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Abstract

Background—uUnderstanding natural HIV control may lead to new preventative or therapeutic
strategies. Several protective MHC genotypes were found in humans and rhesus macaques. Here,
we report a SIV controller MHC genotype in Mauritian cynomolgus macaques (MCMs).

Methods—Twelve MHC-genotyped MCMs were infected with SIVmac251 and monitored for
viral loads and CD4+ T cell counts.

Results—Two macaques with M3M4 genotype exhibited the lowest peak viral loads (log plasma
SIV RNA copies/ml), nearly 3 logs lower than those in most macaques with other MHC haplotype
combinations, and set point viral loads below the level of detection limit by RT-qPCR (< 2 log
RNA copies/ml). They maintained healthy CD4+ T cell counts of > 500 cells/ul blood, while CD4
counts in the vast majority of other macaques were below this level.

Conclusions—The M3M4 MHC genotype may confer enhanced control of SIV replication in
MCMs.
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Introduction

The natural course of human immunodeficiency virus (HIV) infection progresses through 3
typical phases [1, 2]. During the acute phase, viral load (plasma HIV RNA concentration)
peaks, up to > 10° copies/ml, and CD4+ cell count declines. In a few weeks, CD4 count
partially recovers and viral load decreases to a steady state known as the set point. This is
the chronic phase that can last for months or years. Without antiretroviral therapy (ART),
eventually viral loads increases and CD4 levels decline, leading to acquired
immunodeficiency syndrome (AIDS). However, a small subset of HIV infected individuals,
the HIV controllers, maintain normal CD4 counts (> threshold of 500 cells/pl blood) and
control viral loads to low (< 2000 copies/ml) or undetectable level (< 50 copies/ml) by
conventional assays, in the absence of ART [2]. This natural form of HIV control is widely
considered an ideal model to inform the development of new vaccines or therapeutics [2].

While there are several proposed mechanisms accounting for the level of viral containment
in HIV controllers, recent studies suggested that host genetics and immunological responses
play an important role [3]. Several genotypes of the major histocompatibility complex
(MHC), or human leukocyte antigen (HLA) in humans, including HLA-B*57 and HLA-
B*27, appear to be the dominant genetic correlate of protection [4-7]. Accumulating
evidence suggested that protective HLA molecules may contribute to viral control by
enhancing CD8+ T cell antiviral efficacy in HIV controllers [4]. Several mechanisms have
been proposed based on the abilities of the HLA molecules to: present a broad repertoire of
viral peptides to induce a greater breadth of CD8+ T cell responses [8, 9], target conserved
viral antigens [8, 10], more efficiently prime CD8+ T cell cytotoxic responses [11], enhance
the expansion ability of CD8+ T cells [12], mediate higher CD8+ T cell cytotoxic capacity
[13], or induce early CD8+ T cell responses [14].

An additional, but less characterized mechanism is that protective HLA molecules may
mediate innate immunity for early/initial HIV control through interacting with killer
immunoglobulin-like receptors (KIR) on natural killer (NK) cells [4, 7, 15-17]. HLA-B*57
is a natural ligand of the NK cell receptor, KIR3DL1. A stronger effect of HLA-B*57 on
HIV control was observed in the presence of higher level of KIR3DL1 [8].

While protective MHC genotypes are widely observed as a major determinant of HIV
control, not all the individuals with these genotypes showed the same phenotype [4]. The
effect of protective MHC genotypes seems to be subject to modulations by other host-
specific genetic and immunological factors in the context of complex interaction between
the host and virus [18-20].

Simian immunodeficiency virus (SIV) infection of nonhuman primates (NHPS) is currently
the best animal model to study HIV pathogenesis, vaccines or therapeutics [21-26].
Traditionally, rhesus macaques (Macaca mulatta) are the favorite choice among NHPs. A
wealth of knowledge has been accumulated for this species regarding SIV-host interaction,
viral and cellular dynamics following SIV infection, genetics and physiology [22, 27]. SIV-
controller MHC genotypes have been identified in rhesus macaques including Mamu-A*01
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[28-31], Mamu-B*08 [32] and Mamu-B*17 [33] MHC class | alleles. Mamuw-B*08 and the
human HLA-B*27 were found to bind peptides with sequence similarity [34].

