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Abstract: Understanding infectious disease pathogenesis and evaluating novel candidate treatment
interventions for human use frequently requires prior or parallel analysis in animal model systems.
While rodent species are frequently applied in such studies, there are situations where non-human
primate (NHP) species are advantageous or required. These include studies of animals that are
anatomically more akin to humans, where there is a need to interrogate the complexity of more
advanced biological systems or simply reflect susceptibility to a specific infectious agent. The
contribution of different arms of the immune response may be addressed in a variety of NHP species
or subspecies in specific physiological compartments. Such studies provide insights into immune
repertoires not always possible from human studies. However, genetic variation in outbred NHP
models may confound, or significantly impact the outcome of a particular study. Thus, host factors
need to be considered when undertaking such studies. Considerable knowledge of the impact of
host immunogenetics on infection dynamics was elucidated from HIV /SIV research. NHP models
are now important for studies of emerging infections. They have contributed to delineating the
pathogenesis of SARS-CoV-2/COVID-19, which identified differences in outcomes attributable to
the selected NHP host. Moreover, their use was crucial in evaluating the immunogenicity and
efficacy of vaccines against COVID-19 and establishing putative correlates of vaccine protection.
More broadly, neglected or highly pathogenic emerging or re-emergent viruses may be studied in
selected NHPs. These studies characterise protective immune responses following infection or the
administration of candidate immunogens which may be central to the accelerated licensing of new
vaccines. Here, we review selected aspects of host immunogenetics, specifically MHC background
and TRIM5 polymorphism as exemplars of adaptive and innate immunity, in commonly used Old and
New World host species. Understanding this variation within and between NHP species will ensure
that this valuable laboratory source is used most effectively to combat established and emerging
virus infections and improve human health worldwide.

Keywords: non-human primates; host genetics; infectious disease; biomedical research; emerging
viruses; global public health

1. Introduction

A number of non-human primate (NHP) species are used in biomedical research.
Their use is necessitated to address specific aspects of neurobiology (not addressed in this
review) and immunity to infectious diseases not possible in lower animal models due to
anatomical or physiological differences or their susceptibility to selected infectious agents.
To underpin their use in infectious disease research, some NHP species have been studied
in immense detail in relation to their immunogenetics and the role this plays in the outcome
of the interplay between the host and pathogen. NHP models have been developed for a
wide range of RNA and DNA viruses as previously reviewed [1]. Great apes are protected
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species whose use in biomedical research is prohibited in most countries and are therefore
not considered here, though the comparative major histocompatibility complex (MHC)
genetics of great apes have been addressed in the context of humans and NHPs elsewhere
by Heijmans et al. [2]. Both Old World Monkey (OWM) and New World Monkey (NWM)
species are used in the infectious disease arena, the former featuring in the majority of
studies. Among Old World species, Asian macaques (Macaca spp.) are most commonly used,
hence we will primarily focus on aspects of host genetics among rhesus and cynomolgus
macaques. In particular, Indian rhesus macaques represent the most widely used species
of OWM NHPs. Cynomolgus macaques were perhaps historically underrepresented in
infectious disease research programmes. However, the characterisation of the MHC genetics
of Mauritian-origin cynomolgus macaques (MCM) highlighted the distinct advantages of
this host, increasing the value of this more readily available subspecies. Among New World
hosts, common marmosets (Callithrix jacchus) and red-bellied tamarins (Saguinus labiatus)
have proved effective models for certain types of study, for example, acute hepatitis C
infection [3,4] and some emerging viruses such as the Zika virus as covered in Section 9.
While less studied than macaques, the aspects of the immunogenetics of these NWM are
also considered.

2. Importance of Host Inmunogenetics in Biomedical Research

Unlike small animals such as mice, rats and rabbits which are typically inbred, NHP
species used in biomedical research were historically obtained from wild populations. In
more recent decades, NHPs have typically been bred in captivity from founding populations
of diverse geographic origins. Whilst the genetic diversity of a breeding colony is limited
by that of the founding population and managed husbandry is used to minimise inbreeding
for welfare reasons. In the UK and Europe, the experimental use of animals bred from
at least an F2 founder population is considered expected good practice such that most
captive populations of NHPs are therefore line-bred. We now understand that this line
breeding impacts the outcome of experimental studies, since genetic diversity, including at
immunogenetic loci, can determine susceptibility to infection. This has been studied most
notably in the case of simian immunodeficiency virus (SIV) infection of rhesus macaques,
used as a model for HIV. Effective control of SIV infection and longer survival, often
in the context of effective anti-viral CD8+ T-cell activity, have been seen where animals
have particular MHC genes (e.g., Mamu-A*01 and Mamu-B*08) [5-11]. These observations
mirror those from numerous clinical studies demonstrating human HLA associations with
the control of HIV-1 in distinct, geographically diverse patient cohorts (e.g., HLA-B*27
and HLA-B*57) [12-20]. Identification of such associations between viral control and host
genetics have proved extremely valuable in elucidating potential mechanisms of immune
control in the SIV/macaque model. However, our understanding remains incomplete.

The identification that host immunogenetic factors alone may determine the outcome
of host pathogen interplay adds a further confounding factor to the other practical complex-
ities of undertaking studies in NHP models. This compounds the challenge of designing
experiments of suitable statistical power, where group sizes are necessarily limited for
ethical and financial reasons. Understanding of the distribution, frequency and functional
effects of NHP genes and specific alleles is essential, so that particular genotypes can be
included, excluded or evenly distributed across experimental groups of appropriate sizes
and assure that study outcomes are determined by known treatment variables.

3. Diversity at Non-Human Primate MHC Loci

Humans carry three classical MHC Class I loci (A, B, C), the products of which primar-
ily contribute to antigen presentation and mediating interactions with innate and adaptive
immune systems. Many NHP lineages have evolved with an overlapping but distinct set
of MHC class I orthologues, some of which have assumed different immune functions
from those seen in humans. In fact, the macaque MHC is considerably more polymorphic
than the human MHC. Class I loci, for example, have been subject to significant expan-



Microorganisms 2024, 12, 155

30f18

sion as a result of multiple gene duplications, rearrangements or deletions resulting in
rhesus macaque haplotypes containing two or three expressed Mamu-A genes and up to
19 distinct Mamu-B-like loci. Additionally, complex transcription patterns are observed
such that the number of MHC loci, as well as the transcription and expression of MHC
products may vary even between two individuals within the same species. This structural
polymorphism is in addition to the allelic polymorphism characteristic of most mammalian
MHC genes. This complex arrangement posed a significant challenge for early efforts to
characterise Class I and Class II MHC components in NHPs. Nevertheless, the rhesus
macaque MHC is now more fully characterised as reviewed in more detail elsewhere by
Daza-Vamenta et al. [21].

While advances in molecular and sequencing technology in the past 20 years have
greatly facilitated MHC characterisation at the genomic and transcriptomic levels for both
rhesus and cynomolgus macaques [22,23], comprehensive characterisation is inevitably
ongoing. Furthermore, transcriptomics technology provides the opportunity for further
detailed characterisation of NHP host genomes in terms of MHC gene expression, en-
abling a more detailed exploration of the influence of immunogenetics on the outcome of
pathogen/host interactions. Specific gene microarray technologies permitted early explo-
rations and selected gene expression profiling. This technology is being superseded by
whole genome sequencing approaches and cellular RNA-sequencing experimental proto-
cols that can characterise and discriminate detailed interactions at the level of an individual
cell within an organism.

4. Geographic Origins and the Genetic Diversity of Asian Macaques

Macaques are widely distributed across Asia. They are considered physiologically,
anatomically and genetically closely related to humans and represent the most abundant
species used in infectious disease studies. Rhesus macaques (Macaca mulatta), cynomolgus
macaques (Macaca fascicularis) and pig tailed macaques (Macaca nemestrina) are the most
frequently used species. Despite their gross similarities, key genetic differences within
and between species can influence study outcomes. Most notable is MHC haplotype
composition, which can reflect the geographical origin of abundantly distributed species.
Hence, where preclinical studies are to be undertaken, it is important to establish whether
and how such differences may impact the outcome of a study. Furthermore, studies
should be carefully designed, and appropriate steps and measures put in place to mitigate
their strongest effects. Rhesus macaques (RM) and cynomolgus macaques (CM) typically
originate from diverse areas across Asia, including India, China, and parts of the Indonesian
archipelago. A non-indigenous population of CM was introduced to the island of Mauritius
which has subsequently expanded [24].

The genetic characterisation of these macaque populations has revealed considerable
variation within and between geographically defined groups, with striking differences
in historically isolated populations. Analyses of mitochondrial DNA [25-30] and MHC
genes [22,31-35] both point to degrees of genetic diversity. Most notably, Mauritian-
origin cynomolgus macaques (MCM) are recognised as being less genetically diverse
than macaques from other regions, most likely as a result of the small founder pop-
ulation [22,25,28,36-38] established on Mauritius around 500 years ago. In other pop-
ulations, novel MHC polymorphisms have been identified in diverse Southeast Asian
macaques [39,40], with Philippine-derived macaques having a lower degree of MHC poly-
morphism than Vietnamese or Indonesian macaques, although extensive sharing of MHC
Class II alleles between rhesus and cynomolgus macaques exists [41].

A clear confounding factor when extrapolating data from NHP models to man, is
the degree to which a particular animal species is permissive for the virus of humans.
Asian macaques, for example, which are not susceptible to HIV-1, are also not thought
to be infected with simian immunodeficiency viruses (SIV) in their natural environment.
By contrast, these macaques are susceptible to experimental infection by certain SIV and
chimeric SIV/HIV (SHIV) viruses, frequently resulting in an infection and disease profile
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comparable to that of HIV-1 in humans. In this manner, the macaque model has been
well characterised and extensively used not only as a model of HIV-1 pathogenesis and
severe immunodeficiency /AIDS in humans, but also in the development and evaluation of
vaccines and other therapeutics. However, the macaque species used may lead to different
outcomes with inter-species host genetics playing its role. This has been exemplified in
studies where the same virus stock has been used in different host species. For example,
cynomolgus or Chinese rhesus macaques infected with selected SHIV or SIV strains exhibit
an attenuated disease phenotype. Whereas in Indian rhesus macaques, a more pathogenic
outcome has been reported [42]. Conversely, a more consistent and persisting infection has
been reported in Mauritian cynomolgus macaques challenged with an SIVsm (E660] stock,
compared with more variable outcomes observed in Indian rhesus macaques [43]. While it is
difficult to elucidate specific genetic determinants for such discrepancies, genetic differences
between these host species clearly represent a dominant factor in the outcomes observed.

5. Specific Host MHC Differences in NHPs Used in Biomedical Research

Characterisation of the major differences in host MHCs has been undertaken in most,
if not all, of the major NHP species that are commonly used in biomedical research with
much focus on Indian rhesus macaque MHC, considered more complex than the human
MHC [1,2]. Comparisons and relevance have been made to the human MHC and other
gene families [44—-47], with technological advances facilitating progress [48-50]. Inroads
have also been made into characterization of other subspecies of rhesus macaque, including
Burmese and Chinese-origin rhesus macaques [51-53]. Genetic studies of other NHP species
such as baboons and sooty mangabeys [54,55] have also been described. To facilitate cross-
referencing between species, an appropriate nomenclature was developed, summarised
and updated [56,57]. Whereby the human MHC is typically referred to as HLA, in NHP
species, the genetic locus is referred to by Mhc with a suffix comprising an abbreviation of
the species name, e.g., Mamu (Macaca mulatta) in rhesus macaques, Mafa (Macaca fascicularis)
in cynomolgus macaques and Mane (Macaca nemestrina) in pig-tailed macaques. Typically,
following initial use, the Mhc prefix is omitted and we have followed this approach.

