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Abstract

 Background & Aims—Human liver chimeric mice are useful models of human hepatitis 

virus infection, including hepatitis B and C virus infections. Independently, immunodeficient mice 

reconstituted with CD34+ hematopoietic stem cells (HSC) derived from fetal liver reliably develop 

human T and B lymphocytes. Combining these systems has long been hampered by inefficient 

liver reconstitution of human fetal hepatoblasts. Our study aimed to enhance hepatoblast 

engraftment in order to create a mouse model with syngeneic human liver and immune cells.

 Methods—The effects of human oncostatin-M administration on fetal hepatoblast engraftment 

into immunodeficient fah−/− mice was tested. Mice were then transplanted with syngeneic human 

hepatoblasts and HSC after which human leukocyte chimerism and functionality were analyzed by 

flow cytometry, and mice were challenged with HBV.

 Results—Addition of human oncostatin-M enhanced human hepatoblast engraftment in 

immunodeficient fah−/− mice by 5–100 fold. In contrast to mice singly engrafted with HSC, 

which predominantly developed human T and B lymphocytes, mice co-transplanted with 

syngeneic hepatoblasts also contained physiological levels of human monocytes and natural killer 

cells. Upon infection with HBV, these mice displayed rapid and sustained viremia.
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 Conclusions—Our study provides a new mouse model with improved human fetal 

hepatoblast engraftment and an expanded human immune cell repertoire. With further 

improvements, this model may become useful for studying human immunity against viral 

hepatitis.

 Lay summary—Important human pathogens such as hepatitis B virus, hepatitis C virus and 

human immunodeficiency virus only infect human cells which complicates the development of 

mouse models for the study of these pathogens. One way to make mice permissive for human 

pathogens is the transplantation of human cells into immune-compromised mice. For instance, the 

transplantation of human liver cells will allow the infection of these so-called “liver chimeric 

mice” with hepatitis B virus and hepatitis C virus. The co-transplantation of human immune cells 

into liver chimeric mice will further allow the study of human immune responses to hepatitis B 

virus or hepatitis C virus. However, for immunological studies it will be crucial that the 

transplanted human liver and immune cells are derived from the same human donor. In our study 

we describe the efficient engraftment of human fetal liver cells and immune cells derived from the 

same donor into mice. We show that liver co-engraftment resulted in an expanded human immune 

cell repertoire, including monocytes and natural killer cells in the liver. We further demonstrate 

that these mice could be infected with hepatitis B virus, which lead to an expansion of natural 

killer cells. In conclusion we have developed a new mouse model that could be useful to study 

human immune responses to human liver pathogens.
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 Introduction

Many human pathogens fail to infect small animals, limiting investigations to nonhuman 

primates or clinical observational studies. One strategy to study such pathogens in vivo is the 

engraftment of human tissues into mice. For example, human immune system (HIS) mice 

are widely used to study leukotropic pathogens like human immunodeficiency virus (HIV) 

and Epstein-Barr virus [1]. Separately, human liver chimeric mice have proven relevant 

models for investigations of HBV, hepatitis C virus (HCV) and malaria species [2–4].

Humanization of mice generally follows two principles: a human graft most efficiently 

develops when the mouse equivalent is impaired, and recipient mice are immunodeficient in 

order to prevent xenorejection. In the case of HIS mice, transplantation of human CD34+ 

HSC into immunodeficient recipients, e.g. NOD rag1−/− il2rγnull (NRG) mice, reliably 

results in the development of human T and B cells [1]. However, the development of human 

monocytes and natural killer (NK) cells is impaired in HIS mice, likely due to limited cross-

reactivity of mouse and human hematopoietic cytokines, e.g. granulocyte-macrophage 

colony stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), 

interleukin(IL)-3 and IL-15 [1]. In the case of human liver chimeric animals, a form of 

mouse liver injury is combined with a murine immunodeficiency, typically lymphocyte 

deficiency [3]. After transplantation of adult or pediatric human hepatocytes in such models, 

the murine liver injury creates a niche and drives the proliferation of human hepatocytes in 

the mouse liver, and this can result in high human chimerism [5,6]. However, the required 
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murine immunodeficiency in these animals has precluded the study of cellular immune 

functions in human liver disease.

One solution to address this lack of cellular immunity in human liver chimeric mice is to 

combine transplantation of human hepatocytes with human HSC into the same recipients. 

This has recently been reported by transplanting adult human hepatocytes and mismatched 

HSC derived from fetal human liver tissue, which resulted in doubly engrafted animals [7,8]. 

