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Abstract Atopic diseases, including asthma, allergic rhinitis, and atopic dermatitis, are
caused by environmental factors in genetically predisposed individuals. Although the
prevalence of these diseases has risen dramatically over the past two decades, it has been
difficult to identify the underlying causes of these diseases due to the complex interplay
between the genetic and environmental factors involved. Using a congenic mouse model
of asthma, we simplified this complex trait and identified the novel T cell immunoglobulin
domain, mucin-like domain (TIM) gene family, that encodes transmembrane proteins ex-
pressed by CD4 T cells. Recent studies demonstrate that the TIM family, particularly
TIM-1, plays a critical role in immune responses that regulate the development of atopic
diseases. In humans, certain polymorphic variants of TIM-1 are strongly associated with
protection against atopy, and this association occurs only in individuals who have had past
infection with hepatitis A virus (HAV). Since TIM-1 functions as the cellular receptor for
HAV, activation of T cells through TIM-1 by HAV or by its natural ligand may affect T
cell differentiation and the development of Th2-driven allergic inflammatory responses.
Epidemiologically, HAV infection is associated with a reduced risk of developing atopy,
and because the incidence of HAV infection has been significantly reduced in industrial-
ized countries over the past 30 years, the discovery of a genetic interaction between HAV
and TIM-1 provides the first molecular genetic evidence for the hygiene hypothesis.

Keywords TIM-1 · Atopic diseases · Allergy and asthma susceptibility gene · Hepatitis A
virus infection

Introduction

Atopic diseases are complex traits that tend to cluster in families [1, 2], in which a general
susceptibility towards allergic sensitization to multiple allergens, rather than to any single,
specific allergen, is inherited. Genome-wide linkage studies have identified multiple re-
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gions of the human genome, including chromosomes 5q21–35, 6p21, 11q13, 12q15–24,
13q12–31 and 16p, as candidate susceptibility loci for atopy and asthma, with each locus
containing multiple candidate susceptibility genes [2, 3, 4]. For example, the chromosome
5q21–35 region alone appears to encode at least three distinct susceptibility loci [5, 6]. As
a result of these genome-wide studies, numerous candidate genes have been identified and
found to have some association with atopy. These candidate genes include IL-4, IL-13,
and CD14 on 5q23–31, IL-4Ra on 6p, and FceRb1 genes on 11q13. Nonetheless, the ge-
netic complexity underlying these diseases has hindered the definitive identification of
specific atopy susceptibility genes, and hampered the determination of the contribution of
specific candidate susceptibility genes to the development of atopy.

The difficulties of disentangling the genetic basis of asthma are further complicated by
recent epidemiological trends. Since the mid-1970s, the prevalence of hay fever in the
United States has almost tripled [7]. During the same period, the prevalence of atopic asth-
ma increased more than twofold, while the prevalence of non-atopic asthma did not
change. Therefore, asthma rates have climbed, largely in association with similar rising
trends in atopy. The dramatic increases in atopic disease prevalence over the past 30 years
[8, 9, 10] are attributable neither to a greater diagnostic awareness for atopic asthma [7,
11], nor to changes in the human gene pool, but rather must be caused by changing envi-
ronmental factors that contribute to pathogenesis of atopy and asthma, and which is a topic
of intensive investigation. Surprisingly, air pollution in modern societies does not account
for this increase in asthma, even though pollutants may precipitate and exacerbate asth-
matic airway responses [12]. This fact is most strikingly apparent in East and West Ger-
many where airborne pollutants were more severe in East Germany for decades prior to
reunification, but rates of atopy only began to rise in East Germany after nearly a decade
of reunification and “westernization” [12]. Thus, other aspects of modern lifestyles, hy-
giene, and public health may underlie current trends in allergic asthma prevalence.

The epidemic rise in atopic diseases has occurred simultaneously with worldwide im-
provements in sanitation and hygiene that have dramatically reduced the prevalence of
previously commonplace infections, such as hepatitis A, which is transmitted through fe-
cal-oral routes as well as measles, tuberculosis and mumps. In what is now referred to as
“the hygiene hypothesis,” Strachan proposed that modern hygiene removed a protective
influence against atopy and asthma that was previously provided by exposure to infections
in early life. This hypothesis has been studied extensively at an epidemiological level. Ear-
ly daycare attendance, large sibship size, and hepatitis A virus (HAV) exposure correlate
strongly with protection from atopy. However, the specific molecular mechanisms by
which infection might protect against atopy are poorly understood.

TIMs identified as immune regulators in mice

Congenic dissection of a region syntenic to 5q23–35

To simplify the study of atopy and asthma, we used congenic mice to identify regions of
the mouse genome that are important in mouse models of asthma and allergy. Compared
to BALB/c mice, DBA/2 mice mount very weak Th2 responses [13], and do not develop
allergen-induced airway hyperreactivity (AHR) [14]. C.D2 congenic mice differ from each
other at single, discrete DBA/2 chromosomal segments on otherwise identical BALB/c ge-
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netic backgrounds. Therefore, C.D2 mice exhibit DBA/2 phenotypes that differ from the
BALB/c phenotypes, and detailed genetic analyses of these traits are possible because the
traits are inherited in a Mendelian fashion. One of these congenic lines, C.D2 Es-Hba, ex-
hibited DBA/2 phenotypes due to a DBA/2 region of their genome that is syntenic to hu-
man chromosome 5q23–35. Using this congenic strain, we were able to scrutinize the
genes found on human 5q23–35 in the absence of interference from genes on other chro-
mosomes, while controlling environmental and immunological conditions.

