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O P I N I O N

Modelling infectious disease — 
time to think outside the box?
Siouxsie Wiles, William P. Hanage, Gad Frankel and Brian Robertson

Abstract | Models occupy an essential position in the study of infectious disease as 
a result of the ethical problems of exposing humans to potentially lethal agents. 
Deliberately induced infections in well-defined animal models provide much useful 
information about disease processes in an approximation of their natural context. 
Despite this, animal models are not the natural disease process, and recent 
experimental advances show, perhaps not unsurprisingly, that there are large 
differences between natural infections and animal models. Focusing on mouse 
models of bacterial pathogens, we discuss some of these discrepancies and suggest 
ways of improving model systems in the future.

In many ways, the scientific process can be 
characterized as the generation of increas-
ingly complex models of the natural world. 
Where the direct study of natural systems 
is difficult or impractical, biological mod-
els provide an important tool for progress. 
In all circumstances, the use of a model 
system necessitates assumptions and sim-
plifications. However, as exemplified by 
the field of mathematical modelling, be it 
of infectious disease, population genetics 
or particle physics, simplifications do not 
necessarily prevent the development of 
robust models that capture key determi-
nants of observed patterns. All models 
are prey to the criticism that they are not 
‘the real situation’ and that any study 
using a model is an accurate representa-
tion only of the behaviour of that model 
under the circumstances of the test. 
However, by carefully defining the study 
parameters, scientists hope that results 
might prove to be analogous to the 
situation in nature.

According to WHO estimates, in 
2001, infectious diseases caused 14.7 
million deaths — 26% of global mortal-
ity1. Naturally, we wish to understand 
infectious-disease processes and develop 
interventions to prevent them. Models 
are an essential part of this endeavour 
as a result of the ethical problems of 

exposing humans to potentially lethal 
agents. Such models can be divided into 
‘dry’ mathematical and computational 
models2,3 or ‘wet’ models, which begin at 
the level of cultured cells and increase in 
complexity to include plants, fish, worms, 
insects and vertebrates4–11 (TABLE 1). There 
are models for a wide range of infectious-
disease agents, including micro- and 
macroparasites, bacteria and viruses. Here, 
we discuss the limitations of using models 
in the study of infectious disease, specifi-
cally focusing on the use of mouse models 
of bacterial pathogens. Furthermore, we 
propose ways in which models can and 
should be improved to account for aspects 
of biology that have previously been 
neglected.

Using mice to model infectious disease
The development of the most widely used 
model system in experimental research, 
namely the inbred mouse, began in the early 
1900s. Starting with captured wild mice, sev-
eral lines were developed in which all debili-
tating recessive traits were bred out12. These 
inbred lines became commercially available 
in the 1930s. Today, rodents account for 
most of the animals used in scientific proce-
dures, although the exact number used for 
the study of infectious disease is difficult to 
determine13–16.

In comparison with some of the in vitro 
models described in TABLE 1, the use of small 
mammals as models might seem fraught 
with difficulty. The advantages of using 
cell culture or similar techniques to study 
infectious diseases are many: in addition to 
avoiding much of the ethical and admin-
istrative burden associated with animal 
experimentation, the experiment can be 
formulated to a precise level of examination, 
for instance, the contribution of individual 
genes to the pathogenic process. By contrast, 
the study of a whole animal might seem 
clumsy and unfocused. The advantage of 
animals, however, lies in their very com-
plexity, which produces a model that more 
closely approximates the biologically relevant 
situation (of human disease). If we are dif-
ferent from rats or mice, we are even more 
different from monocultures of fibroblasts or 
macrophages. However, the use of animals is 
accompanied by ethical responsibilities and, 
in many countries, substantial administra-
tive costs. Many countries, including the 
UK (which has stringent controls on the use 
of animals in experimentation in the form 
of the Animal (Scientific Procedures) Act 
1986), promote the three Rs: replacement, 
refinement and reduction. Although replace-
ment is a fine aim, it is not always possible 
for the reasons described above. The role of 
refinement is to improve current models so 
that, in time, the number of animals used 
for research purposes can be reduced. It is 
not our intention to suggest that it will ever 
be possible to wholly remove the need for 
animal experimentation, but as responsible 
researchers it is in our own interests to 
address the most relevant questions using 
the fewest animals.

