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During infection with the hepatitis A virus (HAV), most patients develop mild or asymptomatic disease. How-
ever, a small number of patients develop serious, life-threatening hepatitis. We investigated this variability in 
disease severity by examining 30 Argentinean patients with HAV-induced acute liver failure in a case-control, 
cross-sectional, observational study. We found that HAV-induced severe liver disease was associated with a 
6-amino-acid insertion in TIM1/HAVCR1 (157insMTTTVP), the gene encoding the HAV receptor. This poly-
morphism was previously shown to be associated with protection against asthma and allergic diseases and 
with HIV progression. In binding assays, the TIM-1 protein containing the 157insMTTTVP insertion poly-
morphism bound HAV more efficiently. When expressed by human natural killer T (NKT) cells, this long 
form resulted in greater NKT cell cytolytic activity against HAV-infected liver cells, compared with the shorter 
TIM-1 protein without the polymorphism. To our knowledge, the 157insMTTTVP polymorphism in TIM1 is 
the first genetic susceptibility factor shown to predispose to HAV-induced acute liver failure. Furthermore, 
these results suggest that HAV infection has driven the natural selection of shorter forms of the TIM-1 pro-
tein, which binds HAV less efficiently, thereby protecting against severe HAV-induced disease, but which may 
predispose toward inflammation associated with asthma and allergy.

Introduction
Hepatitis A virus (HAV) infection, one of the most common viral 
infections in humans, affects approximately 10 million people 
annually worldwide. HAV, a single-stranded RNA picornavirus, is 
transmitted by the fecal-oral route in contaminated food or drink-
ing water and is endemic in many countries, particularly those with 
poor sanitation. Prior to 1960, HAV infected nearly every person 
in the world, and the seroprevalence of antibodies against HAV 
approached 100% in all parts of the globe (1). However, improved 
hygiene and vaccination have reduced the infection rate in most 
Western countries to approximately 5%–10%. Nevertheless, in 
developing countries, HAV infection remains widespread and is 
generally contracted in early childhood. Most children infected 
with HAV develop mild or asymptomatic disease. A small num-
ber of children develop self-limited liver inflammation character-
ized by jaundice, liver enzyme elevation, fatigue, abdominal pain, 
and diarrhea. Very rarely, HAV infection can evolve into acute liver 
failure. In most developing countries, HAV infection remains 
the major cause of acute liver failure and liver transplantation in 
pediatric patients (2–4), although improvements in hygiene and 
the introduction of HAV vaccination have significantly reduced 

the incidence of HAV infection and HAV-associated liver failure. 
The reasons for the wide range in the severity of HAV infection are 
not understood but have been thought to be associated with viral 
virulence factors (5, 6), although this is controversial (6); with the 
age of the patient, with older individuals developing more severe 
disease; or with coinfection with other hepatitis viruses.

Although genetic susceptibility factors predisposing to severe 
forms of HAV-induced hepatitis have not been previously 
described, it is possible that the variability in HAV disease severity 
might be regulated by polymorphisms in the gene encoding the 
receptor for HAV, HAVCR1, also known as TIM1 (7), a member of 
the TIM (T cell, immunoglobulin, and mucin domain) gene fam-
ily. The TIM gene family was positionally cloned from within the 
Tapr (T cell and airway phenotype regulator) locus and consists 
of a family of novel genes encoding type 1 transmembrane glyco-
proteins with a conserved structure (8), which includes an immu-
noglobulin (IgV) domain and a mucin domain, and its members 
(TIM-1, TIM-3, and TIM-4) serve as receptors for phosphatidyl-
serine (PtdSer) (9–12). TIM1, the first identified member of this 
TIM family, is expressed in hepatocytes and lymphoid cells, and 
its gene product, TIM-1, has been found to be an important T cell 
costimulatory molecule that regulates the activation of, and the 
induction of tolerance in, T cells (13, 14).

