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Abstract: CD1d-restricted invariant NKT (iNKT) cells are a group of innate-like 

regulatory T cells that recognize lipid antigens. Both mouse modeling experiments and 

human clinical studies have suggested a key role for iNKT cells in anti-HBV immunity and 

these potent T cells can be explored as a novel therapeutic target for anti-HBV treatment. 

We aim to humanize mice in the CD1d/iNKT cell lipid presentation system and provide 

new research tools for identifying novel anti-HBV agents. 
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1. Introduction 

Hepatotropic viruses are known as “silent killers”, as they can manifest disease without visible 

symptoms. Hepatitis B virus (HBV) is one of the major public health problems worldwide and among 

the two billion people infected with HBV [1], an estimated 350 million are chronically infected with 

the virus [2]. Chronic HBV infection can lead to liver fibrosis, cirrhosis and hepatocellular carcinoma 

(HCC) [1], and kills approximately one million people each year [2]. Nearly 53% of HCC cases are 

HBV-related [3]. Chronic HBV carriers include those whose blood contains HBV viral particles six 

months after infection [4]. The adult immune system is usually able to clear the initial HBV infection, 
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but in infected children, who mostly contract HBV via vertical transmission from an infected mother, 

the clearance is not as efficient. In fact, 90% of children infected with HBV become chronically 

infected [1,5] compared to only 5%–10% of adults [3]. Therapy for chronic hepatitis B (CHB) includes 

the use of nucleotide/nucleoside analogues (NAs) and Type I interferons (IFN-α). However, these 

treatments are not always available, and are only effective in controlling the infection but not eliminating 

the virus. IFN-α therapy has many side effects and is expensive. While newer NAs are less vulnerable 

to the development of drug resistance compared to previous NA drugs, complete clearance of viral 

infection is not achieved under this regimen [6]. Therefore, new clinically viable therapeutic agents for 

hepatitis B infection are urgently needed. 

HBV is a 3.2 Kb, partially double-stranded DNA enveloped virus that infects hepatocytes. HBV is 

not directly cytopathic [7] and upon infection it remains latent within the hepatocyte [8]. HBV viral 

proteins alter gene expression and induce oncogenesis by promoting cell proliferation, tissue invasion 

and metastases as well as resistance to growth inhibition and apoptosis. Although integration of HBV 

genome to host chromosome is not essential for HBV life cycle, it can be observed. In HBV life cycle, 

one of the viral genes coding for the HBx protein potentially contributes to hepatocytes malignancy 

and transformation [1]. During chronic exposure to HBV, there is persistent inflammation 

accompanied by liver damage and cell death. These factors give rise to chronic liver disease [7]. 

2. Immune Responses to HBV 

The liver plays a key role in many physiological processes and is continuously exposed to toxins, 

intestinal flora and dietary proteins [9]. Therefore, under normal conditions, resident liver sinusoidal 

endothelial cells (LSEC) and Kupffer cells secrete IL-10 and TGF-β, maintaining a tolerogenic 

environment and dampening inflammatory responses to foreign invaders such as HBV [9,10]. The 

immune response to HBV can be separated into three sequential phases: immune tolerance, immune 

breakthrough, and immune clearance [8]. During immune tolerance, HBV further suppresses anti-viral 

immune responses and exploits the liver’s inefficiency in CD8+ cytotoxic T lymphocytes (CTL) 

activation, allowing it to reach an immune-tolerant state through the induction of T cell anergy and 

deletion of virus-specific T cell [5]. Resident LSEC and Kupffer cells increase their production of the 

anti-inflammatory cytokines IL-10 and TGF-β and reduce their expression of Toll-like Receptors 

(TLRs), leading to the inactivation of innate immunity [8]. Specifically, one viral protein, hepatitis B e 

antigen (HBeAg), can reduce the expression of TLR2 in hepatocytes, Kupffer cells and monocytes 

[11]. More importantly, there is an overall lack of Type I IFN induction, which is critical in the 

initiation of the antiviral immune responses. Patients with acute HBV infection have undetectable 

levels of these pro-inflammatory cytokines for up to 30 days post infection [12], demonstrating the 

lack of immune activation during the tolerance phase of HBV infection. Previously, it was believed 

that this lack of immune activation was due to the lack of IFN-α/β induction [13]. However, it has 

recently been shown that this lack of activation is instead caused by the active suppression of the 

innate immune system by HBV viral proteins [14]. Further suppression is mediated by the hepatic 

dendritic cells (DCs), which secrete IL-10 and, thereby, contribute to the activation of 

CD4+CD25+FoxP3+ T regulatory cells (Tregs). Tregs function in T cell inhibition and further suppress 

the activation of adaptive immunity. Additionally, up-regulation of co-inhibitory Programmed Death 

receptor-1 (PD-1) in CD8+ CTLS by Tregs leads to the exhaustion of CD8+ CTLs [7]. During the 
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tolerance phase, there is no liver damage, but since antiviral mechanisms have been halted, HBV 

continues to replicate within the hepatocytes [7,8]. 

The factors triggering the transition from the immune tolerance stage to the immune breakthrough 

stage are not well understood. During the immune breakthrough phase, there is a strong increase in the 

production of IL-12, IL-18, and IFN-α, concomitant with a decrease in IL-10 production. This altered 

cytokine profile leads to the activation of innate immunity, recruiting cells that participate in hepatic 

cytotoxicity and the control of HBV replication. Specifically, infected hepatocytes produce IFN-α/β, 

modulating the activities of antigen presenting cells (APCs), including DCs and Kupffer cells. In 

addition, Natural Killer (NK) and Natural Killer T (NKT) cells are activated in response to IFN-α/β [8]. 

