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Genetic studies of host susceptibility to infection con-
tribute to our understanding of an organism’s response
to pathogens at the immunological, cellular, and mol-
ecular levels. In this review we describe how the study
of host genetics in mouse models has helped our under-
standing of host defense mechanisms against viral
infection, and how this knowledge can be extended to
human infections. We focus especially on the innate
mechanisms that function as the host’s first line of
defense against infection. We also discuss the main
issues that confront this field, as well as its future.

Viral infections in humans are notable for the diversity of
host responses, rates of progression, and disease outcomes.
A large body of evidence indicates that these differential
responses depend not only on viral factors but also on
inherited components affecting host susceptibility. Signifi-
cant advances in our understanding of the host response to
infection in humans and other animal species have
recently been achieved through the use of mouse models
of infection. In laboratory mice, years of inbreeding have
fixed deleterious alleles, which can be detected as
susceptibility phenotypes. Two major breakthroughs
advanced this field. One was our ability to manipulate
the mouse genome using transgenic and gene knockout
technologies. This ‘reverse genetics’ approach allows direct
testing of specific genes for their role in host resistance or
susceptibility to infection. The other was our ability to
clone genes responsible for natural variation in suscepti-
bility to infection among inbred strains of mice, through
molecular genetics. This ‘forward genetics’ approach can
uncover novel mechanisms of host defense that are crucial
to effective and protective responses to infection.

To date more than 30 mouse loci (Table 1) and many
fewer human genes (Table 2) have been associated with the
outcome of virus infection [1,2]. Each locus controls
infection by a single virus family or strain. This is probably
related to the vast diversity of virus life cycles and the
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likelihood that the product of each host resistance gene
interacts with unique molecules encoded by individual
viruses (Fig. 1).

In this review we illustrate the contribution of mouse
genetics to our understanding of mechanisms of host
resistance to virus infection. These mechanisms might
manifest themselves as: (1) barriers to infection at the host
cell membrane; (2) intracellular host responses to infec-
tion; or (3) recognition or destruction of infected cells.
Viruses used as examples are described in Table 3.

Barriers to infection at the host cell membrane

The first step in the life cycle of a virus is attachment to a
receptor on the cell surface and delivery of the viral
genome into the interior. Usually the virus takes advan-
tage of a host molecule with an unrelated function, such as
an adhesion molecule or complement regulator, for its own
benefit. Receptors are recognized as important determi-
nants of virus host range and tissue tropism; and some
host resistance/susceptibility loci encode molecules that
are expressed on the cell surface.

For example, SJL mice are 10 000 times more resistant
to alethal dose of mouse hepatitis virus (MHV) — a murine
coronavirus — than C57BL/6 or BALB/c mice [3]. Resist-
ance is due to allelic variation in the gene encoding
carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1) [4]. Susceptible strains carry the Ceacamla
allele, which encodes the principal MHV receptor, CEA-
CAM1a. Resistant strains, such as SJL, are homozygous
for the Ceacam1b allele, which encodes a 27-amino-acid
substitution in the N-terminal virus-binding domain of
CEACAM1la [4]. An IMMUNORECEPTOR TYROSINE-BASED
INHIBITORY MOTIF (ITIM) (see Glossary) is present in the
cytoplasmic domain of CEACAMI1, also suggesting a
potential immunomodulatory function for this molecule
during MHV infection. Although no role for human
CEACAMI1a has been described during viral infection of
humans [5], a possible immunomodulatory function is
consistent with the observation of a CEACAMI1-mediated
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Glossary

Advanced intercross lines : mouse lines generated by producing an F2
generation between two inbred strains and then intercrossing in each
subsequent generation, but avoiding sibling matings. This provides increasing
probability of tightly linked genes recombining.

Congenic strain : a mouse strain that has been bred to be identical to an inbred
strain, except for a selected differential chromosomal segment. Congenic
strains are derived by backcrossing to a parental inbred strain for at least ten
generations while selecting for heterozygosity at a particular locus.
Consomic strain : a variation on a congenic strain in which recombinants
between two inbred strains are backcrossed to produce a strain that carries a
single chromosome from one strain on the genetic background of the other.
Epistasis : the interaction between alleles at different loci that allows an allele
at one locus to alter the effects of alleles at a different locus.
Immunoreceptor tyrosine-based activation motif (ITAM) : a cytoplasmic
tyrosine-containing motif that is the site of tyrosine phosphorylation. These
motifs are associated with tyrosine kinases and other phosphotyrosine-
binding proteins involved in cellular activation.

Immunoreceptor tyrosine-based inhibitory motif (ITIM) : a cytoplasmic
tyrosine-containing motif. In contrast to ITAMs, phosphorylation of the
tyrosine residues within ITIMs recruits the Src-homology-2-domain-contain-
ing tyrosine phosphatase SHP-1 and/or SHP-2, transducing a negative signal
that inhibits cellular activation.