Chromosome 5q23–35 has been linked to atopy and asthma in many genome-wide link-
age studies [15], including pioneering studies by David Marsh in the early 1990s [16].
This region, however, has been extremely difficult to study because 5q23-35 spans more
than 55 megabases and encodes more than 600 genes, including the major cytokine cluster
with IL-4, IL-5, and IL-13 [17] (Fig. 1). Detailed analysis of this region by others demon-
strated, as one might expect for such a large region, that several genes in this region alone
may contribute to atopy and asthma [5, 6]. Using the congenic strain, C.D2 Es-Hba, we
mapped the T cell and Airway Phenotype Regulator (Tapr) locus to mouse chromosome
11 and human 5q33.2. Within this locus, we positionally cloned the novel TIM gene fami-
ly and identified polymorphisms in both TIM-1 and TIM-3 (Fig. 2) [14, 18].

TIM-1 determines the Tapr phenotype

Characterization of the Tapr locus revealed that TIM-1 was a strong candidate gene for
multiple reasons, including its expression patterns and its role as the only known HAV re-
ceptor [14]. TIM-1 is expressed in CD4+ T cells, which play a critical role in the regulation
of AHR and in the pathogenesis of asthma, and TIM-1 transcription occurs during primary
antigen stimulation, a period of time that is crucial in influencing T cell differentiation and

Fig. 1 Identification of the TIM genes in the Tapr region of 5q33. 5q23–35 is a large, 50–60-megabase
(Mb) region of human chromosome 5 with multiple susceptibility genes for atopy. Positional cloning in a
congenic mouse model narrowed the Tapr region to the 4-Mb region of 5q33. With identification of multi-
ple polymorphisms in the TIM genes, the region of interest was further refined to less than 0.2 Mb. Singa-
porean and Japanese studies have found that atopy is very strongly linked to the Tapr region (LOD 6.8 and
4.5, respectively) at D5S412 (*) and D5S820 (**)
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commitment to Th2 cytokine production and the development of AHR [14]. This expres-
sion pattern distinguishes TIM-1 from another potential candidate gene in this region,
TIM-3, because TIM-3 is only known to be expressed by mature Th1 cells, which are in-
volved more directly in the pathogenesis of autoimmune diseases than atopic diseases
[19]. Not only is TIM-1 expressed by T cells that produce atopic and asthma phenotypes,
it also has a potential functional connection to current epidemiological trends in atopy and
asthma. The human homologue of TIM-1 serves as a receptor for HAV, a pathogen associ-
ated with poor hygiene and inversely associated with risk of atopy. We proposed that
HAV might interact with TIM-1 on T cells, reduce Th2 cell differentiation, and thereby
diminish the likelihood of developing asthma and other atopic diseases. Our hypothesis
suggested that CD4 T cells and TIM-1 might mediate the known protective effect of prior
infection with hepatitis A on the development of atopy.

Our recent discovery that polymorphisms in the TIM-1 gene protect humans against
atopic disease in an HAV-dependent manner substantiates this hypothesis and demon-
strates the power of congenic mouse models to identify individual genetic elements of
complex diseases. In a broad cross-sectional association study, we demonstrated that HAV
exposure protects individuals with certain TIM-1 genotypes from developing atopy, due to
interaction between TIM-1 alleles and HAV. Because the incidence of hepatitis A infec-
tion is greatly reduced in industrialized countries, and since the “protective” allele of
TIM-1 is very common, our findings may explain in part the large increase in asthma prev-
alence over the past two decades in these countries, and may thus provide the first molecu-
lar genetic explanation for the hygiene hypothesis.

Fig. 2 Polymorphisms in TIM-1
and TIM-3. TIM-1 and TIM-3
have similar polymorphisms in
mice and humans. TIM-3 has
amino acid substitutions in the
IgV domain. TIM-1 has inser-
tion/deletion variants in the mu-
cin domain, in addition to other
amino acid substitutions in the
mucin domain and the signal
peptide
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Immunological roles of the TIM family receptors

The TIM family consists of four to eight genes on mouse chromosome 11B1.1 and three
syntenic genes on human chromosome 5q33.2 [14]. The three human TIM genes, TIM-1,
TIM-3, and TIM-4 are homologues of mouse Tim1, Tim3 and Tim4, while mouse Tim2 is
an orthologue of TIM-1, apparently arising from gene duplication in the TIM region of
mouse chromosome 11 [14, 20]. Mouse and human TIM-family members each encode an
immunoglobulin V domain, a mucin-like domain, a transmembrane helix, and cytoplasmic
tail [20]. TIM-1, TIM-2 and TIM-3 each contain a predicted intracellular tyrosine phos-
phorylation motif. The intracellular tyrosine-kinase phosphorylation motif of TIM-2,
EDQVYIIED, is tyrosine phosphorylated after T cell activation, indicating that TIM-2 is a
functional receptor that transduces signals through the phosphorylated tyrosine residue
[21]. Mouse and human TIM-1 proteins have very similar phosphorylation motifs, ED-
NIYIVED and EDNIYIENN, respectively, and TIM-1 is therefore likely to be phosphory-
lated similarly. TIM-4, which lacks this motif entirely, may inhibit the subsequent effects
of TIM-1 or TIM-2 phosphorylation, as is commonly seen in families of membrane pro-
teins with motifs that have opposing roles, such as ITIM versus ITAM motifs.