NK cells are able to detect HBV infected hepatocytes based their expression of stress ligands and lack 

of MHC class I molecules [15]. However, at this stage, the increased cytokine production and the 

activation of NK and NKT cells are not able to achieve complete control of the HBV infection. To 

achieve complete clearance, HBV-specific CD8+ T cells are essential [16]. Importantly, non-cytolytic 

mechanisms mediated by cytokines are crucial for HBV DNA eradiation and viral clearance. Guidotti 

et al. reported that during acute virus infection in Chimpanzees, HBV DNA clearance was achieved 

without the destruction of infected hepatocytes, suggesting that control of infection is mediated 

through non-cytolytic processes. This inhibition occurs by the release of IFN-γ and TNF-α cytokines 

by virus-specific CD8+ T cells, initiating a cascade of events which inhibit the gene expression and 

replication of HBV [17]. 

Although HBV-specific CD8+ T cells are essential in viral clearance, their function may be limited 

because of liver protective mechanisms. These protective mechanisms include Tregs, which limit 

CD8+ T cell activation and proliferation and up-regulate PD-1 expression on CD8+ T cells [7,8]. How 

the antiviral arm and protective arm of the liver immune system interact with each other likely 

determines the outcome of the HBV infection. In 90% of adults, HBV infections are self-resolving, 

and viral eradication is achieved at the immune clearance stage of infection. During immune clearance, 

there is a profound up-regulation of IL-12, IL-18, and IFN-α, leading to the activation of DC, NK, and 

T helper 17 (Th17) cells and monocyte infiltration into the liver [8]. IL-12 and TNF-α stimulate IFN-γ 

secretion and induce the down-regulation of PD-1 and the proliferation of CD8+ T cells [14]. During 

this stage there is successful differentiation and maturation of memory T cells. The activation of 

adaptive immunity is able to decrease hepatitis B surface antigen (HBsAg) and lead to the resolution of 

the infection [18]. 

In cases where the immune clearance stage is not reached, HBV establishes chronic infection. The 

failure of the immune system to clear the virus leads to chronic liver inflammation. In the pathogenesis 

of CHB there is evidence of progressive inflammatory liver damage and viral persistence [7]. Chronic 

inflammation is accompanied by simultaneous tissue destruction and repair [19]. The continuous 

recruitment and relentless activity of inflammatory cells ultimately leads to hepatic cell death [8] and 

liver damage [20]. Beginning the cycle of their continuous activity, macrophages, lymphocytes, and 

other mononuclear cells, constantly infiltrate the site of injury, leading to further tissue damage. 

Since HBV is a non-cytopathic virus, the progression of chronic hepatitis is attributed to a 

weakened host response against viral infection. Primarily, HBV persistence is believed to be a direct 

result of the failure of HBV-specific CD8+ and CD4+ T cells to eliminate HBV [16]. During CHB 

infections there is a marked exhaustion of CD8+ CTLs, the main line of defense against HBV. CTLs 
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are critical in the elimination of pathogens and secrete cytolytic mediators, including granzyme B and 

perforin, as well as IFN-γ and TNF-α [21]. Notably, patients with CHB display many features of T cell 

exhaustion and anergy [22]. Furthermore, they have ineffective CD4+ T cell priming during the early 

stages of infection, decreasing the CD8+ CTL potential to mount an adequate antiviral response [16]. 

Accordingly, these patients have progressively lower CTL frequency and show functional impairment 

of T helper cells, both in the peripheral blood and the liver [8]. Anergic T cells express high levels of 

PD-1 [7] and fail to respond to previously encountered antigenic stimuli from functional antigen-presenting 

cells [22]. The loss of T cell function is a gradual process in which T cells become exhausted through 

different stages of functional impairment [5]. Specifically, CD8+ CTLs from HBV-infected patients 

lack the ability to proliferate and produce cytokines, such as IL-2 and IFN-γ, and present an overall 

reduction in their cytotoxic activity. This CTL dysfunction is attributed to the exceptionally high levels 

of viral antigens, HBsAg and HBeAg [6], and is related to the quantity of viral replication [15,23]. 

Furthermore, the overall production of IL-10 and TGF-β by hepatic DCs induces the 

immunosuppressive function of Tregs, disrupting the ability of virus specific T cells to proliferate [6]. 

Increased amounts of CD4+CD25+ Tregs are found in CHB patients and are associated with elevated 

viral titer and HBeAg viral protein levels [24]. Much like PD-1, Tim-3 is also a negative regulator of T 

cell function. Tim-3 is primarily involved in the induction of tolerance and the suppression of the T 

helper 1 (Th1) response [25]. Tim-3 is up-regulated on CD4+ and CD8+ T cells [26] and recently has 

been shown to be up-regulated on monocytes and CD3+/CD16+/CD56+ NKT-like cells isolated from 

peripheral blood mononuclear cells (PBMCs) in CHB patients [27]. Thus, CHB patients have multiple 

defects in adaptive immunity, particularly T cell responses. 

The innate immune system also greatly contributes to the pathogenesis of CHB. The function of NK 

cells is determined by the integration of stimulatory and inhibitory signals received from the 

environment. The production of IL-10 by hepatic DCs [14] causes NK cells to produce insufficient 

amounts of IFN-γ and skewed towards cytotoxicity, which ultimately contributes to viral persistence 

and liver damage [7]. Moreover, NK cells in CHB patients induce the expression of TNF-Related 

Apoptosis Ligand (TRAIL) on hepatocytes [7], further contributing to liver injury. In addition, TLRs, 

the major receptors involved in pathogen recognition, are also repressed during the CHB infection [8], 

leading to defective cell signaling and decreased potential to eradicate the viruses. 