Despite the advantages of studying 
human infection in more biologically 
relevant animal models, there are still many 
challenges facing the use of small-mammal 
models in the study of infectious diseases.

Humans compared with surrogate hosts 
Many infectious diseases are host limited 
and rely on the species-specific interaction 
of microbial ligands with host receptors. 
Therefore, any animal model that is designed 
to study human-specific pathogens is by 
definition unrealistic. However, modern 
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techniques can be used to improve these 
models by carefully replicating features of 
human biology using transgenic animals. The 
first such model was developed for Listeria 
monocytogenes, the agent of listeriosis, an 
infection that ranges in severity from asymp-
tomatic carriage to severe gastroenteritis, 
meningitis and sepsis17. Whereas intravenous 
inoculation of mice with L. monocytogenes 
induces a dose-dependent lethality, oral 
inoculation results in neither enteropatho-
genicity nor lethality18–20. This is because the 
host E-cadherin receptor that is required for 
bacterial internalization21 differs at a single 
amino acid between humans and mice22. The 
development of transgenic mice that express 
human E-cadherin in the small intestine 
resulted in internalization and dissemination 
of L. monocytogenes after oral inoculation23.

The concept of using ‘humanized’ mice 
has been embraced by researchers who 
study Streptococcus pyogenes, an important 
human-specific pathogen that causes dis-
eases ranging from impetigo and pharyngitis 
to necrotizing fasciitis and a toxic-shock-like 
syndrome24. Transgenic mouse models have 
been developed to study many S. pyogenes 
disease manifestations: mice containing DQ 

human leukocyte antigen (HLA) molecules 
have been used to examine the superantigen 
toxin SPEA25,26, mouse chimaeras that are 
engrafted with human neonatal foreskin 
have been used to model streptococcal 
impetigo27, and mice that express the human 
blood-clot-dissolving protein plasminogen 
have been used to investigate the activity of 
streptokinase, which activates human but 
not murine plasminogen28.

Although animal models that approxi-
mate human biology can be developed, 
an alternative strategy is to examine the 
interactions of animal pathogens in their 
natural hosts. Disease mechanisms are often 
similar across different combinations of 
host and pathogen. A striking example is a 
group of extracellular intestinal pathogens, 
which include enteropathogenic Escherichia 
coli (EPEC), enterohaemorrhagic E. coli 
(EHEC) and Citrobacter rodentium, which 
use ‘attaching and effacing’ (A/E) lesion 
formation as a major mechanism of tissue 
targeting and infection29,30. EPEC causes 
infantile diarrhoea in the developing world31 
and EHEC a wide spectrum of illnesses 
ranging from mild diarrhoea to severe 
diseases, such as haemorrhagic colitis and 

haemolytic uraemic syndrome32. Whereas 
EHEC and EPEC are poorly pathogenic 
in mice, C. rodentium, a natural mouse 
pathogen, relies on A/E lesion formation as 
an essential step in colonization and infec-
tion of the murine mucosa30. C. rodentium 
is a close relative of E. coli, and provides 
an in vivo model that allows the robust 
investigation of pathogen–host interactions 
under physiological conditions, with the 
ability to manipulate both the pathogen and 
the host. Although this strategy works well 
when there is a suitable natural small-animal 
pathogen, some pathogen–natural-host 
combinations bring with them the problems 
of cost, containment and availability; for 
example, neither Mycobacterium leprae 
in the nine-banded armadillo33,34 nor 
Mycobacterium bovis in cattle35,36 make for 
tractable, cost-effective models.

