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Studying human pathogens in animal models: Fine tuning the humanized mouse
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Abstract

Humanized mice are crucial tools for studying human pathogens in systemic situations. An animal model
of human coronavirus infectious disease has been generated by gene transfer of the human receptor for
virus-cell interaction (aminopeptidase N, APN, CD13) into mice. We showed that in vitro and in vivo
infections across the species barrier differ in their requirements. Transgenic cells were susceptible to human
coronavirus HCoV-229E infection demonstrating the requirement of hAPN for viral cell entry. Transgenic
mice, however, could not be infected suggesting additional requirements for in vivo virus susceptibility.
Crossing hAPN transgenic mice with interferon unresponsive Stat1)/) mice resulted in markedly enhanced
virus replication in vitro but did not result in detectable virus replication in vivo. Adaptation of the human
virus to murine cells led to successful infection of the humanized transgenic mice. Future genetic engi-
neering approaches are suggested to provide animal models for the better understanding of human
infectious diseases.

Humanized virus receptor transgenic mice – proof

of principle

Mouse models are an indispensable tool for study-
ing the dynamics of host-pathogen interactions
which determine the delicate balance between
microbial aggression/survival and host defence.
Despite some differences, the defence mechanisms
of man and mice are similar and both species can
often be challenged with the same or closely related
pathogens to study immune and disease mecha-
nisms (Mak et al., 2001; Buer & Balling, 2003).

The first step in the life cycle of a virus is
attachment to a host cell surface molecule and
delivery of the viral genome into the interior.
Usually the virus takes advantage of a host
molecule with a function unrelated to infection,
such as receptors, which can be adhesion mole-
cules or membrane-bound exopeptidases. Host cell
surface receptors are recognized as important
determinants of virus host range and tissue tro-
pism (Uchil & Mothes, 2005).

The ability to manipulate the mouse genome by
genetic engineering (gain of function, loss of
function/knock-out, exchange of function/knock-
in gene transfer) enables us to overcome species
barriers in studying infectious diseases in animal

*Author for corresspondence
E-mail: mathias.mueller@vu-wien.ac.at

Transgenic Research (2005) 14:803–806 � Springer 2005
DOI 10.1007/s11248-005-1676-y



models by transferring the appropriate species-
specific pathogen receptors.

To date five different coronaviruses are known
as pathogens for humans. Human coronavirus
(HCoV)-229E and HCoV-NL63 comprise group 1
and HCoV-OC43 and HCoV-HKU1 comprise
group 2. The SARS-CoV represents a new proto-
type and is either classified as group 4 strain or as a
distant relative of the group 2 (Gorbalenya et al.,
2004; McIntosh, 2005; Woo et al., 2005). Whereas
HCoV-229E and HCoV-OC43 cause mild
upper respiratory tract diseases, HCoV-NL63,
HCoV-HKU1 and SARS-CoV cause severe respi-
ratory tract infections, the latter one with high
mortality.

Humans are the only natural host for HCoV-
229E. Mice are resistant to HCoV-229E due to
species-specific interaction of the virus S-gene
(Sanchez et al., 1999; Kuo et al., 2000) with the
host cell surface receptor, i.e. human aminopepti-
dase N (hAPN, or human CD13) (Delmas et al.,
1992; Yeager et al., 1992).

Gain of function gene transfer made the first
transgenic mice expressing functional hAPN avail-
able (hAPN+/+, Lassnig et al., 2005; Wentworth
et al., 2005) Primary embryonic fibroblasts (PEFs)
and dendritic cells derived from the bone marrow
of transgenic mice were susceptible to infection by
HCoV-229E whereas PEFs from wild-type (WT)
mice were not. So far HCoV-229E infection
experiments were mostly carried out with immor-
talized human cell lines (Lachance et al., 1998;
Arbour et al., 1999). In vitro function, reactivity
and behaviour of these immortalized cells may be
affected through the process of immortalisation
and may not reflect the original cell behaviour.
The hAPN expressing mice allow the study of
HCoV-229E mediated pathogenesis in ex vivo cells
from different tissues and organs and will therefore
be instrumental for further elucidation of the
biology of the virus.

Humanizing the mouse – not sufficient for viral

challenge in vivo

Virus existence is threatened by the host’s innate
(virus invasion) and/or adaptive (virus spread)
immune mechanisms. It is not advantageous for a
virus if its host dies due to infection. Co-evolution
has led to selection and adaptation of both the

virus and the host (Katze et al., 2002; van Kooyk
& Geijtenbeek, 2003 and refs. therein). Interferons
(IFN) represent the main antiviral defence mech-
anisms developed in mammals (Decker et al., 2005
and refs. therein).