3. NKT Cells in Anti-HBV Immune Responses 

NKT cells are an unconventional subset of T cells that are stimulated by lipid antigens and bridge 

innate and adaptive immunity [28]. Invariant NKT (iNKT) cells are a unique subset of NKT cells, 

defined by Vα24Jα18 TCR in humans and Vα14Jα18 TCR in mice, and recognize lipids presented 

by the antigen presentation molecule, CD1d. Invariant, or Type I NKT cells can be activated by  

CD1d-presented α-galactosylceramide (α-GalCer), a glycolipid derived from a marine sponge [28]. On 

the other hand, Type II NKT cells have a diverse TCR repertoire and are stimulated by CD1d-presented 

myelin-derived lipid, sulfatide [29]. Upon activation, iNKT cells secret large amount of both Th1 and 

T helper 2 (Th2) cytokines and play key regulatory roles in antimicrobial immunity, transplant 

rejection, allergic responses, autoimmunity, and cancer [28]. 

iNKT cells play a central role in the regulation of the liver environment (Figure 1). One of the 

major functions of iNKT cells is the regulation of fibrosis through the modulation of T helper cell 
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polarization. Th2 cytokines, including IL-4 and IL-13, have pro-fibrotic activity and up-regulate genes 

that promote wound healing and fibrosis. On the other hand, Th1 cytokines, such as IFN-γ, show no 

fibrotic activity and can attenuate tissue fibrosis [19]. Animal models of HBV have revealed that NKT 

cells play contrasting roles in tissue damage and fibrosis [30]. Depending on the mode of activation, 

they can function as pro-fibrotic or anti-fibrotic mediators by secreting Th2 (IL-4 and IL-13) or Th1 

(IFN-γ) cytokines, respectively [31]. In a carbon tetrachloride (CCl4) model of acute liver injury in 

wild-type (WT) mice, iNKT cells were able to suppress the activation of hepatic stellate cells (HSC), 

the extracellular matrix-producing cells of the liver [30]. Interestingly, it was shown that iNKT cells 

activated by endogenous lipids have a protective role in liver fibrosis, while α-GalCer-activated iNKT 

cells cause acute liver damage and fibrosis [30]. The direction of T helper cell polarization is 

determined by the affinity of interaction between the TCR and the lipid presented by CD1d molecule. 

Lipids with weaker affinities to CD1d and TCR, such as OCH, induce a Th2 polarity, while stronger 

interactions, such as -GalCer, favor Th1 polarization [32]. This polarization can also be altered by the 

regulation of co-stimulatory signals [33]. The differential effects of iNKT cell stimulation on liver 

pathology observed in different reports are likely due to the differences in the mode how iNKT cells 

are stimulated by lipid ligands with either weak or strong affinities to CD1d and iNKT TCR. 

Figure 1: Potential anti-HBV mechanism by iNKT cells. Upon ligation with stimulatory 

lipid ligands presented by dendritic cells, iNKT cells potently stimulate B, NK, M and 

CD8+ CTL cells while suppressing Treg cells. These plethoric functions of iNKT cells can 

all contribute to efficient suppression of HBV viruses. 

 

The characterization of iNKT cells in a CHB infection has not yet been fully investigated due to 

technical limitations such as the restricted host range of HBV and the low frequency of blood iNKT 
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cells in available patient blood [34]. HBV infection is restricted to humans and chimpanzees [4]. While 

woodchucks and Peking ducks are also hosts of HBV, their immunology is poorly understood. 

Furthermore, HBV also lacks the ability to be successfully grown in vitro [2]. To build better animal 

models, several elegant HBV transgenic mouse models have been generated to facilitate the 

understanding of this disease [16,31,35,36]. In the HBV transgenic mouse model used in our study, a 

DNA fragment containing a HBV genome 1.3 times of the regular HBV genome size was used to 

generate the transgenic mice [35]. The larger genome is required to generate a 3.5 Kb RNA 

intermediate of HBV replication to produce high titer HBV infection in the liver and kidneys, while 

shorter fragments produce low viral titer and the infection is limited to the kidneys [36]. The HBV 

genome contains the C, S, P, and X genes coding for precore/core proteins, envelope proteins (surface 

antigens), viral polymerase, and X protein, respectively. These DNA fragments were injected into 

fertilized mouse embryos and the resultant mice showed efficient HBV replication [35]. 

HBV transgenic mouse models present evidence for NKT/HBV crosstalk. In these models,  

α-GalCer-activated iNKT cells are able to suppress HBV replication and activate NK cells, leading to 

potent cytokine and nitric oxide production. iNKT cell activity is reduced in IFN-α/β receptor-deficient 

mice, suggesting that the activation of iNKT cells by α-GalCer is at least partially mediated by IFN-

α/β [37]. Type I IFNs are integral in antiviral immunity, and minimize the pathology and spread of the 

HBV virus [16]. α-GalCer-activated iNKT cells are able to up-regulate the Th1 response towards HBV 

by recruiting NK cells to the liver and stimulating IFN-γ production by NK cells. This induction 

appears to be long lasting because NK cell activity is still apparent even after the iNKT cell number 

returns to baseline [37]. In transgenic mice, HBV disappears in response to α-GalCer-induced IFN-γ 

production, but prior to T cell influx to the liver demonstrating the potential of iNKT cells to induce T cell-

independent antiviral activity [37]. 