The number of predicted glycosylation sites varies dramatically between the TIM fami-
ly members. Human TIM-3 has only three predicted glycosylation sites, whereas human
TIM-1 has sixty, the majority of which are O-linked glycosylation motifs located within
the mucin-like domain [14, 20]. Glycosylation may contribute significantly to the function
of TIM-1, and polymorphisms in the mucin-like domain appear to be very important in
modifying the activity of TIM-1. A very large deletion in the mouse TIM-1 mucin domain,
due to an apparent retroviral insertion at the genomic site of a mucin-encoding exon in
DBA/2 and C57Bl/6 strains (manuscript in preparation), is associated with impaired Th2
responses by CD4 T cells and reduced airway reactivity following allergen sensitization.
Conversely, a smaller deletion within exon 4 of human TIM-1 prevents HAV-mediated
protection from atopy. Therefore, the mucin domain of TIM-1 appears to play a surpris-
ingly important role in the development and course of atopic immune responses. These
polymorphisms appear to affect TIM-1-expressing T cells directly, because the TIM fami-
ly members are involved in the development and regulation of T cell responses.

We and others have shown that the TIM proteins are expressed by activated spleen cells
and T cells, and that TIM family members are important in regulation of T cell activation
[14, 19, 22]. In addition to our characterization of TIM-1 expression by T cells during Th2
differentiation, Monney et al [19] demonstrated that TIM-3 is up-regulated as CD4 T cells
differentiate into Th1 cells. TIM-3 is specifically expressed by Th1 cell lines, but not Th2
cell lines [19]. Administration of TIM-3-specific antibody to mice in an experimental au-
toimmune encephalitis (EAE) model resulted in the acceleration of a Th1-driven progres-
sion of EAE [19]. Additionally, anti-TIM-3 antibodies induced macrophage activation and
clonal T cell expansion, for which a cognate interaction between macrophage and T cell
was required [19]. These studies suggest a role for TIM-3 in regulating the activation of
macrophages by T cells.

TIM-2, like TIM-1, is expressed by mouse CD4+ T cells during T cell activation [21],
but it is not known if TIM-2 expression becomes restricted to a particular T cell subset
following T cell differentiation [22]. The ligand for TIM-2 was identified as Sema4A,
which is expressed on B cells, macrophages and dendritic cells, and is also expressed at
low levels on activated T cells [21, 22, 23]. TIM-2 also appears to modulate T cell:anti-
gen-presenting cell interactions because administration of Sema4A-Ig fusion protein in
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vivo enhanced T cell activation and clonal expansion, and resulted in increased levels of
IL-2, IL-4 and IFN-g by restimulated T cells [22]. Although Sema4A-Ig fusion protein en-
hances T cell responses, administration of anti-Sema4A during sensitization to myelin oli-
godendrocyte (MOG) peptide in EAE, suppressed the development of EAE and MOG-spe-
cific T cell responses. Importantly, the effects of Sema4A-Ig and anti-Sema4A depend on
early administration, and the effects of the Sema4A:TIM-2 interaction occur in the early
phases of antigen-specific T cell responses when TIM-1 is also expressed. Interruption of
the TIM-2:Sema4A interaction with anti-Sema4A has an opposite effect from anti-TIM-3
antibody treatment, which exacerbates the progression of EAE and increases the levels of
monocytic inflammation in affected spinal meninges and parenchyma. This difference
may be attributable to distinct effects of each antibody; one may block, while the other
may activate a pathway shared by these TIMs. Alternatively, it is interesting to consider
the possibility that different TIM family members may possess distinct ligand specificities
and/or utilize opposing signaling pathways.

TIM-1 may have a much broader role in cellular responses than TIM-3 because TIM-1
expression is not strictly T cell restricted. TIM-1, the first TIM protein to be identified,
was discovered as the cellular receptor for HAV (HAVcr-1) in African green monkeys
[24] and humans [25], and these studies demonstrated that TIM-1 transcripts were broadly
expressed in all tissues examined, including liver, small intestine, colon, spleen, kidney
and testis [25]. Subsequent studies of renal ischemia-reperfusion injury found that TIM-1,
also referred to as kidney injury molecule 1 (KIM-1), expression is up-regulated in dedif-
ferentiated proximal tubule renal epithelial cells in response to ischemic stress [26]. Dur-
ing the process of renal epithelial regeneration, metalloproteinases appear to cleave TIM-1
from cell surfaces to produce a soluble form of TIM-1 into the extracellular milieu [27].
Because the structure of TIM-1 is similar to adhesion molecules such as MadCAM-1 [26],
it is possible that TIM-1 proteins that are shed or retained at the cell surface interact with
integrins to facilitate the movement, distribution, and subsequent attachment of regenerat-
ing cells across denuded patches of basement membrane to form a replacement epithelial
surface [27]. Alternative splicing, in addition to enzymatic shedding, also produces differ-
ent forms of TIM-1 that are identical except for the C-terminal portions of their cytoplas-
mic domains, and the tissue-specific distributions of these isoforms suggest distinct roles
for TIM-1 in different tissues [27]. In epithelial cells, TIM-1 appears to participate in cell
survival and regeneration, while in T cells, TIM-1, like TIM-2, appears to contribute to T
cell activation and differentiation.

