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Abstract

A current debate in the HIV-1 vaccine field concerns the ability of an immunodeficiency virus to
elicit a protective response. One argument is that HIV-1 superinfections are frequent in healthy
individuals, because virus evades conventional immune surveillance, a serious obstacle to vaccine
design. The opposing argument is that protection from superinfection is significant, reflecting a
robust immune response that might be harnessed by vaccination to prevent disease. In an experiment
designed to address the debate, two macaques received an 1.V. inoculation with SHIV KU-1-d (a
derivative of SHIV KU-1) and were rested for >10 months. Infection elicited diverse neutralizing
antibody activities in both animals. Animals were then exposed to SHIV 89.6P (1.V.), avirus carrying
a heterologous envelope protein relative to the vaccine strain. Infection was monitored by viral load
and CD4+ T-cell measurements. All control animals were infected and most succumbed to disease.
In contrast, protection from superinfection was statistically significant in test monkeys; one animal
showed no evidence of superinfection at any time point and the second showed evidence of virus at
only one time point over a 6-month observation period. Neither animal showed signs of disease.
Perhaps this protective state may serve as a ‘gold-standard’ for HIV-1 vaccine development, as a
similar degree of protection against immunodeficiency virus infections in humans would be much
desired.
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INTRODUCTION

Recently, after more than 25 years of research, the HIV-1 field received the disappointing news
that a front-runner vaccine candidate had failed in clinical trials [1]. This news has prompted
considerable debate among HIV-1 researchers as to when and how a successful HIV-1 vaccine
might be designed. Some researchers argue that the immune system is precisely armed to
combat HIV-1 due to its sophisticated array of antibodies and T-cell receptors. By somatically
rearranging variable (V), diversity (D), joining (J), and constant (C) region genes, the immune
system tags virtually every new lymphocyte with a unique receptor, creating a plethora of
weapons with which variant HIV-1 may be attacked. Other researchers note that there has never
been a clinical success in the HIV-1 vaccine field, and argue that conventional immune
responses toward HIV-1 are inadequate [2-7].

Part of this ongoing debate is the question of whether a protective response can be induced by
natural infection with an immunodeficiency virus. The question is one of critical importance,
because in many vaccine fields, the protection elicited by natural infection defines a gold-
standard with which to measure the success of new vaccine candidates. If protection cannot be
elicited by natural infection, the task of developing a protective vaccine can be perceived as
difficult or perhaps impossible [5;7-9]

The macaque model provides an attractive platform for controlled studies of superinfections,
as viral exposures may be deliberate rather than presumed (in clinical research, exposure dates
are generally unknown). While a number of experiments have revealed protective immunity
following SIV or SHIV infections, results and interpretations of these experiments have been
variable [10-20]. Here, we address the debate with a description of macaques that were rested
for >10 months after infection with a derivative of SHIV-KU-1 and then exposed to the
heterologous, pathogenic SHIV-89.6P.

METHODS

Viruses and animal inoculations

SHIV KU-1 (carrying an HIV-1,;,g-derived envelope, [21]) was kindly provided by Dr. O.
Narayan and the NIH AIDS Research and Reference Reagent Program (NARRRP). The virus
was grown in limiting dilution cultures on MT-2 cells and wells with sensitivity to
neutralization by immunoglobulin from HIV-1-infected humans were selected for further
expansion (this process was implemented to avoid acquisition of HIV-1-specific antibody
resistance, as is sometimes observed following the in vivo passage of SHIVs [21;22]). Further
virus expansion was with intermittent positive selections of infected cells on HIV-1-specific-
antibody-coated dynabeads. The final virus expansion was on rhesus PBMCs. The resultant
virus stock was termed SHIV-KU-1-d. In a pilot experiment, two adult Indian rhesus macaques
(Macaca mulatta, CG83 and CA35) were inoculated (1.V.) respectively with 250 and 25
TCIDsg virus (TCIDsg were measured on rhesus PBMC). The 2 test and 7 naive animals were
then exposed to SHIV 89.6P (approximately 50 TCIDsgq per animal, 1.V. [23;24]). One animal
from the control group (CE46) and one animal from the test group (CA35) received
approximately 40 TCIDg of the challenge virus by 1.V. inoculation, and 10 TCIDsg virus by
the subcutaneous route due to technical difficulties. All study procedures followed IACUC
Guidelines.