However, to avoid allogeneic immune responses both grafts should be derived from the same 

human donor. Possible solutions include the generation of human hepatocytes and HSC from 

induced pluripotent stem cells (iPS cells). Human HSC can also be obtained from adults [9] 

but hepatocytes from these same individuals are rarely available. When fetal hepatoblasts are 

combined with syngeneic HSC the liver graft either was lost [7] or the engrafted 

hepatoblasts fail to expand to high levels [10,11]. Together, these findings suggest that 

allogeneic doubly reconstituted mice can be generated but that human fetal hepatoblasts 

insufficiently engraft human liver chimeric mice, which limits the generation of syngeneic 

doubly reconstituted mice.

Here we first set out to generate mice that were highly engrafted with fetal hepatoblasts, and 

then combined this model with HSC transplantation obtained from the same human donor. 

These doubly engrafted animals, which we term ‘HIS-Hep’ mice, display improved human 

monocyte and NK cell development compared to HIS mice and can support HBV infection.

 Materials and methods

 Generation of liver chimeric mice

Adult human hepatocytes were harvested from surgical resection specimens as described 

[12], shipped overnight and transduced with VSVg pseudotyped lentiviral particles encoding 

for firefly luciferase under the human albumin promoter (FLuc pp) [13] prior to 

transplantation. For human hepatoblast transplantation, human fetal livers were procured 

from Advanced Bioscience Resources, Inc. Fetal livers were cut with scissors into gel-like 

substance and digested with 0.05% collagenase (Roche) for 30 min at 37 °C. Cells were put 

over 100 μm cell strainer (BD Bioscience), washed with William’s E media and after 

resuspension allowed to sediment at 1 g for 1 h [13]. The cell pellet, designated the large cell 

fraction, was freshly transplanted or after culture for 3 days to 2 weeks as described [13]. 

Cultured cells were resuspended using Accumax (eBioscience). Mouse hepatocytes from 

adult mice or unfractionated embryonic day 14 fetal liver cells were obtained from Cre 

recombinase transgenic mice crossed to FLuc transgenic mice preceded by a floxed stop 

codon, both obtained from Jackson Labs. Using isoflurane anesthesia human or mouse cell 

suspensions were injected intrasplenically into fah−/−rag2−/−il2rgnull (FRG) [14,15] of 

either gender or female fah−/− NOD rag1−/−il2rgnull (FNRG) mice that were generated by 

13 generation backcrossing of the fah−/− allele [16] to NOD rag1−/−il2rgnull (NRG) 

animals obtained from Jackson Labs. Human fetal hepatoblasts were transplanted at 2.5–5 × 

105 cells per mouse, adult human hepatocytes at 2.5 × 106 cells per mouse, and mouse 

hepatocytes or fetal liver cells at 5 × 105 cells per mouse. Starting on the day of 

transplantation mice were cycled off the drug NTBC/nitisinone (Yecuris) as described by 

others [5,14].
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 Generation of doubly reconstituted HIS-Hep animals

For concurrent transplantation, adult (>6 week old) female FNRG mice were irradiated with 

100 cGy 12–24 h prior to intrasplenic transplantation of 2.5–5 × 105 fresh fetal hepatoblasts 

and 1.5–2 × 105 freshly isolated syngeneic HSC. hOSM treatment was started one day after 

transplantation for 3–4 weeks while mice were cycled off NTBC. For sequential 

transplantation mice received fresh hepatoblasts and, once median human albumin levels 

reached >10 μg/ml levels, mice were irradiated and received cryopreserved syngeneic HSC. 

After HSC transplantation NTBC cycling continued. As negative controls NRG mice were 

doubly transplanted or female FNRG mice were singly transplanted with HSC and cycled 

off the drug NTBC in parallel to doubly transplanted FNRG mice.

 Ethics statement

All human materials were obtained after written informed consent was obtained from 

patients. The use of these materials was reviewed and approved by the Institutional Review 

Boards of the Rockefeller University, Weill Cornell Medical College and Mayo Clinics. All 

procedures involving mice were in accord with the National Institutes of Health (NIH) 

Guide for the Care and Use of Laboratory Animals and approved by the Rockefeller 

University Institutional Animal Care and Use Committees (protocol 12536).

All other methods are described in the Supplementary materials and methods section.