The use of inappropriate bacterial strains
Genetic differences between laboratory and 
clinical strains. Primary isolation of bacteria 
from clinical specimens often requires 
careful enrichment and selection to provide 
samples that are suitable for identification 
and investigation. Many of these isolates are 

Table 1 | Examples of in vitro, ex vivo and in vivo non-mammalian infectious-disease models 

Model Advantages Disadvantages

In vitro

Non-polarized cell layers Ethically acceptable, inexpensive, indefinite 
lifespan

Might exhibit aberrant properties owing to immortalization and 
artificial, two-dimensional growth conditions

Polarized cell layers Ethically acceptable, inexpensive, semi-
differentiation of cells results in physiology more 
similar to in vivo physiology

Might exhibit aberrant properties owing to immortalization and 
artificial, two-dimensional growth conditions

‘Organoids’ Ethically acceptable, inexpensive, cells form multi-
layered, three-dimensional aggregates

Cell organization might not accurately represent in vivo structure, 
based on one cell type

Ex vivo

Organ culture Ethically acceptable Requires access to human biopsy material often from ill subjects, 
material has a short lifespan, might exhibit aberrant properties 
owing to two-dimensional growth conditions

In vivo

Protozoa (Dictyostelium 
discoideum)

Ethically acceptable, inexpensive, rapid generation 
time, genetically tractable with well-established 
molecular tools

Growth at restricted temperature range, primitive immune 
system, little tissue differentiation

Nematodes 
(Caenorhabditis elegans)

Ethically acceptable, inexpensive, rapid 
generation time

Growth at restricted temperature range, primitive immune system 

Plants: thalle cress 
(Arabidopsis thaliana), 
lettuce (Lettuca sativa)

Ethically acceptable, inexpensive, rapid generation 
time, can be used to study microbial virulence 
factors as there is some evidence of conserved 
mechanisms between human and plant pathogens

Growth at restricted temperature range, primitive immune system

Insects: fruitfly (Drosophila 
melanogaster), greater wax 
moth (Galleria mellonella)

Ethically acceptable, inexpensive, rapid generation 
time, potential for discovery of novel insecticides, 
innate immune systems share common features 
with mammals, organisms such as D. melanogaster 
are genetically tractable 

Growth at restricted temperature range, primitive immune system

Zebrafish (Danio rerio) Ethically acceptable, inexpensive, rapid generation 
time, genetically tractable

Growth at restricted temperature range, primitive immune 
response 
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passaged multiple times, becoming standard 
‘reference’ strains. During this process, 
bacteria adapt to growth on artificial media. 
However, the standardized conditions of 
laboratory monocultures are strikingly 
different from the complex and dynamic 
environments that bacteria usually encounter 
(for instance, as part of multi-species com-
munities residing in the soil). In the course 
of sequential in vitro passage, reference 
strains might differentiate significantly from 
non-passaged clinical isolates. Indeed, pas-
sage in liquid culture might prove fatal for 
biofilm-forming subpopulations, which are 
left adherent to the vessel wall while plank-
tonic cells are subcultured. Major reference 
strains of Pseudomonas aeruginosa show 
impaired biofilm formation compared with 
clinical isolates37. Furthermore, adaptation 
to one context occurs at the expense of genes 
that are unnecessary in this context, and this 
factor must be considered, especially when 
comparing in vitro passaged strains with 
clinical isolates38,39. For example, comparison 
of the gene content of three isolates of E. coli, 
one uropathogenic, one enteropathogenic 
and the laboratory strain K12, found that less 
than 40% of genes were present in all three 
isolates40. Another example of the genetic 
changes that can result from laboratory 
growth is the attenuation of virulent M. bovis 
to produce bacille Calmette–Guérin (BCG): 
multiple passages have resulted in an attenu-
ated live vaccine that is given to 100 million 
people every year41.

Differences in gene expression: the ‘hyper-
infectious’ state. The effects of in vitro cul-
ture are well illustrated in a study of El Tor 
strains of Vibrio cholerae42. In a mouse model 
of colonization, V. cholerae isolated from 
human stool samples from a community in 
which cholera was endemic were compared 
with another El Tor strain of V. cholerae iso-
lated the previous year and cultured in vitro. 
V. cholerae strains that had not been cultured 
in the laboratory were much more infec-
tious, out-competing the laboratory strain 
in all cases. This phenotype was linked with 
changes in the expression of genes that are 
involved in nutrient acquisition and motility, 
and the concomitant downregulation of 
genes involved in chemotaxis42.