iNKT cells are potent activators of the immune system and their activation promotes the loss of 

tolerance to HBV-specific CD8+ T cell antigens in mouse models (Figure 1, [21]). Moreover, iNKT 

cell activation by α-GalCer induces IL-2-dependent activation of HBsAg-specific CTLs in HBsAg 

transgenic mice and enhances the expression of IFN-γ, TNF-α, IL-2, and IL-4, all of which affect CTL 

induction and proliferation [21]. Upon activation, iNKT cells express high levels of granzyme B, 

perforin, and FasL [38], thereby mediating the direct killing of HBV infected cells. iNKT activation 

also recruits neutrophils, myeloid dendritic cells, macrophages, B cells, CD4+ and CD8+ T cells [38], 

aiding in viral clearance. Recently, studies have demonstrated that iNKT cells are able to regulate Treg 

activity [39], which is critical for HBV pathogenesis based on the high prevalence of Tregs in the liver 

during HBV infection. IL-2 production from CD4+ NKT cells is able to modestly induce the 

proliferation of Tregs. Tregs are able to suppress iNKT cells through contact dependent inhibition [39]. 

Importantly, Oh et al. found that through production of IFN-γ, iNKT cells are able to inhibit the 

induction of Tregs [40]. Clinically, offsetting Treg activity can provide an opportunity for adaptive 

immunity to inhibit HBV replication and clear the infection. Furthermore, activation of iNKT cells in 

mice was shown to enhance B cell memory and improve antibody titer [41]. This could potentially 

improve the antiviral responses by increasing the anti-HBV antibodies. In addition, the activation of 

iNKT cells can stimulate the induction and differentiation of CD8+ T cells, prime the adaptive immune 

system through the up-regulation of MHC class I and MHC class II antigen presenting molecules and 

stimulate NK cells to secrete IFN-γ (Figure 1, [38]), significantly improving the prognosis of CHB. 
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4. iNKT Cell-Based Immunotherapy against HBV in Humans 

HBVtg mouse models have demonstrated that iNKT cells can play a potent role in the immunity 

against hepatitis B [21,37]. The striking potency of -GalCer in inhibiting HBV replication in 

transgenic mice has raised great interest in using this lipid for HBV immune-therapy. Unlike highly 

polymorphic MHC class I and II molecules, CD1d is mono-allelic therefore lipid drug candidates 

targeting CD1d and iNKT cells can be applicable to populations of diverse background. Lipids are also 

generally of low toxicity to humans. Furthermore, because iNKT recognize lipid antigens rather than 

viral peptide antigens, they can not be deleted during chronic infection [37]. However, human clinical 

trials have failed to show a sustained and consistent decrease of HBV DNA post α-GalCer 

administration [42,43]. Thus, there is a sheer discrepancy between the anti-HBV roles of iNKT-targeting 

lipids in mice and humans. Similarly, -GalCer has shown highly potent anti-tumor activity in mouse 

models, while human clinical trials have shown limited success [42]. 

Discrepancies in anti-HBV function of iNKT cells between mouse and human models can be 

explained, at least partially, by subtle yet important differences between the mouse and human 

CD1d/NKT antigen presentation systems. The mouse and human CD1d molecules share a high degree 

of conservation in three-dimensional structures and display approximately 65% amino acid sequence 

homology [44]. Despite these similarities, the crystal structure of the CD1d-α-GalCer/iNKT TCR 

complexes revealed significant differences in the orientation and conformation of the CD1d between 

the mouse and human systems upon CD1d-α-GalCer binding [32]. For example, hCD1d molecule in 

particular has a bulky Trp153 residue (as opposed to Glycine155 in mCD1d) in its interaction interface 

with -GalCer that causes a shift of galactose head group and likely decreases hCD1d interaction with 

α-GalCer [32,45]. These subtle conformational and orientation differences can significantly change the 

CD1d-α-GalCer affinity to the iNKT TCR [32,44], resulting in different response potencies and/or 

alteration in Th1 and Th2 polarization [44]. Additional differences in the binding interface of the 

mouse and human CD1d molecules to their cognate iNKT TCRs can also impact the affinity of  

CD1d-α-GalCer complexes to their respective TCRs [32,45]. All these differences are expected to 

affect the presentation of CD1d presentation of -GalCer and lead to different responses of iNKT cells 

in human and mouse models. 

The iNKT cell populations also differ greatly between human and mouse immune systems (Table 1). 

The human iNKT TCR consists of an invariant Vα24 chain paired to Vβ11, while murine iNKT cells 

express Vα14 paired to either Vβ8, Vβ7, or Vβ2 [28]. Mouse Vβ8 TCRβ is the closest homolog of 

human Vβ11 TCRβ chain and has the greatest compatibility with hCD1d. Indeed, a humanized CD1d 

mouse knock-in model showed that expression of hCD1d leads to preferential selection of Vβ8 iNKT 

cells [42]. One major difference between human and mouse iNKT cells lies in their tissue abundance. 

While the iNKT cells comprise 20%–30% of liver monocytes in mice, human liver iNKT cells are 

only approximately one tenth as abundant. iNKT cells can be further classified based on their CD4 and 

CD8 co-receptor expression [28,38]; human iNKT cells include CD4+, CD8+, and CD4−CD8− double 

negative (DN) subsets, while mouse iNKT cells are only composed of CD4+ and DN subsets. Humans 

possess more abundant DN iNKT cells as compared to more abundant CD4+ iNKT cells in mice. 