 Results

 Hepatoblasts inefficiently reconstitute mouse livers

Since the large cell fraction of human fetal liver contains hepatoblasts, we set out to create 

human liver chimeric mice starting with this fraction, from here on referred to as 

hepatoblasts. After transplantation of fresh or in vitro cultured [13] hepatoblasts into fumaryl 

acetoacetate hydrolase deficient (fah−/−)rag2−/− il2rγnull (FRG) mice [5,14] no human 

albumin (hAlb) (Supplementary Fig. 1A) or human transferrin (hTF) could consistently be 

detected in mouse serum. In order to distinguish whether this was due to a failure to engraft 

or to proliferate after transplantation, we transduced fresh hepatoblasts with firefly luciferase 

(FLuc) lentiviral vectors. In some recipients, a luminescent signal could be detected 

(Supplementary Fig. 1B) for up to 4 months after transplantation. However, and in contrast 

to adult hepatocytes, the luminescent signal did not consistently increase over this time 

period (Supplementary Fig. 1C). Because this could be due to an inherent inability of 

hepatoblasts to proliferate in such models [7,17] or because certain factors cross-react poorly 

between mouse and human, we next attempted to reconstitute FRG livers with murine 

hepatoblasts expressing FLuc. Adult mouse hepatocytes engrafted faster and at higher 

frequency than embryonic day 14 mouse liver cells, but several fetal cell recipients showed 

luminescence that started rising after approximately 2 months (Supplementary Fig. 1D). 

This suggested that mouse fetal liver cells had the ability to reconstitute FRG livers, albeit 

with lower efficiency than adult mouse hepatocytes. We therefore hypothesized that one or 

more factors required for human hepatoblast engraftment were not provided by the murine 

recipient and this explained the lack of efficient proliferation of human hepatoblasts.
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 Human oncostatin-M enhances human hepatoblast engraftment

Oncostatin-M (OSM) is expressed late in embryonic liver development [18] and required for 

in vitro differentiation of stem cells into hepatocyte-like cells [19,20]. We hypothesized that 

mouse OSM (mOSM) might fail to activate human hepatoblasts, impairing or limiting their 

proliferation after transplant. We therefore tested the induction of STAT3 phosphorylation in 

human hepatoma cell lines by mOSM. As opposed to human OSM (hOSM), dose dependent 

STAT3 phosphorylation was not observed with mOSM in HepG2 (Fig. 1A) or Huh7 (data 

not shown) hepatoma cells. This lack of mouse to human cross-reactivity was confirmed on 

primary human fetal liver cultures (HFLC) [13], whereas mOSM was able to activate murine 

H2-35 hepatoma cells (Fig. 1A). We then tested the ability of hOSM to enhance hepatoblast 

engraftment into immunodeficient fah−/− mice. We had previously observed that fah−/− mice 

crossed to NRG animals, designated FNRG mice, were superior recipients for adult human 

hepatocytes [21] than previously described FRG mice [5,14]. We therefore transplanted 

FNRG mice with human hepatoblasts and treated the mice with intraperitoneal injections of 

hOSM for 3 weeks, which resulted in a modest enhancement of hAlb and hTF serum levels 

early after transplantation (Fig. 1B). Serial measurements of hAlb serum levels showed that 

this early enhancement persisted over time, and that control-treated animals only displayed 

rising hAlb levels starting more than 2 months after transplantation (Fig. 1C). Because FRG 

recipients are more robust than FNRG mice, we found that hydrodynamic delivery (HDD) of 

a hOSM expression plasmid into FRG mice was associated with even more rapidly 

increasing and higher serum hAlb levels (45 fold over intraperitoneal hOSM injections, 182 

fold over green fluorescent protein (GFP) HDD, day 52 post-transplant) than controls (Fig. 

1D) (p = 0.02 for combined HDD experiments). Survival 3 months after plasmid HDD, fetal 

hepatoblast transplantation and NTBC cycling were 25–43% for mice that received GFP and 

0–17% for those that received hOSM. The effect of hOSM substitution on hAlb serum levels 

was, to a variable degree, observed in 7 out of 7 human donors and was dependent on the fah
−/− liver injury background (Fig. 1E). Histological analysis of livers from human 

hepatoblast transplanted FRG mice with high serum hAlb showed multiple islands of human 

hepatocytes, whereas animals with intermediate serum hAlb levels contained few islands 

(Fig. 1F), similar to what is typically observed after transplantation of adult human 

hepatocytes (data not shown). Human hepatocytes, which were identified by fumaryl 

acetoacetate hydrolase (FAH) and human-specific nuclear mitotic apparatus staining 

(Supplementary Fig. 2A), morphologically resembled human cells in FRG mice transplanted 

with adult human hepatocytes [21] and there was a correlation between serum albumin 

levels and the number of FAH+ islands in fetal hepatoblast transplanted mice 

(Supplementary Fig. 2B). In addition to human hepatocytes human endothelial cells could 

be detected in some mice engrafted with fetal hepatoblasts (Fig. 1G). These experiments 

indicate that hOSM administration enhanced otherwise inefficient human hepatoblast 

engraftment.