Antibody assays

Enzyme-linked immunosorbant (ELISA) tests were performed with Kits as recommended by
manufacturers (HIVABT™ HIV-1/HIV-2 (rDNA) EIA, Abbott Laboratories) with sera diluted
1073 or 1074. Serum samples (diluted 1:50) were also tested for neutralization of HIV-1 isolates
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SF2, 30e, 3104, I11B, and SHIV 89.6P. Human HIV-negative and HIV-positive serum samples
were used as controls. Neutralization assays were performed using GHOST cells expressing
either CXCRA4 (for viruses 30e, 310a, 111B and SHIV 89.6P) or CCR5 (for virus SF2). Aliquots
of viruses were mixed with positive and negative control human serum samples or with test
monkey serum samples for overnight incubation at 37°C. Virus/antibody mixtures were then
incubated with washed, adherent GHOST cells in a 96-well plate (approximately 10 TCIDsq
virus per well). Following an overnight incubation, cells were washed several times and then
incubated for an additional 24-72 hours. Virus was measured by p24 (for HIV-1) or p27 (for
SHIV) antigen assays as described by manufacturers (Coulter or Immunodiagnostics); in some
experiments, plates were coated with monoclonal antibody 183-H12-5C (NARRRP) to capture
P24 from culture supernatants.

Virus load and CD4+T-cell percentages

RESULTS

To measure SIV virus loads, branched DNA (bDNA) assays were performed on plasma
samples by Bayer Reference Testing Laboratory (Berkeley, CA). As confirmation of bDNA
assays, SIV RNA levels in plasma samples were also quantified by real time RT-PCR in a
Prism 7700 Sequence Detection System using Tagman Two Step Gold Kit (Applied
Biosystems (ABI), Foster City, CA) with SIV LTR primers and probe, as defined previously
[25]. Briefly, single tube reactions were at 50°C for 2 min followed by 95°C for 10 min.
Amplification was with 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Serial dilutions of
transcribed SIV LTR RNA ranging from 108 to 10 copies, (plasmid kindly provided by M.
Murphey-Corb, University of Pittsburgh) were reacted in parallel with samples to generate a
standard curve with a sensitivity threshold of 10 copies per reaction. RNA copy numbers from
the unknown plasma samples were calculated from the standard curve and expressed as RNA
copies per milliliter of plasma.

To determine CD4+ and CD3+ T-cell counts, blood in EDTA anti-coagulent was stained with
anti-CD4 antibodies-APC (Becton Dickinson (BD) Biosciences, San Diego, CA) and anti-CD3
antibodies-FITC (BD). Erythrocytes were lysed and the leukocytes were fixed using the TQ-
Prep system and reagents (Beckman-Coulter).

Two adult rhesus macaques were inoculated with SHIV KU-1-d by the intravenous route.
Inoculations were with 250 TCIDsgq and 25 TCIDgq for animals CG83 and CA35, respectively.
As shown in Figure 1A, both animals were infected and showed peak viral loads of over one
million RNA copies/ml by four weeks post-inoculation as determined by bDNA analyses.
Animal CG83 required approximately seven months to clear circulating virus (virus dropped
below detection, <100 RNA copies/ml, within 30 weeks). Inanimal CA35, virus dropped below
detection within four months (by week 17). As shown in Figure 1B, CD4+ T-cell percentages
dropped precipitously in both animals by week four post-infection. Recovery was gradual.
Both animals maintained good health throughout the experimental course, demonstrating that
the SHIV KU-1-d differed from its pathogenic SHIV KU-1 parent [21].

The Abbott clinical ELISA (based on HIV-1-111B-derived antigens) was used to measure
antibody responses. Shown in Figure 1C are results of tests with serially diluted (1:1,000 and
1:10,000) sera. Antibodies were of higher magnitude in CG83 compared to CA35. Sera were
also tested (1:50 dilution) for neutralization of SF2 (Figure 1D), 30e (Figure 1E), 310a (Figure
1F), B (Figure 1G) and SHIV 89.6P (Figure 1H). Activity was detected against all viruses
(but was relatively weak toward virus 310a). CG83 showed the better breadth of neutralizing
activity, including robust activity toward 89.6P at week 47 after SHIV KU-1 infection. The
neutralization by both animals of viruses SF2, 30e and 111B prompted the conduct of tests with
higher serum dilutions (1:500 and 1:5000). Positive scores (>50% neutralization) were
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measured in both animals at a 1:500 serum dilution for all three viruses, and at a 1:5,000 serum
dilution for 30e and I11B (data not shown). Virus-specific T-cells were not measured in the
current study, but it is likely that these cells were generated, and contributed to experimental
outcome.