These two iNKT subsets have distinct physiological roles [28,33]. Upon activation, CD4+ iNKT cells 

display a regulatory phenotype and produce both Th1 and Th2 cytokines, while DN iNKT cells 
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preferentially produce Th1 cytokines [28,38]. All these differences are expected to substantially impact 

the interaction of HBV with the liver immune system and result in differences in HBV pathogenesis in 

human patients versus that in mice. 

Table 1: Differences in iNKT cells between human and mice. 

Mice Human 

TCR usage V14/V8, 7, 2 V24/V11 
Frequency in tissues Highest in liver (~20%–30%) Highest in liver (~1%–2%)* 
Subsets CD4+, DN CD4+, DN, CD8+ 
Composition CD4+ > DN DN > CD4+ 

Development and maturation Develop and mature in thymus
Mature in periphery 
CD4− subsets develop in periphery

*One report showed 10% iNKT cell frequency in human omentum [34]. 

To develop a mouse model that more closely recapitulates the human CD1d/NKT cell system, we 

generated humanized mice harboring human components of this antigen presentation system. Recently 

we reported the first human CD1d-knock in (hCD1d-KI) mouse [42]. In this model, the mCD1d1 gene 

was replaced with the hCD1d gene. CD1d1 is responsible for the murine NKT cell development, and 

the replacement with the hCD1d construct led the iNKT cell development into a human-like iNKT cell 

phenotype including CD4 and NK1.1 expression [42]. Our model showed substantial differences in the 

abundance of iNKT cells in major immune organs compared to that in wild-type mice. The frequency 

of hepatic iNKT cells is 1%–2%, resembling the abundance in humans [42]. With similar abundance 

and phenotypes to that of human iNKT cells, this model provides a unique opportunity to identify 

novel lipid ligands that can potently stimulate the iNKT cells and inhibit HBV replication in human 

patients (Figure 2). 

To build a humanized HBVtg mouse model, we have introduced the HBV transgene into our  

CD1d-humanized mouse. The novel HBVtg/hCD1d-KI model showed a statistically significant 

decrease of iNKT cells [46]. The number of iNKT cells in the liver dropped from an average of 1%–2% 

in healthy mice to approximately 0.6% in our HBV model [46]. This decline of the iNKT cell 

population is consistent with a clinical study performed by Jiang et al., where CHB patients also 

displayed a decreased population of circulating iNKT cells [47]. Ex vivo investigation revealed that 

these lower frequencies of iNKT cells showed no impairment in their ability to produce IFN-γ, 

suggesting that the remaining iNKT cells were still functional. Antiviral treatment with Telbivudine 

could restore the levels of circulating iNKT cells, particularly CD4− iNKT cells, in CHB patients [48]. 

Human CD4+ iNKT subpopulations also express their own unique set of receptors and display 

distinct functions. CD4+ iNKT cells tend to express increased CD62L compared to their CD4− iNKT 

counterpart, which expresses high levels of CD11a. Based on this display of receptors, CD4− iNKT 

cells exhibit a tissue-infiltrating phenotype as opposed to the lymph node homing phenotype in CD4+ 

iNKT cells. CD4− iNKT cells also express NKG2D receptor [28], which recognizes stress ligands and 

is expressed on both NK and iNKT cells. NKG2D receptor has been directly implicated in HBV 

pathogenesis [49,50]. Blocking of the NKG2D receptor has been shown to decrease the pathogenic 

effects caused by HBV [49,50]. Mouse models have demonstrated that many diseases impact the 
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CD4+/CD4− ratio of iNKT cells [41,51]. Indeed, our model not only revealed a profound decrease in 

iNKT cells but also showed altered proportions of CD4+ and CD4− iNKT cell populations, with a 

higher CD4−/CD4+ ratio [46]. This implies that HBV may lead hepatic iNKT cells to become more 

Th1 polarized. 

Figure 2: Exploring the therapeutic potential of iNKT cells for anti-HBV treatment  

using humanized mouse models. New humanized mouse models (with mouse CD1d and 

iNKT TCR replaced with human counterparts) can be used as a platform to identify and 

test novel glycolipids, such as -GalCer analogs for inhibiting HBV in human clinics. 

 

A common feature in CHB is CD8+ T cell anergy. The up-regulation of PD-1 leads to the 

exhaustion of CD8+ CTLs [2,8,16]. Our mouse model indeed revealed that there is a significant  

up-regulation of PD-1 on conventional T cells, which is restricted to the CD8+ population [46]. 

Interestingly, we did not detect PD-1 expression in the iNKT cells in the HBV transgenic mice [46], 

consistent with the functional activity of the iNKT cells shown in human CHB patients [47,49] and 

suggesting a great potential of exploiting the iNKT cells to boost the immunity against HBV. With the 

availability of humanized HBVtg mice, it will be exciting now to examine and evaluate the anti-HBV 

properties of novel glycolipid ligands of iNKT cells in these new mouse models (Figure 2). 