 Hepatoblast engrafted mice can support hepatitis virus infection

We next tested the ability of these grafts to support HCV and HBV infections, both of which 

cannot infect mouse hepatocytes. Starting with mice that contained high serum hAlb levels 

(3.3–9.1 mg/ml), previously shown to be required to detect HCV viremia [5,22], animals 

were challenged with HCV. In one out of two, donors’ viremia was detectable for months 
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whereas the second donor showed intermittently detectable viremia (Fig. 2A). Next, mice 

with more variable hAlb serum levels (404–9019 μg/ml) were challenged with plasma 

derived from an eAg negative HBV infected patient. HBV viremia (Fig. 2B) and HBV 

surface antigen (HBsAg) became detectable in all challenged mice (Fig. 2C), whereas no 

eAg could be detected (data not shown). Clusters of cAg+ hepatocytes could be observed in 

the livers of HBV viremic mice (Supplementary Fig. 2C). Three HBV viremic mice were 

treated with the nucleoside analogue entecavir. This suppressed HBV viremia but minimally 

affected the HBsAg levels (Fig. 2D), similar to previously published data on liver chimeric 

models [23,24] and in line with clinical observations. These results show that FRG mice that 

are highly engrafted with human hepatoblasts displayed similar characteristics for HBV and 

HCV infection as human liver chimeric models engrafted with adult human hepatocytes 

[5,22,23].

 Dual reconstitution with syngeneic human liver and immune cells

Because NRG mice are commonly used for human immune cell reconstitution and the 

generation of HIS mice [1,25] we hypothesized that FNRG mice might provide a suitable 

background for generating mice dually reconstituted with human liver and immune cells 

derived from the same fetal liver, or HIS-Hep mice.

First, we compared the efficiency of human hematopoietic cell reconstitution in NRG vs. 
FNRG mice. When we transplanted same donor derived CD34+ HSC into newborn NRG, 

FAH+/− NRG and FAH−/− NRG littermates from the F13 backcross of the FRG to the NOD 

background we found comparable human leukocyte subset reconstitution in the blood at 

week 12 post transplantation (Fig. 3A) indicating that F13 FNRG mice support efficient 

human immune system reconstitution and all subsequent studies were done exclusively in 

FNRG mice.

Next, we tested dual reconstitution of adult FNRG mice by either concurrent or sequential 

transplantation of syngeneic human fetal hepatoblasts and CD34+ HSC as illustrated in Fig. 

3B. Using this protocol we generated 7 independent cohorts of HIS-Hep mice, each cohort 

using a different human donor. The data shown in this study is combined data from mice that 

were either sequentially or concurrently transplanted (Fig. 3B) and received either hOSM or 

control medium. Characteristics of all HIS-Hep mice are listed in Supplementary Table 1.

Human leukocyte chimerism in blood, spleen and liver of HIS-Hep mice ranged from 10–

90% (Fig. 3C–D) at week 12-post transplantation. They also exhibited substantial T and B 

cell (Fig. 3C) and dendritic cell (data not shown) reconstitution. At week 12-post 

transplantation, T cells comprised about 70% CD4+ and 30% CD8+ T cells in liver and 

blood (Fig. 3E). Of note, this ratio is invers in the human liver indicating a possibly impaired 

homing or recruitment of CD8+ T cells to the liver in humanized mice. T cells from HIS-

Hep mice produced IFN-γ, TNF-α, perforin and granzyme B upon isolation and in vitro 
stimulation with PMA/Ionomycin (Fig. 3F).

 Improved development of human monocytes and NK cells in HIS-Hep mice

Previously reported HIS mouse models exhibit impaired development of human monocytes 

and NK cells [1]. In HIS-Hep mice, however, we observed robust development of human 
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CD14+ monocytes and CD56+ NK cells (Fig. 4A, C) at week 12-post human HSC 

transplantation. This was not HSC donor dependent as similar results were obtained for all 7 

cohorts (Fig. 4A). CD3+ CD56+ NK T cell development was not improved in HIS-Hep mice 

(Fig. 4C).

