynomolgus macaques to infection. In fact, propagation of
virus in an heterologous species may have favoured the
selection of viral variants adapted to a more efficient rep-
lication and/or enhanced pathogenicity in that species but
not necessarily in others. On the other hand, they ascribed
the different pathogenicity in the two monkey species to a
stronger antiviral immune response occurring in cyno-
molgus than in rhesus macaques. Moreover, they suggested
that changes of viral tropism, such as a lower replication
rate in cynomolgus target T-cells, could explain the longer
survival observed in this monkey species. In contrast, our
results are consistent with studies performed with SHIV-
C2/1, a variant of SHIV-89.6 isolated by in vivo passage in
cynomolgus macaques, which is able to infect cynomolgus
macaques [7, 21, 32]. Similar to SHIV-89.6P 543 SHIV-
C2/1 was shown to infect cynomolgus macaques, inducing
high levels of viremia and marked CD4+ T-cell depletion
within 2 weeks of the inoculation [7, 21, 32].

With regard to the association of genetic changes with
pathogenicity, a limited number of amino acid substitutions
in the genome of SHIV-89.6P were found after passage
in a cynomolgus macaque. In fact, the SHIV-89.6P 543
sequence differed from that of SHIV-89.6P KB9 by eight
amino acids substitutions, whereas it was identical to the
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Table 3 Amino acid changes in the simian-human immunodeficiency virus (SHIV)-89.6P,43 genome

Gag (aa 457)

Pol (aa 65, 412,770)

Env (aa 756, 779, 842) Nef (aa 109)

SHIV-89.6P KB9 M ASK
SHIVC2/1 I TLR
SHIV-89.6Py043 I TLR

DIL R
ATV K
ATV K

Amino acid sequence alignments of SHIV-89.6P KB9, SHIVC2/1, SHIV-89.6P.,43 genomes showed differences in the gag, pol, env, and nef
genes, which are indicated in the table (GenBank accession number U89134; AF217181)

sequence of SHIV-C2/1. Three out of eight specific
mutations were detected at the junction between the HIV-1
and SIVmac gp41 cytoplasmic tail, and one of these was
associated with a charge change. Since it has been shown
that the cytoplasmic domain of Env may play an important
role in virus infection by modulating its immunogenicity, it
is possible that serial in vivo passage of the SHIV-89.6P in
a different monkey species may have induced genetic
changes responsible for the acquisition of the high viru-
lence of SHIV-89.6P.y,43 A particular aspect that deserves
discussion is the dose of the challenge virus used to infect
macaques in vaccine protocols. In fact, experimental
infections in preclinical studies are usually performed with
very high doses of challenge virus to ensure that all mon-
keys become infected. These high infectious doses exceed
the amounts of virus that humans are naturally exposed to
by many fold [24]. Moreover, many preclinical trials in
macaques have been conducted using an estimated infec-
tious dose exclusively based on in vitro titration (TCIDs5),
which usually does not correspond to the infectious dose
determined by in vivo titration. Similarly, the infectious
dose obtained from an in vivo virus titration by intravenous
exposure could be not directly translated to that necessary
to infect monkey via the mucosal route since the mecha-
nisms of infection are different. The mucosa, and in
particular, the gastrointestinal tract, represent the major site
of HIV replication and amplification, the reservoir, and the
initial site of CD4+ T-cell depletion [31]. The primary
events of cell-virus interactions at the epithelial barrier are
multifaceted, involving a complex virus-host interplay that
is not present at the peripheral level [10, 19, 31]. Thus, an
infectious dose able to infect all monkeys when given
intravenously is likely to not infect all monkeys when
given via the mucosal route. Yet, among the mucosal
surfaces (oral, rectal, and vaginal) the architecture of the
tissue is different and therefore even the infectious doses
might be different. In a vaccine efficacy trial, the exposure
of macaques to a low dose will impede the understanding
of the protective efficacy due the increased risk of having
some control monkeys remain aviremic. On the other hand,
the exposure of macaques to limited doses of SIV or
SHIV generates mucosal immune responses that are able
to contain virus replication to some extent though the
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induction of different protective humoral and cell-mediated
responses [17, 22]. Furthermore, as we concluded in a
previous work on SIV- and SHIV-infected macaques, once
infection has occurred, there is no influence of either
intravenous, rectal or vaginal administration on plasma
viremia [28].

We think that a good compromise between the too-
stringent high infectious dose and the more realistic low
doses would be an accurate estimate of the MIDsy based on
data generated from in vivo titration.

In conclusion, SHIV-89.6P.y,43 is pathogenic in cyno-
molgus macaques, and the clinical outcome seems to be
related to the size of the viral inoculum and to individual
host determinants. Ongoing studies on the viral genotype
will define more clearly the contribution of molecular
changes on disease development and progression. Our data
provide clear and systematic information on the importance
of the infectious dose on disease progression in monkeys.
This finding is not strictly related to the usage of SHIV-
89.6P but could be easily extended also to SIV and other
SHIV infections.
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