5. Future Perspectives 

This review is focused on the therapeutic potential of exogenous lipid ligands that trigger an iNKT 

cell-dependent anti-HBV immune response and the development of a novel humanized mouse model 

for the identification and pre-clinical evaluation of the candidate molecules. Future mechanistic studies 

will be needed to thoroughly examine the immune responses of these potentially potent anti-HBV lipid 
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drug candidates in a humanized immune system setting before we can move into clinical trials. We 

have not discussed the potential of stimulating endogenous lipid presentation by CD1d to mobilize 

NKT cells for anti-HBV therapy. Animal models have shown that β-glycosphingolipids can act as 

vaccine adjuvants, influence NKT frequencies and function as well as stimulate NKT cell-mediated 

antiviral immunity, further demonstrating possible therapeutic uses of NKT cells [52]. On the other 

hand, precise modulation of Type I versus Type II NKT cells will prove to be critical for optimizing 

NKT cell-based anti-HBV therapy. It was recently demonstrated that HBV infection of hepatocytes 

can lead to the activation of both Type I and Type II NKT cells, through production of endogenous 

endoplasmic reticulum (ER)-associated antigenic lipids [53]. Specifically, it was showed that non-

invariant Type II NKT cells are activated upon HBV infection by CD1d presentation of an antigenic 

CD1d ligand, lysophosphatidylethanolamine (lysoPE), leading to a cytokine-dependent activation of 

NKT cells through the presumable activation of liver DCs and macrophages [53]. It is foreseeable that 

more exciting research will be coming in these areas as well. 

6. Conclusive Remarks 

Considering the discrepancies in the anti-HBV potency of iNKT cell-targeting lipid ligands in 

conventional mouse models and humans, humanized HBVtg mouse models can serve as a new 

platform for identifying novel anti-HBV therapeutic agents. These new mouse models can bridge the 

gaps created by the subtle differences in lipid-presenting properties of hCD1d and mCD1d molecules 

and the overt phenotypic differences between human and mouse iNKT cells and ultimately facilitate 

the discovery of novel Th1-polarized anti-HBV lipid ligands of iNKT cells, a promising yet little 

explored target for anti-HBV therapy. 

Acknowledgements 

Research in Weiming Yuan’s lab has been supported by NIH grant R01 AI091987, University of 

Southern California Center for Liver Diseases, Harry Lloyd Charitable Trust and Margaret Early 

Medical Research Trust. We thank Jing-Hsiung James Ou, Kevin Brulois and Samad Amini-Bavil-

Olyaee for critical reading of our manuscript and constructive suggestions. We also thank the 

anonymous reviewers for insightful comments and suggestions. 

Author Contributions 

A.L. and W.Y. conceived the study and wrote the review. S.K., X.W. and R.X. contributed 

experimental work, technical support and constructive discussions to the research project. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Arzumanyan, A.; Reis, H.M.; Feitelson, M.A. Pathogenic mechanisms in HBV- and HCV-associated 

hepatocellular carcinoma. Nat. Rev. Cancer 2013, 13, 123–135. 



Pathogens 2014, 3 573 
	
2. Vierling, J.M. The immunology of hepatitis B. Clin. Liver Dis. 2007, 11, 727–759. 

3. Shi, Y.-H. Molecular characteristics and stages of chronic hepatitis B virus infection. World J. 

Gastroenterol. 2009, 15, 3099–3105. 

4. Lee, W.M. Hepatitis B Virus Infection. N. Engl. J. Med. 1997, 337, 1733–1745. 

5. Rehermann, B. Chronic infections with hepatotropic viruses: Mechanisms of impairment of 

cellular immune responses. Semin. Liver Dis. 2007, 27, 152–160. 

6. Nebbia, G.; Peppa, D.; Maini, M.K. Hepatitis B infection: Current concepts and future challenges. 

QJM 2012, 105, 109–113. 

7. Zhang, Z.; Zhang, J.Y.; Wang, L.F.; Wang, F.S. Immunopathogenesis and prognostic immune 

markers of chronic hepatitis B virus infection. J. Gastroenterol. Hepatol. 2012, 27, 223–230. 

8. Chang, J.J.; Lewin, S.R. Immunopathogenesis of hepatitis B virus infection. Immunol. Cell Biol. 

2007, 85, 16–23. 

9. Op den Brouw, M.L. Dendritic Cells in Hepatitis B Virus Infection: Host-Pathogen Interaction 

and Immune Modulation; Eramus Universitiet Rotterdam: Rotterdam, The Netherlands, 2010. 

10. Crispe, I.N. Hepatic T cells and liver tolerance. Nat. Rev. Immunol. 2003, 3, 51–62. 

11. Visvanathan, K.; Skinner, N.A.; Thompson, A.J.; Riordan, S.M.; Sozzi, V.; Edwards, R.; 

Rodgers, S.; Kurtovic, J.; Chang, J.; Lewin, S.; et al. Regulation of Toll-like receptor-2 expression 

in chronic hepatitis B by the precore protein. Hepatology 2007, 45, 102–110. 

12. Stacy, A.R.; Diggle, S.P.; Whiteley, M. Rules of engagement: Defining bacterial communication. 

Curr. Opin. Microbiol. 2012, 15, 155–161. 

13. Szabo, G.; Mandrekar, P.; Dolganiuc, A. Innate immune response and hepatic inflammation. 

Semin. Liver Dis. 2007, 27, 339–350. 

14. Bertoletti, A.; Ferrari, C. Innate and adaptive immune responses in chronic hepatitis B virus 

infections: Towards restoration of immune control of viral infection. Gut 2012, 61, 1754–1764. 

15. Bertoletti, A.; Gehring, A.J. The immune response during hepatitis B virus infection. J. Gen. 

Virol. 2006, 87, 1439–1449. 

16. Chisari, F.V.; Isogawa, M.; Wieland, S.F. Pathogenesis of hepatitis B virus infection.  

Pathol. Biol. (Paris) 2010, 58, 258–266. 

17. Guidotti, L.G.; Rochford, R.; Chung, J.; Shapiro, M.; Purcell, R.; Chisari, F.V. Viral Clearance 

Without Destruction of Infected Cells During Acute HBV Infection. Science 1999, 284, 825–829. 