After 49 weeks of infection for CG83 and 44 weeks of infection for CA35, the macaques were
challenged with pathogenic SHIV-89.6P (approximately 50 TCIDsg by the 1.V. route). Seven
naive animals were also challenged. One animal from the control group (CE46) and one animal
from the test group (CA35) received approximately 40 TCIDgq of the challenge virus by 1.V.
inoculation and 10 TCIDgq by the subcutaneous route due to technical difficulties. As
demonstrated in Figure 2A, infections occurred and peak viral loads exceeded 107 RNA copies/
ml in all controls, as measured by branched DNA (bDNA) analyses. Animal CE46, having
received the smaller 89.6P I.V. inoculum, cleared virus from the circulation by week 20, while
all other animals maintained levels of greater than 10* RNA copies/ml. Both SHIV KU-1
immunized animals controlled virus following SHIV 89.6P challenge (Figure 2B). Challenge
virus was never detected in animal CG83, and there was only one virus-positive score at the
two-week time point in CA35. The RT-PCR tests confirmed bDNA results in control animals
(data not shown). For test animals, the RT-PCR results were negative at every time point
including the 2 week time point of CA35 (data not shown). Differences between test and control
animals were statistically significant (p<.05, Students T test).

Figures 2C and D show the CD4+ T-cell percentages among CD3+ cells after SHIV 89.6P
challenge. All seven control animals experienced a drop in CD4+ T-cell percentages from pre-
challenge levels by at least 20%, while the two test animals did not (Fishers Exact Test, p<.
05) . CA35 showed a minor drop in CD4+ T-cell percentages after challenge, followed by rapid
recovery whereas there was no identifiable drop in CD4+ T-cell percentages in animal CG83.
Five of the seven control animals succumbed to disease (all were sacrificed due to disease,
except for animals BJ37 and CE46). There were no signs of disease in either of the test animals.

DISCUSSION

Our study illustrated that two animals infected with SHIV-KU-1-d, a derivative of SHIV-
KU-1, developed robust and diverse neutralizing antibody responses. When animals were later
challenged with an envelope-heterologous pathogenic SHIV, they were each protected. One
animal showed no virus at any time point. The second animal experienced a marginal viral
bDNA score at only one time point, two weeks post-challenge. These two animals remained
healthy throughout the course of the experiment. In contrast, seven of seven control animals
had peak virus titers of >107 RNA copies/ml, and 5 of 7 animals died. The experiment clearly
demonstrated statistically significant protection conferred by a live SHIV vaccine. This degree
of protection in humans would be a much desired ‘gold-standard’ outcome in the HIV-1 vaccine
field.

The current results supplement numerous additional studies revealing the potency of immune
responses elicited by immunodeficiency virus infections and demonstrating the efficacy of
infectious SIV and SHIV vaccines [11;13;15;19]. For example, a recent report by Reynolds
et. al. demonstrated that the infection of macaques with SIVmac239Anef controlled replication
(either completely or partially) following challenge with SIVsmE660 [26]. Another recent
study by Yankee et. al. demonstrated that the infection of macaques with AvpuSHIVppc (by
DNA and then virus inoculation) conferred full protection against challenge with pathogenic
viruses SHIV 2 and SIVmac239 in most animals [27].

What are the precise immune correlates of protection? Answers to this question are many. Yeh
et. al. have suggested that there is no correlation between immune response and protection in
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non-human primate superinfection studies. This conclusion was reached when authors found
no significant differences between immune responses prior to challenge in vaccinated/
protected animals and vaccinated/partially-protected animals [12]. As an alternative strategy,
Yankee et. al. compared immune responses in vaccinated/protected animals and unvaccinated/
unprotected animals (following the AvpuSHIVppc study described above [27]). They then
found that cellular, but not humoral immune responses correlated with protection (no
neutralizing antibodies were identified in vaccinated animals prior to challenge in this case).
In still other situations, the humoral response was identified as a protective correlate [28]. For
example, researchers showed that the passive transfer of SIVhyperimmune sera to naive
recipients conferred complete protection against SIV challenge [29]. Surprisingly, the same
sera scored negatively for neutralization against the challenge virus in vitro, demonstrating a
limitation in the in vitro neutralization assay [29-36]. Taken together, these results suggest that
despite limitations in current immune assays, both B-cell and T-cell activities can be correlated
with protection.