Little is known about TIM-4, other than that its expression appears relatively limited
because it has far fewer ESTs identifiable in public databases than TIM-1 [20]. Since the
extracellular domains of TIM-4 are similar to TIM-1, TIM-4 may interact with ligands
similar to those with which TIM-1 interacts. However, because the intracellular tail of
TIM-4 lacks a potential tyrosine phosphorylation site, the effects of TIM-4:ligand interac-
tion would be expected to differ from the effects of a TIM-1:ligand or TIM-3:ligand inter-
action due to the apparent role of phosphorylation in activating downstream pathways
[22].
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Genetic association between TIM-1 and atopy in humans

TIM polymorphisms in humans

TIM-1 is more highly polymorphic than other genes in the Tapr region of 5q33 [14]. The
remarkable level of TIM-1 nonsynonymous polymorphisms in monkey, mouse, and human
TIM-1 [14, 28] led us to investigate whether TIM-1 is a major asthma susceptibility gene
in the human chromosome 5q23–35 region. In previous studies of this region, most atten-
tion focused on candidate genes within the cytokine cluster, at 5q23, but conclusive identi-
fication of an asthma susceptibility gene in this region has proven elusive, and only minor
sequence polymorphisms have been found in the coding regions of these genes [5, 15, 29,
30]. In contrast, sequence variation in the Tim coding regions is significant, and reminis-
cent of other gene families that play central roles in immunology [31, 32]. In mice and hu-
mans, both TIM-1 and TIM-3 are polymorphic at the protein level. Interestingly, the loca-
tions of the TIM-1 and TIM-3 polymorphisms are similar in mice and humans (Fig. 2)
[14, 18, 33]. TIM-1 polymorphisms are primarily found in the mucin-like domain, while
TIM-3 polymorphisms have been identified only in the immunoglobulin domain [14, 18,
33], as shown in Fig 2. TIM-3 polymorphisms have not been associated with atopy or asth-
ma in humans [18].

TIM-1 alleles protect against atopy

Both mice and humans have insertion/deletion variants in the mucin-like domain of TIM-
1. Therefore, we postulated that polymorphisms in TIM-1 might alter susceptibility to ato-
py and asthma in humans, and that HAV interaction with particular TIM-1 alleles on lym-
phocytes or monocytes could modify T cells in a manner that protects against atopy [14].
By sequencing human TIM-1 and examining the association analysis between genetic
variations of TIM-1 in subjects with asthma and allergy, we discovered that allelic varia-
tion in TIM-1 does contribute to the risk of atopy, and that this association depends upon
exposure to HAV (Fig. 3). More specifically, 157insMTTTVP and 195delT are associated
with protection from atopy, but this protection is only observed in individuals exposed to
HAV.

This discovery suggests that childhood exposure to HAV once protected many individ-
uals from atopic diseases such as hay fever and asthma. However, as modern sanitation
and hygiene practices have diminished the likelihood of HAV infection, individuals with
protective TIM-1 alleles have become more susceptible to developing atopic diseases be-
cause those individuals do not benefit from the protective effects of the HAV:TIM-1 inter-
action. Decreased family sizes, reduced exposure to daycare, and improved food process-
ing standards all reduce an individual’s risk of exposure to HAV and many other infec-
tious diseases, but the positive effects of preventing such diseases appears to also have
negative consequences for such populations. One such ramification is that improvements
in hygiene may preclude the protective effects that TIM-1 157insMTTTVP and 195delT
might otherwise confer with respect to atopy. Very recent studies suggest that the increas-
ing prevalence of atopic diseases may be reaching a plateau in many populations [34], and
this observation is consistent with an HAV:TIM-1-mediated effect on atopy. As HAV ex-
posure becomes rare in a population, the prevalence of atopy would be expected to rise
only as long as the prevalence of HAV seropositivity continues to fall.
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Epidemiology of HAV exposure and atopic diseases

Prior to 1970, the seroprevalence of antibodies to HAV approached 100% in western
countries [35] (Fig. 4), and infection with HAV may have protected many individuals
against atopy [9]. In recent decades, however, modernization has been characterized by re-
ductions in the average family size and significant improvements in public health, such
that anti-HAV seroprevalence rates have fallen to 25–30%, while atopic disease preva-
lence has doubled [35]. In modern societies, HAV exposure is associated with poor hy-
giene, large family size, and attendance at daycare, and each of these factors is inversely
associated with atopy [9, 35, 36, 37, 38]. The risk factors for HAV infection very closely
mirror the factors that are correlated with the hygiene hypothesis. Our discovery of a sig-
nificant interaction between HAV and the gene encoding the cellular receptor for HAV
[25], TIM-1/HAVcr-1, demonstrates at a genetic level that interactions between specific
pathogens and the immune system may contribute to the etiology of atopic diseases.

Other susceptibility loci within 5q33

Interestingly, two independent studies have found very strong linkage between atopy and
5q33, at markers very close to TIM-1 (Fig 1), and those studies utilized transmission dis-

Fig. 3 Possible mechanisms of TIM-1:HAV effect on atopy. A 157insMTTTVP may alter an effect of
HAV on TIM-1-expressing leukocytes during Th2 activation and differentiation. B 157insMTTTVP may
alter the virus-receptor interaction at the mucin domain of TIM-1 that leads to HAV viral uncoating (HAV
hepatitis A virus)
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equilibrium testing (TdT) in populations from Singapore and Japan [39, 40]. Due to the
striking degree of linkage between atopy and the Tapr region, one might expect subse-
quent association studies to demonstrate a significant association between TIM-1 and ato-
py in these same populations. However, examination of the Japanese population demon-
strates no association between TIM-1 and atopy [18]. Based on our findings in individuals
with prior HAV exposure [33], the lack of association between 157insMTTTVP and atopy
in the Japanese population appears to be attributable to the absence of HAV exposure in
that population. Contemporaneous public health statistics suggest that the Singaporean pe-
diatric population also has little or no exposure to HAV [41] and, therefore, would not be
expected to demonstrate the protective genetic effects of TIM-1. These findings strongly
suggest that a strong susceptibility locus is located near TIM-1, and the effects of this
5q33 susceptibility gene are accentuated by removing the HAV-dependent protective in-
fluence of 157insMTTTVP. In other words, the protective genetic effects of TIM-1 may
mask the effects of a neighboring susceptibility locus, and such a locus would be most eas-
ily identified in HAV-seronegative populations. Other promising candidate genes near
TIM-1 include other TIM family members, ITK, CRSP9 (CRSP33), and ADAM-19. ITK
is known to contribute to the development of CD4 T cell subsets and to regulate Th2 cyto-
kine production [42, 43, 44]. Crsp9 is a cofactor of the transcriptional regulator Sp1 [45],
and ADAM19 is closely related to ADAM33, a metalloproteinase recently identified as a
non-atopic asthma susceptibility gene [46]. Therefore, each of these genes deserves much
closer scrutiny in studies that correct for the potential effects of TIM-1 and HAV.