Recently, two groups have reported the 
transient increased infectivity of two enteric 
pathogens (C. rodentium43 and V. cholerae44) 
after passage through the rodent gastroin-
testinal tract. This phenotype is almost 
certainly a result of transient changes in 
gene expression, and has been characterized 
as ‘hyper-infectious’. However, we propose 

that this label is misleading and that this 
phenotype is akin to the natural phenotype 
of the infecting pathogen. In fact, strains that 
have been subjected to even a short period 
of in vitro culture could enter a ‘hypo-infec-
tious’ state, although we cannot exclude that 
this ‘hypo-infectious’ phenotype might rep-
resent an environmental-reservoir state. As 
previously stated, it is known that prolonged 
laboratory passage leads to the loss of genes 
that are not required for growth on artificial 
media. Similarly, relatively short periods of 
culture might be sufficient to downregulate 
those genes not required for colonization 
and/or infection. As a result, such important 
parameters as the LD50 (the infectious dose 
that is lethal to 50% of the animals infected), 
which is derived from models that use 
strains grown in culture, might be marked 
overestimates, because the infecting organ-
isms are not optimal for colonization or 
natural transmission. Interestingly, several 
bacterial pathogens have been shown to 
become transiently ‘hyper-virulent’ after 
growth in protozoa (for example, Salmonella 
enterica serovar Typhimurium (S. typh-
imurium), Legionella pneumophila and 
Mycobacterium avium)45–47.

The role of transmission in infection
In nature, initial infection by the most com-
mon routes (aerosol, ingestion or vector-
mediated) is usually followed by a period 
of replication that establishes the infection 
within the host. The final step is the exit 
from the infected host and transmission to 
the next individual. This can occur through 
several routes, including the shedding of 
bacteria in faeces, the creation of aerosols 
by coughing, or the bite of an insect vector. 
In almost all models of bacterial infection, 
animals are deliberately infected with high 
doses of bacteria grown in rich artificial 
laboratory media rather than being exposed 
to the organism in a manner that approxi-
mates the natural route of transmission. 
Furthermore, disease is an incidental con-
sequence of the life cycle of many infectious 
organisms, and the study of pathogens in 
isolation from their natural life cycle can 
therefore be misleading.

The study of ‘hyper-infectious’ C. roden-
tium described above43 included a model 
of natural transmission in which a single 
mouse, infected by oral gavage with bacteria 
grown in culture, was reintroduced to a cage 
containing its littermates and allowed to 
infect them (FIG. 1). Bioluminescent imaging 
was used to study the tissue distribution 
of bacteria in animals infected by the two 
routes and revealed marked differences. 

Bacteria grown in culture required a large 
infecting dose, and initially small numbers 
colonized the caecum for several days before 
going on to infect the lower reaches of the 
colon. By contrast, host-passaged bacteria 
immediately colonized the colon, at much 
lower infectious doses. This indicates that 
strains grown in culture require a period in 
which to adapt to the new environment of 
the animal host. Similar to V. cholerae, the 
state that arises following passage in the host 
is more representative of disease in nature.

An elegant model of infection that 
includes transmission was recently reported 
for Yersinia pestis, the agent of plague. 
Y. pestis is transmitted among its many 
rodent reservoir hosts primarily by flea bite, 
and most human cases of infection result 
from flea bites48. In the flea, Y. pestis grows as 
a biofilm within the proventriculus, the valve 
that connects the oesophagus to the midgut, 
resulting in the formation of a dense bacte-
rial aggregate embedded within an extra-
cellular matrix49. This matrix blocks the flea’s 
proventriculus and, when these ‘blocked’ 
fleas attempt to feed, blood containing bac-
teria from the matrix is refluxed into the bite 
site. However, traditional rodent models of 
Y. pestis infection are initiated by subcutane-
ous or other parenteral injection of bacterial 
suspensions (FIG. 1). Jarrett et al. developed 
a flea-to-mouse model of plague; fleas are 
fed virulent Y. pestis using an artificial feed-
ing system and are then allowed to feed on 
mice49. In the model, plague occurred in 
93.3% of mice, with disease development 
correlating with the number of bites by 
blocked fleas. This model has been used to 
test the efficacy of an F1-V recombinant 
fusion vaccine that was found to be 100% 
effective in preventing flea-borne plague50.