Analysis of the sequence of TIM1 has demonstrated a high degree 
of polymorphisms within exon 4 of the human (and mouse) TIM1 
gene (15, 16). These polymorphisms include nonsynonymous 
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substitutions and insertion/deletion variants that occur much 
more frequently than synonymous substitutions. Furthermore, a 
6-amino-acid insertion in TIM-1 encoded by polymorphisms in 
exon 4 has been associated in a number of studies with allergic 
diseases (15, 17, 18) and with progression to AIDS in HIV-infected 
patients (19). Since TIM1 encodes the receptor of HAV, the high 
degree of polymorphisms in exon 4 suggests that natural selection 
by infection with HAV might have driven the development of these 
polymorphisms (16). To examine this issue, we performed an epi-
demiological study with a population of children with severe HAV 
infection and found that the severity of HAV-induced liver disease 
is indeed associated with exon 4 polymorphisms in TIM1.

Results
A polymorphic variant of TIM1 is associated with increased risk for 
the development of severe hepatitis. We examined 30 Argentinean 
patients with HAV-induced acute liver failure and 102 healthy 
case controls (Argentinean blood donors with a past history of 
mild or asymptomatic HAV infection and positive IgG, negative 
IgM anti-HAV serology) in a case-control, cross-sectional, obser-
vational study. The population in Argentina is genetically het-
erogeneous, with a predominantly European ethnic background 
(mainly Spanish and Italian) and with low levels of Amerindian 
and African admixture. Different geographic areas in the coun-
try, as well as urban/rural populations, have differences in the 
percentage of European, Amerindian, and African admixtures, 
and therefore the cases and controls in our study were matched 
with regard to birthplace and urban/rural distribution (20). 
The 30 patients in our study had severe liver insufficiency due 
to HAV infection and were diagnosed with positive IgM anti-
HAV serology, without evidence of other causes of acute liver 
failure. Although the HAV was genotyped in only a few of our 
patients, the HAV genotype in this region has been shown to be 
uniformly group IA (6). These patients and the 102 healthy case 
controls were genotyped for TIM1 by bidirectional sequencing 
of the highly polymorphic exon 4 (mucin domain) of TIM1. We 
focused on the 157insMTTTVP insertion in exon 4 of TIM1, since 
it has previously been associated with allergic diseases and HIV 
infection (17–19) and has been hypothesized to be the target of 
natural selection (16). In our total population, 7% of the indi-
viduals were homozygous for the long form of TIM1 (encoding 
TIM-1, containing the 6-amino-acid 157insMTTTVP insertion), 
46% were heterozygous, and 47% were homozygous for the short-
form TIM1 (encoding TIM-1, without insertion), consistent with 
the frequencies observed in other studies (15, 16) and in Hardy-
Weinberg equilibrium. Table 1 shows that having one or two cop-
ies of the long form of TIM1 was associated with a greater risk of 
developing severe HAV-induced liver failure (P = 0.037, χ2 test). 

On the other hand, having the short form of TIM1, which is the 
evolutionarily newer form of TIM1, was associated with protec-
tion against severe HAV-induced liver disease.

TIM1 polymorphisms affect binding of HAV. We examined possible 
mechanisms by which TIM1 might regulate the severity of HAV-
induced hepatitis, including the binding of HAV to TIM-1. HAV 
binds specifically to the IgV domain of TIM-1, but the presence 
of the mucin domain of TIM-1 is required to uncoat the viral 
genome, a step that is essential for HAV infectivity (21). To deter-
mine whether the length of the TIM-1 mucin domain (contain-
ing the 157insMTTTVP insertion polymorphism) affected the 
ability of HAV to infect cells, we examined neutralization of HAV 
with soluble receptor to assess the HAV-binding function of sev-
eral TIM-1–Fc fusion protein constructs containing the entire IgV 
domain of TIM-1 and different lengths of the mucin domain: (a) 
IgV domain plus the first 19 residues of the mucin domain (TIM-1 
[1–145]–Fc); (b) IgV domain plus the first 42 residues of the mucin 
domain (TIM-1[1–173]–Fc) without the 157insMTTTVP insertion; 
(c) IgV domain plus mucin domain (TIM-1[1–296]–Fc) without the 
157insMTTTVP insertion polymorphism (short form of TIM-1); 
and (d) IgV domain plus mucin domain with the 157insMTTTVP 
polymorphism (long form of TIM-1) (Figure 1A). As a negative 
control, we used an Fc fusion protein containing the extracellular 
domain of the poliovirus receptor PVR (PVR-Fc), which does not 
interact with HAV (21). As shown in Figure 1B, the fusion protein 
containing the TIM-1 IgV domain with only 19 amino acids of the 
mucin domain (TIM-1[1–145]–Fc) did not neutralize HAV (same 
50% tissue culture infective dose [TCID50] HAV titer as with the 
PVR-Fc control). In contrast, the fusion proteins with the entire 
mucin domain greatly enhanced HAV neutralization, with the 
long TIM-1–Fc having the greatest neutralization effect, a full log 
greater activity than that of the short TIM-1–Fc. These data indi-
cated that the length of the TIM-1 mucin domain significantly 
affected the binding of HAV, and that the long allele of TIM-1 con-
taining the 157insMTTTVP insertion polymorphism was a more 
effective receptor for HAV than the short allele.