When we generated HIS-NRG mice and HIS-Hep FNRG mice from the same human HSC 

donor we found a higher frequency of monocytes and NK cells in blood and liver of HIS-

Hep mice (Fig. 4B, C). In addition, these mice showed higher peripheral monocyte and NK 

cell frequencies as compared to HIS-FNRG mice generated using the same human HSC 

donor and the same NTBC cycling protocol to induce murine liver damage (Fig. 4D). These 

results suggest that induction of murine liver injury itself is not sufficient to induce an 

improved monocyte and NK cell development. Further, this phenotype was independent of 

hOSM administration. Indeed, there was no correlation between frequencies of monocytes 

and NK cells and hOSM treatment in HIS-Hep from the same cohort (data not shown). To 

further confirm that hOSM does not directly induces the development of these cell subsets 

we transplanted FNRG mice with CD34+ HSC only (HIS-FNRG) and treated them with 

hOSM. We detected comparable low frequencies of human monocytes and NK cells in 

blood and liver of hOSM treated HIS-FNRG mice as compared to untreated controls 

(Supplementary Fig. 3A and B).

In summary these results clearly indicate improved human monocyte and NK cell 

reconstitution is specific for HIS-Hep mice.

 Monocytes and NK cells of HIS-Hep mice resemble human counterparts in phenotype, 
function and tissue distribution

NK cells are about 3-fold enriched in the human liver compared to the peripheral blood 

[26,27]. In line with this, we observed significant intrahepatic enrichment of NK cells in 

HIS-Hep mice (Fig. 4A). Human NK cells can be divided into two subsets: 

CD56brightCD16− and CD56dimCD16+ cells [28]. About 90% of peripheral NK cells are 

CD56dimCD16+ while intrahepatic NK cells are enriched in the CD56bright CD16− subset 

[26]. We detected both NK cell subsets in HIS-Hep mice with a distribution similar to 

humans (Fig. 5A, B). NK cells exhibited high expression levels of the activating receptors 

NKp46 and NKp30, variable expression levels of NKG2A and NKG2C and low expression 

of Trail (Fig. 5C). Similar expression patterns of these receptors have been described for NK 

cells in humans [29].

When stimulated with PMA/Ionomycin HIS-Hep human NK cells produced IFN-γ, 

granzyme B and perforin, which was most pronounced in the liver (Fig. 5D). We further 

examined functionality of these cells by co-culturing intrahepatic NK cells with the human 

NK cell target cell line K562. NK cells produced IFN-γ and/or showed degranulation 

activity as indicated by CD107a expression (Fig. 5E, F).

Human monocytes can be divided into CD14+CD16−, CD14+-CD16+ and CD14−CD16+ 

subsets [30]. We detected all 3 subsets in blood and liver (Fig. 4C and Fig. 5G) of HIS-Hep 

animals. There was also a significant accumulation of monocytes in the liver as compared to 

the blood (Fig. 4A), which was most pronounced for the CD14+CD16+ subset (Fig. 5G, H). 
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Immunohistochemistry for the monocyte/Kupffer cell marker human CD68 confirmed that 

these cells morphologically resembled Kupffer cells in the chimeric liver (Fig. 5I) that could 

also be seen on H&E staining (Supplementary Fig. 4D). Similar to monocytes in humans 

and other humanized mouse models [31], monocytes in HIS-Hep mice showed high surface 

expression of CD33, CD11b, CD62L, CD115 and CXCR1 (Supplementary Fig. 4A–B) and 

produce IL-6 upon stimulation with lipopolysaccharide (LPS) or R848 (Supplementary Fig. 

4C).

Taken together, these data demonstrate that HIS-Hep mice provide an environment that can 

promote development of functional human NK cells and monocytes.

 Increased frequency of human NK cells during early HBV infection in HIS-Hep mice

To determine the potential utility of HIS-Hep mice for the study of human immune 

responses to a hepatotropic pathogen we next tested their susceptibility to HBV infection. 

HIS-Hep mice displayed rapid and sustained viremia when infected with 9.8 × 108 (cohort 

1), 2.6 × 107 (cohort 3) and 3.5 × 106 (cohort 5) particles of mouse passaged HBV originally 

derived from an eAg- patient (Fig. 6A). Mice of cohort 3 and 5 were sacrificed for a cellular 

analysis at day 20-post infection and mice of cohort 1 at day 40-post infection.

Interestingly, during early HBV infection we detected a specific increase in the frequency of 

peripheral NK cells, but not T cells or monocytes, in HBV infected HIS-Hep mice as 

compared to controls (Fig. 6B). A similar trend was detectable in the liver, but not the spleen 

(Fig. 6C). These results are in line with reports of increased peripheral NK cell levels in 

early acute HBV in humans [32,33]. Peripheral but not intrahepatic NK cells of HBV 

infected mice also showed a higher expression of NKp30 as compared to controls (Fig. 6D) 

indicating NK cell activation in these mice.