Models of HAV effects through TIM-1

Because the genetic association between TIM-1 polymorphisms and atopy depend upon
HAV exposure, the relevant TIM-1 polymorphisms must impact TIM-1:HAV interactions
more significantly than the interactions between TIM-1 and its endogenous ligand(s).
Therefore, it may be instructive to consider how TIM-1 polymorphisms, especially
157insMTTTVP, affect the TIM-1:HAV interaction and alter the functional consequences

Fig. 4 HAV seroprevalence
trends. Population surveys from
several countries demonstrate the
dramatic fall in anti-HAV sero-
prevalence rates worldwide [35,
67, 68, 69, 70]. Where 1970 were
data not available, best fit regres-
sions were applied to approxi-
mate 1970 seroprevalence rates,
as previously described [35]
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of the interaction (Fig. 3). 157insMTTTVP is located at the center of an extracellular mu-
cin-like region of TIM-1, and this mucin-like domain is required for efficient HAV un-
coating prior to cell entry [47]. Like other picornaviruses, HAV binds to its cellular recep-
tor(s) before uncoating its viral genome for delivery to the cytoplasm, but the steps be-
tween viral binding and cell entry are not precisely known for HAV [47]. Current investi-
gation into this pathway demonstrates that the immunoglobulin domain of TIM-1 alone is
sufficient for viral binding [48], but viral uncoating is inefficient without additional TIM-1
components because viral uncoating does not occur in the absence of the mucin-like do-
main [47]. Since 157insMTTTVP is located in the center of the mucin-like sequence that
is required for viral entry, and because this polymorphism lengthens this critical region by
12–14%, the efficiency of viral entry may be substantially altered by this variation.

Individuals lacking a long TIM-1 allele with 157insMTTTVP do not appear to be
protected from atopy following HAV exposure. This suggests that 157insMTTTVP poten-
tiates the atopy-protective effects of HAV infection, either by altering the extent of
HAV infection or by delivering a unique signal through TIM-1 to leukocytes expressing
157insMTTTVP forms of TIM-1.

Immunological impact of HAV exposure

The genetic interaction between TIM-1 and HAV suggests possible mechanisms that may
underlie the current epidemiological trends described by the hygiene hypothesis. TIM-1 is
expressed by CD4 T cells during the activation and differentiation of Th2 responses [14].
Therefore, by binding to TIM-1, HAV may directly inhibit Th2 differentiation by imped-
ing the interaction of TIM-1 with its endogenous ligand or by cross-linking, and causing a
signal through TIM-1. Alternatively, an interaction between HAV and TIM-1 on mono-
cytes may alter macrophage differentiation and antigen presentation [49]. It is also possi-
ble that the impact of HAV exposure may depend on the duration of HAV infection, and
that polymorphisms in TIM-1 might alter the course or severity of HAV infections. The
clinical course of HAV infection is known to be highly variable, in terms of time to sero-
conversion and duration of viremia [50]. Polymorphisms in TIM-1, especially in domains
required for HAV binding, uncoating, and cell entry, may contribute to this variability,
and thereby modulate the effects of HAV on the immune system. Finally, HAV infection
of TIM-1-expressing lymphocytes may lead to selective deletion of Th2 cells, and thereby
ameliorate the effects of detrimental Th2 responses.

Thus, an interaction between HAV and TIM-1 could explain the inverse association of
HAV infection with the development of asthma and allergy [9, 51]. This hypothesis is sup-
ported by other examples of viral interactions with viral receptors that regulate helper T
cell differentiation. For example, measles virus inhibits Th1 differentiation by binding to
SLAM on CD4+ T cells and interfering with the natural pathway by which SLAM regu-
lates Th1-Th2 differentiation [52, 53, 54].

Public health implications of HAV effect on atopy

From a public health perspective, these findings raise several interesting questions. Most
importantly, it will be important to determine whether seroconversion following vaccina-
tion against HAV is as strongly associated with protection from atopy as seroconversion
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following natural HAV infection. This distinction is important because if HAV vaccina-
tion can confer a protective effect to individuals with 157insMTTTVP, then HAV vaccina-
tion might provide novel therapeutic or preventative strategies for treating individuals pre-
disposed to atopy or asthma. If HAV vaccination fails to protect, and if HAV infection is
required for the protective effects of 157insMTTTVP, then further research should seek to
develop an attenuated HAV vaccine or an HAV mimetic that could offer the protective ad-
vantages of HAV infection without the serious risks of fulminant HAV hepatitis.