HAV activates natural killer T cells through TIM-1. Since HAV infec-
tion does not itself cause major cytopathological effects in hepatic 
cells, the liver injury that occurs during HAV infection is pre-
sumed to result from an immune response to the virus. MHC class 
I–restricted CD8+ T lymphocytes that infiltrate the liver have been 
suggested to cause this liver injury (22). However, peripheral blood 
anti-HAV CD8+ CTLs peak late in infection, 2–3 weeks after onset 
of symptoms (23), suggesting that cells of the innate immune 
system play more important roles in controlling the disease. For 
example, natural killer T (NKT) cells, which are present in high 
numbers in the liver (24, 25), have been thought to play a major 
role in the pathophysiology of several forms of hepatitis, although 

Table 1
Distribution of allelic and genotypic frequency for TIM1 polymorphism in Argentinian population

	 	 Allele frequency (%)	 Genotype frequency (%)
	 n	 Long form	 Short form	 Homozygous long	 Heterozygous	 Homozygous short
Patients	 30	 22 (37)	 38 (63)	 1 (3)	 20 (67)	 9 (30)
Case controls	 102	 57 (28)	 147 (72)	 8 (8)	 41 (40)	 53 (52)

Thirty patients with severe HAV-induced liver failure were studied along with 102 case control subjects with mild or asymptomatic HAV infection. Patients 
with severe liver disease from HAV infection had an increased frequency of the insertion allele of TIM-1 (long form) compared with case controls (P = 0.037, 
χ2 test with 2 × 3 contingency table).
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the specific mechanisms by which this occurs is poorly understood 
(26). Therefore, we hypothesized that NKT cells might be activated 
by HAV infection and cause liver injury.

Since TIM-1 is a well-known receptor for HAV, we examined 
TIM-1 expression on NKT cells. NKT cells constitutively expressed 
TIM-1, as shown by flow cytometric analysis of peripheral blood 
NKT cells or primary NKT cell lines using a TIM-1–specific mAb 
(Figure 2A), consistent with studies of murine NKT cells (27, 28). 
Although human CD4+ T cells also expressed TIM-1 (data not 
shown), the level of expression of TIM-1 by NKT cells was consider-
ably higher. In addition, we found that the primary NKT cell lines 
lysed HAV-infected but not uninfected hepatoma cells (Figure 2B), 
presumably by recognizing HAV on the surface of the infected cell, 
since infected but not uninfected cells expressed HAV particles at 
the cell surface, as determined by a cell surface ELISA (Figure 2C). 
Importantly, analysis of a panel of NKT cell lines showed that the 
NKT cell lines homozygous for the long form of TIM1 had greater 
cytotoxic activity for the HAV-infected hepatoma cells than did the 
NKT cell lines homozygous for the short form of TIM1 (Figure 2B). 
The cytotoxicity of NKT cell lines from donors heterozygous for 
TIM1 was less than that of homozygous long-form lines, but greater 
than that of homozygous short-form lines (Figure 2B). However, the 
mean fluorescence intensity of TIM-1 expression on the NKT cell 
lines from donors with long and short forms of TIM-1 did not differ 
(data not shown). Taken together, these results suggest that NKT 
cells having the long form of TIM1 can be activated by HAV more 
efficiently, and as a result cause severe HAV-induced liver damage.

Activation of NKT cells by HAV is TIM-1 dependent. We confirmed that 
the activation of the NKT cells by HAV was TIM-1 dependent. First, the 
cytolytic activity of the NKT cells was TIM-1 specific, since only HAV-
infected and not uninfected hepatoma cells were lysed (Figure 3A).  