Furthermore, natural infection models 
can give valuable information on various 
issues, such as the routes of pathogen 
transmission or the role of host immune 
factors. For example, it had previously been 
speculated that transmission of Helicobacter 
pylori between mice occurred through the 
oral–oral route (saliva) when sharing food 
and water. Yoshimatsu et al. tested this 
theory by co-mingling a nude mouse dosed 
orally with H. pylori with four uninfected 
nude mice, and housed the animals either 
in a normal cage or one with a steel mesh 
floor which allowed faeces to drop through51. 
They found that only those mice with access 
to faeces became infected with H. pylori, 
which indicates that transmission takes place 
through the faecal–oral route. Recently, a 
natural transmission model has been used to 
study the role of innate secretory antibodies 
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Traditional

Infection initiated by
subcutaneous or other
injection

Infection initiated by
oral gavage

Fleas artificially
fed on Y. pestis

Seed mouse infected
by oral gavage

Mouse infected by
flea bite

Comingling of seed and
uninfected mice allows
infection to spread by
faecal–oral route

Vector-mediated
pathogen:
Yersinia pestis

Enteric pathogen:
Citrobacter rodentium

Including transmission

(SAbs) in protection against enteric patho-
gens. Polymeric immunoglobulin-receptor 
knockout mice were found to have an 
increased susceptibility to infection with 
S. typhimurium52 when infected naturally 
through the faecal–oral route. These 
knockout mice also shed more bacteria that 
readily infected other animals. These results 
indicate that the main role for SAbs might 
be to prevent the spread of microbial patho-
gens throughout a population, rather than 
to protect local mucosal surfaces, which 
explains why these Abs are present 
in external secretions and breast milk.

So far, most animal models have not 
considered the role of transmission as a 
contributing factor to both colonization and 
disease. Importantly, the unique pathogenic 
phenotypes that result from residence in 
their natural microenvironments are surely 
impossible to duplicate by needle and 
syringe inoculation of artificially cultured 
organisms. As a result, it is possible that 
many conclusions derived from such studies 
might be at best misleading, and at worst 
artefacts. However, with the publication of 
only a few transmission models, it is too 
early to determine conclusively how mis-
leading our traditional models might be.

Transmission and the study of virulence
The inclusion of transmission in models 
of infectious diseases will hopefully lead to 
important insights into the evolutionary 
factors that influence virulence. It is not 
easy, intuitively, to understand the benefit 
to a pathogen of damaging its host. For a 
host-limited pathogen, transmission to the 
next host can be considered the equivalent of 
reproduction, and therefore will be optimized 
by natural selection. As long as there is a 
sufficiently large pool of new susceptible 
hosts, there are few selective constraints on 
virulence53. Virulence might even be selected 
for if it is connected with either greater trans-
mission or more efficient colonization (and 
any cost in terms of reduced onward trans-
mission through death or incapacity is not 
too great). Where the relationship between 
virulence and transmission is not obvious, 
we suggest that pathogen-evolved strategies 
to maximize transmission might, in another 
context, contribute to disease (for a review of 
the theoretical basis of virulence, see REF. 54). 
For instance, the pneumococcal capsule, 
which has potent antiphagocytic properties 
and is a major virulence factor55, shows sig-
nificant differences between serotypes in their 
association with disease. This clearly indicates 

an important role in virulence56,57, but the per-
sistence of several successful unencapsulated 
lineages of pneumococci indicates that it is 
not essential58, and the true function of the 
capsule in the natural life cycle of the pneumo-
coccus (and why it exists in >90 distinct 
antigenic forms) remains unclear.

Conclusions
We believe that, in light of the concerns 
raised in this article, researchers must look at 
models afresh and consider how they might 
be improved. To address the problem of 
pathogen adaptation to laboratory culture, it 
might be appropriate to have type or refer-
ence strains for specific disease manifesta-
tions of an individual pathogen. These could 
be maintained by culturing large volumes 
for stocks, which will avoid the inevitable 
accumulation of deleterious mutations 
through the bottleneck of sequential passage. 
Furthermore, frequent passage through a 
suitable model system could be used to select 
out any variants that have emerged which 
are adapted to survival on media.