The availability of rhesus macaques has been greatly reduced due to a ban of their export
from India (the major source) and most other south Asian countries [35]. Cynomolgus
macaques (Macaca fascicularis) have now become by far the most internationally traded
NHP for laboratory experiments [22]. The largest laboratory supply of cynomolgus
macaques is available from the island of Mauritius. The Mauritian cynomolgus macaques
(MCM) descended from a small group of founder animals and are characterized by limited
MHC diversity, with only seven haplotypes, named M1 through M7 [36, 37]. This helps
reduce variability between animals and thus reduce animal numbers needed to achieve
statistically significant results, making them a practically useful animal model in HIV
studies [27].

SIV control phenotypes have also been observed in MCMs, however the underlying factors
are poorly understood. A major study in this field suggested that the M1 or M7 MHC
haplotypes may be correlates of protection [38]. Here, we report that the combination of M3
and M4 MHC haplotypes may be a SIV control genotype in MCMs.

Materials and Methods

Humane care guidelines

14 female Mauritian cynomolgus macaques (Macaca facicularis) from Bioculture
(Mauritius) Ltd were used in a pre-study to optimize immunization condition, MHC
haplotype selection, and titration of SIVmac251 for repeated low dose intravaginal challenge
for a large vaccine efficacy study. The vaccine candidate was SIV peptides derived from the
sequences of the protease cleavage sites, delivered by recombinant vesicular stomatitis virus
and nanoparticles (the PCS vaccine). Eight monkeys received immunization and six
monkeys were controls (Table S1). The animal work was performed in accordance with
Canadian Council on Animal Care guidelines and the Animal Use Document was approved
by the Canadian Sciences Centre for Human and Animal Health Animal Care Committee
(protocol number: H-12-014R2). Animals were double housed in standard non-human
primate cages, received standard primate feed as well as fresh fruit and enrichment daily,
and had continual access to water. Temperature (19-24 °C), humidity (45-60%) and light
(approximately 323 lux) were monitored and maintained within recommended limits, the
light/dark cycle was maintained at 12 hour split. Environmental enrichment was provided.
Animals were observed twice daily by the PI, a co-investigator, or the veterinary staff for
signs of clinical illness.

SIV challenge

The 14 animals were intravaginally challenged with 1000 TCIDsgg SIVmac251 (Desrosiers”
2010-Day 8 viral stock, provided by Drs. Jon Warren, and Nancy Miller, Vaccine Research
Program, NIH). The challenge stock titer was based on a previous publication [39]. The
challenge was repeatedly carried out until positive plasma viral load (VL) was detected. Two
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animals that did not show any detectable viral load after four challenges were excluded from
study.

Viral load assay

Nucleic acids were extracted from 1.0 ml plasma using the EasyMag system and reagents
(bioMerieux Canada, St Laurent, QC), and eluted into 110 pl buffer. Viral quantitation was
performed by gPCR using the ABI 7900HT (Applied Biosystems, Streetsville, Ontario,
Canada) and the QuantiTect Probe RT-PCR kit (Qiagen, Toronto, Ontario, Canada) and
primers and probe previously described by Horton et al [40]. All plasma viral loads were
converted to log10 values prior to further analysis. The viral load assay was validated by
direct comparisons with an established assay in the lab of Jonathan Heeney (Biomedical
Primate Research Center, The Netherlands).

CD4+ T cell quantification

An aliquot of nonhuman primate (NHP) whole blood (100 pl) collected in a heparinized
vacutainer tube was transferred into a BD round-bottom FACS tube. The whole blood was
stained using 10 ul of NHP T lymphocyte cocktail (BD Biosciences) in the dark. The
mixture was vortexed lightly and incubated at 4 °C for 30 minutes. The labelled cells were
then fixed using 200 pl of 4% paraformaldehyde. 200uL of Flow Cytometry Absolute Count
beads (Bang Laboratories Inc.) were added prior to acquisition of 1000 beads using LSR 11
flow cytometry (BD). A blank tube containing only 200 pL Flow Cytometry Absolute Count
beads was used as a negative control. Flow data acquisition was done using FACS DIVATM
software (BD).

MHC genotyping
The cynomolgus macaque MHC haplotype typing was conducted by Wisconsin Nonhuman
Primate Research Centre Genetics Services [41, 42].

Results

Viral load profiles of SIV-infected macaques with different MHC haplotypes

We conducted a pre-study with Mauritian cynomolgus macaques (MCM) to optimize the
study design of a large project for evaluation of a new HIV vaccine strategy. The vaccine of
interest was based on SIV peptides derived from the sequences of the viral protease cleavage
sites (the PCS vaccine). The primary purposes of the pilot study were to screen MHC
haplotypes that can generate immune responses to the PCS vaccine peptides and test dose of
SIVmac251 intravaginal challenges in female MCMs. Fourteen MHC-genotyped female
MCMs were involved, among which eight were immunized with the PCS vaccine (Table
S1).