In specific infectious disease settings, the role of MHC polymorphism in determining
the differential susceptibility of Indian rhesus macaques and cynomolgus macaques to SIV
and SHIV infections has been defined. In particular, the role of selected MHC class I and II
alleles and CD8+ T cell mediated cellular immune control of virus load is established. Most
notably, selected alleles (e.g., Mamu-A*-01) have been strongly associated with elite immune
controller status in SIV-infected rhesus macaques [5,6,9,10,58-61] and SHIV infection [62].
Linkages have also been identified between the selected MHC class I haplotype and slow,
medium and rapid disease progression following SIV infection. By contrast, it is recognised
that some haplotypes may not be reliably predictive of disease outcome [63]. Two class II
alleles, Mamu-DRB1*100:03 and Mamu-DRB1*003:06, have been identified as being enriched
among rhesus macaques displaying elite control of SIV infection [8]. The interplay between
the acute response to infection, the maturation of responses and the generation and selection
of escape variants demonstrate the critical importance of MHC-restricted CD8 T cell control
of SIV, delineating a key role for cellular immunity in SIV infection [64,65]. Live attenuated
SIV vaccine studies in several SIV/macaque models have deployed different approaches to
unravel protective mechanisms, manipulating both the vaccine virus and components of
the immune repertoire in macaques, providing insights into the mechanisms of protection
from wild-type challenge [66-70]. Although discrepancies exist between early and late
protection in different models, a strong effector-memory T cell response, especially in
lymphoid tissue, is thought to be beneficial in protecting against a wild-virus challenge.
Moreover, NHP studies have further identified novel aspects of anti-viral immunity in
rhesus macaques focussing on the role of MHC-E using novel vectors to elicit significant,
although not complete, protection from wild-type challenge. Non-canonical CD8+ T cells
that recognised a broad spectrum of SIV epitopes which were induced via MHC class II
and MHC-E, rather than from a classical CD8+ T cell response, appears beneficial [71].
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Further comparisons have delineated this broader relationship between humans and rhesus
and cynomolgus macaques [72] whereby the human homologue, (HLA)-E, is now being
proposed as a new avenue for HIV vaccine development [73,74].

In recent years, the cynomolgus macaque MHC and its significance has been better
characterised, including less well studied populations of CM [75-78]. HLA and Mafa
are located on chromosome 6 in humans and chromosome 4 in cynomolgus macaques,
classified into sub-regions or classes (Class I-1II). Classical class I genes HLA-A, HLA-B
are represented by Mafa orthologues Mafa-A, Mafa-B and Mafa-1. An orthologue of HLA-C
has not been reported in Old World primates. The genomic structure of the Mafa region
is similar to that of the HLA region, also having undergone the extensive expansion and
duplication akin to that seen in the rhesus genome. Eight distinct haplotypes are now
recognised in MCMs, designated M1-M8 (nomenclature having been revised from H1-
H6). Major alleles expressed from each haplotype have been defined and these eight
haplotypes and simple recombinants thereof, represent the vast majority of MHC diversity
in MCMs (Figure 1).

M1 M1
Class “ - -

Class 1B

M4 M6/M3  M5/M4 M1 Complex

Class o - -

Homozygote Heterozygote Simple recombinant Simple recombinant Complex recombinant

Class 1I-DP

Class 11-DQ -

Figure 1. Representation of different haplotypes of Mafa MHCs. Microsatellite data enables the reso-
lution of haplotypes across the ~5 Mbp Mhc region. The majority of haplotypes (~67%) correspond to
one of eight intact parental haplotypes, with the remainder being primarily simple recombinants of
two parental haplotypes. Complex recombinants of three or more parental haplotypes are observed
at low frequency. The major transcribed class I and II alleles have been defined for the parental
haplotypes, enabling rapid and low-cost identification of animals with common MHC types.

Notably, MHC haplotype H6/M6 is associated with the sustained control of STVmac251
infection [79] and H3 /M3 in the control of a SHIV infection [80] in MCMs. Microsatellite-
based genotyping identified that class I MHC H6 (M6) was associated with a reduction in
chronic phase viraemia. A less marked but identifiable increase in viraemia was observed
in haplotype H5/M5-positive animals. Others identified associations between MHC M3
heterozygotes and the control of SIVmac239 [81]. Together, these studies emphasise that
MHC haplotype strongly influences outcome of SIV/SHIV infection, though the precise
associations may vary depending on the virus and further refinement of our understanding
is required. Mauritian CMs have also been demonstrated to share two common MHC
class I alleles that restrict SIV+ CD8 T cells [82-84]. Hence, in this context of AIDS-related
research genetically defined populations of NHP augments and refines the assessment of
key outcomes that could otherwise bias a particular study.

While less is known about cynomolgus macaque MHC class II genes, one exception
is the DQB1 locus. In one study, 33 DRB-sequences belonging to 17 allelic lineages were
detected in a total of 68 macaques, 58 originating from Mauritius and 10 from China, with
the majority of sequences detected in the latter, further confirming the low degree of genetic
variation in MCMs. Hence, the DRB region in cynomolgus macaques is polymorphic,
sharing sequences belonging to the same allelic lineages as in their closest relative, the
rhesus macaque. Two exon 2 DNA sequences identified as being identical in both species
may represent a trans-species origin.

The diversity in the MHC, to a large degree, reflects the geographic origin of macaques.
The outcome of SIV infections, immune responses and, therefore, the outcome of vaccine
studies maybe influenced by the range of diversity in animals included in a study, meaning
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that a priori knowledge of macaque immunogenetics remains a key factor in effective
study design.

6. New World Hosts

The study of New World Monkey genetics has been more limited than Old World
Monkeys, partly due to historical usage of apes and OWMs, limited sample availability
and the protected status of some species. Considerable differences exist at the genetic
level in gene number and polymorphism. Most notably, orthologues of MHC-A and -
C loci have not been identified in NWM species studied to date while MHC-B and -G
loci appear to have undergone expansion following the divergence of the NWMs and
higher primates. Mitochondrial DNA studies have identified an evolutionary split in
OWMs and NWMs (Catarrhines and Platyrrhines) of ~35 MYA [85]. At the protein level,
known MHC class I and class II molecules are broadly similar between NWMs, OWMs and
apes, though there may be some differences in their function. An understanding of these
differences is key considering what might be the contribution of host immunogenetics on
experimental outcomes.

The classical antigen presentation function performed primarily by MHC-A and -B
proteins in humans, apes and OWMs appears to have been assumed by MHC-G in NWMs,
representing allelic diversity as assessed in the context of a red-bellied tamarin colony [86].
This reflects analyses of the common marmoset where there is an apparent absence of a
classical MHC class I gene repertoire and associated transcription but instead between four
and seven different Caja-G alleles are present, indicative of an ancestral locus which has
undergone expansion [87]. Although such studies of NWM MHC polymorphism have
been limited to either small numbers of samples obtained from wild populations [88],
or from breeding colonies which may have restricted or skewed representation of the
degree of polymorphism [57,89], MHC class I genes in NWMs appear to exhibit less
diversity. How this impacts immunological responses and control of infection remains to
be fully elucidated. With these caveats in mind, however, a general picture is apparent of
more limited genetic diversity within these species and populations studied. A further
consideration in any immunogenetic study of NWM is that marmosets and tamarins are
known to exhibit chimerism. Females typically give birth to dizygotic twins and stem cells
from one may engraft in the other in utero, resulting in genetic and functional chimerism in
blood and tissues. The impact of such chimerism on immunity to natural and experimental
infections is unknown but adds a further confounding factor to studies using these species.

7. The TRIMS5 Protein Family and Innate Immunity in NHP Models

In recent years, the role of innate immunity and antiviral host restriction factors
have been brought into sharp focus as a key mechanism for preventing cross-species
transmission post virus entry. It is worth noting that host restriction factors, including
APOBECsS, tetherin and others, first identified in the HIV/primate immunodeficiency virus
field are now recognised to represent a significant modulator of virus/host interactions.
Thus, variation in the sequence and expression of these genes have potential to impact at
multiple stages in the virus lifecycle, including host adaptive immunity and lead to novel
areas for potential anti-viral intervention strategies.

The tripartite motif (TRIM) family of proteins, notably TRIM5«, has been of particular
interest to the innate immunity field with relevance to NHP models. TRIM5« is responsible
for an intracellular block to retroviruses [90,91] and as an innate immune sensor [92]. The
basic structure of the TRIM5« locus and protein is depicted in Figure 2: the tripartite motif
protein comprises RING, B-box 2, coiled-coil and B30.2 (PRYSPRY) domains. [93]. Macaque
TRIMb5a is capable of restricting HIV-1 but not SIVmac, a major determinant of potent anti-
HIV-1 activity representing a novel innate defence mechanism against retroviruses. TRIM5x
appears to have been under positive selection during primate evolution [94,95] with higher
non-synonymous/synonymous substitution ratios in PRYSPRY than non-PRYSPRY regions
highlighting an adaptive evolutionary role of TRIM5cx.
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Figure 2. Pictorial representation of interactions between TRIM5o/TRIMcyp components and virus
capsid. RBCC, ring B-box coiled coil; B30.2 depicting the PRYSPRY domain which determines
retroviral restriction specificity in primates; Cyp A, cyclophilin A. In TRIMcyp the cyclophilin A
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domain is retrotransposed into the TRIM5 locus. Comparative gene open reading frames for TRIM5x
and TRIMcyp are represented 1-8.

Further genetic diversity has been identified in some NHP species whereby a cy-
clophilin (Cyp) A (CypA) domain has been retrotransposed into the TRIMS5 locus, resulting
in the expression of a TRIMCyp protein (Figure 2) to further confer anti-retroviral activ-
ity. Immunogenetic variation in TRIMCyp has been identified in different NHPs. Two
lineages of TRIMCyp proteins appear to have arisen independently, in owl monkeys [96,97]
and Asian macaques [98-102]. This independent appearance of TRIMCyp chimeras in
two primate lineages represents a remarkable example of convergent evolution, whereby
a Macaca TRIM5Cyp variant appeared 5-10 million years ago in a common ancestor of
Asian macaques [100]. This is further supported by identification of a TRIMcyp in M.
nemestrina [98]. Differences in the geographic origins of NHP species therefore impact
TRIMS variation [103], both the evolutionary effect of TRIMS5 polymorphism and TRIM-
cyp contributing to different anti-retroviral specificities. Hence, multiple alleles in rhesus
macaques and sooty mangabeys, with diversity of TRIM5« allele frequencies in Indian and
Chinese macaque populations [100,104-107] displaying divergent anti-retroviral specificity
attributed to B30.2 amino acid variation are further suggestive of selective pressures exerted
by retroviruses throughout evolution.

Such diversity at the TRIMS locus is of interest given the frequency with which
different NHP species and subspecies have been used in HIV research, with TRIM5«x
polymorphism demonstrated to influence SIV susceptibility in rhesus macaques [108,109].
Moreover, TRIM5 polymorphism represents a key host factor in determining cross-species
transmission with impacts on virus pressure exerted by the host driving variant emer-
gence [110].

It is now recognised that the TRIMCyp isoform occurs in approximately 20% of Indian
rhesus macaques [101], but is not observed in Chinese-origin rhesus macaques [100,102,103]
with the anti-retroviral activity of a TRIMCyp isoform described in some cynomolgus
macaque populations [104].

7.1. Cyclophilin A and TRIMcyp in Cynolmolgus Macaques

TRIM5a and TRIMCyp allelic diversity between subpopulations of cynomolgus
macaques of different geographic origins has been determined [103,111-113], with ca-
pability to determine SIV susceptibility and the potential to influence experimental study
outcomes. For TRIM5«, with a focus on the B30.2/PRYSPRY domain, seven alleles were
identified in Indonesian CMs, three of which (designated Mafa-9, Mafa-11, and Mafa-12)
represented novel protein sequences for the PRYSPRY region. Mafa-4 was identical to a
sequence first identified in Indian RM [100]. In Indonesian CMs, all seven TRIM5« alleles
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appear represented, Mafa-4 allele at the highest frequency (40.9% of all chromosomes),
Mafa-10 presents at 33.0%, with only low frequencies of Mafa-8 and Mafa-9 [111]. Mafa-4
and Mamu-4 most likely represents an allele present in a common macaque ancestor con-
served during primate evolution. Extended genetic analyses have confirmed differing
allelic frequencies with a TRIM5-associated CypA domain sequence occurring in a high
proportion (up to 90%) where a retrotransposed Cyp domain allows the formation of a
TRIMCyp protein not present in any Mauritian-derived CM to date.

Moreover, only three TRIM5« alleles have been identified in MCMs: Mafa-4 and
cynomolgus-specific Mafa-8 and Mafa-9, but notably no TRIMCyp variants [103,111,112].
These three alleles differ only by three amino acids (M330V and Y389C in Mafa-8, and
1437V in Mafa-9) in the PRYSPRY domain; however, all share the Q339TFP polymorphism,
which, in rhesus macaques, is associated with an SIV-permissive phenotype [106,110]. The
genotyping of 90 MCMs confirmed the presence of only these three alleles, the Mafa-4/4
homozygote constituting 56.7% of the population, with only 4/90 MCMs not carrying
the Mafa-4 allele [111]. Mafa-4 is commonly represented, frequently comprising nearly
75% of all alleles. The lower frequency of TRIM5«x alleles and lack of TRIMcyp further
reflect the lower genetic diversity in all genetic regions studied to date in MCMs, extending
observations based on MHC loci and mitochondrial DNA signatures.