We have highlighted how the physiologi-
cal state of the pathogen can influence its 
behaviour in model systems. Researchers 
should consider whether inoculating cultures 
are appropriate to the process under study. 
For example, consider the cultures required 
to inoculate two different models of the 
same pathogen, one studying the process of 
colonization and the other studying bacter-
aemia. In the bacteraemia model, it is highly 
likely that, in its usual life cycle, the pathogen 
would already have established an infection at 
another site in the host and therefore would 
be physiologically different from that encoun-
tered by the host during initial colonization. 
It seems unlikely that there are many models 
in which growth in rich laboratory medium 
would yield an appropriate starter culture. 
Furthermore, such considerations are equally 
relevant to those models used to study the 
survival of bacteria in the environment, for 
example after shedding from an infected host. 
It is widely appreciated that the life cycles of 
many pathogens are characterized by multiple 
environments; the integration of our knowl-
edge of each of these is necessary to reach a 
full appreciation of the disease process.

As scientists, we are taught to carefully 
control all aspects of our experiments while 
making one change: the factor that we wish 
to examine. It is interesting to note that this 
is a potential problem with transmission 
models; we are unable to control the infec-
tious dose and the time in which an animal 
becomes infected. Although this might 
seem unscientific, we believe that this is the 

Figure 1 | In vivo infection models. The figure compares traditional infection models (left panel) 
with those including transmission (right panel) for two pathogens spread by different routes: 
vector-mediated Yersinia pestis (top panel) and Citrobacter rodentium, which is spread by faecal–
oral spread (bottom panel). In the traditional rodent model of plague, Y. pestis infection is initiated 
by subcutaneous or other parenteral injection of bacteria grown in culture. However, in the flea-
to-mouse model shown on the right, fleas are first artificially fed virulent Y. pestis and then allowed 
to feed on mice. In this model, plague develops in >90% of mice and disease development 
correlates with the number of flea bites 49. In the traditional model of C. rodentium infection, mice 
are orally gavaged with numerous bacteria grown in culture. Most of this dose passes straight 
through the animal, with a few bacteria colonizing the caecum for several days before infecting 
the lower colon. In the natural transmission model shown on the right, a single mouse, infected by 
oral gavage in the traditional manner, is reintroduced to a cage containing its littermates, and 
infection spreads through the faecal–oral route. In this model, the infectious dose is 1000-fold less 
and the infecting bacteria can immediately colonize the colon43.
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strength of such models and is one of the 
reasons why they reflect human infection 
more accurately (in much the same way that 
animal models are more appropriate than 
cell culture for certain questions). However, 
we accept that being unable to control the 
time in which an animal becomes infected, 
or more importantly, being able to assess 
when an animal has become infected prior 
to the onset of clinical symptoms, might be a 
major limiting factor in convincing research-
ers to use transmission models. This can be 
overcome for pathogens in which infection 
can be easily monitored, for example by the 
shedding of bacteria in faeces; but what of 
others? The increasing popularity of imaging 
technologies such as bioluminescence imag-
ing might be one way in which researchers 
can assess when and which animals are 
infected. Furthermore, for the C. rodentium 
transmission model we have found that small 
refinements to the model can allow for closer 
synchronization of the time it takes for all 
naive animals to become infected, reducing 
this period from 96 hours to 24 hours (Wiles 
et al., unpublished observations).

Although we accept that for many infec-
tions it might not be possible or practical 
to include transmission, the absence of this 
aspect of infection from animal models is a 
serious flaw. Arguably, transmission is the 
most important part of pathogen biology, 
as it is the single necessary step for the con-
tinued survival and success of the species. 
It is therefore surprising how few virulence 
determinants are understood in terms of 
how they aid transmission rather than 
causing disease. Further study of pathogen 
transmission will probably shed light on the 
true functions of ‘virulence factors’ in patho-
gen biology. We also suggest that surprising 
findings, such as ‘anti-virulence genes’ 
which, when deleted, result in a more viru-
lent phenotype59,60, should be examined in a 
similar way. Natural selection on the fitness 
of organisms for transmission will influence 
the genotypes of organisms within the host, 
and the functions of phenotypes which make 
little sense in isolation might be unveiled 
when considered within the context of the 
whole infection cycle. Surely our ultimate 
aim should be to intervene in the transmis-
sion of pathogens, as without transmission 
there would be no disease.