18. Boni, C.; Fisicaro, P.; Valdatta, C.; Amadei, B.; di Vincenzo, P.; Giuberti, T.; Laccabue, D.; 

Zerbini, A.; Cavalli, A.; Missale, G.; et al. Characterization of hepatitis B virus (HBV)-specific  

T-cell dysfunction in chronic HBV infection. J. Virol. 2007, 81, 4215–4225. 

19. Wynn, T.A. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat. Rev. Immunol. 2004, 4, 583–594. 

20. Hernandez-Gea, V.; Friedman, S.L. Pathogenesis of Liver Fibrosis. Annu. Rev. Pathol. 2011, 6, 

425–456. 

21. Ito, H.; Ando, K.; Ishikawa, T.; Nakayama, T.; Taniguchi, M.; Saito, K.; Imawari, M.;  

Moriwaki, H.; Yokochi, T.; Kakumu, S.; et al. Role of Valpha14+ NKT cells in the development 

of Hepatitis B virus-specific CTL: Activation of Valpha14+ NKT cells promotes the breakage of 

CTL tolerance. Int. Immunol. 2008, 20, 869–879. 



Pathogens 2014, 3 574 
	
22. Chikuma, S.; Terawaki, S.; Hayashi, T.; Nabeshima, R.; Yoshida, T.; Shibayama, S.; Okazaki, T.; 

Honjo, T. PD-1-mediated suppression of IL-2 production induces CD8+ T cell anergy in vivo.  

J. Immunol. 2009, 182, 6682–6689. 

23. Gehring, A.J.; Ho, Z.Z.; Tan, A.T.; Aung, M.O.; Lee, K.H.; Tan, K.C.; Lim, S.G.; Bertoletti, A. 

Profile of tumor antigen-specific CD8 T cells in patients with hepatitis B virus-related 

hepatocellular carcinoma. Gastroenterology 2009, 137, 682–690. 

24. Peng, G.; Li, S.; Wu, W.; Sun, Z.; Chen, Y.; Chen, Z. Circulating CD4+ CD25+ regulatory T cells 

correlate with chronic hepatitis B infection. Immunology 2008, 123, 57–65. 

25. Sanchez-Fueyo, A.; Tian, J.; Picarella, D.; Domening, C.; Zheng, X.X.; Sabatos, C.A.; 

Manlongat, N.; Bender, O.; Kamradt, T.; Kuchroo, V.K.; et al. Tim-3 inhibits T helper  

type 1–mediated auto- and alloimmune responses and promotes immunological tolerance.  

Nat. Immunol. 2003, 4, 1093–1101. 

26. Wu, W.; Shi, Y.; Li, J.; Chen, F.; Zheng, M. Tim-3 expression on peripheral T  

cell subsets correlates with disease progression in hepatitis B infection. Virol. J. 2011, 8, 

doi:10.1186/1743-422X-8-113. 

27. Rong, Y.H.; Wan, Z.H.; Song, H.; Li, Y.L.; Zhu, B.; Zang, H.; Zhao, Y.; Liu, H.L.; Zhang, A.M.; 

Xiao, L.; et al. Tim-3 expression on peripheral monocytes and CD3+CD16/CD56+natural  

killer-like T cells in patients with chronic hepatitis B. Tissue Antigens 2014, 83, 76–81. 

28. Bendelac, A.; Savage, P.B.; Teyton, L. The biology of NKT cells. Annu. Rev. Immunol. 2007, 25, 

297–336. 

29. Halder, R.C.; Aguilera, C.; Maricic, I.; Kumar, V. Type II NKT cell-mediated anergy induction in 

type I NKT cells prevents inflammatory liver disease. J. Clin. Investig. 2007, 117, 2302–2312. 

30. Park, O.; Jeong, W.I.; Wang, L.; Wang, H.; Lian, Z.X.; Gershwin, M.E.; Gao, B. Diverse roles of 

invariant natural killer T cells in liver injury and fibrosis induced by carbon tetrachloride. 

Hepatology 2009, 49, 1683–1694. 

31. Wang, X.F.; Lei, Y.; Chen, M.; Chen, C.B.; Ren, H.; Shi, T.D. PD-1/PDL1 and CD28/CD80 

pathways modulate natural killer T cell function to inhibit hepatitis B virus replication. J. Viral 

Hepat. 2013, 20, 27–39. 

32. Pellicci, D.G.; Patel, O.; Kjer-Nielsen, L.; Pang, S.S.; Sullivan, L.C.; Kyparissoudis, K.; Brooks, A.G.; 

Reid, H.H.; Gras, S.; Lucet, I.S.; et al. Differential recognition of CD1d-alpha-galactosyl ceramide 

by the V beta 8.2 and V beta 7 semi-invariant NKT T cell receptors. Immunity 2009, 31, 47–59. 

33. Ambrosino, E.; Berzofsky, J.A.; Terabe, M. Regulation of tumor immunity the role of NKT cells. 

2008, 8, 725–734. 

34. Berzins, S.P.; Smyth, M.J.; Baxter, A.G. Presumed guilty: Natural killer T cell defects and human 

disease. Nat. Rev. Immunol. 2011, 11, 131–142. 

35. Xu, Z.; Yen, T.S.B.; Wu, L.; Madden, C.R.; Tan, W.; Slagle, B.L.; Ou, J.H. Enhancement of 

Hepatitis B Virus Replication by Its X Protein in Transgenic Mice. J. Virol. 2002, 76, 2579–2584. 

36. Guidotti, L.G.; Matzke, B.; Schaller, H.; Chisari, F.V. High-Level HBV replication in Transgenic 

Mice. J Virol. 1995, 69, 6158–6169. 