Using this monkey cohort, we took the opportunity to investigate patterns of disease
progression in SIV-infected MCMs in the context of various MHC haplotypes. To mimic
natural route of vaginal HIV infection in humans, repeated low-dose SIVmac251 [43, 44]
intravaginal challenges were conducted until infection was established at detectable level.
The course of infection was monitored by quantification of plasma viral load (SIV RNA
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copy number/ml) over extended period of time (Fig. 1). After four challenges 12 monkeys
were infected. Among them, two were of M3/M4 haplotypes. For simplicity, these were
termed M3M4 monkeys and the others non-M3M4 monkeys. Among the ten non-M3M4
monkeys, eight showed infection profiles typical of SIV non-controllers (Non-M3M4
subgroup 1, Fig. 1A). They were characterized by high peak viral loads ranging from 5.694
to 6.832 (Log10 SIV RNA copies/ml plasma) with a mean of 6.439, as well as by high set
point viral loads ranging from 2.830 to 5.227 with a mean of 3.757 (Figs. 1 and 2). The other
two non-M3M4 monkeys (Non-M3M4 subgroup 2, Fig. 1B) displayed a pattern of viral
control. Compared to the non-controllers (Fig. 1A), they had lower peak viral loads, 5.632
and 5.065, with a mean of 5.344, and lower set point viral loads, 1.281 and 1.776 with a
mean of 1.529 (Fig. 2). Both animals shared a common MHC haplotype, M1. It is consistent
with previous report that monkeys of M1 haplotype can better control SIV infection [38].
The two M3M4 monkeys (M3M4 group, Fig. 1C) exhibited a strong SIV control phenotype.
They had the lowest peak viral loads among the 12 monkeys, 2.989 and 3.900 (Figs. 1C and
2A), with a mean of 3.445, which is nearly 3 and 2 logs lower than those of the non-
controllers and M1 controllers, respectively. The two M3M4 monkeys had low set point viral
loads, 1.633 and 1.013 (Figs. 1C and 2A), with a mean of 1.323, the lowest among all the 3
sub-groups of monkeys. Since both monkeys exhibited similar viral load profile between the
one (BM795) that received the vaccine and the one (BM796) that did not, immunization
with the PCS vaccine could not be the major factor influencing viral load of the M3M4
monkeys. These results suggest a possible role of the M3M4 MHC genotype in SIV control.

The M3M4 genotype demonstrates enhanced control of SIV infection

We compared the SIV infection profiles of the two M3M4 monkeys versus all the ten non-
M3M4 monkeys (Fig. 2). The M3M4 group showed trends of lower peak and set point viral
loads than the non-M3M4 group, as well as higher CD4 counts, which were above the
healthy threshold of 500 cells/ul blood, as opposed to the CD4 counts lower than the
threshold in non-M3M4 group (Fig. 2). Our observation is consistent with a previous study
on SIV infection in MCMs. The only M3M4 monkey in that study population was found to
control SIV, with a viral load profile similar to the two SIV-infected M3M4 monkeys in our
study [45]. Altogether, these findings strongly suggest that the M3M4 MHC genotype may
play a protective role in controlling SIV infection in MCMs and is worthy of further
exploration.

M3 or M4 haplotype alone is not sufficient to confer SIV control

Among the SIV-infected monkeys, the M3M4 monkeys showed SIV control, but such
phenotype was not seen in monkeys with either M3 or M4 haplotype alone (Fig. 3). It is
interesting to note that a monkey with “M3/M5/4” hybrid haplotypes, AM271, which had
the MHC | region of M5 and MHC 11 region of M4 (Fig. 3A left panel), failed to control
SIV infection (Fig. 2B). It suggests that both M3 and M4 class | regions contributed to the
SIV control. This is consistent with the importance of MHC class | restricted CD8+ T cells
in SIV control [20, 46, 47]. The better control of SIV infection by the combination of M3
and M4 is also in agreement with the previously reported MHC heterozygosity advantage
over homozygosity in SIV-infected MCMs [45].
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Discussion

Understanding the natural control of HIV and SIV infection will help to develop better
preventative and therapeutic strategies. While the mechanisms of viral control remain to be
fully understood, several host MHC genotypes have been extensively described as protective
factors in humans and rhesus macaques against pathogenic HIV/SIV infection.