Interferons (IFNs) : a group of immunoregulatory proteins that are produced
by cells infected with a virus and have the ability to inhibit viral growth. IFNs
are classified as type | (IFN-a/B), which have antiviral properties, and as type Il
(IFN-y), which is known as immune interferon. Despite the use of different
receptors, certain IFN-a/B and IFN-y functions are shared because the signal
transduction pathways activated through these receptors partly overlap.
Murine leukemia virus (MuLV) : there are four subgroups of naturally
occurring MulLVs based on receptor usage on mouse cells: ecotropic
MuLVs, which are able to infect only mouse cells utilizing the cationic
amino acid transporter as a receptor; amphotropic MuLVs, which are able to
infect mouse cells as well as those of other species (including human) by
binding to an inorganic phosphate transporter protein; polytropic MuLVs,
which can infect cells from mouse as well as nonmurine species using yet
another cellular receptor protein, thought to be a G-protein-coupled receptor;
and xenotropic MuLVs, which use receptors from cells of most species except
mice.

Quantitative trait loci (QTLs) : the locations of genes that affect a trait that is
measured on a quantitative (linear) scale, such as body weight or blood
pressure in animals, as identified by statistical analysis. These traits are
typically affected by more than one gene, and also by the environment.
Recombinant congenic strain : a variation on recombinant inbred strains in
which the initial outcross is followed by several generations of backcrossing
before inbreeding.

Retroviral interference : the phenomenon by which prior infection of cells with
a retrovirus confers strong resistance to infection of the same cells by a
retrovirus that utilizes the same receptor; however, cells remain susceptible to
viruses that use a different receptor. This process results from masking or
downregulation of the receptor due to interaction with the glycoprotein of the
established virus.

suppression of CD4" T-cell activation during infection by
the pathogenic bacteria Neisseria gonorrhoeae, Neisseria
meningitidis and Haemophilus influenzae. These human
pathogens bind to domain 1 of CEACAM1, very close to the
site recognized by MHV [6].

Another example of natural host resistance is the
restriction of ecotropic Murine LEUKEMIA VIRUS (MuLV)
infection by the mouse Fv4 gene. Binding of retroviral Env
glycoproteins to cellular receptors triggers fusion of viral
and cellular membranes, and allows the virus nucleocap-
sid to enter the cell. The Fv4 (or Akur) locus is a defective
endogenous ecotropic provirus that encodes an Env
protein, which also has a fusion defect [7,8]. It has been
proposed that the Env protein encoded by Fuv4 blocks
MulLV infection by interacting with the cellular receptor
and restricting the amount of receptor available for
exogenous retrovirus attachment (Box 1) [9].

In humans, resistance to human immunodeficiency virus
(HIV)is also mediated by a barrier at the cell surface. CD4 is
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Box 1. Resistance to retroviral infection

An important element of resistance to retroviral infection is provided
by endogenous retroviral elements. Some retroviral elements in the
mammalian genome are transcriptionally active but carry deletions
and point mutations that render them unable to replicate. Some of
their gene products, such as the FV4 and FV1 proteins, interfere with
infection by their exogenous relatives thus providing a selective
advantage to their hosts. For example, Fv4 encodes an Env protein
thatinterferes with ecotropic murine leukemia virus (MuLV) infection
(see main text) at the level of viral entry. Examples of this
phenomenon can be found in mice, chickens and cats, suggesting
that Env-mediated retroviral interference is commonly used for
limiting virus spread [76]. Gene therapy based on the principle of
receptor interference has demonstrated that introduction of Fv4-Env-
transduced bone marrow cells into a thymectomized host confers
resistance to Friend leukemia virus-induced leukemogenesis [77].
These findings suggest that a similar approach could be used as a
therapeutic strategy to inhibit infections by other retroviruses in vivo,
including immunodeficiency virus. For example, transfer of a gene
encoding a normally processed but fusion-defective retroviral Env
protein into susceptible cells would interfere with viral entry and
potentially reduce the infectiousness of viruses emerging from the
cell.

The Fv1locus [78,79] encodes a retrovirus capsid-like protein [80]
that restricts MuLV infection at a post-entry stage, before integration
of the provirus [81]. Because all retroviruses replicate in very similar
ways, it is conceivable that similar restriction mechanisms could be
found in humans. Interestingly, although an Fv7 ortholog was not
detected in nonmurine species, a mechanism of preintegration
interference, resistance factor 1 (REFT1), has been demonstrated in
human cell lines [82]. At the time of writing, the REF1 gene has not
been cloned, but there is speculation that, like Fv1, REFT might
consist of endogenous retroviral sequences. A recent study suggests
the existence of a REF1-like restriction in humans and nonhuman
primates that determines lentivirus tropism [83]. Consistent with this
proposal, the target for this restriction is within the capsid protein of
HIV [83].