Second, addition of a blocking anti–TIM-1 mAb (1D12) to cultures 
of NKT cells and HAV-infected hepatoma cells blocked the killing of 
HAV-infected hepatoma cells. Furthermore, the production of sever-
al cytokines (IL-4, IFN-γ, and granzyme B, which likely mediated the 
cytotoxic activity against the HAV-infected liver cells) was increased 
in the NKT cells cultured with HAV-infected hepatoma cells, and this 
production was blocked by the anti–TIM-1 mAb (Figure 3B). Note 
that while the NKT cells became activated by HAV, the NKT cells 
were not productively infected, since HAV did not grow in the NKT 
cell lines (data not shown). Taken together, these results strongly 
suggest that the recognition of HAV by the NKT cells through TIM-1  
was directly responsible for NKT cell activation.

Discussion
The results of these studies together help to explain the variability 
in the severity of HAV-induced liver disease, which ranges from 
very mild, often asymptomatic disease to fulminant hepatic fail-
ure. We studied a population of children in Argentina with severe 
HAV-induced liver disease and found that the 157insMTTTVP 
polymorphism (the long form) of TIM1 was associated with severe 
infection. The association of TIM1, which encodes the receptor for 
HAV, with severe HAV-induced liver disease may be explained in 
part by the fact that the long form of TIM-1 binds HAV more effi-
ciently than the short form of TIM-1 and by the observation that 
NKT cells expressing the long form of TIM-1 were more cytotoxic 
for HAV-infected liver cells. These results strongly suggest that 
genetic variation in TIM1 underlies at least a part of the variability 
in the severity of HAV-induced hepatitis.

In almost all infections in humans, there is considerable inter-
individual phenotypic variability in the severity of the infection 
(29). There are a number of genetic explanations for this type of 

Figure 1
TIM1 polymorphisms affect HAV binding and uncoating. (A) The TIM-1–Fc fusion protein constructs used. Soluble TIM-1 fusion protein con-
structs containing the TIM-1 IgV domain and different lengths of the mucin domain were generated. The constructs contained the TIM-1 IgV 
domain and (a) the first 19 residues of the mucin domain (TIM-1[1–145]–Fc); (b) the first 42 residues of the mucin domain without the 157ins-
MTTTVP insertion polymorphism (TIM-1[1–173]–Fc); (c) the entire mucin allele without the 157insMTTTVP insertion polymorphism (Short 
TIM-1–Fc); and (d) the entire mucin allele containing the 6-amino-acid insertion polymorphism (157insMTTTVP) (Long TIM-1–Fc). A Fc fusion 
protein containing the extracellular domain of the poliovirus receptor (PVR-Fc) with 3 Ig-like domains (V1, C1, and C2) was used as a negative 
control. (B) The long form of TIM-1 binds HAV more effectively than the shorter form. HAV was treated with the purified soluble fusion proteins 
described in A, which resulted in HAV neutralization. Residual HAV infectivity was determined by end-point ELISA titration assay in African green 
monkey kidney cells, and expressed as log10 of TCID50 ± SD (***P < 0.001 [ANOVA]). Lower infectivity indicates more effective binding of HAV 
to the designated TIM-1 form.
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variability in disease severity. First, the immune response to the 
infection might be analogous to a complex trait, in which disease 
is affected by environmental factors (e.g., differences in the virus or 
viral load) interacting with multiple genes that are polymorphic, 
each contributing modestly to disease severity (one type of infec-
tion, multiple genes). In other cases, variability in disease severity 
may be due to variation in genes associated with immunodeficien-
cy (e.g., IL-12/IL-23/IFN-γ family genes, including IL12B, IL12RB1, 
IFNGR1, IFNGR2, STAT1, NEMO, or TYK2), resulting in suscepti-
bility to several specific types of infections, such as mycobacterial 
disease (one gene, few types of infections) (30). In still other cases, 
variation in a specific gene may confer variability in disease sever-
ity to a single commonly occurring infectious disease (one gene, 
one type of infection). For example, variations in the chemokine 
receptor CCR5 gene, which encodes a coreceptor for HIV, are asso-
ciated with resistance to HIV infection (31); variations in the FUT2 
gene, which encodes a receptor for noroviruses (causative agent 
for epidemic acute gastroenteritis), afford resistance to norovirus 
infection (32); and mutations in UNC-93B are associated with 
severe or recurrent herpes simplex virus meningoencephalitis (33). 
These studies of infectious diseases from a genetic point of view 
offer critical insight into the biological processes of infection and 
immunity and suggest that regulation of the severity of infection, 
particularly in children, is often due to genetic variation (29).