Mauritian cynomolgus macaques (MCM) are an increasingly important NHP model for HIV
research, due to their availability and simple MHC haplotypes. We know much less about
the protective MCM MHC genotypes in SIV control than we know about Indian origin
rhesus monkeys. Previous studies have shown that MCMs with M1 or M7 haplotypes can
control SIV infection [38] and M3 homozygotes had higher viral loads than M1/M3
heterozygotes [38, 45]. In this study, we observed SIV control in some, but not all monkeys
possessing the protective haplotype, M1 [38]. It could be that the protective effect also
depends on additional factors, such as combination with other MHC haplotypes [20, 38, 45].

Our observation that MCMs with M3M4 genotype can control SIV infection added new
dimension of understanding about immunologic control of viral infection in MCMs. This
observation is consistent with the data from a previous study [45]. Because CD8+ T cells are
primary mediators of sustained viral control [20, 46, 47], the M3M4 MHC genotype may
lead to more effective anti-SIV CD8+ T cell responses. Since the presence of either M3 or
M4 haplotype alone is not sufficient to control SIVmac251, it is likely that CD8+ T cell
responses mediated by these two haplotypes complement each other, leading to enhanced
viral targeting. An important part of the CD8+ T cell responses may be mediated by the
MHC | region of the M4 haplotype, since a monkey missing this part could not control
SIVmac251 infection.

In conclusion, this study identified the combination of M3 and M4 MHC haplotypes as a
novel SIV control genotype in MCMs. It may help to better understand natural control of
SIV infection. The information will help for future studies using MCMs as an AIDS model,
in animal selection, experimental design and result interpretation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Viral load profiles of individual Sl V-infected macaques
Twelve female Mauritian cynomolgus macaques were vaginally infected with SIVmac251

and monitored for viral load (Logig SIV RNA copy number/ml plasma) over time. Animal
ID (MHC 1 haplotype, MHC 11 haplotype) is shown for each individual monkey. Red line:
mean peak viral load of monkey group. Green line: Mean set point viral load of monkey
group. (A) Non-M3M4 sub-group 1: Monkeys of non-M3M4 genotypes with poor SIV
control. (B) Non-M3M4 sub-group 2: Monkeys of hon-M3M4 genotypes showing SIV
control. (C) M3M4: Monkey group of M3M4 genotype. Note that two more monkeys (with
M3M4 and non-M3M4 genotypes, respectively) were challenged in the same experiments,
but did not show detectable viral load and were excluded from study (See Table S1).
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A.
. Peak Set point Set point stage
Group Animad 1D viral load viral load mean CD4 count
Non-M3M4 AM260 6.382 3.538 292.5
AT789 6.791 4.154 281.8
AV429 5.984 2.950 432.7
BM524 6.475 3.609 206.5
BM576 5.694 4.280 340.6
AM271 6.530 5.227 322.9
AT45 6.827 2.830 2429
BM280 6.832 3.471 513.1
AMB72 5.623 1.281 377.3
BM805 5.065 1.776 515.4
M3M4 BM795 2.989 1.633 642.7
BM796 3.900 1.013 543.2
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Figure 2. Quantitative analysis of viral loads and CD4 countsin Non-M 3M 4 versus M3M4

monkeys

(A) List of peak and set point viral loads (Log SIV RNA copies/ml plasma) and set point
stage mean CD4 counts (cell number/pl blood) in SIV-infected monkeys from Fig. 1. (B)
Peak and set point viral loads were compared between Non-M3M4 monkeys (M3M4-, all
animals from Fig. 1A and B combined) and M3M4 monkeys (M3M4+, animals from Fig.
1C). Data are mean = SEM. (C) Set point stage mean CD4 count (CD4+ cell number/ul

blood) was compared between the two groups.
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Figure 3. M3 or M4 haplotype aloneis not sufficient for the SIV control phenotype found in
M3M4 monkeys

(A) MHC haplotypes with alleles are illustrated for: the two monkeys with a combination of
complete M3 and M4 haplotypes (BM795 and BM796, middle panel), a monkey with M3
but no M4 for MHC | (AM271, left panel), and a monkey with M4 but no M3 (AM260, right
panel). (B) Viral loads and CD4 counts of the monkeys in A. In contrast to M3M4 monkeys
(white bars), M3 or M4 monkeys (black bars) showed high viral loads and low CD4 counts.
Two other monkeys with M3 but not M4, AT789 (M1/M3, M1/M3) and BM280 (M3/M3,
M3/M3), had similar disease profiles (not illustrated here).
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