An example of an alternative mechanism of resistance to retroviral
infection is provided by Fv2, which determines the progression of
Friend virus complex-induced erythroleukemia. Fv2 is identical to
Ron, which encodes STK, a member of the MET family of receptor
tyrosine kinases. Susceptible mice express a positive-acting trun-
cated version of STK lacking most of the extracellular domain, which
is associated with proliferation of SFFV-infected erythroblasts [84].

the primary or ‘attachment’ receptor for HIV, but CD4 is
necessary but not sufficient for the productive entry of HIV
into target cells. The identification of CCR5 as a coreceptor
for HIV prompted genetic screening of individuals that
escape HIV disease despite high-risk behavior [10]. Individ-
uals carrying a homozygous 32 bp deletion in the coding
sequence of CCR5 (CCR5A32) are extremely resistant to the
‘R5’strain of HIV because the deletion results in a frame shift
and generates a nonfunctional receptor [10]. The CCR5A32
mutation is found predominantly in the Caucasian popu-
lation and is absent in Africans, American Indians and East
Asians [11]. It has been speculated that this distribution is
consistent with resistance to an agent that predates HIVand
caused enormous mortality. One candidate is Yersinia pestis,
the causative agent of bubonic plague, although other
pathogens targeting the macrophage/monocyte lineage
cannot be excluded [12].

Intracellular inhibitors of virus replication
Delivery of a viral genome to the interior of an infected
host cell does not guarantee that an infection will be
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Table 1. Mouse loci affecting susceptibility to viral infections®
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the brain

Virus Locus Locus definition Chromosome Gene product Mode of action®
location®
Coronaviridae
Mouse hepatitis virus-2 Hv1 Provides viral entry receptor
Mouse hepatitis virus-4 Hv2 Controls resistance of 7 (5.5 cM) CEACAM1 Provides viral entry receptor
peritoneal macrophage to
infection
Retroviridae
Ecotropic murine Fv1 Influences susceptibility to 4 (76.5 cM) Endogenous gag- Blocks viral preintegration
leukemia virus (MulLV) FV-induced erythroleukemia related gene complex
Spleen focus-forming Fv2 Controls resistance to spleen 9 (60 cM) STK Truncated STK results in
virus (SFFV) focus formation expansion of infected cell in the
primary phase of
erythroleukemia
Ecotropic MuLV Fvd4/Akvr1 Controls resistance to Friend 12 (38 cM) Ecotropic Env protein Blocks ecotropic virus receptor
MuLV
Mink cell focus- Rmcf Confers resistance to the 5 (10 cM) Polytropic Env protein Blocks polytropic virus receptor
forming (MCF) virus polytropic MCF virus
Friend virus (FV) Rfv1 Influences susceptibility to 17 H2-D Induces an efficient cytotoxic T
FV-induced disease lymphocyte (CTL) response
Rfv2 Modulates FV-induced 17 H2-linked
disease
Rfv3 Influences susceptibility to 15 Produces vigorous antivirus
FV-induced disease antibody response
Moloney murine Rmv1 Increases 1gG-specific anti- 17 H2-linked Controls antibody responses
leukemia virus MoMLYV response against infection
(MoMLV)
Rmv2 Increases IgG-specific anti- 17 H2-linked Controls antibody responses
MoMLYV response against infection
Rmv3 Increases 1gG-specific anti- 17 H2-linked Controls antibody responses
MoMLYV response against infection
Orthomyxoviridae
Influenza virus and Mx1 Rescues lethal infection 16 (71.2cM) GTPase Blocks primary transcription and
Thogoto virus facilitates the degradation of the
viral ribonucleoprotein
complexes
Rhabdoviridae
Vesicular stomatitis Mx2 Rescues lethal infection 16 (71.2 cM) GTPase Blocks trafficking of the viral
virus ribonucleoprotein complexes
Flaviviridae
Flavivirus Flv Controls virus replication of 5 (67 cM) OAS1B Induces RNA degradation by
flavivirus infection in mouse activating RNase L
brain
Herpesviridae
Murine Cmv1 Controls viral replication on 6 (63.29 cM) Ly49H Recognizes and kills viral-
cytomegalovirus spleen infected cells
H2 Serves as receptor for mouse 17 H2 Provides viral entry receptor
cytomegalovirus (MCMV)
Herpes simplex virus Rhs1 Controls early primary 6
infection
y-Herpesvirus Trbv4c1 Results in increased Vbetad™* 17 (23 cM)
T cells
Trbv4c2 Results in increased Vbetad™* 6 (0.5 cM)
T cells
Picornaviridae
Theiler’s virus Tmevd1 Confers resistance to Theiler's 6 (22 cM)
murine encephalomyelitis
virus (TMEV)-induced
demyelinating disease
Tmevd2 Confers resistance to TMEV- 3 (43 cM)
induced demyelinating
disease
Tmevd3 Confers resistance to TMEV- 14
induced demyelinating
disease
Tmevd4 Confers resistance to TMEV- 14
induced demyelinating
disease
Tmevd5 Confers resistance to TMEV- 11 (52 cM)
induced demyelinating
disease
Tmevp1 Controls susceptibility to 17 H2-DP Induces an efficient CTL
persistent infection response
Tmevp2 Controls susceptibility to 10 (67 cM)
persistent infection
Tmevp3 Controls susceptibility to 10 (60 cM)
persistent infection
Poxviridae
Mousepox virus Rmp1 Rescues lethal infection 6 NK cell mediated
Rmp2 Rescues lethal infection 2 (23.5cM)
Rmp3 Rescues lethal infection 17 (19.5 cM) H2-D®
Rmp4 Controls virus replication in 1(79 cM)
spleen and liver
Togaviridae
Sindbis virus Nsv1 Reduces levels of viral RNA in 2