Immunocompetent hAPN+/+ mice were not
susceptible to HCoV-229E infection (Lassnig et al.,
2005; Wentworth et al., 2005). Thus we crossed the
transgenic mice into immunocompromised IFN-
unresponsive (Stat1)/)) mice and passaged HCoV-
229E in hAPN+/+Stat1)/)PEFs. The ‘‘adapted’’
virus replicated efficiently in hAPN+/+Stat1)/)mice
and virus was detected in large amounts in the lung
and gut. Infected transgenic animals displayed
histopathology in the lung consistent with active
virus replication. In summary the generation of an
animal model for HCoV-229E infection in vivo
requires (i) transfer of the human receptor molecule
(‘‘humanized mouse’’), (ii) immuno-impairment of
the transgenic mouse (iii) adaptation of the virus to
the new host.

The requirement for the latter two points may
be explained by the presence of unspecific/innate
antiviral defence mechanisms in vivo, the need for
adaptation of efficient virus entry in vivo or the need
for species-specific viral replication mechanisms.

The concept of crossing immuno-impaired mice
(‘‘natural’’ mutants or gene-targeted mice) with
mice overexpressing pathogen receptors as
described by us (Lassnig et al., 2005) and others
(Mrkis et al., 1998; Baric & Sims 2005) creates a
versatile tool for studying host-pathogen interac-
tion across species barriers.

Optimizing the humanized mouse models –

‘‘fine-tuning’’ by forward and reverse genetics

Four additional approaches of step wise ‘‘fine-
tuning’’ the infection models by reverse genetics
will lead to even more sophisticated and suitable
animal models for HCoV-229E infections in vivo.

The virus-receptor interaction is a multi-step
process itself. Multiple attachment receptors may
be used simultaneously or sequentially and/or in a
cell-type specific manner (Haywood, 1994; Bomsel
& Alfsen, 2003). The need for a co-receptor was
suggested for the group 1 coronavirus TGEV,
which binds more efficiently to cells expressing
in addition to porcine APN a high molecular-mass
sialoglycoprotein on the cell surface (Ballesteros
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et al., 1997; Schwegmann-Wessels et al., 2002;
Schwegmann-Wessels et al., 2003). At present
nothing is known about an additional attachment
or co-receptor for HCoV-229E. Forward genetic
screens in mice will enable the identification and
characterization of genes that may participate in
efficient HCoV-229E entry.

The hAPN+/+Stat1)/) mice still express
endogenous murine (mu)APN, which may or
may not interfere with proper homodimerization
of transgenic huAPN and may or may not
sequester HCoV-229E from hAPN by weakly
cross-reacting with muAPN. Thus, hAPN trans-
genic mice will be crossed to muAPN)/) mice in
order to test the contribution of the endogenous
molecule to the infection process.

The hAPN+/+Stat1)/) animals have impaired
IFNa/b and IFNc responses resulting in
severely impaired antiviral host defence mecha-
nisms (Durbin et al., 1996; Meraz et al., 1996).
Next we will cross the hAPN+/+ mice to mutants
solely deficient in IFNa/b (IFNAR1)/), Müller et
al., 1994), IFNc (IFNGR1)/), Huang et al., 1993)
and mice with only partially impaired IFN
responses (Tyk2)/), Karaghisoff et al., 2000). This
will further elucidate the effects of IFNs on HCoV-
229E infections and also mimic the situation in
humans more accurately. Moreover, human mu-
tants of the IFN signalling molecules we suggest
above to study in mice were described in addition
to other mutants of the innate and adaptive
immune molecules (Casanova & Abel 2004; Puel
et al., 2004).

The most elegant and meaningful strategy for
the generation of humanized mice would be to
replace the murine locus encoding the homologue
of a human virus-receptor protein by the corre-
sponding human sequences (knock-in). In doing so
the main part of the locus, especially its control
regions and distal/proximal elements for spatial/
temporal expression remain unperturbed. A pre-
requisite of this strategy is that a homologue of the
pathogen receptor molecule exists in the mouse
and that its expression profile resembles that of the
corresponding human gene.

Conclusion

Humanized mice and ‘‘fine-tuned’’ humanized
mice are not only instrumental for the analysis of

viral pathogens but also have been proposed and
generated for the study of intracellular bacteria,
like Listeria monocytogenes (Lecuit et al., 2001).
Biological safety issues are important when these
powerful animal models for studying human
infectious diseases are generated. It is clear, that
use of these mice will be restricted to facilities
providing the required biosafety arrangements and
equipment for protection of the animals from
unintended infections and for prevention of
uncontrolled recombination and/or escape of
pathogen(s).