37. Kakimi, K.; Guidotti, L.G.; Koezuka, Y.; Chisari, F.V. Natural Killer T cell activation inhibits 

hepatitis b virus replication in vivo. J. Exp. Med. 2000, 192, 921–930. 



Pathogens 2014, 3 575 
	
38. Matsuda, J.L.; Mallevaey, T.; Scott-Browne, J.; Gapin, L. CD1d-restricted iNKT cells, the  

Swiss-Army knife of the immune system. Curr. Opin. Immunol. 2008, 20, 358–368. 

39. La Cava, A.; Van Kaer, L.; Fu Dong, S. CD4+CD25+ Tregs and NKT cells: Regulators regulating 

regulators. Trends Immunol. 2006, 27, 322–327. 

40. Oh, K.H.; Lee, C.; Lee, S.W.; Jeon, S.H.; Park, S.-H.; Seong, R.H.; Hong, S. Activation of natural 

killer T cells inhibits the development of induced regulatory T cells via IFNγ. Biochem. Biophys. 

Res. Commun. 2011, 411, 599–606. 

41. Juno, J.A.; Keynan, Y. Fowke KR Invariant NKT Cells: Regulation and Function during Viral 

Infection. PLoS Pathog. 2012, 8, e1002838. 

42. Wen, X.; Rao, P.; Carreno, L.J.; Kim, S.; Lawrenczyk, A.; Porcelli, S.A.; Cresswell, P.; Yuan, W. 

Human CD1d knock-in mouse model demonstrates potent antitumor potential of human  

CD1d-restricted natural killer T cells. Proc. Natl. Acad. Sci. USA 2013, 110, 2963–2968. 

43. Woltman, A.M.; Ter Borg, M.J.; Binda, R.S.; Sprengers, D.; von Blomberg, B.M.; Scheper, R.J.; 

Hayashi, K.; Nishi, N.; Boonstra, A.; van der Molen, R.; et al. α-Galactosylceramide  

in chronic hepatitis B infection: Results from a randomized placebo-controlled PhaseI/II trial.  

Antivir. Ther. 2009, 14, 809–818. 

44. McCarthy, C.; Shepherd, D.; Fleire, S.; Stronge, V.S.; Koch, M.; Illarionov, P.A.; Bossi, G.; 

Salio, M.; Denkberg, G.; Reddington, F.; et al. The length of lipids bound to human CD1d 

molecules modulates the affinity of NKT cell TCR and the threshold of NKT cell activation.  

J. Exp. Med. 2007, 204, 1131–1144. 

45. Koch, M.; Stronge, V.S.; Shepherd, D.; Gadola, S.D.; Mathew, B.; Ritter, G.; Fersht, A.R.;  

Besra, G.S.; Schmidt, R.R.; Jones, E.Y.; et al. The crystal structure of human CD1d with and 

without alpha-galactosylceramide. Nat. Immunol. 2005, 6, 819–826. 

46. Lawrenczyk, A.; Kim, S.; Wen, X.; Xiong, R.; Yuan, W. Unpublished data, 2014. 

47. Jiang, X.; Zhang, M.; Lai, Q.; Huang, X.; Li, Y.; Sun, J.; Abbott, W.G.H.; Ma, S.; Hou, J. 

Restored circulating invariant NKT cells are associated with viral control in patients with chronic 

hepatitis B. PLoS One 2011, 6, e28871. 

48. Shi, T.D.; Zhang, J.M.; Wang, X.F.; Chen, M.; Sun, H.; Chen, C.B.;Ren, H. Effects of antiviral 

therapy with Telbivudine on peripheral iNKT cells in HBeAg(+) chronic hepatitis B patients. 

Clin. Exp. Med. 2012, 12, 105–113. 

49. Golden-Mason, L.; Palmer, B.; Klarquist, J.; Mengshol, J.A.; Castelblanco, N.; Rosen, H.R. 

(2007) Upregulation of PD-1 expression on circulating and intrahepatic hepatitis C virus-specific 

CD8+ T cells associated with reversible immune dysfunction. J. Virol. 2007, 81, 9249–9258. 

50. Reilly, E.C.; Thompson, E.A.; Aspeslagh, S.; Wands, J.R.; Elewaut, D.; Brossay, L. Activated 

iNKT cells promote memory CD8+ T cell differentiation during viral infection. PLoS One 2012, 

7, e37991. 

51. Horst, D.; Geerdink, R.; Gram, A.; Stoppelenburg, A.; Ressing, M. Hiding Lipid Presentation: 

Viral Interference with CD1d-Restricted Invariant Natural Killer T (iNKT) Cell Activation. 

Viruses 2012, 4, 2379–2399. 
	  



Pathogens 2014, 3 576 
	
52. Mizrahi, M.; Lalazar, G.; Ben Ya’acov, A.; Livovsky, D.M.; Horowitz, Y.; Zolotarov, L.;  

Adler, R.; Shouval, D.; Ilan, Y. β-Glycoglycosphingolipid-induced augmentation of the anti-HBV 

immune response is associated with altered CD8 and NKT lymphocyte distribution: A novel 

adjuvant for HBV vaccination. Vaccine 2008, 26, 2589–2595. 

53. Zeissig, S.; Murata, K.; Sweet, L.; Publicover, J.; Hu, Z.; Kaser, A.; Bosse, E.; Iqbal, J.;  

Hussain, M.M.; Balschun, K.; et al. Hepatitis B virus-induced lipid alterations contribute to 

natural killer T cell-dependent protective immunity. Nat. Med. 2012, 18, 1060–1068. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