®Based on information available in Mouse Genome Informatics at Jackson Laboratory (http://www.informatics.jax.org).
PChromosome number, with map distance to centromere in centimorgans (cM) in parentheses.
°The mechanisms of action of some genes are hypothetical.
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Table 2. Host genes primarily associated with susceptibility to viral infections in humans?®

Virus Affected gene OMIM® Chromosome Polymorphisms Consequences Refs
location
Retroviridae
HIV CCR5 601373  3p21 Deletion Resistance to HIV infection [10]
CCR2 601267 3p21 Point mutation Delayed progression to AIDS [10]
CXCL123'UTR 600835 10911.1 Point mutation Delayed progression to AIDS [10]
MBL2 154545 10q11.2-g21 Point mutation Increased susceptibility to HIV infection [70]
IL10 promoter 124092 1931-q32 Point mutation Accelerated progression to AIDS [71]
Hepadnaviridae
Hepatitis B TNF-a promoter 191160 6p21.3 Point mutation Increased hepatitis B virus (HBV) [41]
persistence
MBL2 154545 10g11.2-qg21 Point mutation Increased HBV persistence [72]
VDR 601769 12q12-q14 Point mutation Decreased HBV persistence [73]
Herpesviridae
Epstein—-Barr virus (EBV) SH2D1A 308240 Xqg25 Various Development of X-linked [74,75]
lymphoproliferative disease (XLP)
following infection by EBV

@Mutations in several genes associated with immunodeficiency, such as severe combined immunodeficiency (SCID), also result in increased susceptibility to various

pathogens, including viruses, and are not listed here.
Online Mendelian Inheritance in Man (http:/www.ncbi.nlm.nih.gov/Omim).

successful, because potent defense mechanisms act at the
intracellular level. One of the initial cellular responses to
viral infection is the production of type I INTERFERONS
(IFNs). IFNs, in turn, stimulate the expression of several
gene products, including the double-stranded RNA-acti-
vated protein kinase (PKR) and RNase L, which leads to
the establishment of an antiviral state in cells, character-
ized by a general inhibition of protein synthesis.

The IFN-induced MX1 protein is one of the best-studied
determinants of innate immune responses to viral infec-
tion. The inbred mouse strain A2G is resistant to doses of
mouse-adapted influenza virus (an orthomyxovirus) that
are lethal for other inbred strains [13]. Resistance in these
mice is determined by a single dominant locus, Mx1, whose
gene product, MX1, rapidly accumulates in the nuclei of
cells following influenza virus infection, and blocks virus
spread [14]. Susceptible mice produce no functional MX
protein due to either a nonsense mutation (CBA/J) or gene
deletion (BALB/c) [15]. The Mx1 product belongs to the
dynamin superfamily of large GTPases conserved in all
vertebrates. In mice there are actually two Mx gene
products, MX1 and MX2. MX1 protein blocks transcription
of influenza virus, probably via interaction with the PB2
subunit of the influenza virus polymerase [16]. By
contrast, the MX2 protein is cytoplasmic and has been
shown to inhibit viruses that replicate in the cytoplasm,
such as vesicular stomatitis virus (VSV) and members of
the family Bunyaviridae [14]. MX proteins inhibit virus
replication by interfering with the transport of viral
nucleocapsids, and by sorting them to locations where
they become unavailable for the generation of new virus
particles [14], possibly to promyelocytic leukemia protein
nuclear bodies (PML NBs) [17], which are known to be a
site of proteasome-mediated degradation.

Humans also possess MX genes, MXA and MXB, but
only the MXA gene product has antiviral properties.
However, in contrast to its mouse MX1 ortholog, the MXA
GTPase accumulates in the cytoplasm of IFN-treated cells,
where it inhibits not only the replication of orthomyxo-
viruses, VSV and bunyaviruses but also the replication of
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other RNA viruses such as measles virus, coxsackievirus
B4 and Semliki Forest virus [14].