Acknowledgements

The work of the authors was supported by
EC grants QLK2-CT-2001-00874 and QLK2-
2001-01050. MM is additionally supported by the
Austrian Federal Ministry of Education, Science
and Culture (BM:BWK OEZBT GZ 200.074/1-
VI/1a/2002) and the Viennese Foundation for
Science, Research and Technology (WWTF grant
LS133), LE by the Department of Education and
Science of Spain (CICYT project BIO2004-
00636) and BS by the FWF grant P15892.

References

Arbour N, Ekande S, Cote G, Lachance C, Chagnon F,
Tardieu M, Cashman NR and Talbot PJ (1999) Persistent
infection of human oligodendrocytic and neuroglial cell lines
by human coronavirus 229E. J Virol 73: 3326–3337.

Ballesteros ML, Sanchez CM and Enjuanes L (1997) Two
amino acid changes at the N-terminus of transmissible gas-
troenteritis coronavirus spike protein result in the loss of
enteric tropism. Virol 227: 378–388.

Baric RS and Sims AC (2005) Humanized mice develop coro-
navirus respiratory disease. Proc Natl Acad Sci USA 102:
8273–8274.

Bomsel M and Alfsen A (2003) Entry of viruses through the
epithelial barrier: pathogenic trickery. Nat Rev Mol Cell Biol
4: 57–68.

Buer J and Balling R (2003) Mice, microbes and models of
infection. Nat Rev Genet 4: 195–205.

Casanova JL and Abel L (2004) The human model: a genetic
dissection of immunity to infection in natural conditions. Nat
Rev Immunol 4: 55–66.

Decker T, Müller M and Stockinger S (2005) The Yin and Yang
of type I IFN activity in bacterial infection. Nat Rev Immunol
5: 675–687.

Delmas B, Gelfi J, L’Haridon R, Vogel LK, Sjostrom H, Noren
O and Laude H (1992) Aminopeptidase N is a major receptor
for the entero-pathogenic coronavirus TGEV. Nature 357:
417–420.

805



Durbin JE, Hackenmiller R, Simon MC and Levy DE (1996)
Targeted disruption of the mouse Stat1 gene results in com-
promised innate immunity to viral disease. Cell 84: 443–450.

Gorbalenya AE, Snijder EJ and Spaan WJM (2004) Severe
acute respiratory coronavirus phylogeny: toward consensus.
J Virol 78: 7863–7866.

Haywood AM (1994) Virus receptors: binding, adhesion
strengthening, and changes in viral structure. J Virol 68: 1–5.

Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H,
Kamijo R, Vilcek J, Zinkernagel RM and Aguet M (1993)
Immune response in mice that lack the interferon-gamma
receptor. Science 259: 1742–1745.

Karaghisoff M, Neubauer H, Lassnig C, Kovarik P, Schindler
H, Pircher M, McCoy B, Bogdan C, Decker T, Brem G,
Pfeffer K and Muller M (2000) Partial impairment of cyto-
kine responses in Tyk2-deficient mice. Immunity 13: 549–560.

Katze MG, He Y and Gale M Jr (2002) Viruses and interferon:
a fight for supremacy. Nat Rev Immunol 2(9): 675–687.

Kuo L, Godeke GJ, Raamsman MJ, Masters PS and Rottier PJ
(2000) Retargeting of coronavirus by substitution of the spike
glycoprotein ectodomain: crossing the host cell species bar-
rier. J Virol 74: 1393–1406.

Lachance C, Arbour N, Cashman NR and Talbot PJ (1998)
Involvement of aminopeptidase N (CD13) in infection of
human neural cells by human coronavirus 229E. J Virol 72:
6511–6519.

Lassnig C, Sanchez CM, Egerbacher M, Walter I, Majer S,
Kolbe T, Pallares P, Enjuanes L and Müller M (2005)
Development of a trangenic mouse model susceptible to hu-
man coronavirus 229E. Proc Natl Acad Sci USA 102: 8275–
8280.

Lecuit M, Vandormael-Pournin S, Lefort J, Huerre M, Gounon P,
Dupuy CBabinet C and Cossart P (2001) A transgenic model
for listeriosis: role of internalin in crossing the intestinal
barrier. Science 292: 1722–1725.

Mak TW, Penninger JM and Ohashi PS (2001) Knockout mice:
a paradigm shift in modern immunology. Nat Rev Immunol 1:
11–19.

McIntosh K (2005) Coronaviruses in the limelight. J Infect Dis
191: 489–491.

Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ,
Dighe AS, Kaplan DH, Riley JK, Greenlund AC, Campell
D, Carver-Moore K, DuBois RN, Clark R, Aguet M and
Schreiber RD (1996) Targeted disruption of the Stat1 gene in
mice reveals unexpected physiological specificity in the
JAK-STAT signaling pathway. Cell 84: 431–442.
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