In summary, these results indicate that HIS-Hep mice can be infected with HBV and show 

human NK cell activation during early HBV infection.

 Discussion

Human hepatocytes obtained from pediatric or young adult donors generally engraft more 

efficiently in chimeric mouse models than those obtained from older donors [22]. Fetal 

hepatoblasts might be expected to have superior engraftment potential but several reports 

[7,17] and anecdotal evidence suggested that these cells engraft poorly. Our findings indicate 

that they do survive in the murine liver for months but inefficiently proliferate in response to 

the signals provided by the fah−/− liver injury model. Treatment with hOSM significantly 

enhanced fetal hepatoblast engraftment as compared to controls across several different 

human donors. Whereas HDD of a hOSM expression plasmid resulted in more efficient 

engraftment than daily i.p. injections, increased mortality was observed at higher plasmid 

doses. This was not seen after HDD of high doses of GFP expression plasmid or after i.p. 

injections. Furthermore, a second HDD of hOSM 3 months after transplantation did not 

further enhance hAlb levels. This suggests that hOSM dosing should be further optimized 

early after transplantation. Other delivery methods may result in superior hepatoblast 

engraftment while preventing mortality caused by excess hOSM. Mechanisms by which 
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hOSM might improve fetal hepatoblast engraftment and expansion remain unclear and may 

involve providing a signal for the maturation of hepatoblasts into hepatocytes that 

subsequently respond to the murine liver injury, a direct proliferative effect of hOSM on 

hepatoblasts, or indirect effects by causing changes in the mouse liver than subsequently 

lead to human hepatoblast differentiation and proliferation. It will also be important to 

determine which cells from the fetal large cell fraction engraft in FRG livers. We speculate 

that fetal hepatoblasts engraft but have not excluded the possibility that a subset of cells that 

have further matured toward hepatocytes repopulate the liver, nor what other cell types may 

be required. For example it is possible that human liver endothelial cells, which we 

identified in some mice, or other non-parenchymal cells present in the large cell fraction are 

required for efficient hepatoblast engraftment.

Since hOSM administration led to efficient engraftment of human hepatoblasts we were able 

to develop a new syngeneic HIS-Hep mouse model. We generated HIS-Hep mice by 

sequential or concurrent transplantation. While both protocol resulted in efficient hepatoblast 

and immune cell reconstitution our study cannot conclude which protocol is superior due to 

the limited number of cohorts generated.

HIS-Hep mice displayed a striking cellular immune phenotype. Conventional HIS mice and 

previously reported doubly reconstituted mice predominantly contain human T and B 

lymphocytes [1,10,11] while the development of monocytes and NK cells is impaired. In 

contrast, HIS-Hep mice consistently had physiological numbers of human monocytes and 

NK cells. As was recently reported using a human IL-3, M-CSF, GM-CSF knock-in 

approach, Rongvaux and colleagues were able to reconstitute HIS mice with human 

monocytes and NK cells to frequencies similar to those observed in our HIS-Hep mice [31]. 

Mechanisms that contribute to the improved monocyte and NK cell reconstitution in HIS-

Hep mice will be determined in future studies.

Similar to Rongvaux et al. [31] we have observed a higher mortality (on average 47 ± 28%, 

range 13–83%) than typically observed in singly HSC or hepatoblast transplanted animals. 

This will need to be resolved in order to create larger cohorts of mice. In addition, similar to 

other HIS mouse models [1], HIS-Hep mice do not have a fully functional human immune 

system. To achieve this additional improvements will be necessary. One problem is the 

priming and function of T cells due to a lack of HLA expression in mice. Hepatoblasts 

engrafted express HLA, which likely enables human T cell recognition in the liver. Future 

improvements will include the generation of HIS-Hep mice in HLAtransgenic strains to also 

ensure HLA selection in the thymus. Future studies will also address if HLA expression on 

hepatoblasts can improve NK cell function through killer immunoglobulin-like receptor 

interactions with HLA molecules.

An increasing body of literature also suggests a role for NK cells during HBV infection [34]. 

Thus, an application of the HIS-Hep mouse model is the study of human NK cells and 

monocytes in human hepatotropic infections such as HBV, which have been notoriously 

plagued by limited access to human liver tissue. In our analysis of early acute HBV infection 

we did not observe an effect of immune cells on HBV infection, e.g., there was no decrease 

in viremia associated the presence of NK cells. Future studies need to address the effects of 
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immune cells on HBV viremia and other virological aspects in HIS-Hep mice, especially 

during longer infection periods.