These factors therefore require consideration in the use of Mauritian CMs for SIV
studies though one advantage might be that their limited genetics minimises differences
seen in more genetically outbred populations, thus reducing confounding factors in studies
designed to elucidate correlates of infection/protection [79-81]. Mitochondrial and nuclear
DNA polymorphism analyses further suggest the geographic origin of the Mauritian CM
to be Sumatra [38] although Java, a neighbouring island, has also been implicated [27].
The prevalence of Mafa-4, Mafa-8 and Mafa-9 in Mauritian CMs therefore likely further
reflects the founder effect of this population. The PRYSPRY region demonstrates a high
non-synonymous to synonymous amino acid change ratio where 5/13 amino acid changes
appear to have arisen through a nucleotide transversion event minimising genetic reversal.
This is consistent with observations made from intraspecies comparisons reflecting the high
selective pressure on this locus in primate evolution [94,100,105]. Taken together, these
findings suggest that genetic diversity across subpopulations of CMs was greater than
hitherto recognised.

7.2. Impact of TRIM5 Locus Diversity and TRIMb5x Expression on Experimental Studies: An SIV
Case Study

The relatively high degree of sequence variation in primate TRIM5 gene sequences
among rhesus macaque populations has been investigated for impact on outcomes of
experimental NHP challenge studies of HIV/AIDS, where TRIM5/TRIMcyp heterogeneity
appears to correlate with altered susceptibility to different SIV strains. Specifically, in exper-
imental SIV challenge studies, acute and steady-state viraemia in plasma represents a major
readout of virus infection facilitating the interpretation of the efficacy of vaccine and/or
anti-viral treatments. Polymorphisms in TRIM5« were correlated with differential viraemic
control of wild-type SIV infection, particularly in Rhesus macaques [59,103,108,109]. Hence,
specific TRIM5« alleles may need to be specifically excluded from studies or their effects
minimised by balancing among test and control groups.

The characterisation of the impact of TRIM5«x on in vivo studies may not be dependent
on genotype alone as the TRIM5«x gene expression levels may also come into play. Notably,
an upregulation of TRIM5« expression was demonstrated in multiple lymphoid tissues of
MCMs immediately following vaccination/infection targeted by the virus [114]. However,
the restricted range of TRIM5«x genotypes and lack of TRIMcyp variants in this species
had no or only limited impact on the replication kinetics in vivo of either a SIVmac viral
vaccine or a wild-type SIVsmE660 challenge. There was no impact of TRIM5«x genotype
on outcomes of homologous or heterologous vaccination/challenge studies in this species.
The limited spectrum of TRIM5x polymorphism in MCMs appeared to minimize host
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bias to provide a robust and reproducible model to understand other parameters that may
impact on vaccine efficacy. TRIM5o expression induced, in this case, by live-attenuated SIV
vaccination irrespective of TRIM5x polymorphism did not appear to play a contributory
role in study outcome. Although the transcriptional activity of TRIM5«x in lymphoid tissues
was upregulated during the acute infection phase, presumably in response to an increase in
the level of expressed capsid sequence in individuals susceptible to SIV as infection levels
increased over time, neither upregulated transcription or genetic background influenced
the outcome of such protection studies conducted with a number of wild-type SIVs in the
more genetically conserved MCM host.

Correlative analyses to identify any association between limited TRIM5« genotypes or
expression in Mauritian CMs infected with different SIV strains (either naive or vaccinated)
have so far not proved statistically significant although larger cohort studies may increase
this possibility. MHC genotyping remains a high priority, however, given the ability for
certain MHC haplotypes to impact of SIV outcomes, particularly those associated with
spontaneous control of infection.

8. Transcriptomics Analyses of NHPs

To better understand aspects of human gene expression, in particular, in the context
of exposure to infectious agents, the development of high throughput transcriptomics
analysis represents a powerful tool. Inevitably, to understand the implications of these
types of studies, a priori knowledge of the host genetic background and baseline sequence
data is a major consideration, where NHP orthologues can be established to interpret
human clinical implications. The rhesus macaque genome represents the most widely
studied genome in NHP biomedical research. Technological advances have allowed better
investigation of reference genome assemblies. This in turn has led to a considerably better
understanding of gene content, repeat motifs and organisation and isoform diversity in
this species. A synthesis of whole genome sequencing data from over 800 macaques has
provided variant analysis in multiple gene clusters and knowledge of SNP frequency and
gene organisation. While this inevitably increases the complexity of comparative studies
it does provide a rational genetic basis to interpret a wide range of study areas, includ-
ing those relating to infectious disease [115]. Similar studies have also been reported for
cynomolgus macaques. One recent large study using M. fascicularis [116] generated an adult
cell atlas across 45 tissues using RNAseq/single cell RNAseq to provide superior resolution
of this species. Recent genomic insights using whole genome sequencing approaches on the
cynomolgus macaque MHC region [50,117] have added to the body of knowledge. Hence,
both rhesus and cynomolgus macaque genomes have been described forming an ongoing
representation of these two commonly used species in NHP research. Currently the picture
is less clear for NWMs. However, the whole genome sequence of the common marmoset
representing 2.26-Gb of a female marmoset has permitted genomic comparisons with Old
World macaque species [118]. Further, the marmoset transcriptome has been elucidated and
reported [119]. These datasets facilitate further biomedical research into gene expression
and transcriptional changes, particularly in response to infection in these species. Tran-
scriptomics analyses of NHPs in response to challenge with an infectious agent will further
illuminate our understanding of infectious disease processes and host responses.

9. NHPs as Model Systems for Emerging Viruses

Emerging viruses represent an ongoing threat to global human health. The SARS-CoV-2/
COVID-19 pandemic constituted an unprecedented international infectious disease crisis,
sparking an urgent and concerted response from a whole range of scientific disciplines.
Animal models, in particular various NHP species, played a crucial role in understanding
the broad range of virological and immunological processes that manifested the spectrum
of disease pathologies of SARS-CoV-2 during the acute and immediate post-acute infection
period. All OWMs studied, including both Indian rhesus and cynomolgus macaques,
baboons and African green monkeys were shown to be susceptible to SARS-CoV-2 infection,
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and thus helped to establish the host range of the virus [120-126]. Figure 3 summarises the
main OWM and NWM species experimentally challenged with SARS-CoV-2. Importantly,
the primary receptor for the virus, angiotensin converting enzyme-2 (ACE-2) across all
Old World NHPs is 100% conserved at the amino acid level. Nevertheless, the wild-
type challenge in immunocompetent hosts resulted in only mild to moderate disease in
young, healthy purpose-bred NHPs. NWMs such as marmosets and tamarins appeared
less permissive for the virus, displaying limited virus replication and a predominantly
asymptomatic phenotype. As a result, NWMs were not widely used as models for the
virus [126,127].

Old World NHPs New World NHPs
(Catarrhines) (Platyrrhines)

Cynomolgus 9 Sy m_—
macaques } - )
(Mauritian / Indonesian) ¢ _ . 0
! : Common
Indian rhesus ‘
macaque { Variable ACE-2 homology
B e RBD - S interactions

marmoset
-
>400 vertebrate species
African Green m

Monkeys s & u
iy

Red-bellied
Baboon

tamarins

Figure 3. Pictorial representation of the major NHP species used to evaluate different aspects of SARS-
CoV-2 species. Outcomes of virus pathogenesis and treatment outcomes, including vaccines, were
modelled predominantly in Old World NHPs, where the homology between the primary virus/host
receptor (ACE-2) is 100%, though different outcomes exist amongst different species.

As part of the rapid response to the pandemic, Old World NHPs played a key role
facilitating the development and safety evaluation of effective vaccines against the virus in
pre-clinical studies [128-130]. A strong humoral response generating neutralising antibod-
ies to the spike (S) protein was highly beneficial in protecting against lung pathology in
these hosts following the wild-type challenge. However, the welfare costs/health benefits
analysis of using NHPs needs to be carefully evaluated, as alternative small animal models
were identified, notably using rodents, which exhibited more significant pathology than
that of NHP models. Delineating the range of animal models available for prospective ex-
perimental studies in animals of SARS-CoV-2 has detailed both their merits and drawbacks
with knowledge gaps identified [131].

Detailed aspects of NHP host genetics, while a consideration, represented a more
retrospective analysis of NHP studies into SARS-CoV-2. Although the basic principles
of host genetics established for other infections were translatable to SARS-CoV-2: e.g.,
MCMs representing a less diverse genetic study population compared with Indonesian
cynomolgus and Indian rhesus macaques which provided more genetically diverse models.
Moreover, the urgency of the response needed for a pandemic meant that the selection of
NHP models by groups was often driven by local availability. However, the understanding
that different NHP models sit across the spectrum of pathogenesis and progression of
disease observed in humans following infection with other infectious agents was translated
across to this new pathogen. Once established, the spectrum of disease outcomes observed
in NHP models were mapped across to the human situation. Moreover, each NHP model
provided the ability to tease apart the role of different aspects of host immunity in pro-
tection and disease [132,133]. For SARS-CoV-2, both the role of cellular-based immunity
involving CD8 T cells and immunoglobulins in immune transfer experiments were eval-
uated [134,135]. A better understanding of the concerted immunogenicity of COVID-19
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vaccines in protecting against the severest effects of lung pathology in NHPs following
wild-type virus challenge under controlled conditions contributed to the rapid generation
of effective vaccines. This overriding principle will likely also be important in the study
of other emerging or re-emergent viruses where studies incorporating transcriptomics
and immune repertoire characterisation build on investigations of genetic background
undertaken hitherto.

The initial establishment of the host range of a particular infectious agent is therefore
crucial. Rhesus and cynomolgus macaques have therefore featured widely in vaccine
immunogenicity studies, where multiple components of the host response are brought into
play, to facilitate early vaccine development of a wide range of infectious agents. In this
regard, emerging but neglected diseases have been characterised using NHP models to
good effect using empirical approaches. Examples include Alphaviruses, Filoviruses, or
Flaviviruses using different NHPs to provide comparative data across species [1]. When
the Zika virus, a hitherto largely neglected mosquito borne Flavivirus, emerged as a
major health concern in the Americas, for example, the deployment of animal models
represented an important part of the concerted response. Differences in host handling of
the virus, when exposed to the same virus inoculum and dose were noted when rhesus
and cynomolgus macaques were compared with two New World hosts, tamarins and
marmosets [136]. Unlike SARS-CoV-2, Zika replicated to high levels in both New World
hosts, whereby all four species represented potential viable models. Hence, although
not specifically defined, differences in outcomes will inevitably have a host genetic basis.
Understanding novel disease threats and pathogenesis from pathogens of different NHP
species [137] or where pathogens are difficult to study, as in the case of viruses inducing
highly pathogenic haemorrhagic disease in a given host, disease pathogenesis and putative
vaccine efficacy and immunogenicity studies may be undertaken. Studies on Kyasanur
forest disease virus and Alkhurma haemorrhagic disease, for example, agents with high
pathogenic potential, have been conducted in pig-tailed macaques [138]. Understanding
potential correlates of vaccine protection and the most effective immunological responses in
immunobridging studies may provide further rational means to progress studies in NHPs
and humans. Such complementary approaches to effective vaccine delivery are exemplified
for viruses that require high levels of laboratory containment such as Ebola and Marburg
viruses [139-141], as part of a broad framework of novel experimental approaches to define
protective correlates [142] to bridge between experimental data from animal studies in
pre-clinical studies through to licensure of effective vaccines for human use [143].

Hence, in different settings, defining infection and disease susceptibility in a range of
NHP hosts provides an ongoing framework for delineating emerging or recently emerged
virus threats which pose a significant or potential threat to human health. Selected and
judicial use of NHPs will therefore continue to provide invaluable insights into the host
response to novel/emerging threats to more fully elucidate infectious processes. This in
turn accelerates development of effective interventions, including vaccines, to combat
many of the viruses which pose a significant threat to human health. Elucidating detailed
virus/host interactions provides greater understanding of the host in question, in particular
immunogenetic responses to a particular infectious agent, enhancing our ability to combat
viruses of global health significance.