New insights into the pathogenesis of hepatitis A

Our studies of TIM-1 also have significant ramifications for virologists and hepatologists
regarding the pathogenesis of HAV infection. HAV appears to have a direct effect on the
immune system, because HAV suppresses monocyte to macrophage differentiation [49].
Expression of TIM-1 in stimulated peripheral blood monocytes suggests that both CD4 T
cells and monocytes may express TIM-1 [33]. We cloned TIM-1 from T cells by stimulat-
ing mouse spleen cells with the lectin, Con A [14]. In experimental models of fulminant
hepatitis, hepatitis is induced in mice by injecting Con A into the tail vein [56], and this
type of hepatitis, like some forms of hepatitis in humans, requires the presence of CD4 T
cells [55, 56, 57]. TIM-1 expression is associated with preferential CD4 T cell expression
of IL-4, a cytokine required for the development of Con A-induced hepatitis in mice [56].
Furthermore, human hepato-splenic lymphoma mimics acute hepatitis [58]. Together,
these findings suggest that CD4 T cells or monocytes expressing TIM-1 may contribute to
the pathogenesis of acute HAV hepatitis and other forms of hepatitis.

At present, HAV is only known to replicate in the cytoplasm of hepatocytes, but in vit-
ro studies of long-term bone marrow cultures also provide evidence of HAV replication in
bone marrow cells [49]. Therefore, various leukocyte subsets should be examined to assess
the possibility that they may be infected and permit HAV viral replication outside of the
liver. Whether or not HAV actually infects T cells directly, our results demonstrate that T
cells express the cellular receptor for HAV and interact with the virus in some way. If T
cells or other peripheral blood monocytes are infected with HAV during the course of
HAV hepatitis, polymorphisms in TIM-1 or differences in TIM expression levels may con-
tribute to the significant degree of clinical variation in the severity, duration [50, 59], and
relapse of HAV hepatitis.

TIM-1 evolution and infectious disease trends

Disease susceptibility genes often evolve as a consequence of evolutionary pressure from
common infectious diseases. Data obtained in our association study demonstrate that the
TIM-1 alleles associated with protection against atopy are most common in Africans, less
in European Caucasians, and least common in Asians [33]. This trend suggests a general
evolution of TIM-1 with the human diaspora from Africa, through Europe and Asia, to the
Americas [60].

Asthma susceptibility alleles of TIM-1 may have been preserved through human evolu-
tion because they provide a protective effect, such as resistance to fulminant HAV-induced
hepatitis or resistance to autoimmune disease. This hypothesis is supported by the fact that
the HAV receptor in primates is known to be highly variable in primates susceptible to
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HAV infection [25], and mutations in the genes for cell surface molecules that serve as viral
receptors often alter susceptibility to infection [61]. For example, the chemokine receptor
mutation, DCCR5, provides resistance to HIV infection [62]. Infectious agents not only pro-
mote rapid evolution of their cellular receptors, they often also exert evolutionary pressure
on genes involved in related pathways. Hemoglobinopathies, including sickle cell anemia
and G6PD deficiency, appear to have persisted throughout human evolution because these
diseases provide heterozygous advantages that protect against malaria and have outweighed
the morbidity and mortality associated with homozygous genotypes on a population scale.

HAV itself may have exerted an evolutionary effect on TIM-1, such that mutations in
TIM-1 may have been preserved due to an ability to mitigate the sequelae of HAV infec-
tions, at the expense of increased susceptibility to atopy. Alternatively, other infectious dis-
eases may underlie the evolution of TIM-1. The 5q31–33 region of the genome has been
linked to susceptibility to various parasitic infections, such as Schistosoma mansoni [63],
Leishmania donovani [64], and Plasmodium falciparium [65, 66], and the selective survival
advantages provided by strong Th2 responses to such parasites may have selected for TIM-
1 variants that confer a higher risk of atopy and asthma in the absence of those infections.

Future directions for TIM-1 research

The roles of TIM-1 and HAV in atopic disease afford the possibility of developing thera-
peutic strategies targeted at TIM-1 to mimic the beneficial effects of HAV infection with-
out risks associated with viral hepatitis. Unlike currently available therapies for allergies
and asthma, which are only capable of treating existing disease, the effects of HAV
through TIM-1 afford the possibility of preventative and/or curative therapies.

References

1. Meyers DA, Beaty TH, Freidhoff LR, Marsh DG (1987) Inheritance of total serum IgE (basal levels)
in man. Am J Hum Genet 41:51

2. Beyer K, et al (2000) Association and linkage of atopic dermatitis with chromosome 13q12–14 and
5q31–33 markers. J Invest Dermatol 115:906

3. Hizawa N, et al (1998) Genetic influences of chromosomes 5q31-q33 and 11q13 on specific IgE re-
sponsiveness to common inhaled allergens among African American families. Collaborative Study on
the Genetics of Asthma (CSGA). J Allergy Clin Immunol 102:449

4. Ober C, Moffatt MF (2000) Contributing factors to the pathobiology. The genetics of asthma. Clin
Chest Med 21:245

5. Walley AJ, Wiltshire S, Ellis CM, Cookson WO (2001) Linkage and allelic association of chromosome
5 cytokine cluster genetic markers with atopy and asthma associated traits. Genomics 72:15

6. Ahmadi KR, et al (2003) Novel association suggests multiple independent QTLs within chromosome
5q21–33 region control variation in total humans IgE levels. Genes Immun 4:289

7. Upton MN, et al (2000) Intergenerational 20 year trends in the prevalence of asthma and hay fever in
adults: the Midspan family study surveys of parents and offspring. BMJ 321:88