Finally, we do not wish to suggest that 
the findings of all animal models should be 
considered suspect, but rather to remind 
ourselves that a model is only a represen-
tation of natural processes, and will be 
successful only in so far as it is relevant to 
that process. With modern techniques and 

careful experimental design, as discussed 
above, it is now possible to design models of 
infectious disease that are appropriate to the 
natural disease process.
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Selective transmission of 
CCR5-utilizing HIV-1: the 
‘gatekeeper’ problem resolved?
Leonid Margolis and Robin Shattock

Abstract | Understanding the mechanisms of HIV-1 transmission is crucial for the 
development of effective preventive microbicides and vaccine strategies, and 
remains one of the main goals of HIV research. Over the past decade, many studies 
have focused on trying to identify the ‘gatekeeping’ mechanism that restricts the 
transmission of CXCR4-utilizing HIV-1 more efficiently than CCR5-utilizing HIV-1. 
However, to date, no study has explained the almost perfect negative selection of 
the former in vivo. Here, we propose that there is no single gatekeeper and that, 
instead, the selective transmission of R5 HIV-1 depends on the superimposition of 
multiple imperfect gatekeepers.

The biological phenotype of HIV-1 is 
determined by the sequential interaction 
of the viral gp120 glycoprotein with the 
host-cell CD4 receptor and either the 
CCR5 (R5 HIV-1) or CXCR4 (X4 HIV-1) 
co-receptor. This in turn triggers the 
activation of viral gp41 and fusion with the 
host-cell membrane (reviewed in REF. 1). 
Although this is the predominant mecha-
nism of HIV-1 infection of CD4+ cells, 
additional CD4-independent mechanisms 
of cellular uptake and/or infection might 
be important in early transmission events. 
While three phenotypes — R5, X4 and 
dual-tropic (R5X4) — have been described 
for many HIV-1 subtypes (or clades)2–4, 
R5 viruses are almost exclusively associated 
with acute infection, irrespective of the 
route of transmission (sexual, mother-
to-child or intravenous)5,6. It is not the 
availability of cellular targets for X4 HIV-1 
in the susceptible host that seems to be the 
main factor restricting the transmission 
of this virus. It was recently demonstrated 
that gut-associated lymphoid tissue 
(GALT) is the primary site for acute HIV 
replication and that there are numerous 
CXCR4-expressing lymphocytes in GALT7. 
However, individuals who do not express 
functional CCR5 because of a mutation 
in the CCR5-encoding gene are largely 
protected from HIV-1 infection despite the 
presence of functional CXCR4 (REFS 8–11). 
Such positive selection of R5 HIV-1, and 
the almost exclusive restriction of X4 HIV-1 
variants in the course of transmission, could 
have important biological significance1, as 

X4 viruses are generally more cytopathic 
than R5 viruses, and are often associated 
with an accelerated loss of CD4+ T cells and 
progression to AIDS12–16. This dominance 
of CCR5 utilization is reflected in non-
human primate species in which simian 
immuno deficiency virus (SIV) is endemic 
and where, despite thousands of years of 
co-evolution, the R5 phenotype has been 
consistently maintained17.

The lack of dual-tropic R5X4 variants 
early in human infection might also indicate 
restriction of this phenotype. However, the 
data to support this are inconclusive, as 
identification of the co-receptor specificity 
of HIV-1 isolates is, in most cases, based 
on sequencing, which does not distinguish 
between mixtures of X4 and R5 viruses and 
the dual-tropic R5X4 phenotype. Moreover, 
viruses determined as dual tropic in 
transfected cell lines might be monotropic 
in infected human lymphoid tissues18. 
Nonetheless, identification of the mecha-
nisms for the natural selective transmission 
(CCR5-utilizing HIV-1) or restriction 
(CXCR4-utilizing HIV-1) of HIV-1 variants 
could provide valuable lessons for the design 
of effective microbicide and vaccine strate-
gies, and has remained a key goal of HIV 
research for almost a decade.

Many studies have tried to identify a 
single ‘gatekeeping’ mechanism that restricts 
X4 transmission19 at the site of exposure, 
during infection of primary target cells, on 
dissemination to lymphoid tissues or during 
subsequent amplification. To date, none of 
the described mechanisms alone can explain 
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