10. Summary and Conclusions

NHP models have many important roles to play in the development of preventative
and therapeutic medicines for infectious disease, whether unravelling the complexities of
pathogenesis or evaluating novel intervention strategies in pre-clinical studies. Inevitably,
the outcome of pathogen/host interactions will be, in part, determined by the host genetic
background. As detailed here for commonly used NHP species, the host MHC can have a
significant impact on virus infection outcomes leading to an understanding of the most
effective components of protective immunity. Therefore, the selection of a particular
NHP species may be driven not only by local or geographical considerations, but also by
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the anticipated impact a host genetic background may have, whether a more genetically
outbred or a more narrow genetic background are to feature in study design. Previous
experience or combined knowledge of a particular NHP species in well-studied infection
responses may therefore be hugely valuable in translating to a novel infectious agent, as in
the case of emerging or urgent global response scenarios, most recently demonstrated in the
appearance of pandemic SARS-CoV-2/COVID-19. Even when the effect is anticipated to be
relatively modest, host genetics should be borne in mind when designing and interpreting
experimental studies, especially where animal numbers are often limiting. The discovery
of novel aspects of immunogenetic factors, as in the case of TRIM5 polymorphism in
retrovirus restriction as part of the innate immune response, will require regular updating
to build these into a more complete understanding of host’s ability to impact on infection
processes. Moreover, as scientific information is accrued and new technologies allow us
to interrogate legacy samples from previous NHP studies in new ways, scientists will be
able to design better studies using NHP’s by controlling host genetic variables that may
impact study outcomes. Together these considerations will empower medical researchers
to fully utilise the precious resource of NHPs in a wide range of disciplines and improve
human health.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

Estes, J.; Wong, S.W.; Brenchley, ]. Nonhuman primate models of human viral infections. Nat. Rev. Immunol. 2018, 18, 390-404.
[CrossRef]

Heijmans, C.M.; de Groot, N.; Bontrop, R.E. Comparative genetics of the major histocompatibility complex in humans and
nonhuman primates. Int. J. Immunogenet. 2020, 47, 243-260. [CrossRef] [PubMed]

Hood, S.P; Mee, E.T; Perkins, H.; Bowen, O.; Dale, ].M.; Almond, N.M.; Karayiannis, P; Bright, H.; Berry, N.J.; Rose, N.]. Changes
in immune cell populations in the periphery and liver of GBV-B-infected and convalescent tamarins (Saguinus labiatus). Virus Res.
2014, 179, 93-101. [CrossRef] [PubMed]

Marnata, C.; Saulnier, A.; Mompelat, D.; Krey, T.; Cohen, L.; Boukadida, C.; Warter, L.; Fresquet, ].; Vasiliauskaite, I.; Escriou,
N.; et al. Determinants Involved in Hepatitis C Virus and GB Virus B Primate Host Restriction. J. Virol. 2015, 89, 12131-12144.
[CrossRef]

O’Connor, D.H.; Mothe, B.R.; Weinfurter, ].T.; Fuenger, S.; Rehrauer, WM,; Jing, P.; Rudersdorf, R.R.; Liebl, M.E.; Krebs, K,;
Vasquez, J.; et al. Major histocompatibility complex class I alleles associated with slow simian immunodeficiency virus disease
progression bind epitopes recognized by dominant acute-phase cytotoxic-T-lymphocyte responses. J. Virol. 2003, 77, 9029-9040.
[CrossRef] [PubMed]

Mothe, B.R.; Weinfurter, J.; Wang, C.; Rehrauer, W.; Wilson, N.; Allen, T.M.; Allison, D.B.; Watkins, D.I. Expression of the major
histocompatibility complex class I molecule Mamu-A*01 is associated with control of simian immunodeficiency virus SIVmac239
replication. J. Virol. 2003, 77, 2736-2740. [CrossRef]

Yant, L.J.; Friedrich, T.C.; Johnson, R.C.; May, G.E.; Maness, N.J.; Enz, A.M.; Lifson, ].D.; O’Connor, D.H.; Carrington, M.;
Watkins, D.I. The high-frequency major histocompatibility complex class I allele Mamu-B*17 is associated with control of simian
immunodeficiency virus SIVmac239 replication. J. Virol. 2006, 80, 5074-5077. [CrossRef]

Giraldo-Vela, ].P; Rudersdorf, R.; Chung, C.; Qi, Y.; Wallace, L.T.; Bimber, B.; Borchardt, G.J.; Fisk, D.L.; Glidden, C.E.; Loffredo,
J.T.; et al. The major histocompatibility complex class II alleles Mamu-DRB1*1003 and -DRB1*0306 are enriched in a cohort of
simian immunodeficiency virus-infected rhesus macaque elite controllers. J. Virol. 2008, 82, 859-870. [CrossRef]

Loffredo, J.T.; Friedrich, T.C.; Leon, E.J.; Stephany, ].J.; Rodrigues, D.S.; Spencer, S.P.; Bean, A.T.; Beal, D.R,; Burwitz, B.J.;
Rudersdorf, R.A.; et al. CD8 T cells from SIV elite controller macaques recognize Mamu-B*08-bound epitopes and select for
widespread viral variation. PLoS ONE 2007, 2, e1152. [CrossRef]

Loffredo, J.T.; Maxwell, J.; Qi, Y.; Glidden, C.E.; Borchardt, G.J.; Soma, T.; Bean, A.T.; Beal, D.R.; Wilson, N.A.; Rehrauer, W.M.;
et al. Mamu-B*08-positive macaques control simian immunodeficiency virus replication. J. Virol. 2007, 81, 8827-8832. [CrossRef]
Loffredo, ].T.; Bean, A.T.; Beal, D.R.; Leon, E.J.; May, G.E.; Piaskowski, S.M.; Furlott, ].R.; Reed, J.; Musani, S.K.; Rakasz, E.G; et al.
Patterns of CD8+ immunodominance may influence the ability of Mamu-B*08-positive macaques to naturally control simian
immunodeficiency virus SIVmac239 replication. J. Virol. 2008, 82, 1723-1738. [CrossRef] [PubMed]


https://doi.org/10.1038/s41577-018-0005-7
https://doi.org/10.1111/iji.12490
https://www.ncbi.nlm.nih.gov/pubmed/32358905
https://doi.org/10.1016/j.virusres.2013.11.006
https://www.ncbi.nlm.nih.gov/pubmed/24246306
https://doi.org/10.1128/JVI.01161-15
https://doi.org/10.1128/JVI.77.16.9029-9040.2003
https://www.ncbi.nlm.nih.gov/pubmed/12885919
https://doi.org/10.1128/JVI.77.4.2736-2740.2003
https://doi.org/10.1128/JVI.80.10.5074-5077.2006
https://doi.org/10.1128/JVI.01816-07
https://doi.org/10.1371/journal.pone.0001152
https://doi.org/10.1128/JVI.00895-07
https://doi.org/10.1128/JVI.02084-07
https://www.ncbi.nlm.nih.gov/pubmed/18057253

Microorganisms 2024, 12, 155 13 of 18

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nelson, G.W.; Kaslow, R.; Mann, D.L. Frequency of HLA allele-specific peptide motifs in HIV-1 proteins correlates with the
allele’s association with relative rates of disease progression after HIV-1 infection. Proc. Natl. Acad. Sci. USA 1997, 94, 9802-9807.
[CrossRef] [PubMed]

McNeil, A.J.; Yap, P.L.; Gore, S.M.; Brettle, R.P.; McColl, M.; Wyld, R.; Davidson, S.; Weightman, R.; Richardson, A.M.; Robertson,
J.R. Association of HLA types A1-B8-DR3 and B27 with rapid and slow progression of HIV disease. QJM 1996, 89, 177-185.
[CrossRef] [PubMed]

Gillespie, G.M.; Kaul, R.; Dong, T.; Yang, H.B.; Rostron, T.; Bwayo, ].].; Kiama, P; Peto, T.; Plummer, FA.; McMichael, A.].; et al.
Cross-reactive cytotoxic T lymphocytes against a HIV-1 p24 epitope in slow progressors with B*57. AIDS 2002, 16, 961-972.
[CrossRef] [PubMed]

Kaslow, R.A.; Carrington, M.; Apple, R.; Park, L.; Munoz, A.; Saah, A.].; Goedert, ].].; Winkler, C.; O’Brien, S.J.; Rinaldo, C.; et al.
Influence of combinations of human major histocompatibility complex genes on the course of HIV-1 infection. Nat. Med. 1996,
2,405-411. [CrossRef]

Kiepiela, P; Leslie, A.].; Honeyborne, I.; Ramduth, D.; Thobakgale, C.; Chetty, S.; Rathnavalu, P.; Moore, C.; Pfafferott, K.J.; Hilton,
L.; et al. Dominant influence of HLA-B in mediating the potential co-evolution of HIV and HLA. Nature 2004, 432, 769-775.
[CrossRef] [PubMed]

Lacap, P.A.; Huntington, J.D.; Luo, M.; Nagelkerke, N.J.; Bielawny, T.; Kimani, J.; Wachihi, C.; Ngugi, E.N.; Plummer, FA.
Associations of human leukocyte antigen DRB with resistance or susceptibility to HIV-1 infection in the Pumwani Sex Worker
Cohort. AIDS 2008, 22, 1029-1038. [CrossRef]

Martin, M.P; Qi, Y.; Gao, X.; Yamada, E.; Martin, ].N.; Pereyra, F.; Colombo, S.; Brown, E.E.; Shupert, W.L.; Phair, ].; et al. Innate
partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat. Genet. 2007, 39, 733-740. [CrossRef]

Migueles, S.A.; Sabbaghian, M.S.; Shupert, W.L.; Bettinotti, M.P.; Marincola, EM.; Martino, L.; Hallahan, C.W.; Selig, S.M.;
Schwartz, D.; Sullivan, ].; et al. HLA B*5701 is highly associated with restriction of virus replication in a subgroup of HIV-infected
long term nonprogressors. Proc. Natl. Acad. Sci. USA 2000, 97, 2709-2714. [CrossRef]

Ndung'u, T.; Gaseitsiwe, S.; Sepako, E.; Doualla-Bell, F,; Peter, T.; Kim, S.; Thior, I.; Novitsky, V.A.; Essex, M. Major histocompati-
bility complex class II (HLA-DRB and -DQB) allele frequencies in Botswana: Association with human immunodeficiency virus
type 1 infection. Clin. Diagn. Lab. Immunol. 2005, 12, 1020-1028. [CrossRef]

Daza-Vamenta, R.; Glusman, G.; Rowen, L.; Guthrie, B.; Geraghty, D.E. Genetic divergence of the rhesus macaque major
histocompatibility complex. Genome Res. 2004, 14, 1501-1515. [CrossRef] [PubMed]

O’Connor, S.L.; Blasky, A.J.; Pendley, C.J.; Becker, E.A.; Wiseman, RW.; Karl, ].A.; Hughes, A.L.; O’Connor, D.H. Comprehensive
characterization of MHC class II haplotypes in Mauritian cynomolgus macaques. Immunogenetics 2007, 59, 449-462. [CrossRef]
[PubMed]

Wiseman, R.W.,; Karl, J.A.; Bohn, P.S.; Nimityongskul, FA.; Starrett, G.J.; O’Connor, D.H. Haplessly hoping: Macaque major
histocompatibility complex made easy. ILAR J. 2013, 54, 196-210. [CrossRef] [PubMed]

Sussman, R.; Tattersall, I. Distribution, abundance, and putative ecological strategy of Macaca fascicularis on the island of Mauritius,
Southwestern Indian Ocean. Folia Primatol. 1986, 46, 28-43. [CrossRef]

Blancher, A.; Bonhomme, M.; Crouau-Roy, B.; Terao, K.; Kitano, T.; Saitou, N. Mitochondrial DNA sequence phylogeny of
4 populations of the widely distributed cynomolgus macaque (Macaca fascicularis). J. Hered. 2008, 99, 254-264. [CrossRef]
Kanthaswamy, S.; Smith, D.G. Effects of geographic origin on captive Macaca mulatta mitochondrial DNA variation. Comp. Med.
2004, 54, 193-201.