In conclusion we have created a new humanized mouse model with efficient syngeneic 

human leukocytes and liver engraftment. We expect that this model will serve as a useful 

basis for further improvement strategies in order to develop a functional model for the study 

of human viral hepatitis.
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Refer to Web version on PubMed Central for supplementary material.
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 Abbreviations

NK cell natural killer cell

HBV hepatitis B virus

HSC hematopoietic stem cell

HIS human immune system

HIS-Hep mice mice with human immune system and liver xenograft

HCV hepatitis C virus

fah fumaryl acetoacetate hydrolase

hAlb human serum albumin

NRG NOD rag1−/− il2rγnull mouse

FRG fah−/−rag2−/−il2rgnull mouse

FNRG fah−/− NOD rag1−/−il2rgnull mouse

NTBC 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione

OSM oncostatin-M
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Fig. 1. Human oncostatin-M enhances human hepatoblast engraftment
(A) STAT3 phosphorylation was measured in human HepG2 hepatoma cells or primary 

human fetal liver cultures (HFLC) and mouse H2-35 cells by ELISA (B) hOSM was 

intraperitoneally (i.p.) injected daily into human hepatoblast transplanted FNRG mice for 3 

weeks, and serum human albumin (hAlb) and transferrin (hTF) were measured on day 38 

after transplantation and compared to PBS control-treated mice. (C) Median serum hAlb was 

measured in animals transplanted with human fetal hepatoblasts injected with either hOSM 

(filled circles, n = 9) or PBS control (open circles, n = 8). Error bars indicate range. (D) 

Comparison of hydrodynamic delivery (HDD) of an hOSM expressing plasmid before fetal 

hepatoblast transplantation (n = 5) and daily i.p. injections of hOSM (n = 6) (filled symbols). 

The control was a GFP plasmid (n = 6) or daily GFP supernatants (sups) i.p. injections (n = 

6) (open symbols). Median and range hAlb serum levels are shown and p value compares 

hOSM HDD to hOSM i.p. (E) Determination of maximum serum hAlb levels of fetal 

hepatoblast transplanted animals from 7 donors, treated with hOSM injections or HDD 

(filled symbols). Control (PBS or GFP)-treated animals are shown in open symbols. Fetal 

hepatoblast transplanted NRG mice that do not suffer from mouse liver injury are shown in 

squares. (F) Detection of human hepatocytes by histochemical staining for fumaryl 

acetoacetate hydrolase (FAH) on FRG livers that were transplanted with human hepatoblasts 

(scale bar is 1 mm). (G) Human CD31 staining for endothelial cells in the liver of a mouse 

engrafted with human fetal hepatoblast (scale bar is 10 μm). Statistics: Mann-Whitney U 
test.
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Fig. 2. Highly engrafted FRG mice support HBV and HCV infection
(A) FRG mice highly engrafted with human hepatoblasts from two donors were challenged 

with HCV and viremia was measured by qRT-PCR. (B) FRG mice with moderate to high 

liver engraftment were infected with plasma from an eAg negative HBV viremic patient. 

HBV viremia was quantified by qPCR. (C) HBsAg levels were quantified by 

chemiluminescence immunoassay in serum of FRG mice whose viremia is depicted in figure 

b. (D) Three mice stably viremic with eAg negative HBV were treated with daily i.p. 

injections (circles) or oral gavage (squares) of entecavir. HBV viremia (closed symbols) was 

determined by qPCR and HBsAg levels (open symbols) by CLIA. LOQ = limit of 

quantification for HBV DNA.
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Fig. 3. Dual reconstitution with syngeneic human liver and immune cells
(A) Newborn NRG, FAH−/+ NRG and FAH−/− NRG littermates were transplanted with 

CD34+ HSC from the same human donor. 12 weeks post transplantation human immune cell 

chimerism was analyzed. The left graph shows overall human CD45+ leukocyte 

reconstitution, the right graph shows CD3+ T cell, CD19+ B cell and CD33+ myeloid 

development in the blood. (B) Schematic showing the strategies used to generate FRNG 

mice with syngeneic human liver and immune cells (HIS-Hep mice) by either concurrent (1) 

or sequential (2) transplantation of hepatoblasts and CD34+ HSC. (C) Human CD45+ 

leukocyte, CD19+ B cell, and CD3+ T cell reconstitution in HIS-Hep mice. (D) FACS plots 

showing hCD45+ leukocytes in blood, spleen and liver of HIS-Hep mice. Plots are gated on 

total leukocytes. (e) Distribution of human CD4+ and CD8+ T cells in blood and liver of 