Just as mutations in many viral receptors affect the severity of the 
infection (31–34), we found that polymorphisms in TIM1, which 
encodes the receptor used by HAV to infect human cells, affects the 
severity of HAV-induced hepatitis. The majority of the polymor-
phisms in TIM1 are located in exon 4, which encodes a large part 
of the mucin domain of TIM-1 that is required for HAV uncoating 
(21), a required step leading to infectivity. Moreover, we showed 

that the long form of TIM-1 binds HAV more efficiently than the 
short form of TIM-1, and that NKT cells expressing the long form 
of TIM-1 had greater cytotoxicity for HAV-infected cells, suggest-
ing that HAV might induce more vigorous immune responses and 
greater liver injury in individuals with the long form of TIM-1. 
Importantly, our observation that the long form of TIM1, the evo-
lutionarily ancestral form, is overrepresented among children with 
liver failure suggests that the extensive polymorphisms in exon 4 
of TIM1 gene have been driven by natural selection, as has been 
previously suggested (16). Thus, we believe that HAV has favored 
the natural selection of shorter TIM1 alleles, which may reduce the 
severity of HAV-induced hepatitis.

Since HAV does not by itself cause cytopathic effects in hepatic 
cells, liver injury in HAV infection is presumed to result from 
an immune response to viral antigens. Previous clinical obser-
vations that patients with greater degrees of HAV-induced liver 
failure have lower levels of HAV viremia (6, 35) support this idea. 
Furthermore, our studies now provide mechanistic evidence 
that an innate immune response against HAV-infected cells may 
also contribute to the hepatic injury. We showed that TIM-1 is 
constitutively expressed by NKT cells, which are present in high 
numbers in the liver, patrolling for pathogens in this important 
filtration organ (24, 25), and which are required for liver injury in 
several murine models of hepatitis (36). We suggest that follow-
ing the initiation of HAV infection of hepatocytes, cytotoxic NKT 
cells recognize HAV on the surface of the hepatocyte, via TIM-1,  
and injure the HAV-infected hepatocyte. Furthermore, NKT 
cells homozygous for the long form of TIM-1 expressed greater 
cytotoxic activity against HAV-infected liver cells than NKT cells 
homozygous for the short form of TIM-1, suggesting that the 
degree of hepatocyte injury during HAV infection is modulated by 