Kawamoto, Y.; Kawamoto, S.; Matsubayashi, K.; Nozawa, K.; Watanabe, T.; Stanley, M.A.; Perwitasari-Farajallah, D. Genetic
diversity of longtail macaques (Macaca fascicularis) on the island of Mauritius: An assessment of nuclear and mitochondrial DNA
polymorphisms. J. Med. Primatol. 2008, 37, 45-54. [CrossRef]

Lawler, S.H.; Sussman, R.W.; Taylor, L.L. Mitochondrial DNA of the Mauritian macaques (Macaca fascicularis): An example of the
founder effect. Am. J. Phys. Anthropol. 1995, 96, 133-141. [CrossRef]

Smith, D.G.; McDonough, J. Mitochondrial DNA variation in Chinese and Indian rhesus macaques (Macaca mulatta). Am. ].
Primatol. 2005, 65, 1-25. [CrossRef]

Stevison, L.S.; Kohn, M.H. Determining genetic background in captive stocks of cynomolgus macaques (Macaca fascicularis). J.
Med. Primatol. 2008, 37, 311-317. [CrossRef]

Leuchte, N.; Berry, N.; Kohler, B.; Almond, N.; LeGrand, R.; Thorstensson, R; Titti, F.; Sauermann, U. MhcDRB-sequences from
cynomolgus macaques (Macaca fascicularis) of different origin. Tissue Antigens 2004, 63, 529-537. [CrossRef] [PubMed]

Mee, E.T,; Badhan, A.; Karl, J.A.; Wiseman, R.W.; Cutler, K.; Knapp, L.A.; Almond, N.; O’Connor, D.H.; Rose, N.J. MHC haplotype
frequencies in a UK breeding colony of Mauritian cynomolgus macaques mirror those found in a distinct population from the
same geographic origin. J. Med. Primatol. 2009, 38, 1-14. [CrossRef] [PubMed]

Otting, N.; de Vos-Rouweler, A.J.; Heijmans, C.M.; de Groot, N.G.; Doxiadis, G.G.; Bontrop, R.E. MHC class I A region diversity
and polymorphism in macaque species. Immunogenetics 2007, 59, 367-375. [CrossRef] [PubMed]

Pendley, C.J.; Becker, E.A.; Karl, J.A.; Blasky, A.]J.; Wiseman, R.W.; Hughes, A.L.; O’Connor, S.L.; O’Connor, D.H. MHC class I
characterization of Indonesian cynomolgus macaques. Immunogenetics 2008, 60, 339-351. [CrossRef]

Penedo, M.C.; Bontrop, R.E.; Heijmans, C.M.; Otting, N.; Noort, R.; Rouweler, A.]J.; de Groot, N.; de Groot, N.G.; Ward, T,
Doxiadis, G.G.M. Microsatellite typing of the rhesus macaque MHC region. Immunogenetics 2005, 57, 198-209. [CrossRef]


https://doi.org/10.1073/pnas.94.18.9802
https://www.ncbi.nlm.nih.gov/pubmed/9275206
https://doi.org/10.1093/qjmed/89.3.177
https://www.ncbi.nlm.nih.gov/pubmed/8731561
https://doi.org/10.1097/00002030-200205030-00002
https://www.ncbi.nlm.nih.gov/pubmed/11953462
https://doi.org/10.1038/nm0496-405
https://doi.org/10.1038/nature03113
https://www.ncbi.nlm.nih.gov/pubmed/15592417
https://doi.org/10.1097/QAD.0b013e3282ffb3db
https://doi.org/10.1038/ng2035
https://doi.org/10.1073/pnas.050567397
https://doi.org/10.1128/CDLI.12.9.1020-1028.2005
https://doi.org/10.1101/gr.2134504
https://www.ncbi.nlm.nih.gov/pubmed/15289473
https://doi.org/10.1007/s00251-007-0209-7
https://www.ncbi.nlm.nih.gov/pubmed/17384942
https://doi.org/10.1093/ilar/ilt036
https://www.ncbi.nlm.nih.gov/pubmed/24174442
https://doi.org/10.1159/000156234
https://doi.org/10.1093/jhered/esn003
https://doi.org/10.1111/j.1600-0684.2007.00225.x
https://doi.org/10.1002/ajpa.1330960203
https://doi.org/10.1002/ajp.20094
https://doi.org/10.1111/j.1600-0684.2008.00292.x
https://doi.org/10.1111/j.0001-2815.2004.0222.x
https://www.ncbi.nlm.nih.gov/pubmed/15140028
https://doi.org/10.1111/j.1600-0684.2008.00299.x
https://www.ncbi.nlm.nih.gov/pubmed/19018947
https://doi.org/10.1007/s00251-007-0201-2
https://www.ncbi.nlm.nih.gov/pubmed/17334754
https://doi.org/10.1007/s00251-008-0292-4
https://doi.org/10.1007/s00251-005-0787-1

Microorganisms 2024, 12, 155 14 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kondo, M.; Kawamoto, Y.; Nozawa, K.; Matsubayashi, K.; Watanabe, T.; Griffiths, O.; Stanley, M.-A. Population genetics of crab
eating macaques (Macaca fascicularis) on the island of Mauritius. Am. J. Primatol. 1993, 29, 167-182. [CrossRef]

Krebs, K.C.; Jin, Z.; Rudersdorf, R.; Hughes, A.L.; O’Connor, D.H. Unusually high frequency MHC class I alleles in Mauritian
origin cynomolgus macaques. . Immunol. 2005, 175, 5230-5239. [CrossRef]

Tosi, A.].; Coke, C.S. Comparative phylogenetics offer new insights into the biogeographic history of Macaca fascicularis and the
origin of the Mauritian macaques. Mol. Phylogenet. Evol. 2007, 42, 498-504. [CrossRef]

Sano, K.; Shiina, T.; Kohara, S.; Yanagiya, K.; Hosomichi, K.; Shimizu, S.; Anzai, T.; Watanabe, A.; Ogasawara, K.; Torii, R.; et al.
Novel cynomolgus macaque MHC-DPB1 polymorphisms in three South-East Asian populations. Tissue Antigens 2006, 67, 297-306.
[CrossRef]

Shiina, T.; Yamada, Y.; Aarnink, A.; Suzuki, S.; Masuya, A.; Ito, S.; Ido, D.; Yamanaka, H.; Iwatani, C.; Tsuchiya, H.; et al. Discovery
of novel MHC-class I alleles and haplotypes in Filipino cynomolgus macaques (Macaca fascicularis) by pyrosequencing and Sanger
sequencing: Mafa-class I polymorphism. Immunogenetics 2015, 67, 563-578. [CrossRef]

Doxiadis, G.G.; Rouweler, A.].; de Groot, N.G.; Louwerse, A.; Otting, N.; Verschoor, E.J.; Bontrop, R.E. Extensive sharing of MHC
class II alleles between rhesus and cynomolgus macaques. Immunogenetics 2006, 58, 259-268. [CrossRef] [PubMed]

Reimann, K.A ; Parker, R.A.; Seaman, M.S.; Beaudry, K.; Beddall, M.; Peterson, L.; Williams, K.C.; Veazey, R.S.; Montefiori, D.C.;
Mascola, J.R.; et al. Pathogenicity of simian-human immunodeficiency virus SHIV-89.6P and SIVmac is attenuated in cynomolgus
macaques and associated with early T-lymphocyte responses. J. Virol. 2005, 79, 8878-8885. [CrossRef] [PubMed]

Berry, N.; Ham, C.; Mee, E.T.; Rose, N.J.; Mattiuzzo, G.; Jenkins, A.; Page, M.; Elsley, W.; Robinson, M.; Smith, D.; et al. Early
potent protection against heterologous SIVsmE660 challenge following live attenuated SIV vaccination in Mauritian cynomolgus
macaques. PLoS ONE 2011, 6, €23092. [CrossRef] [PubMed]

De Groot, N.G.; Blokhuis, J.H.; Otting, N.; Doxiadis, G.G.; Bontrop, R.E. Co-evolution of the MHC class I and KIR gene families in
rhesus macaques: Ancestry and plasticity. Immunol. Rev. 2015, 267, 228-245. [CrossRef] [PubMed]

Ellis-Connell, A.L.; Kannal, N.M.; Balgeman, A.].; O’Connor, S.L. Characterization of major histocompatibility complex-related
molecule 1 sequence variants in non-human primates. Immunogenetics 2019, 71, 109-121. [CrossRef]

Walter, L.; Ansari, A.A. MHC and KIR Polymorphisms in Rhesus Macaque SIV Infection. Front. Immunol. 2015, 6, 540. [CrossRef]
[PubMed]

Silver, Z.A.; Watkins, D.I. The role of MHC class I gene products in SIV infection of macaques. Immunogenetics 2017, 69, 511-519.
[CrossRef]

Caskey, ].R.; Wiseman, RW.; Karl, J.A.; Baker, D.A.; Lee, T.; Maddox, R.J.; Raveendran, M.; Harris, R.A; Hu, J.; Muzny, D.M.; et al.
MHC genotyping from rhesus macaque exome sequences. Immunogenetics 2019, 71, 531-544. [CrossRef]

Zhang, H.; Deng, Q.; Jin, Y.; Liu, B.; Zhuo, M.; Ling, F. First identification of the MHC-DPB?2 alleles in the rhesus macaques
(Macaca mulatta). Immunogenet 2014, 66, 575-580. [CrossRef]

Karl, J.A.; Prall, TM.; Bussan, H.E.; Varghese, ].M.; Pal, A.; Wiseman, R.W.; O’Connor, D.H. Complete sequencing of a cynomolgus
macaque major histocompatibility complex haplotype. Genome Res. 2023, 33, 448-462. [CrossRef]

Naruse, TK,; Chen, Z.; Yanagida, R.; Yamashita, T.; Saito, Y.; Mori, K.; Akari, H.; Yasutomi, Y.; Miyazawa, M.; Matano, T.; et al.
Diversity of MHC class I genes in Burmese-origin rhesus macaques. Immunogenetics 2010, 62, 601-611. [CrossRef] [PubMed]
Karl, J.A.; Wiseman, RW.; Campbell, K.J.; Blasky, A.J.; Hughes, A.L.; Ferguson, B.; Read, D.S.; O’Connor, D.H. Identification of
MHC class I sequences in Chinese-origin rhesus macaques. Immunogenetics 2008, 60, 37-46. [CrossRef] [PubMed]

Yao, Y.F; Zhou, Y.Y,; Xu, H.L. Comprehensive identification of MHC class II alleles in a cohort of Chinese rhesus macaques. HLA
2018, 92, 188-190. [CrossRef]

Morgan, R.A ; Karl, J.A.; Bussan, H.E.; Heimbruch, K.E.; O’Connor, D.H.; Dudley, D.M. Restricted MHC class I A locus diversity in
olive and hybrid olive/yellow baboons from the Southwest National Primate Research Center. Immunogenetics 2018, 70, 449-458.
[CrossRef]

Heimbruch, K.E; Karl, J.A.; Wiseman, R.W.; Dudley, D.M.; Johnson, Z.; Kaur, A.; O’Connor, D.H. Novel MHC class I full-length
allele and haplotype characterization in sooty mangabeys. Immunogenetics 2015, 67, 437—445. [CrossRef]

De Groot, N.G.; Otting, N.; Robinson, J.; Blancher, A.; Lafont, B.A.; Marsh, S.G.; O’Connor, D.H.; Shiina, T.; Walter, L.; Watkins,
D.I; et al. Nomenclature report on the major histocompatibility complex genes and alleles of Great Ape, Old and New World
monkey species. Immunogenetics 2012, 64, 615-631. [CrossRef] [PubMed]

De Groot, N.G.; Otting, N.; Maccari, G.; Robinson, J.; Hammond, J.A.; Blancher, A.; Lafont, B.A.P.; Guethlein, L.A.; Wroblewski,
E.E.; Marsh, S.G.E,; et al. Nomenclature report 2019: Major histocompatibility complex genes and alleles of Great and Small Ape
and Old and New World monkey species. Immunogenetics 2020, 72, 25-36. [CrossRef]

McBrien, J.B.; Kumar, N.A; Silvestri, G. Mechanisms of CD8* T cell-mediated suppression of HIV/SIV replication. Eur. J.
Immunol. 2018, 48, 898-914. [CrossRef]

Lim, S.Y.; Chan, T.; Gelman, R.S.; Whitney, ].B.; O’Brien, K.L.; Barouch, D.H.; Goldstein, D.B.; Haynes, B.F,; Letvin, N.L.
Contributions of Mamu-A*01 status and TRIMS5 allele expression, but not CCL3L copy number variation, to the control of
SIVmac251 replication in Indian-origin rhesus monkeys. PLoS Genet. 2010, 6, e1000997. [CrossRef]

Mubhl, T.; Krawczak, M.; Ten Haaft, P.; Hunsmann, G.; Sauermann, U. MHC class I alleles influence set-point viral load and
survival time in simian immunodeficiency virus-infected rhesus monkeys. J. Immunol. 2002, 169, 3438-3446. [CrossRef]


https://doi.org/10.1002/ajp.1350290303
https://doi.org/10.4049/jimmunol.175.8.5230
https://doi.org/10.1016/j.ympev.2006.08.002
https://doi.org/10.1111/j.1399-0039.2006.00577.x
https://doi.org/10.1007/s00251-015-0867-9
https://doi.org/10.1007/s00251-006-0083-8
https://www.ncbi.nlm.nih.gov/pubmed/16470376
https://doi.org/10.1128/JVI.79.14.8878-8885.2005
https://www.ncbi.nlm.nih.gov/pubmed/15994781
https://doi.org/10.1371/journal.pone.0023092
https://www.ncbi.nlm.nih.gov/pubmed/21853072
https://doi.org/10.1111/imr.12313
https://www.ncbi.nlm.nih.gov/pubmed/26284481
https://doi.org/10.1007/s00251-018-1091-1
https://doi.org/10.3389/fimmu.2015.00540
https://www.ncbi.nlm.nih.gov/pubmed/26557119
https://doi.org/10.1007/s00251-017-0997-3
https://doi.org/10.1007/s00251-019-01125-w
https://doi.org/10.1007/s00251-014-0789-y
https://doi.org/10.1101/gr.277429.122
https://doi.org/10.1007/s00251-010-0462-z
https://www.ncbi.nlm.nih.gov/pubmed/20640416
https://doi.org/10.1007/s00251-007-0267-x
https://www.ncbi.nlm.nih.gov/pubmed/18097659
https://doi.org/10.1111/tan.13255
https://doi.org/10.1007/s00251-018-1057-3
https://doi.org/10.1007/s00251-015-0847-0
https://doi.org/10.1007/s00251-012-0617-1
https://www.ncbi.nlm.nih.gov/pubmed/22526602
https://doi.org/10.1007/s00251-019-01132-x
https://doi.org/10.1002/eji.201747172
https://doi.org/10.1371/journal.pgen.1000997
https://doi.org/10.4049/jimmunol.169.6.3438