HIS-Hep mice (n = 7). (f) T cells were isolated from blood and liver (n = 7) and stimulated 

for 5 h with PMA/Ionomycin followed by intracellular cytokine staining. Graphs show 
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frequencies of IFN-γ, TNF-α, perforin and granzyme B producing CD4+ (left) and CD8+ 

(right) T cells.
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Fig. 4. Development of human monocytes and NK cells in HIS-Hep mice
(A) Human CD56+CD3− NK cell, CD14+ monocyte reconstitution and total splenic and 

intrahepatic monocyte and NK cell numbers in HIS-Hep mice at week 12-post HSC 

transplantation. (B) A cohort of HIS-NRG mice was generated in parallel with cohort 2 of 

HIS-Hep-FNRG mice using the same human CD34+ HSC donor. Adult age-matched NRG 

and FNRG mice were compared in this experiment. Graphs show frequencies of human 

monocytes and NK cells in blood and liver. (C) FACS plots showing intrahepatic CD56+ 

CD3− NK cells and CD14+/CD16+ monocytes in HIS-NRG and HIS-Hep-FNRG mice. Plots 

are gated on hCD45+ leukocytes. (D) A cohort of HIS-FNRG mice was generated in parallel 

with cohort 3 of HIS-Hep FNRG mice using the same human CD34+ HSC donor and the 

same NTBC cycling protocol to induce murine liver damage. Human NK cell and monocyte 

frequencies in the peripheral blood 8 weeks post HSC transplantation are shown. Statistics: 

Mann-Whitney U test: *p ≤0.05, **p ≤0.005, ***p ≤0.0005.
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Fig. 5. Monocytes and NK cells of HIS-Hep mice resemble human counterparts in phenotype, 
function and tissue distribution
(A) NK cells of HIS-Hep mice were analyzed for CD56 and CD16 expression. CD56 mean 

fluorescence intensity (MFI) and frequencies of CD56brightCD16− and CD56dimCD16+ 

subsets in blood and liver (n = 7). (B) FACS plots showing CD56 and CD16 expression 

levels of NK cells from HIS-Hep blood and liver and human peripheral blood. Plots are 

gated on hCD45+ CD3− CD56+ cells. (C) Surface expression of Nkp46, Nkp30, NKG2C, 

NKG2A and Trail on human NK cells in blood and liver of HIS-Hep mice (n = 7) (D) Blood 

and liver-derived NK cells of HISHep mice were stimulated for 5 h with PMA/Ionomycin 

followed by intracellular staining for IFN-γ, perforin and granzyme B (n = 4). (E) Liver-

derived NK cells were cultured for 5 h with or without the human NK target cell line K562 
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in the presence of anti human CD107a antibody followed by intracellular IFN- γ staining (n 

= 3) (F) FACS plots showing IFN-γ production and degranulation (CD107a) of NK cells in 

presence or absence of K562 cells. Plots are gated on hCD45+ CD3− CD56+ cells. (G) FACS 

plots showing CD14 and CD16 expression on human peripheral and intrahepatic leukocytes. 

Cells are gated on hCD45+ CD3− CD56− cells. (H) Frequencies of CD16− CD14+, CD16+ 

CD14+ and CD16+ CD14− monocytes within the CD3− CD56− cell population in blood and 

liver of HIS-Hep mice (n = 7) (I) Immunohistological staining of human CD68+ monocytes 

in the liver of HIS-Hep mice. Scale bars are 100 μm in both panels. Statistics: Mann-

Whitney U test: *p ≤0.05, **p ≤0.005, ***p ≤0.0005.
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Fig. 6. Increased frequency of human NK cells during early HBV infection in HIS-Hep mice
(A) HIS-Hep mice were intravenously infected with 9.8 × 108 (cohort 1), 2.6 × 107 (cohort 

3) and 3.5 × 106 (cohort 5) HBV genomes. HBV viral load was determined at multiple time 

points between day 0 and 40 post infection. (B) At day 0, 5, 9 and 20 post infection the 

peripheral blood of HIS-Hep mice from cohort 3 and 5 was analyzed for differences in 

CD3+ T cell, CD14+ monocyte and CD56+ NK cell frequencies by flow cytometry. (C) At 

day 20 or 40 post HBV infection mice were sacrificed and NK cell frequencies in blood, 

spleen and liver were determined. (D) Expression levels of Nkp46 and Nkp30 on blood and 

liver derived NK cells of mice from cohort 3 and 5. Statistics: Mann-Whitney U test: *p 
≤0.05, **p ≤0.005.
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