Figure 2
HAV induces the activation of NKT cells. (A) NKT cells constitutively express TIM-1. NKT cells were identified by flow cytometry by gating on 
6B11+CD3+ NKT cells in total PBMCs (upper panels) or in an NKT cell line (lower panels). TIM-1 expression was then analyzed on gated NKT 
cells (right panels). The numbers in the dot plot represent the percentage of NKT cells after gating on lymphocytes. Shaded histogram represents 
background staining with isotype control (mIgG1). (B) NKT cells are cytotoxic for HAV-infected hepatoma cells. Naive or HAV-infected hepatoma 
cells were cocultured with NKT cell lines from different donors (black: homozygous short form of TIM-1 [n = 6], light gray: heterozygous form of 
TIM-1 [n = 10], and white: homozygous long form of TIM-1 [n = 2]). AST levels of noninfected and HAV-infected hepatoma cells cultured alone 
are shown. After 48 hours, culture supernatants were analyzed for AST level. Greater AST indicates greater hepatoma cell lysis. Data are given 
as mean ± SEM; *P < 0.05, ***P < 0.001 (ANOVA). (C) WT HAV is found at the cell surface of HAV-infected hepatoma cells. Human hepatoma 
Huh7-A-I cells were infected with WT HAV (HAV-infected) or mock infected (Naive) and examined with a cell surface ELISA using an anti-HAV 
mAb, detected with peroxidase-labeled anti-IgG. Absorbance at 450 nm was determined in an ELISA plate reader, and the mean absorbance 
of duplicate wells ± SD was plotted versus the anti-HAV mAb concentration (***P < 0.001 [ANOVA]). The assay was performed twice, and the 
data represent 1 experiment.
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Figure 3
Activation of NKT cells by HAV is TIM-1 dependent. (A) Anti–TIM-1 mAb blocks the cytotoxicity of NKT cells. NKT cells were incubated 
with anti–TIM-1 Ab (1D12), which blocks the interaction of TIM-1 with HAV for 1 hour, and then cocultured with naive or HAV-infected 
hepatoma cells. AST levels were measured using culture supernatant as in Figure 2B. The boundaries of boxes represent the lower and 
upper quartiles; the lines within the boxes represent the median; and the whiskers represent the lowest and highest value. ***P < 0.001  
(ANOVA). (B) NKT cells produce cytokines in a TIM-1–dependent manner. The NKT cell lines were cocultured with HAV-infected or naive 
hepatoma cells, and HAV–TIM-1 interaction was blocked by anti–TIM-1 mAb (1D12). Intracellular IL-4, IFN-γ, and granzyme B from NKT 
cells were analyzed. The numbers shown in each dot plot represent the percentage of cytokine-producing NKT cells (within the box). The 
data in the dot plots are also shown as histograms, where the shaded histogram represents background cytokine production; the red his-
togram represents cytokine production induced with HAV-infected hepatoma cells; and the blue histogram represents cytokine produc-
tion after culture with HAV-infected hepatoma cells and with anti–TIM-1 mAb. The data from 4–8 experiments are plotted in the bar 
graphs (mean ± SEM), as the percent increase in cytokine production compared with cytokine from NKT cells with naive hepatoma cells.  
*P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA).
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the polymorphic variant of TIM-1 expressed by the NKT cell. It is 
unlikely that TIM1 polymorphisms affect the capacity of HAV to 
infect hepatocytes, since HAV could infect cells transfected with 
either form of TIM1 with equal efficiency (data not shown), and 
since prior to 1960 essentially all individuals worldwide, regard-
less of the TIM1 allele, were infected by HAV. However, additional 
studies with NKT cells from a greater number of individuals 
expressing homozygous short and long versions of TIM-1 will be 
required to confirm our finding.

The insertion polymorphism in exon 4 of TIM1 is associated 
not only with severe HAV-induced acute liver failure as shown 
in this study, but also with disease progression in HIV infection 
(19) and with protection against asthma and allergy (15). The 
reasons for the association between TIM1 and HIV are not clear, 
but are not likely to be related to direct NKT cell activation by the 
HIV. The relationship among HAV, allergy, and TIM1 was sug-
gested by previous epidemiological observations showing that 
HAV infection protected against the development of asthma and 
allergy (37–39). Thus, HAV is one of the few specific infectious 
agents that can explain the hygiene hypothesis. The association 
of TIM1 both with severe HAV-induced hepatitis and with protec-
tion from atopy therefore suggests that the specific mechanisms 
by which TIM-1 regulates the severity of HAV-induced disease are 
related to those that protect against asthma and allergy and to 
those that connect HAV with the hygiene hypothesis. For exam-
ple, NKT cells, a component of innate immunity, might medi-
ate these relationships, in a process whereby greater activation 
of NKT cells by HAV through TIM-1 might trigger the hepatic 
injury that occurs with HAV infection and also result in greater 
protection against asthma and allergy. An important regulatory 
role for NKT cells in asthma has already been proposed, based 
on studies in mice, monkeys, and humans (40, 41). The mecha-
nisms by which HAV-activated NKT cells might dampen chronic 
inflammation might be similar to those suggested by studies of 
lymphocytic choriomeningitis virus (LCMV) in a model of type 1 
diabetes, in which NKT cells activated by LCMV prevented sub-
sequent pancreatic β cell destruction (42), or to those suggested 
by studies of IL-4–producing NKT cells that induced Tregs in the 
prevention of graft-versus-host disease (43). On the other hand, 
HAV may directly costimulate the activation of Tregs, which 
express TIM-1 (44). Alternatively, since recent studies indicate 
that TIM-1 is a receptor for PtdSer and can mediate phagocy-
tosis of apoptotic cells (9–12), a process that is critical for the 
development of tolerance (45), it is possible that HAV and TIM-1 
might regulate immunity and tolerance by affecting the engulf-
ment of apoptotic cells. In any case, we believe that further study 
of TIM-1 and the immune system will lead to greater insight into 
how HAV might protect against atopic diseases, thus explaining 
the hygiene hypothesis, and how infections in general regulate 
chronic inflammatory diseases.