How do the infectious SHIV and SIV vaccines elicit protective immunity? Again, opinions are
many. One hypothesis is that the answer lies in a complex interplay between virus and the
immune system: Upon first exposure to an immunodeficiency virus, a sero-negative subject
cannot efficiently attack virus. The virus may therefore traffic to privileged sites such as the
brain. Even though virus-specific B-cell and T-cell responses activate in the periphery, they
cannot reach and clear sequestered virus. Escape virus mutants (bearing a cocktail of diverse
antigens) are therefore generated from virus sanctuaries, followed by activation of new B-cell
and T-cell populations [37]. After numerous cycles of virus escape and immune activation,
diverse B-cells and T-cells are primed to function as a composite, to target the diverse viruses
of nature as necessary for protection from superinfection.

Itis likely that healthy HIV-1-infected humans who experience months of virus-lymphocyte
co-evolution without disease also exhibit considerable protection when exposed to a second
virus [38-41]. A compelling study is that of Chakraborty et. al., revealing no detectable virus
transmission between members of HIV-1 sero-concordant couples [42]. However,
superinfections can occur, particularly during early stages of virus infection (before immune
cells are triggered toward the virus and its escape mutants) and during late stages of infection
(when T-cell responses decline, [38;43-45]). The ever-increasing sensitivity of nucleic acid
assays may ultimately reveal ‘new’ HIV-1 sequences in all infected persons [46], although the
relationship of these sequences to temporal virus exposures, and to virus-induced pathology,
will remain a topic of continued debate.

The ability of a sequestered virus (SIV, SHIV or HIV) to elicit protective immunity against
superinfection is not unique to the immunodeficiency viruses. Rather, there are numerous
viruses that establish chronic infections while eliciting a protective immune response. These
include Epstein-Barr Virus (EBV) and Varicella Zoster Virus (VZV). Each of these viruses,
like HIV-1, can pose a threat to the host throughout life due to its sequestration in privileged
sites. If the immune system experiences an insult (perhaps due to an unrelated illness), an
explosive state of virus growth, morbidity and mortality may occur. As examples, VZV and
EBYV can be fatal in immunocompromised subjects, causing Zoster and EBV-induced
lymphoproliferative disease, respectively. Fortunately, the association of virus with chronic
infection does not preclude development of an effective vaccine. The primed immune system
is better able to protect against infection at peripheral surfaces than to eradicate infection
following virus sequestration at privileged sites, as demonstrated by the recent licensure of
VZV and papilloma virus vaccine products.

Debates are certain to continue regarding the correlation of HIV-1-specific immune responses
with protection, the value of various primate models (positive results in both SIV [47-49] and
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SHIV [6;50] experiments have been followed by disappointments in the clinic), and the best
design of an HIV-1 vaccine for humans. With reference to the latter point, the live
immunodeficiency virus vaccine is currently considered unsafe for testing in humans because
of its reversion potential [51]. As an alternative means of presenting diverse antigens to the
immune system, HIV-1 vaccine cocktails are now being designed by a number of laboratories
[2;52;53]. Cocktails are attractive in that they have been proven safe and efficacious in
numerous other vaccine fields (e.g. polio, VZV, papilloma virus, influenza virus). Perhaps a
cocktail vaccine designed to harness the ‘gold-standard’ activity typifying SIV/SHIV-infected
primates will ultimately protect humans from infections with HIV-1 [2;3;54-57].
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Figure 1. Infectious SHIV vaccine elicits binding and neutralizing antibodies

Two macaques were inoculated with the SHIV-KU-1 and monitored for viral load by bDNA
analyses (panel A), and for blood CD4+ T-cell percentages within the CD3+ cell population
(panel B). Serum antibodies were also monitored for HIV-1-binding antibodies at 1:1,000
(black bar) and 1:10,000 (grey bar) serum dilutions (panel C). Additionally, serum samples
(diluted 1:50) were tested for neutralization of HIV-1 isolates SF2 (panel D), 30e (panel E),
310a (panel F), I1IB (panel G), and SHIV 89.6P (panel H).
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Figure 2. Infectious SHIV vaccine protects against heterologous pathogenic SHIV challenge
Seven controls and two test monkeys were challenged with SHIV-89.6P and monitored for
viral load by bDNA analyses. Results from control and test animals are shown in panels A and
B, respectively. Animals were also monitored for CD4+ T-cell percentages among CD3+
populations after challenge with SHIV-89.6P (Panels C and D).
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