Microorganisms 2024, 12, 155 15 of 18

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Sauermann, U.; Siddiqui, R.; Suh, Y.S.; Platzer, M.; Leuchte, N.; Meyer, H.; Matz-Rensing, K.; Stoiber, H.; Niirnberg, H.; Hunsmann,
G.; et al. Mhc class I haplotypes associated with survival time in simian immunodeficiency virus (SIV)-infected rhesus macaques.
Genes. Immun. 2008, 9, 69-80. [CrossRef]

Zhang, Z.Q.; Fu, TM.; Casimiro, D.R.; Davies, M.E.; Liang, X.; Schleif, W.A.; Handt, L.; Tussey, L.; Chen, M.; Tang, A_; et al.
Mamu-A*01 allele-mediated attenuation of disease progression in simian-human immunodeficiency virus infection. J. Virol. 2002,
76,12845-12854. [CrossRef]

Wojcechowskyj, J.A.; Yant, L.J.; Wiseman, R.W.; O’Connor, S.L.; O’Connor, D.H. Control of simian immunodeficiency virus
SIVmac239 is not predicted by inheritance of Mamu-B*17-containing haplotypes. J. Virol. 2007, 81, 406—410. [CrossRef]

Harris, M.; Burns, C.M.; Becker, E.A.; Braasch, A.T.; Gostick, E.; Johnson, R.C.; Broman, K.W.; Price, D.A.; Friedrich, T.C.;
O’Connor, S.L. Acute-phase CD8 T cell responses that select for escape variants are needed to control live attenuated simian
immunodeficiency virus. J. Virol. 2013, 87, 9353-9364. [CrossRef] [PubMed]

Adnan, S.; Colantonio, A.D.; Yu, Y,; Gillis, J.; Wong, FE.; Becker, E.A.; Piatak, M., Jr.; Reeves, R.K,; Lifson, J.D.; O’Connor, S.L.;
etal. CD8 T cell response maturation defined by anentropic specificity and repertoire depth correlates with SIVAnef-induced
protection. PLoS Pathog. 2015, 17, 11. [CrossRef] [PubMed]

Stebbings, R.; Berry, N.; Waldmann, H.; Bird, P.; Hale, G.; Stott, J.; North, D.; Hull, R.; Hall, J.; Lines, J.; et al. CD8+ lymphocytes
do not mediate protection against acute superinfection 20 days after vaccination with a live attenuated simian immunodeficiency
virus. J. Virol. 2005, 79, 12264-12272. [CrossRef] [PubMed]

Fukazawa, Y.; Park, H.; Cameron, M.].; Lefebvre, F; Lum, R.; Coombes, N.; Mahyari, E.; Hagen, S.I; Bae, ].Y.; Reyes, M.D., 3rd;
et al. Lymph node T cell responses predict the efficacy of live attenuated SIV vaccines. Nat. Med. 2012, 18, 1673-1681. [CrossRef]
Jia, B.; Ng, S.K.; DeGottardi, M.Q.; Piatak, M.; Yuste, E.; Carville, A.; Mansfield, K.G.; Li, W.; Richardson, B.A ; Lifson, ].D.; et al.
Immunization with single-cycle SIV significantly reduces viral loads after an intravenous challenge with SIV(mac)239. PLoS
Pathog. 2009, 5, €1000272. [CrossRef]

Berry, N.; Manoussaka, M.; Ham, C.; Ferguson, D.; Tudor, H.; Mattiuzzo, M.; Klaver, B.; Page, M.; Stebbings, R.; Das, A.T.; et al.
Role of Occult and Post-acute Phase Replication in Protective Immunity Induced with a Novel Live Attenuated SIV Vaccine. PLoS
Pathog. 2016, 12, €1006083. [CrossRef]

Hansen, S.G.; Marshall, E.E.; Malouli, D.; Ventura, A.B.; Hughes, C.M.; Ainslie, E.; Ford, ].C.; Morrow, D.; Gilbride, R.M.; Bae, J.Y.;
et al. A live-attenuated RhCMV /SIV vaccine shows long-term efficacy against heterologous SIV challenge. Sci. Transl. Med. 2019,
11, eaaw2607. [CrossRef]

Hansen, S.G.; Hancock, M.H.; Malouli, D.; Marshall, E.E.; Hughes, C.M.; Randall, K.T.; Morrow, D.; Ford, J.C.; Gilbride, RM.;
Selseth, AN.; et al. Myeloid cell tropism enables MHC-E-restricted CD8* T cell priming and vaccine efficacy by the RhCMV /SIV
vaccine. Sci. Immunol. 2022, 7, eabn9301. [CrossRef] [PubMed]

Wu, H.L.; Wiseman, RW.; Hughes, C.M.; Webb, G.M.; Abdulhaqq, S.A.; Bimber, B.N.; Hammond, K.B.; Reed, J.S.; Gao, L.;
Burwitz, B.J.; et al. The Role of MHC-E in T Cell Immunity Is Conserved among Humans, Rhesus Macaques, and Cynomolgus
Macaques. J. Immunol. 2018, 200, 49-60. [CrossRef] [PubMed]

Sharpe, H.R.; Bowyer, G.; Brackenridge, S.; Lambe, T. HLA-E: Exploiting pathogen-host interactions for vaccine development.
Clin. Exp. Immunol. 2019, 196, 167-177. [CrossRef] [PubMed]

Picker, L.J; Lifson, ].D.; Gale, M.; Hansen, S.G; Friih, K. Programming cytomegalovirus as an HIV vaccine. Trends Immunol. 2023,
44,287-304. [CrossRef]

Campbell, K.J.; Detmer, A.M,; Karl, ].A.; Wiseman, R.W,; Blasky, A.J.; Hughes, A.L.; Bimber, B.N.; O’Connor, S.L.; O’Connor, D.H.
Characterization of 47 MHC class I sequences in Filipino cynomolgus macaques. Immunogenetics 2009, 61, 177-187. [CrossRef]
Creager, HM.; Becker, E.A.; Sandman, K.K; Karl, J.A.; Lank, S.M.; Bimber, B.N.; Wiseman, R.W.; Hughes, A.L.; O’Connor, S.L.;
O’Connor, D.H. Characterization of full-length MHC class II sequences in Indonesian and Vietnamese cynomolgus macaques.
Immunogenetics 2011, 63, 611-618. [CrossRef]

Karl, J.A.; Graham, M.E.; Wiseman, R.W.; Heimbruch, K.E.; Gieger, S.M.; Doxiadis, G.G.; Bontrop, R.E.; O’Connor, D.H. Major
histocompatibility complex haplotyping and long-amplicon allele discovery in cynomolgus macaques from Chinese breeding
facilities. Immunogenetics 2017, 69, 211-229. [CrossRef]

Shortreed, C.G.; Wiseman, RW.,; Karl, J.A.; Bussan, H.E.; Baker, D.A.; Prall, TM.; Haj, A.K.; Moreno, G.K.; Penedo, M.C,;
O’Connor, D.H. Characterization of 100 extended major histocompatibility complex haplotypes in Indonesian cynomolgus
macaques. Immunogenetics 2020, 72, 225-239. [CrossRef]

Mee, E.T.; Berry, N.; Ham, C.; Sauermann, U.; Maggiorella, M.T.; Martinon, F.; Verschoor, E.J.; Heeney, J.L.; Grand, R.L.; Titti,
F,; et al. Mhc haplotype H6 is associated with sustained control of SIVmac251 infection in Mauritian cynomolgus macaques.
Immunogenetics 2009, 1, 327-339. [CrossRef]

Mee, E.T; Berry, N.; Ham, C.; Aubertin, A.; Lines, J.; Hall, J.; Stebbings, R.; Page, M.; Almond, N.; Rose, N.J. Mhc haplotype
M3 is associated with early control of SHIVsbg infection in Mauritian cynomolgus macaques. Tissue Antigens 2010, 76, 223-229.
[CrossRef]

O’Connor, S.L.; Lhost, J.J.; Becker, E.A.; Detmer, A.M.; Johnson, R.C.; Macnair, C.E.; Wiseman, R.W.; Karl, J.A.; Greene, ].M.;
Burwitz, B.J.; et al. MHC heterozygote advantage in simian immunodeficiency virus-infected Mauritian cynomolgus macaques.
Sci. Transl. Med. 2010, 2, 22ral8. [CrossRef]


https://doi.org/10.1038/sj.gene.6364448
https://doi.org/10.1128/JVI.76.24.12845-12854.2002
https://doi.org/10.1128/JVI.01636-06
https://doi.org/10.1128/JVI.00909-13
https://www.ncbi.nlm.nih.gov/pubmed/23785211
https://doi.org/10.1371/journal.ppat.1004633
https://www.ncbi.nlm.nih.gov/pubmed/25688559
https://doi.org/10.1128/JVI.79.19.12264-12272.2005
https://www.ncbi.nlm.nih.gov/pubmed/16160152
https://doi.org/10.1038/nm.2934
https://doi.org/10.1371/journal.ppat.1000272
https://doi.org/10.1371/journal.ppat.1006083
https://doi.org/10.1126/scitranslmed.aaw2607
https://doi.org/10.1126/sciimmunol.abn9301
https://www.ncbi.nlm.nih.gov/pubmed/35714200
https://doi.org/10.4049/jimmunol.1700841
https://www.ncbi.nlm.nih.gov/pubmed/29150562
https://doi.org/10.1111/cei.13292
https://www.ncbi.nlm.nih.gov/pubmed/30968409
https://doi.org/10.1016/j.it.2023.02.001
https://doi.org/10.1007/s00251-008-0351-x
https://doi.org/10.1007/s00251-011-0537-5
https://doi.org/10.1007/s00251-017-0969-7
https://doi.org/10.1007/s00251-020-01159-5
https://doi.org/10.1007/s00251-009-0369-8
https://doi.org/10.1111/j.1399-0039.2010.01500.x
https://doi.org/10.1126/scitranslmed.3000524

Microorganisms 2024, 12, 155 16 of 18

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

Burwitz, B.J.; Pendley, C.J.; Greene, ].M.; Detmer, A.M.; Lhost, ].J.; Karl, ].A.; Piaskowski, S.M.; Rudersdorf, R.A.; Wallace, L.T.;
Bimber, B.N.; et al. Mauritian cynomolgus macaques share two exceptionally common major histocompatibility complex class I
alleles that restrict simian immunodeficiency virus-specific CD8+ T cells. J. Virol. 2009, 83, 6011-6019. [CrossRef] [PubMed]
Wiseman, R.W.; Wojcechowskyj, ].A.; Greene, ].M.; Blasky, A.].; Gopon, T.; Soma, T.; Friedrich, T.C.; O’Connor, S.L.; O’Connor,
D.H. Simian immunodeficiency virus SIVmac239 infection of major histocompatibility complex-identical cynomolgus macaques
from Mauritius. J. Virol. 2007, 81, 349-361. [CrossRef] [PubMed]

Budde, M.L.; Wiseman, R.W.; Karl, J.A.; Hanczaruk, B.; Simen, B.B.; O’Connor, D.H. Characterization of Mauritian cynomolgus
macaque major histocompatibility complex class I haplotypes by high-resolution pyrosequencing. Immunogenetics 2010, 62, 773-780.
[CrossRef] [PubMed]

Schrago, C.G.; Russo, C.A. Timing the Origin of New World Monkeys. Mol. Biol. Evol. 2003, 20, 1620-1625. [CrossRef] [PubMed]
Mee, E.T.; Greenhow, J.; Rose, N.J. Characterisation of Mhc class I and class II DRB polymorphism in red-bellied tamarins
(Saguinus labiatus). Immunogenetics 2011, 63, 619-626. [CrossRef] [PubMed]

Van der Wiel, M,; Otting, N.; de Groot, N.; Doxiadis, G.; Bontrop, R. The repertoire of MHC class I genes in the common marmoset:
Evidence for functional plasticity. Immunogenetics 2013, 65, 841-849. [CrossRef]