A mechanism of resistance to flaviviruses, which also
appears to be IFN-mediated, was recently revealed by the
cloning of Flv, which confers resistance (Flv") or suscep-
tibility (Flv°®) to flavivirus infection. Virus titers in the
brains of resistant mice infected with Murray Valley
encephalitis virus, yellow fever virus or West Nile virus are
orders of magnitude lower than in susceptible animals.
Viral yields in tissue cultured from resistant or susceptible
animals are also dramatically different, indicating that the
Flv gene product acts intracellularly on flavivirus replica-
tion [18]. Genetic mapping localized Flv1 to chromosome 5
[19] and, more recently, it was demonstrated that Flv
susceptibility is associated with a nonsense mutation in a
member of the 2/ 5-oligoadenylate synthetase (OAS)
family, Oas1b [20,21]. OAS proteins are induced by IFNs
and play a central role in producing the antiviral state by
binding double-stranded RNA and catalyzing the syn-
thesis of 2',5'-oligoadenylates (2-5A), which, in turn,
interact with and activate RNase L to degrade single-
stranded viral and cellular RNAs. Whereas Oas1b genes
from resistant mice encode full-length proteins, those
from susceptible mice encode proteins truncated at the
C-terminus that might not form active synthetases. In
contrast to the single OASI gene found in humans, there
are eight closely linked Oas1 genes in the murine genome
[20,22], but only Oaslb is associated with resistance to
flaviviruses.

Recognition/destruction of infected cells

In addition to resistance imparted by barriers to virus
entry or by intracellular antiviral defense mechanisms,
cytotoxic cells can control the level of viral replication in an
animal (Box 2). Host recognition of virus-infected cells is
mediated by two players: natural killer (NK) cells and
cytotoxic T cells.

Role of NK cells in cytomegalovirus infection
Herpesviruses avoid recognition and activation of the
adaptive immune system by downregulating major
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Fig. 1. A typical virus life cycle. Despite the diversity of genomic organization and mechanisms of replication found among virus families, most viruses pass through several
common stages during the infection process. Host resistance factors that determine the outcome of virus infection exist at each of the following stages: 1, viral attachment
and entry into the host cell; 2, virus multiplication inside the host cell; 3, recognition and lysis of virus-infected cells. Mouse genes affecting susceptibility are shown in yel-

low boxes, human genes are shown in green boxes.

histocompatibility complex (MHC) class I molecules on
infected cells. However, class I downregulation renders the
infected cell susceptible to recognition by NK cells
expressing inhibitory receptors, in accordance with the
‘missing self” hypothesis of Karre et al. [23]. Viruses such
as mouse cytomegalovirus (MCMYV) have upped the ante in
their battle against the immune system by deploying MHC

Box 2. Cell-mediated immunity against viruses

In vertebrates, host defense against virus infection is mediated by
innate and adaptive immunity. Innate immunity constitutes the first
line of defense, providing a rapid response through germ-line
encoded proteins that pre-exist or are induced within hours of
infection. Adaptive immunity is a slower, yet highly specific response
mediated by B cells and T cells that confers effective and long-lasting
protection against infection, and is characterized by immunological
memory. Major histocompatibility complex (MHC) molecules are
highly polymorphic glycoproteins encoded by MHC class | and Il
genes, which are mainly involved in the presentation of peptide
antigensto T cells. MHC class | molecules bind peptides derived from
proteins synthesized in the cytosol, such as viral proteins, and
present them to cytotoxic CD8*' T cells. By contrast, MHC class Il
molecules are loaded with peptides derived from exogenous
antigens engulfed within intracellular vesicles, for presentation to
CD4* T cells. MHC class | molecules also play an important role in
modulating the cytotoxic activity of natural killer (NK) cells.

NK cells are a component of the innate system, so named because
of their propensity to kill certain neoplastic and virus-infected cells
without prior sensitization. The cytotoxic activity of NK cells is
regulated by signals elicited by inhibitory receptors containing
immunoreceptor tyrosine-based inhibitory motifs (ITIMs), or stimu-
latory receptors associated with immunoreceptor tyrosine-based
activation motifs (ITAM)-bearing adaptor molecules. Inhibitory
receptors interact with MHC class | molecules and prevent cell killing
of healthy cells by autologous NK cells. In situations where MHC class
| is downregulated, such as during tumorigenesis or viral infection,
reduced inhibitory signals result in NK-cell-mediated lysis [85].
Activating NK-cell receptors recognize stress-induced or pathogen-
encoded MHC class I-like proteins and stimulate killing of cells
expressing these molecules [85].
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class I homologs, such as m144, which confer resistance to
the innate immune response by inhibiting NK-cell-
mediated attack (Box 2) [24]. Strains of the C57BL
background carry a dominant resistance allele, Cmvl’,
that restricts viral replication in target organs, whereas
other mouse strains carry a recessive susceptibility allele,
Cmul?, that allows rapid proliferation of the virus [25].
Cmuvl" encodes an activating NK-cell receptor, Ly49H
[26—28], which is absent in susceptible strains. Mouse
strains express different repertoires of Ly49 molecules,
which are part of a large family of polymorphic receptors
expressed on overlapping populations of NK cells. Upon
binding of MHC class I ligands, different Ly49 molecules
deliver either activating or inhibitory signals that modu-
late NK-cell function [29]. Recent studies have revealed
that Ly49H recognizes MCMV-infected cells via direct
interaction with the viral antigen, m157, which shares
structural homology with MHC class I molecules and is
expressed on the surface of infected cells [30,31]. m157 also
binds to an inhibitory receptor, Ly49I, expressed in
susceptible strain 129 mice, suggesting that m157 could
have evolved as a mechanism to escape NK-cell killing by
targeting inhibitory receptors [30]. In resistant mice,
Ly49H might have evolved as a countermeasure against
virus-encoded MHC class I homologs, providing an over-
riding activating signal to the NK cell, and promoting the
elimination of MCM V-infected cells (Fig. 2a). Considering
the prevalence of human cytomegalovirus (HCMV) in the
human population, we expect that there are likely to be
HCMV-specific activating receptors present on human
leukocytes that might function in a manner analogous to
Ly49H.