In summary, our studies of the epidemiology of TIM-1 and HAV 
infection in humans demonstrated that in addition to their associ-
ation with protection against asthma and allergy, polymorphisms 
in TIM1 are associated with the severity of HAV-induced hepatitis. 
Based on these results, we suggest that HAV has provided the selec-
tive pressure for the exceptional degree of polymorphisms found 
in TIM1. In addition, we propose a pathophysiological molecular 
mechanism by which NKT cells mediate the liver injury that devel-
ops with HAV infection, a mechanism that may be related to one 
that protects against asthma and allergy.

Methods
Patients. We studied 30 Argentinean children (15 males, 15 females; mean 
age, 62 months; range, 20–152 months) who underwent liver transplanta-
tion due to HAV-induced acute liver failure at the Hospital Nacional de 
Pediatría J. P. Garrahan in Buenos Aires, a public institution that serves as 
a national referral center for pediatric liver transplantation. The diagnosis 
of HAV-induced acute liver failure was made in our children using inter-
nationally accepted criteria (46): (a) evidence of coagulation abnormality, 
usually an INR (international normalized ratio) of at least 1.5, and any 
decrease in mental status (indicating encephalopathy), without preexisting 
cirrhosis, with an illness of as 26 weeks duration, and (b) evidence of acute 
HAV infection, defined as a positive IgM anti-HAV serology. In our patients, 
the median aspartate aminotransferase (AST) value before transplanta-
tion was 1,430 U/l (range, 389–5,467) (29.8 times the normal value for 
age), and the median alanine aminotransferase (ALT) value was 1,893 U/l  
(range, 616–4,850) (33.8 times the normal ALT values for age), indicat-
ing severe liver disease. Other causes for acute liver failure were sought 
and ruled out (e.g., viral, metabolic, toxic, and autoimmune, with nega-
tive testing for HBsAg, HBeAg, IgM HBc antibodies, HBsAg antibodies, 
HBeAg antibodies, HCV, and negative tests for copper or ceruloplasmin, 
autoantibodies, drug screening [when clinically indicated], and with an 
otherwise negative abdominal ultrasound).

Case controls. 102 ethnically matched Argentinean healthy blood donors 
(74 males, 28 females; mean age, 435 months; range, 168–768 months) 
with a clinical history of mild or asymptomatic HAV infection (with IgG+/
IgM– anti-HAV serology) were also studied. Subjects receiving HAV vac-
cination or receiving blood derivatives in the previous 12 months or with 
any kind of liver disease, primary or secondary immune deficiency, or other 
genetic diseases were excluded from the study. The age distribution and 
the male/female ratio between patients and healthy case controls were 
significantly different (age distribution, patients vs. healthy case controls:  
P < 0.0001, Student’s t test; male/female ratio, patients vs. healthy case con-
trols: P = 0.03, χ2 test). The non-pediatric healthy case control population 
was selected because HAV vaccination became mandatory in Argentina 
almost 3 years before the study was initiated, preventing the use of a pedi-
atric control population. All patients and case controls gave consent for 
this protocol, which was approved by the Ethics Committee at Hospital 
Nacional de Pediatría J. P. Garrahan (protocol 397/2006).

TIM1 gene sequencing. Genomic DNA, isolated from PBMCs using stan-
dard techniques, was analyzed for TIM1 polymorphisms by amplifying the 
TIM1 exon 4 (108 nucleotides) and sequencing the products bidirectionally 
(performed at Correlagen).

NKT cell lines. Human NKT cells from normal volunteers were separated 
from PBMCs using a PE-conjugated anti-human NKT cell antibody (clone 
6B11, which recognizes the CDR3 loop of the conserved Vα24 TCR found 
on invariant NKT [iNKT] cells) (BD Biosciences — Pharmingen) and anti-
PE MACS beads (Miltenyi Biotec). Cells retained on the MACS column were 
then eluted. DCs were generated by stimulation of CD14+ cells, obtained 
using anti-CD14 MACS beads, with GM-CSF (2.5 μg/ml) and rIL-4 (2 μg/ml)  
for 1 week. NKT cells were cocultured with DCs (ratio, 10:1) in RPMI 1640 
medium containing 10% FCS, 100 U/ml rIL-2 (R&D Systems), and 1 ng/ml 
rIL-15 (Peprotech). NKT cell lines were 96%–98% pure.