Gyllensten, U.; Bergstrom, T.; Josefsson, A.; Sundvall, M.; Savage, A.; Blumer, E.S.; Giraldo, L.H.; Soto, L.H.; Watkins, D.I. The
cotton-top tamarin revisited: Mhc class I polymorphism of wild tamarins, and polymorphism and allelic diversity of the class I
DQA1, DQBI1, and DRB loci. Immunogenetics 1994, 40, 167-176. [CrossRef]

Watkins, D.I; Garber, T.L.; Chen, Z.W.; Toukatly, G.; Hughes, A.L.; Letvin, N.L. Unusually limited nucleotide sequence variation
of the expressed major histocompatibility complex class I genes of a New World primate species (Saguinus oedipus). Immunogenetics
1991, 33, 79-89. [CrossRef]

Stremlau, M.; Owens, C.M.; Perron, M.J.; Kiessling, M.; Autissier, P.; Sodroski, ]. The cytoplasmic body component TRIM5 alpha
restricts HIV-1 infection in Old World monkeys. Nature 2004, 427, 848-853. [CrossRef]

Yap, M.W.; Nisole, S.; Lynch, C.; Stoye, ].P. Trim5«x protein restricts both HIV-1 and murine leukemia virus. Proc. Natl. Acad. Sci.
USA 2004, 101, 10786-10791. [CrossRef] [PubMed]

Pertel, T.; Hausmann, S.; Morger, D.; Ziiger, S.; Guerra, J.; Lascano, J.; Reinhard, C.; Santoni, F.A.; Uchil, P.D.; Chatel, L.; et al.
TRIMS is an innate immune sensor for the retrovirus capsid lattice. Nature 2011, 472, 361-365. [CrossRef] [PubMed]

Stremlau, M.; Perron, M.; Welikala, S.; Sodroski, J. Species-specific variation in the B30.2(SPRY) domain of TRIM5 alpha determines
the potency of human immunodeficiency virus restriction. J. Virol. 2005, 79, 3139-3145. [CrossRef] [PubMed]

Sawyer, S.L.; Wu, L.I; Emerman, M.; Malik, H.S. Positive selection of primate TRIM5 alpha identifies a critical species-specific
retroviral restriction domain. Proc. Natl. Acad. Sci. USA 2005, 102, 2832-2837. [CrossRef] [PubMed]

Stremlau, M.; Perron, M.; Lee, M,; Li, Y.; Song, B.; Javanbakht, H.; Diaz-Griffero, F.; Anderson, D.]J.; Sundquist, W.I.; Sodroski, J.
Specific recognition and accelerated uncoating of retroviral capsids by the TRIM5 alpha restriction factor. Proc. Natl. Acad. Sci.
USA 2006, 103, 5514-5519. [CrossRef]

Nisole, S.; Lynch, C.; Stoye, J.P.; Yap, M.W. A Trim5-cyclophilin A fusion protein found in owl monkey kidney cells can restrict
HIV-1. Proc. Natl. Acad. Sci. USA 2004, 101, 13324-13328. [CrossRef]

Sayah, D.M.; Sokolskaja, E.; Berthoux, L.; Luban, ]. Cyclophilin A retrotransposition into TRIM5 explains owl monkey resistance
to HIV-1. Nature 2004, 430, 569-573. [CrossRef]

Brennan, G.; Kozyrev, Y.; Hu, S.L. TRIMCyp expression in Old World primates Macaca nemestrina and Macaca fascicularis. Proc.
Natl. Acad. Sci. USA 2008, 105, 3569-3574. [CrossRef]

Liao, C.H.; Kuang, Y.Q.; Liu, H.L.; Zheng, Y.T.; Su, B. A novel fusion gene, TRIM5-Cyclophilin A in the pig-tailed macaque
determines its susceptibility to HIV-1 infection. AIDS 2007, 21, S19-S26. [CrossRef]

Newman, R.M.; Hall, L.; Kirmaier, A.; Pozzi, L.-A.; Pery, E.; Farzan, M.; O’Neil, S.P,; Johnson, W. Evolution of a TRIM5-CypA
splice isoform in Old World monkeys. PLoS Pathog. 2008, 4, e1000003. [CrossRef]

Virgen, C.A.; Kratovac, Z.; Bieniasz, P.D.; Hatziioannou, T. Independent genesis of chimeric TRIM5-cyclophilin proteins in two
primate species. Proc. Natl. Acad. Sci. USA 2008, 105, 3563-3568. [CrossRef] [PubMed]

Wilson, S.J.; Webb, B.L.; Ylinen, L.M.; Verschoor, E.; Heeney, ].L.; Towers, G.J. Independent evolution of an antiviral TRIMCyp in
rhesus macaques. Proc. Natl. Acad. Sci. USA 2008, 105, 3557-3562. [CrossRef] [PubMed]

De Groot, N.G.; Heijmans, C.M.C.; Koopman, G.; Verschoor, E.J.; Bogers, WM.; Bontrop, R. TRIM5 allelic polymorphism in
macaque species/populations of different geographic origins: Its impact on SIV vaccine studies. Tissue Antigens 2011, 78, 256-262.
[CrossRef] [PubMed]

Ylinen, L.M.J.; Price, AJ.; Rasaiyaah, J.; Hué, S.; Rose, N.J.; Marzetta, F.; James, L.C.; Towers, G.J. Conformational adaptation of
Asian macaque TRIMCyp directs lineage specific antiviral activity. PLoS Pathog. 2010, 6, €1001062. [CrossRef]

Liu, H.F; Wang, Y.Q.; Liao, C.H.; Kuang, Y.Q.; Zheng, Y.T,; Su, B. Adaptive evolution of primate TRIMS5 alpha, a gene restricting
HIV-1 infection. Gene 2005, 362, 109-116. [CrossRef]

Wilson, S.J.; Webb, B.L.; Maplanka, C.; Newman, R.M.; Verschoor, E.J.; Heeney, ].L.; Towers, G.J. Rhesus macaque TRIMS alleles
have divergent antiretroviral specificities. J. Virol. 2008, 82, 7243-7247. [CrossRef]

Nakayama, E.E.; Shioda, T. Anti-retroviral activity of TRIM5 alpha. Rev. Med. Virol. 2010, 20, 77-92. [CrossRef]

Lim, S.Y.; Rogers, T.; Chan, T.; Whitney, ].B.; Kim, J.; Sodroski, J.; Letvin, N.L. TRIMb5alpha modulates immunodeficiency virus
control in rhesus monkeys. PLoS Pathog. 2010, 6, €1000738. [CrossRef]


https://doi.org/10.1128/JVI.00199-09
https://www.ncbi.nlm.nih.gov/pubmed/19339351
https://doi.org/10.1128/JVI.01841-06
https://www.ncbi.nlm.nih.gov/pubmed/17035320
https://doi.org/10.1007/s00251-010-0481-9
https://www.ncbi.nlm.nih.gov/pubmed/20882385
https://doi.org/10.1093/molbev/msg172
https://www.ncbi.nlm.nih.gov/pubmed/12832653
https://doi.org/10.1007/s00251-011-0546-4
https://www.ncbi.nlm.nih.gov/pubmed/21681586
https://doi.org/10.1007/s00251-013-0732-7
https://doi.org/10.1007/BF00167076
https://doi.org/10.1007/BF00210819
https://doi.org/10.1038/nature02343
https://doi.org/10.1073/pnas.0402876101
https://www.ncbi.nlm.nih.gov/pubmed/15249690
https://doi.org/10.1038/nature09976
https://www.ncbi.nlm.nih.gov/pubmed/21512573
https://doi.org/10.1128/JVI.79.5.3139-3145.2005
https://www.ncbi.nlm.nih.gov/pubmed/15709033
https://doi.org/10.1073/pnas.0409853102
https://www.ncbi.nlm.nih.gov/pubmed/15689398
https://doi.org/10.1073/pnas.0509996103
https://doi.org/10.1073/pnas.0404640101
https://doi.org/10.1038/nature02777
https://doi.org/10.1073/pnas.0709511105
https://doi.org/10.1097/01.aids.0000304692.09143.1b
https://doi.org/10.1371/journal.ppat.1000003
https://doi.org/10.1073/pnas.0709258105
https://www.ncbi.nlm.nih.gov/pubmed/18287034
https://doi.org/10.1073/pnas.0709003105
https://www.ncbi.nlm.nih.gov/pubmed/18287035
https://doi.org/10.1111/j.1399-0039.2011.01768.x
https://www.ncbi.nlm.nih.gov/pubmed/21929574
https://doi.org/10.1371/journal.ppat.1001062
https://doi.org/10.1016/j.gene.2005.06.045
https://doi.org/10.1128/JVI.00307-08
https://doi.org/10.1002/rmv.637
https://doi.org/10.1371/journal.ppat.1000738

Microorganisms 2024, 12, 155 17 of 18

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Reynolds, M.R.; Sacha, J.B.; Weiler, A.M.; Borchardt, G.J.; Glidden, C.E.; Sheppard, N.C.; Norante, F.A.; Castrovinci, P.A.; Harris,
J.J.; Robertson, H.T.; et al. TRIM5«x genotype of Rhesus macaques affects acquisition of SIVsmE660 infection after repeated
limiting-dose intrarectal challenge. . Virol. 2011, 85, 9637-9640. [CrossRef]

Kirmaier, A.; Wu, E; Newman, RM.; Hall, L.R.; Morgan, ].S.; O’Connor, S.; Marx, P.A.; Meythaler, M.; Goldstein, S.; Buckler-White,
A.; et al. TRIMS suppresses crossspecies transmission of a primate immunodeficiency virus and selects for emergence of resistant
variants in the new species. PLoS Biol. 2010, 8, e1000462. [CrossRef]

Berry, N.J.; Marzetta, F.; Towers, G.J.; Rose, N.J. Diversity of TRIM5x and TRIMCyp sequences in cynomolgus macaques from
different geographical origins. Immunogenetics 2012, 64, 267-278. [CrossRef] [PubMed]

Dietrich, E.A.; Brennan, G.; Ferguson, B.; Wiseman, R.W.; O’Connor, D.; Hu, S.L. Variable prevalence and functional diversity of
the antiretroviral restriction factor TRIMCyp in Macaca fascicularis. J. Virol. 2011, 85, 9956-9963. [CrossRef] [PubMed]

Saito, A.; Kawamoto, Y.; Higashino, A.; Yoshida, T.; Ikoma, T.; Suzaki, Y.; Ami, Y.; Shioda, T.; Nakayama, E.E.; Akari, H. Allele
frequency of antiretroviral host factor TRIMcyp in wild-caught cynomolgus macaques (Macaca fascicularis). Front. Microbiol. 2012,
3, 314. [CrossRef]

Mattiuzzo, G.; Rose, N.J.; Almond, N.; Towers, G.J.; Berry, N. Upregulation of TRIM5«x gene expression after live-attenuated
simian immunodeficiency virus vaccination in Mauritian cynomolgus macaques, but TRIM5« genotype has no impact on virus
acquisition or vaccination outcome. J. Gen. Virol. 2013, 94, 606-611. [CrossRef] [PubMed]

Warren, W.C.; Harris, R.A.; Haukness, M.; Fiddes, I.T.; Murali, S.C.; Fernandes, J.; Dishuck, P.C.; Storer, ].M.; Raveendran, M.;
Hillier, L.W.; et al. Sequence diversity analyses of an improved rhesus macaque genome enhance its biomedical utility. Science
2020, 370, eabc661. [CrossRef] [PubMed]

Han, L.; Wei, X,; Liu, C.; Volpe, G.; Zhuang, Z.; Zou, X.; Wang, Z.; Pan, T.; Yuan, Y.; Zhang, X.; et al. Cell transcriptomic atlas of
the non-human primate. Macaca fascicularis. Nature 2022, 604, 723-731. [PubMed]

Hu, Q.; Huang, X,; Jin, Y.; Zhang, R.; Zhao, A.; Wang, Y.; Zhou, C.; Liu, W.; Liu, X,; Li, C.; et al. Long-read assembly of major
histocompatibility complex and killer cell immunoglobulin-like receptor genome regions in cynomolgus macaque. Biol. Direct
2022, 17, 36. [CrossRef]

Rogers, ].; Gibbs, R.A. Comparative primate genomics: Emerging patterns of genome content and dynamics. Nat. Rev. Genet.
2014, 15, 347-359. [CrossRef]

Maudhoo, M.D.; Ren, D.; Gradnigo, ].S.; Gibbs, R.M.; Lubker, A.C.; Moriyama, E.N.; French, J.A.; Norgren, R.B., Jr. De novo
assembly of the common marmoset transcriptome from NextGen mRNA sequences. Gigascience 2014, 3, 14. [CrossRef]