Role of the MHC in efficient T-cell recognition

The MHC (Box 2) is a set of genes, present in all
vertebrates, with immunological and nonimmunological
functions. MHC class I genes play a crucial role in
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Table 3. Viruses discussed in this review

Virus Official virus species name

Family

Comments

MHV Mouse hepatitis virus

Moloney murine leukemia Gammaretrovirus

virus (MoMLV) and Friend

murine leukemia virus

(MuLV)

HIV-1 Human
immunodeficiency virus 1

Influenza virus Influenza virus

Murine cytomegalovirus Murid herpesvirus 1

(MCMV)
HBV Hepatitis B virus
HCV Hepatitis C virus

Theiler's murine Theilovirus
encephalomyelitis virus

(TMEV)

Coronaviridae

Retroviridae

Retroviridae

Orthomyxoviridae

MVE virus Murray Valley encephalitis virus Flaviviridae Causes various symptoms from mild to severe with
permanent impaired neurological functions, sometimes
fatal

YF virus Yellow fever virus Flaviviridae Causes yellow fever, a viral hemorrhagic fever. The virus
can result in epidemics with mortality rates of up to 60%

WN virus West Nile virus Flaviviridae Causes fatal encephalitis and lesions of diffuse

Herpesviridae

Hepadnaviridae

Flaviviridae

Picornaviridae

One of the most common causes of epizootics in
laboratory mouse colonies

Provides mouse model for a mechanism of oncogenic
transformation by RNA tumor virus

Member of the subfamily Lentivirinae

Associated with the acquired immunodeficiency
syndrome (AIDS)

Causes an infection of the respiratory tract that affects
millions of people every year. There are three types of
influenza viruses, A, B and C. Influenza A can infect
humans and other animals whereas influenza B and C
infect humans

inflammation and neuronal degeneration in humans
Mouse model of human cytomegalovirus infection and
disease

Infects human hepatocytes

Associated with acute and chronic hepatitis in humans
Persistent infection is associated with chronic liver
disease, which can lead to the development of cirrhosis
and hepatocellular carcinoma

Infects human hepatocytes

Persistence of HCV occurs in =80% of infections
Persistent infection is associated with chronic liver
disease, which can lead to the development of cirrhosis
and hepatocellular carcinoma

Causes a chronic persistent demyelinating infection of
the white matter in mice

Provides a highly relevant mouse model of multiple
sclerosis

combating viral infection in mice (Fig. 3a). Congenic mice
with intra-MHC recombinations provide an important tool
for dissecting the contribution of MHC class I subregions
to virus infection. For example, comparisons of T-cell
responses in H2 congenic mice that differ in their recovery
from Friend leukemia virus infection were used to localize
Friend leukemia virus resistance loci Rfv1 and Rfv2. Rfvl
mapped to the H2D subregion and determined T-cell
activation. Rfv2 mapped to the IA subregion and deter-
mined unresponsiveness of T cells in a proliferation assay
[35]. Resistance to acute lethal infection of MCMYV is also
controlled by genes linked to H2, with the & haplotype
being more resistant than b or d. Resistance was
associated with genes of subregions K/IA and D. Inter-
estingly in this model, transfection of macrophages with
sequences encoding MHC molecules such as H2-K¢, D¢ or
K" renders these cells, which are major reservoirs for
MCMYV, sensitive to MCMYV infection [37], consistent with
a role for MHC molecules as MCMV receptors.

In humans, association analysis between MHC and
specific viral infections has also suggested a differential
role of specific alleles in susceptibility to HIV, hepatitis B
virus (HBV) and hepatitis C virus (HCV) (Fig. 3b). For
example, HLA-DRB1*1302 is associated with resistance to
chronic HBV infection in both African and European
populations [42,43] whereas HLA-B*35-Cw*04 is
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associated with the rapid progression of AIDS in Cauca-
sian populations [38].

Although polymorphisms in the classical MHC class 1
and class II genes are known to be related to antigen
presentation, it is important to note that there are other
genes within the MHC class Il region, such as components
of the complement cascade (C2, C4), cytokines — tumor
necrosis factor (TNF)-a and -B — and proteins involved in
antigen processing (Lmp2, Tapl), which also have an
important function in immunity [51]. Therefore, disease
resistance or susceptibility that maps to the MHC must be
interpreted with caution, to differentiate the role of
antigen presentation from the other roles of MHC-
associated genes.