8. Mannino DM, et al (1998) Surveillance for asthma—United States, 1960–1995. MMWR CDC Surveill
Summ 47:1

9. Matricardi PM, Rosmini F, Panetta V, Ferrigno L, Bonini S (2002) Hay fever and asthma in relation to
markers of infection in the United States. J Allergy Clin Immunol 110:381

10. The International Study of Asthma and Allergies in Childhood (ISAAC) Steering Committee (1998)
Worldwide variation in prevalence of symptoms of asthma, allergic rhinoconjunctivitis, and atopic ec-
zema: ISAAC. Lancet 351:1225

11. Maziak W, et al (2003) Are asthma and allergies in children and adolescents increasing? Results from
ISAAC phase I and phase III surveys in Munster, Germany. Allergy 58:572

346 Springer Semin Immun (2004) 25:335–348



12. Matricardi PM (2001) Prevalence of atopy and asthma in eastern versus western Europe: why the dif-
ference? Ann Allergy Asthma Immunol 87:24

13. Gieni RS, Fang Y, Trinchieri G, Umetsu DT, DeKruyff RH (1996) Differential production of IL-12 in
BALB/c and DBA/2 mice controls IL-4 versus IFN-gamma synthesis in primed CD4 lymphocytes. Int
Immunol 8:1511

14. McIntire JJ, et al (2001) Identification of Tapr (an airway hyperreactivity regulatory locus) and the
linked Tim gene family. Nat Immunol 2:1109

15. Hoffjan S, Ober C (2002) Present status on the genetic studies of asthma. Curr Opin Immunol 14:709
16. Marsh DG, et al (1994) Linkage analysis of IL4 and other chromosome 5q31.1 markers and total serum

immunoglobulin E concentrations. Science 264:1152
17. http://www.genome.ucsc.edu
18. Noguchi E, et al (2003) Insertion/deletion coding polymorphisms in hHAVcr-1 are not associated with

atopic asthma in the Japanese population. Genes Immun 4:170
19. Monney L, et al (2002) Th1-specific cell surface protein Tim-3 regulates macrophage activation and

severity of an autoimmune disease. Nature 415:536
20. Kuchroo VK, Umetsu DT, DeKruyff RH, Freeman GJ (2003) The TIM gene family: emerging roles in

immunity and disease. Nat Rev Immunol 3:454
21. Kikutani H, Kumanogoh A (2003) Semaphorins in interactions between T cells and antigen-presenting

cells. Nat Rev Immunol 3:159
22. Kumanogoh A, et al (2002) Class IV semaphorin Sema4A enhances T-cell activation and interacts

with Tim-2. Nature 419:629
23. Kumanogoh A, Kikutani H (2003) Immune semaphorins: a new area of semaphorin research. J Cell

Sci 116:3463
24. Kaplan G, et al (1996) Identification of a surface glycoprotein on African green monkey kidney cells

as a receptor for hepatitis A virus. EMBO J 15:4282
25. Feigelstock D, Thompson P, Mattoo P, Zhang Y, Kaplan GG (1998) The human homolog of HAVcr-1

codes for a hepatitis A virus cellular receptor. J Virol 72:6621
26. Ichimura T, et al (1998) Kidney injury molecule-1 (KIM-1), a putative epithelial cell adhesion mole-

cule containing a novel immunoglobulin domain, is up-regulated in renal cells after injury. J Biol
Chem 273:4135

27. Bailly V, et al (2002) Shedding of kidney injury molecule-1, a putative adhesion protein involved in
renal regeneration. J Biol Chem 277:39739

28. Feigelstock D, Thompson P, Mattoo P, Kaplan GG (1998) Polymorphisms of the hepatitis A virus cel-
lular receptor 1 in African green monkey kidney cells result in antigenic variants that do not react with
protective monoclonal antibody 190/4. J Virol 72:6218

29. Walley AJ, Cookson WO (1996) Investigation of an interleukin-4 promoter polymorphism for associa-
tions with asthma and atopy. J Med Genet 33:689

30. Cookson WO, Moffatt MF (2000) Genetics of asthma and allergic disease. Hum Mol Genet 9:2359
31. Trowsdale J, et al (2001) The genomic context of natural killer receptor extended gene families. Immu-

nol Rev 181:20
32. Trowsdale J (2001) Genetic and functional relationships between MHC and NK receptor genes. Immu-

nity 15:363
33. McIntire JJ, et al (2003) TIM-1 links hepatitis A virus with atopy: association of TIM-1 with atopy.

Nature 425:576
34. Matricardi PM, Bouygue GR, Tripodi S (2002) Inner-city asthma and the hygiene hypothesis. Ann Al-

lergy Asthma Immunol 89:69
35. Bach JF (2002) The effect of infections on susceptibility to autoimmune and allergic diseases. N Engl

J Med 347:911
36. Matricardi PM, et al (1997) Cross sectional retrospective study of prevalence of atopy among Italian

military students with antibodies against hepatitis A virus. BMJ 314:999
37. Strachan DP (1989) Hay fever, hygiene, and household size. BMJ 299:1259
38. Kramer U, Heinrich J, Wjst M, Wichmann HE (1999) Age of entry to day nursery and allergy in later

childhood. Lancet 353:450
39. Shek LP, Tay AH, Chew FT, Goh DL, Lee BW (2001) Genetic susceptibility to asthma and atopy

among Chinese in Singapore—linkage to markers on chromosome 5q31–33. Allergy 56:749
40. Yokouchi Y, et al (2000) Significant evidence for linkage of mite-sensitive childhood asthma to chro-

mosome 5q31-q33 near the interleukin 12 B locus by a genome-wide search in Japanese families. Ge-
nomics 66:152