Rockx, B.; Kuiken, T.; Herfst, S.; Bestebroer, T.; Lamers, M.M.; Oude Munnink, B.B.; de Meulder, D.; van Amerongen, G.; van den
Brand, J.; Okba, N.M.A; et al. Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman primate model. Science
2020, 368, 1012-1015. [CrossRef]

Koo, B.S.; Oh, H.; Kim, G.; Hwang, E.H.; Jung, H.; Lee, Y.; Kang, P,; Park, ].H.; Ryu, C.M.; Hong, ].J. Transient Lymphopenia
and Interstitial Pneumonia With Endotheliitis in SARS-CoV-2-Infected Macaques. J. Infect. Dis. 2020, 222, 1596-1600. [CrossRef]
[PubMed]

Salguero, EJ.; White, A.D.; Slack, G.S.; Fotheringham, S.A.; Bewley, K.R.; Gooch, K.E.; Longet, S.; Humphries, H.E.; Watson, R.J.;
Hunter, L.; et al. Comparison of rhesus and cynomolgus macaques as an infection model for COVID-19. Nat. Commun. 2021,
12, 1260. [CrossRef] [PubMed]

Munster, V.J.; Feldmann, E,; Williamson, B.N.; van Doremalen, N.; Pérez-Pérez, L.; Schulz, J.; Meade-White, K.; Okumura, A.;
Callison, J.; Brumbaugh, B.; et al. Respiratory disease in rhesus macaques inoculated with SARS-CoV-2. Nature 2020, 585, 268-272.
[CrossRef] [PubMed]

Singh, D.K; Singh, B.; Ganatra, S.R.; Gazi, M.; Cole, J.; Thippeshappa, R.; Alfson, K.J.; Clemmons, E.; Gonzalez, O.; Escobedo, R.;
et al. Responses to acute infection with SARS-CoV-2 in the lungs of rhesus macaques, baboons and marmosets. Nat. Microbiol.
2021, 6, 73-86. [CrossRef] [PubMed]

Hartman, A.L.; Nambulli, S.; McMillen, C.M.; White, A.G.; Tilston-Lunel, N.L.; Albe, ].R.; Cottle, E.; Dunn, M.D.; Frye, L.J.;
Gilliland, T.-H.; et al. SARS-CoV-2 infection of African green monkeys results in mild respiratory disease discernible by PET/CT
imaging and shedding of infectious virus from both respiratory and gastrointestinal tracts. PLoS Pathog. 2020, 16, e1008903.
[CrossRef]

Berry, N.; Ferguson, D.; Kempster, S.; Hall, J.; Ham, C.; Jenkins, A.; Rannow, V.; Giles, E.; Leahy, R.; Goulding, S.; et al. Intrinsic host
susceptibility among multiple species to intranasal SARS-CoV-2 identifies diverse virological, biodistribution and pathological
outcomes. Sci. Rep. 2022, 12, 18694. [CrossRef]

Liu, Y;; Hu, G.; Wang, Y.; Ren, W,; Zhao, X,; Ji, E; Zhu, Y; Feng, F; Gong, M.; Ju, X,; et al. Functional and genetic analysis of viral
receptor ACE2 orthologs reveals a broad potential host range of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2021, 118, €2025373118.
[CrossRef]

Van Doremalen, N.; Lambe, T.; Spencer, A.; Belij-Rammerstorfer, S.; Purushotham, J.N.; Port, J.R.; Avanzato, V.A.; Bushmaker, T.;
Flaxman, A.; Ulaszewska, M.; et al. ChAdOx1nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature
2020, 586, 578-582. [CrossRef]

Corbett, K.S.; Nason, M.C.; Flach, B.; Gagne, M.; O’Connell, S.; Johnston, T.S.; Shah, S.N.; Edara, V.V,; Floyd, K,; Lai, L.; et al.
Immune correlates of protection by mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. Science 2021, 373, eabj0299.
[CrossRef]


https://doi.org/10.1128/JVI.05074-11
https://doi.org/10.1371/journal.pbio.1000462
https://doi.org/10.1007/s00251-011-0585-x
https://www.ncbi.nlm.nih.gov/pubmed/22124667
https://doi.org/10.1128/JVI.00097-11
https://www.ncbi.nlm.nih.gov/pubmed/21795330
https://doi.org/10.3389/fmicb.2012.00314
https://doi.org/10.1099/vir.0.047795-0
https://www.ncbi.nlm.nih.gov/pubmed/23152371
https://doi.org/10.1126/science.abc6617
https://www.ncbi.nlm.nih.gov/pubmed/33335035
https://www.ncbi.nlm.nih.gov/pubmed/35418686
https://doi.org/10.1186/s13062-022-00350-w
https://doi.org/10.1038/nrg3707
https://doi.org/10.1186/2047-217X-3-14
https://doi.org/10.1126/science.abb7314
https://doi.org/10.1093/infdis/jiaa486
https://www.ncbi.nlm.nih.gov/pubmed/32745172
https://doi.org/10.1038/s41467-021-21389-9
https://www.ncbi.nlm.nih.gov/pubmed/33627662
https://doi.org/10.1038/s41586-020-2324-7
https://www.ncbi.nlm.nih.gov/pubmed/32396922
https://doi.org/10.1038/s41564-020-00841-4
https://www.ncbi.nlm.nih.gov/pubmed/33340034
https://doi.org/10.1371/journal.ppat.1008903
https://doi.org/10.1038/s41598-022-23339-x
https://doi.org/10.1073/pnas.2025373118
https://doi.org/10.1038/s41586-020-2608-y
https://doi.org/10.1126/science.abj0299

Microorganisms 2024, 12, 155 18 of 18

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Neil, J.A.; Griffith, M.; Godfrey, D.I.; Purcell, D.E].; Deliyannis, G.; Jackson, D.; Rockman, S.; Subbarao, K.; Nolan, T. Nonhuman
primate models for evaluation of SARS-CoV-2 vaccines. Expert Rev. Vaccines 2022, 21, 1055-1070. [CrossRef]

Murioz-Fontela, C.; Widerspick, L.; Albrecht, R.A.; Beer, M.; Carroll, M.W.; de Wit, E.; Diamond, M.S.; Dowling, W.E.; Funnell,
S.G.P; Garcia-Sastre, A.; et al. Advances and gaps in SARS-CoV-2 infection models. PLoS Pathog. 2022, 13, 18. [CrossRef]
[PubMed]

Solforosi, L.; Kuipers, H.; Jongeneelen, M.; Huber, S.K.R.; van der Lubbe, ].E.M.; Dekking, L.; Czapska-Casey, D.N.; Gil, A.L;
Baert, M.R.M.; Drijver, ].; et al. Inmunogenicity and efficacy of one and two doses of Ad26.COV2.S COVID vaccine in adult and
aged NHP. J. Exp. Med. 2021, 218, €20202756. [CrossRef]

Roozendaal, R.; Solforosi, L.; Stieh, D.]J.; Serroyen, J.; Straetemans, R.; Dari, A.; Boulton, M.; Wegmann, F.; Rosendahl-Huber, S.K,;
van der Lubbe, J.E.; et al. SARS-CoV-2 binding and neutralizing antibody levels after Ad26.COV2.S vaccination predict durable
protection in rhesus macaques. Nat. Commun. 2021, 12, 5877. [CrossRef] [PubMed]

McMahan, K; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, ].; Peter, L.; Atyeo, C.; Zhu, A.; et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630-634. [CrossRef] [PubMed]

Liu, J.; Yu, J.; McMahan, K ; Jacob-Dolan, C.; He, X.; Giffin, V.; Wu, C.; Sciacca, M.; Powers, O.; Nampanya, F; et al. CD8 T cells
contribute to vaccine protection against SARS-CoV-2 in macaques. Sci. Immunol. 2022, 7, eabq7647. [CrossRef] [PubMed]

Berry, N.; Ferguson, D.; Ham, C.; Hall, J.; Jenkins, A.; Giles, E.; Devshi, D.; Kempster, S.; Rose, N.; Dowall, S.; et al. High
susceptibility, viral dynamics and persistence of South American Zika virus in New World monkey species. Sci. Rep. 2019,
9, 14495. [CrossRef]

Jiang, X.; Fan, Z.; Li, S.; Yin, H. A review on zoonotic pathogens associated with non-human primates: Understanding the
potential threats to humans. Microorganisms 2023, 11, 246. [CrossRef]

Broeckel, R M.; Feldmann, F.; McNally, K.L.; Chiramel, A.L; Sturdevant, G.L.; Leung, ]. M.; Hanley, PW.; Lovaglio, J.; Rosenke,
R.; Scott, D.P; et al. A pigtailed macaque model of Kyasanur Forest disease virus and Alkhurma hemorrhagic disease virus
pathogenesis. PLoS Pathog. 2021, 17, e1009678. [CrossRef]

Tiemessen, M.M.; Solforosi, L.; Dekking, L.; Czapska-Casey, D.; Serroyen, J.; Sullivan, N.J.; Volkmann, A.; Pau, M.G.; Callendret,
B.; Schuitemaker, H.; et al. Protection against Marburg Virus and Sudan Virus in NHP by an Adenovector-Based Trivalent Vaccine
Regimen Is Correlated to Humoral Immune Response Levels. Vaccines 2022, 10, 1263. [CrossRef]

Bockstal, V.; Leyssen, M.; Heerwegh, D.; Spiessens, B.; Robinson, C.; Stoop, ].N.; Roozendaal, R.; Van Effelterre, T.; Gaddah,
A.; Van Roey, G.A; et al. Non-human primate to human immunobridging demonstrates a protective effect of Ad26.ZEBOV,
MVA-BN-Filo vaccine against Ebola. NPJ Vaccines 2022, 7, 156. [CrossRef]

Roozendaal, R.; Hendriks, ].; van Effelterre, T.; Spiessens, B.; Dekking, L.; Solforosi, L.; Czapska-Casey, D.; Bockstal, V.; Stoop,
J.; Splinter, D.; et al. Nonhuman primate to human immunobridging to infer the protective effect of an Ebola virus vaccine
candidate. NPJ Vaccines 2020, 5, 112. [CrossRef] [PubMed]

Berry, N.; Kempster, S.; Ham, C.; Jenkins, A.; Hall, J.; Page, M.; Mattiuzzo, G.; Adedeji, Y.; Hewson, R; Giles, E.; et al. Passive
immunisation of convalescent human anti-Zika plasma protects against challenge with New World Zika virus in cynomolgus
macaques. NPJ Vaccines 2020, 15, 86. [CrossRef] [PubMed]

Finch, C.L.; Dowling, W.E.; King, T.H.; Martinez, C.; Nguyen, B.V.; Roozendaal, R.; Rustomjee, R.; Skiadopoulos, M.H.; Vert-Wong,
E.; Yellowlees, A ; et al. Bridging Animal and Human Data in Pursuit of Vaccine Licensure. Vaccines 2022, 10, 1384. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/14760584.2022.2071264
https://doi.org/10.1371/journal.ppat.1010161
https://www.ncbi.nlm.nih.gov/pubmed/35025969
https://doi.org/10.1084/jem.20202756
https://doi.org/10.1038/s41467-021-26117-x
https://www.ncbi.nlm.nih.gov/pubmed/34620860
https://doi.org/10.1038/s41586-020-03041-6
https://www.ncbi.nlm.nih.gov/pubmed/33276369
https://doi.org/10.1126/sciimmunol.abq7647
https://www.ncbi.nlm.nih.gov/pubmed/35943359
https://doi.org/10.1038/s41598-019-50918-2
https://doi.org/10.3390/microorganisms11020246
https://doi.org/10.1371/journal.ppat.1009678
https://doi.org/10.3390/vaccines10081263
https://doi.org/10.1038/s41541-022-00564-z
https://doi.org/10.1038/s41541-020-00261-9
https://www.ncbi.nlm.nih.gov/pubmed/33335092
https://doi.org/10.1038/s41541-020-00234-y
https://www.ncbi.nlm.nih.gov/pubmed/33014434
https://doi.org/10.3390/vaccines10091384
https://www.ncbi.nlm.nih.gov/pubmed/36146462

	Introduction 
	Importance of Host Immunogenetics in Biomedical Research 
	Diversity at Non-Human Primate MHC Loci 
	Geographic Origins and the Genetic Diversity of Asian Macaques 
	Specific Host MHC Differences in NHPs Used in Biomedical Research 
	New World Hosts 
	The TRIM5 Protein Family and Innate Immunity in NHP Models 
	Cyclophilin A and TRIMcyp in Cynolmolgus Macaques 
	Impact of TRIM5 Locus Diversity and TRIM5 Expression on Experimental Studies: An SIV Case Study 

	Transcriptomics Analyses of NHPs 
	NHPs as Model Systems for Emerging Viruses 
	Summary and Conclusions 
	References