Studies of complex models of susceptibility to viral
infection

Although advances in genomic analysis have paralleled
the discovery of host susceptibility traits that are
determined by single alleles, most differences in host
susceptibility to viral infection are the result of inter-
actions among different genes with multiple alleles. The
study of infectious disease under complex genetic control
in humans is complicated by a variety of factors including
genetic heterogeneity, low penetrance and environmental
factors. The tools currently available to the mouse
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Fig. 2. Direct recognition of virus-infected cells by natural killer (NK)-cell receptors.
(a) NK-cell recognition and killing of mouse cytomegalovirus (MCMV)-infected
cells in mice. The recognition of the m157 protein by the activating Ly49H receptor
provides the first example of direct recognition of a virally encoded molecule by
an NK-cell receptor. Ly49H associates with the adaptor molecule DAP12 through a
charged arginine residue in its transmembrane domain. DAP12 possesses an
immunoreceptor tyrosine-based activation motif (ITAM) in its cytoplasmic domain
that serves as a docking site for Syk and Zap70 protein tyrosine kinases. Upon
Ly49H binding to m157, a cascade of tyrosine phosphorylation is initiated leading
to cellular activation and perforin-mediated killing of the virus-infected cell.
(b) Proposed NK-cell recognition and killing of HIV-infected cells in humans.
Human killer-cell immunoglobulin-type receptor (KIR) is considered to be a func-
tional homolog of mouse Ly49. An epistatic interaction between KIR3DS1 and
HLA-B delays progression to AIDS, suggesting that HLA-B behaves as a ligand for
KIR3DS1 [32]. The peptide presented on HLA-B that is responsible for this inter-
action remains to be identified. Because KIR3DS1 receptor is also associated with
the adaptor molecule DAP12, the intracellular signaling cascade leading to cellular
activation and killing of virus-infected cells seems to be similar to that triggered by
mouse Ly49H.

geneticist make the identification and isolation of disease
susceptibility genes much more attainable. An example is
the response to Theiler’s murine encephalomyelitis virus
(TMEV), a rodent model for multiple sclerosis [52]. In
genetically susceptible mice, certain TMEV strains cause
persistent infection, inflammation, and a chronic demye-
linating disease. One of the loci determining Theiler’s
murine encephalomyelitis virus persistence (Tmevpl),
maps to the MHC region and corresponds to the H2D
gene [52]. Mice transgenic for the H2D? allele acquired
resistance to persistent virus infection, suggesting that
the gene effect was at the level of peptide presentation by
H2DP [53]. Using the amount of viral RNA in the spinal
cords of persistently infected mice as a phenotype, and a
genetic dissection strategy based on genome scans, a
second locus, Tmevp2, was localized near the type II
interferon (IFN-y) gene on distal chromosome 10 [54].
Analysis of a panel of congenic mice that inherited
different portions of mouse chromosome 10 revealed that
Tmevp2 was actually two distinct loci, now termed Tmevp2
and Tmevp3, and excluded the IFN-y gene from the
candidate region [55]. Recently, a strong candidate for
Tmevp3, named Tmevpgl, has been identified as a
noncoding RNA expressed in immune cells infiltrating
the central nervous system of resistant mice, where an
inverse relationship with IFN-y mRNA levels has been
observed [56], suggesting a role for this RNA in regulating
IFN-y synthesis. Consistent with this observation, the
same reciprocal pattern of RNA expression was observed
for TMEVPGI1, the human counterpart, and IFN-y in
human NK cells and T cells.
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Several complementary avenues promise significant
acceleration in the identification of genes that determine
resistance or susceptibility in complex models of virus
infection. The well-defined sets of RECOMBINANT CONGENIC
STRAINS (RCS) [57], cONsOoMIC (chromosome substitution)
STRAINS [58] and ADVANCED INTERCROSSED LINES [59] that
are now available can be used to map a locus of interest and
to characterize the specific phenotypic component of
disease susceptibility under genetic control. Also, tra-
ditional genetic mapping techniques are now complemen-
ted by high-throughput methods for studying gene
function and regulation. For example, high-density oligo-
nucleotide arrays [60] or cDNA arrays [61] allow for gene
expression monitoring on a genome-wide scale and offer an
opportunity to establish functional links between genotype
and phenotype. A strategy that combines congenic map-
ping with microarray expression profiling would aid in the
identification of novel susceptibility genes and biochemical
pathways not previously known to be involved in disease
etiology. Furthermore, the availability of the human and
mouse genome sequences represents the ultimate break-
through in QUANTITATIVE TRAIT LOCI (QTL) studies by
placing the identification of candidate genes within a
defined genetic interval only a (computer) mouse click
away.