41. Fock KM, et al (1995) Seroprevalence of antibodies against hepatitis A (anti-HAV) in Singapore: the
NFDD experience. Singapore Med J 36:26

Springer Semin Immun (2004) 25:335–348 347



42. Yang WC, Olive D (1999) Tec kinase is involved in transcriptional regulation of IL-2 and IL-4 in the
CD28 pathway. Eur J Immunol 29:1842

43. Schaeffer EM, et al (2001) Mutation of Tec family kinases alters T helper cell differentiation. Nat Im-
munol 2:1183

44. Fowell DJ, et al (1999) Impaired NFATc translocation and failure of Th2 development in Itk-deficient
CD4+ T cells. Immunity 11:399

45. Ryu S, Zhou S, Ladurner AG, Tjian R (1999) The transcriptional cofactor complex CRSP is required
for activity of the enhancer-binding protein Sp1. Nature 397:446

46. Van Eerdewegh P, et al (2002) Association of the ADAM33 gene with asthma and bronchial hyperre-
sponsiveness. Nature 418:426

47. Silberstein E, et al (2003) Alteration of HAV particles by a soluble form of the hepatitis A virus cellu-
lar receptor 1 containing the immunoglobulin- and mucin-like regions. J Virol 77:8765

48. Thompson P, Lu J, Kaplan GG (1998) The Cys-rich region of hepatitis A virus cellular receptor 1 is
required for binding of hepatitis A virus and protective monoclonal antibody 190/4. J Virol 72:3751

49. Wunschmann S, Becker B, Vallbracht A (2002) Hepatitis A virus suppresses monocyte-to-macrophage
maturation in vitro. J Virol 76:4350

50. Bower WA, Nainan OV, Han X, Margolis HS (2000) Duration of viremia in hepatitis A virus infec-
tion. J Infect Dis 182:12

51. Matricardi PM, et al (1994) Incidence of hepatitis A virus infection among an Italian military popula-
tion. Infection 22:51

52. Tatsuo H, Ono N, Tanaka K, Yanagi Y (2000) SLAM (CDw150) is a cellular receptor for measles vi-
rus. Nature 406:893

53. Tatsuo H, Ono N, Yanagi Y (2001) Morbilliviruses use signaling lymphocyte activation molecules
(CD150) as cellular receptors. J Virol 75:5842

54. Wu C, et al (2001) SAP controls T cell responses to virus and terminal differentiation of TH2 cells.
Nat Immunol 2:410

55. Tiegs G, Hentschel J, Wendel A (1992) A T cell-dependent experimental liver injury in mice inducible
by concanavalin A. J Clin Invest 90:196

56. Toyabe S, et al (1997) Requirement of IL-4 and liver NK1+ T cells for concanavalin A-induced hepatic
injury in mice. J Immunol 159:1537

57. Rudner LA, et al (2003) Necroinflammatory liver disease in BALB/c background, TGF-beta 1-defi-
cient mice requires CD4+ T cells. J Immunol 170:4785

58. Perfetto F, et al (2003) Hepato-splenic lymphoma: a rare entity mimicking acute hepatitis: a case re-
port. World J Gastroenterol 9:1381

59. Costa-Mattioli M, et al (2002) Quantification and duration of viraemia during hepatitis A infection as
determined by real-time RT-PCR. J Viral Hepat 9:101

60. Cavalli-Sforza LL, Cavalli-Sforza F (1995) The great human diasporas : the history of diversity and
evolution. Addison-Wesley, Reading

61. Schneider-Schaulies J (2000) Cellular receptors for viruses: links to tropism and pathogenesis. J Gen
Virol 81:1413

62. Samson M, et al (1996) Resistance to HIV-1 infection in caucasian individuals bearing mutant alleles
of the CCR-5 chemokine receptor gene. Nature 382:722

63. Marquet S, et al (1996) Genetic localization of a locus controlling the intensity of infection by Schisto-
soma mansoni on chromosome 5q31-q33. Nat Genet 14:181

64. Mohamed HS, et al (2003) Genetic susceptibility to visceral leishmaniasis in the Sudan: linkage and
association with IL4 and IFNGR1. Genes Immun 4:351

65. Garcia A, et al (1998) Linkage analysis of blood Plasmodium falciparum levels: interest of the 5q31-
q33 chromosome region. Am J Trop Med Hyg 58:705

66. Flori L, et al (2003) Linkage and association between Plasmodium falciparum blood infection levels
and chromosome 5q31-q33. Genes Immun 4:265

67. Armstrong GL, Bell BP (2002) Hepatitis A virus infections in the United States: model-based esti-
mates and implications for childhood immunization. Pediatrics 109:839

68. Chatchatee P, Chongsrisawat V, Theamboonlers A, Poovorawan Y (2002) Declining hepatitis A sero-
prevalence among medical students in Bangkok, Thailand, 1981–2001. Asian Pac J Allergy Immunol
20:53

69. Fujisawa T, Kumagai T, Akamatsu T, Kiyosawa K, Matsunaga Y (1999) Changes in seroepidemiolog-
ical pattern of Helicobacter pylori and hepatitis A virus over the last 20 years in Japan. Am J Gastroen-
terol 94:2094

70. Joussemet M, et al (1999) [Fall in the seroprevalence of hepatitis A in French youth]. Gastroenterol
Clin Biol 23:447

348 Springer Semin Immun (2004) 25:335–348