Cytotoxicity assay. NKT cell cytotoxicity was determined by coculture of 
hepatoma cells with NKT cells for 48 hours, and assay of culture superna-
tants for AST (a liver-derived enzyme) performed in the clinical laboratories 
at Children’s Hospital Boston. Human hepatoma Huh7-A-I cells, which 
have been shown previously to support the stable growth of WT HAV (47), 
were infected with a cDNA-derived WT HM-175 strain of HAV contain-
ing no cell culture–adapting mutations and were used as target cells. For 
detection of cytokines, NKT cells were incubated with naive hepatoma cells 
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or HAV-infected hepatoma cells for 5 days, and then activated with CD3  
(1 μg/ml) and CD28 (0.1 μg/ml) for 5 hours to visualize cytokine production. 
To block the HAV-NKT cell interaction, anti-human TIM-1 mAb (1D12)  
(5 μg/ml), which has been shown to block HAV infection (10), was added to 
the NKT cell cultures 1 hour before HAV stimulation. This mAb (1D12) did 
not activate NKT or T cells (data not shown). For intracellular staining, cells 
were fixed and permeabilized using Cytofix/Cytoperm kits (BD Biosciences —  
Pharmingen) according to the manufacturer’s instructions. Cells were 
incubated with APC-conjugated IL-4 (8D4-8, eBioscience), PE-conjugated 
granzyme B (GB11, eBioscience), Alexa Fluor 700–conjugated IFN-γ (45.B3, 
Biolegend), APC-conjugated anti–TIM1–, FITC- or PE-conjugated 6B11 (BD 
Biosciences — Pharmingen), and Alexa Fluor 750–conjugated CD3 (eBio-
science). The respective isotype control mAbs were used as a control. Flow 
cytometry was performed on a FACSCanto instrument (BD) and analyzed 
with FlowJo 8.3.3 software (Tree Star Inc).

ELISA for cell surface HAV. Monolayers of unfixed human hepatoma 
Huh7-A-I cells infected with cDNA-derived WT HM-175 strain of HAV or 
mock infected were treated in 96-well plates with dilutions of anti-HAV 
mAb K3-4C8 (Commonwealth Laboratories). After incubation at room 
temperature for 1 hour, wells were washed extensively, treated with peroxi-
dase-labeled anti-mouse IgG antibody (KPL Inc.), and stained with Sure-
Blue substrate (Invitrogen). Plates were read in a Synergy HT automated 
plate reader (BioTek). The mean absorbance at 450 nm of duplicate wells/
dilution and the standard deviation were calculated and plotted versus the 
mAb concentration using the Excel program (Microsoft).

Neutralization of HAV with soluble TIM-1–Fc. Soluble proteins containing 
different lengths of human TIM-1 fused to the hinge and Fc of human 
IgG1 were constructed as described previously (21). TIM-1–Fc fusion 
proteins containing amino acids 1–145, 1–173, 1–296, and 1–296 plus an 
insertion of 6 amino acids at position 157 (157insMTTTVP) of human 
TIM-1 joined to the hinge and Fc regions of human IgG1 were purified by 
chromatography on protein A–agarose columns (Supplemental Figure 1;  
supplemental material available online with this article; doi:10.1172/
JCI44182DS1). Supernatants containing live HAV were treated with equi-

molar amounts of purified Fc fusion proteins, and the residual HAV infec-
tivity was determined by an end-point ELISA titration assay in plates con-
taining monolayers of African green monkey kidney cells (tissue culture 
infectious doses 50% [TCID50]), as described previously (21).

Statistics. Case and control TIM1 polymorphism data were compared 
using the χ2 test in 2 × 3 contingency tables using Prism software (Graph-
Pad). For other studies, data are given as mean ± SEM analyzed by 1-way 
ANOVA, or 2-way ANOVA with Bonferroni’s post-test using Prism Soft-
ware. Differences were considered significant at P < 0.05.
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