One of the current limitations of using inbred strains of
mice to study susceptibility to viral infection is the limited
extent of genetic variation, mainly due to a small number
of original progenitor strains [62]. Therefore, although
these resources are valuable, they do not permit the
identification of all possible resistance or susceptibility
loci. Wild-derived inbred strains of mice are an important
source of additional resistance alleles [63] that is just
beginning to be exploited, as demonstrated by the
characterization of Flv. Chemical mutagenesis, a method
that has been successfully applied to the study of other
model organisms, from bacteria to Drosophila, is another
promising strategy for creating novel susceptibility alleles
in the mouse. The alkylating agent N-ethyl-N-nitrosourea
(ENU) introduces point mutations and creates random
variation throughout the genome [64]. This is highly
advantageous for defining host susceptibility pheno-
types because it represents an unbiased method for
identifying previously unrecognized physiological path-
ways because no assumptions are made about the
relevant genes. ENU mutagenesis yields models of
simple inheritance that are readily accessible to
analysis by positional cloning [64].

Conclusions and future perspectives

The effort to understand the genetic basis of susceptibility
to viral disease is driven by three considerations: (1) the
increased public awareness of the toll imposed by viruses
on the host; (2) the increase in susceptible human
populations because of longer life expectancy, frequently
accompanied by chronic illness, and the consequences of
advances in medical technology, including immuno-
suppressive therapies for organ transplantation or treat-
ment of malignancy; and (3) the need to develop new
therapies for infections caused by multidrug-resistant
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Fig. 3. Roles of the major histocompatibility complex (MHC) in combating virus infections. (a) Mouse susceptibility loci in the MHC are shown. Studies using congenic mice
having intra-MHC recombination identified the contribution of specific MHC alleles to virus infection. Mostly, MHC class | genes play a crucial role against virus infection of
mice. Only a small number of genes in the MHC and their relative positions on chromosome 17 are shown. (b) Genetic associations of the human MHC with susceptibility
to virus infection. Only a small number of genes in the MHC, with their relative positions on chromosome 6, are shown. The genes encoding class | are depicted in red,
class Il in yellow and class Il in green. TNFis the gene encoding tumor necrosis factor. C2and C4 are complement genes.

microorganisms and by microorganisms for which there is
currently no treatment.

Genetic studies of host resistance to viral infection have
provided fundamental insights into cell biology, viral
pathogenesis, and molecular and cellular immunology.
We have provided examples of three levels at which the
genetics of the host can determine the outcome of a viral
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infection. Mouse genetics has shown the importance of
allelic variation of virus receptor genes in determining the
severity of viral disease. However, in addition to virus—
receptor interaction, a complex multicomponent process is
required for virus entry into the host cell. Disrupting
functional interactions crucial to virus entry via genetic
manipulation of virus receptors or associated molecules, or
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by using inhibitory small molecules, represent promising
approaches to antiviral therapy. Therapies based on the
principle of receptor interference for viruses other than
retroviruses (Box 1) could be explored.

Type I IFN induces an intracellular antiviral
response against many different RNA and DNA
viruses. Mouse genetics has provided a starting point
for dissecting intracellular mechanisms of host defense,
and has revealed that several IFN-inducible gene
products have inhibitory effects on a much more
restricted number of viruses than expected. The precise
nature (sequence or structural) of determinants recog-
nized by effector proteins such as MX or OAS1B
remain to be characterized. The identification of
additional effector molecules and viral targets must
continue to be an important area of active research,
particularly in view of the existence of orthologous
human genes.

Mouse genetics has also demonstrated that recognition
and destruction of virus-infected cells by NK cells is
mediated by specific interactions between activating NK-
cell receptors and viral target molecules. Viruses pose a
particular problem for specific recognition because all the
components of the virus are synthesized and assembled in
the host cell. Important questions to be answered include:
(1) Do other activating NK-cell receptors have specialized
functions in virus recognition? (2) Is the MHC class I fold a
recognition-associated structure? (3) What is the extent of
the repertoire of target molecules for NK-cell-activating
receptors? In addition, studies of mouse NK-cell receptors,
such as the Ly49 family, have provided a conceptual
framework for understanding human NK-cell biology.
Because no functional human Ly49 counterpart has been
identified, prime candidates for the recognition of viral
pathogens by human NK cells are members of the killer-
cell immunoglobulin-like receptor (KIR) family [65].
Although the ligands of activating KIR receptors remain
to be identified, it has been proposed that activating KIR
molecules have evolved to recognize infectious agents
(Fig. 2b) [32].

It is suspected that several common and/or chronic
human diseases under complex genetic control are
triggered by a viral infection. This idea is supported by
experimental evidence derived from mouse models for
initiation and exacerbation of atherosclerosis following
MCMYV infection [66], for diabetes [67] or dilated cardio-
myopathy [68] following coxsackievirus infection, and for
multiple sclerosis-like disease following TMEV [33] or
MHV [69] infection. Identifying genes that control
susceptibility to acute and chronic viral infection in
these models is a crucial step in understanding the
development of these complex pathologies.

Comparisons between mouse and human mechan-
isms of host resistance or susceptibility to viral
infection have increased our awareness not only of
their differences but also, more importantly, of their
similarities. In the future, the use of comparative
genomic approaches in animal model systems will
provide more comprehensive knowledge of the impact
of viruses on human health.
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