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Editorial on the Research Topic 


Humanized Mouse Models to Study Immune Responses to Human Infectious Organisms


This Research Topic is a collection of 9 articles covering the latest development in humanized mice technologies pertaining to immune responses towards infectious organisms. Ranging from bacterial infections that rapidly rot tissue and bone, to chronic viral infections with the ability to evade eradication for decades - each organism distinctly interacts and manipulates the human immune response depending on the environment. This begets the need for a model that can faithfully capture the human immune signature and the host-pathogen interaction. This Topic discusses the advances in 2 types of humanized mice: liver-humanized mice, and mice reconstituted with components of the human immune system.

Vector-borne diseases account for close to 20% of all infectious diseases worldwide. There were an estimated 241 million cases of malaria worldwide, resulting in hundreds of thousands of deaths, especially in children under 5. Modelling the life cycle of malaria parasites has been challenging as human red blood cells (hRBCs) are rapidly eliminated in vivo. Existing immunodeficient models require daily transfusions to replenish hRBCs, drastically limiting the scope of preclinical testing for therapeutics. Yamaguchi et al. present a novel NOG sub-strain harboring a murine C3 mutation preventing rejection of hRBCs in vivo. This allows hRBCs to be retained in humanized mice up to a remarkable 30 days, thus expanding the scenarios that can be studied in vivo, such as vaccinations and co-infections.

Zika virus (ZIKV) is another vector-borne virus known for its devastating neurological and obstetric complications. The search for a ZIKV vaccine remains a highly active field of research. Tarbe et al. demonstrate that memory CD8 T cells generated from Japanese Encephalitis Virus (JEV) immunization are cross-reactive against ZIKV infection in HLA-transgenic mice. Live attenuated JEV vaccinations, along with other vector-borne disease vaccines, have been well studied and used clinically. This discovery is an important step in understanding whether cross-protection among these vaccines exist. Perhaps the solution to a longstanding global health problem could lie in evidence-based repurposing of existing resources, making it not too far out of reach.

Hepatitis B virus (HBV) is notoriously difficult to model in vivo due to its strong human hepatotropism. Lai et al. discuss how human liver chimeric mice, among a small handful of animals that successfully harbour HBV infection, remain at the forefront of in vivo modelling due to their cost efficiency and availability. With current technologies optimized to produce liver humanization exceeding 70%, researchers are now able to study the life cycle of HBV in a large number of animals. Furthermore, headway has been made into dual humanization models, which provides a powerful pre-clinical platform for recapitulating parts of the human immune response to HBV and therapeutic effects.

Despite the discovery of antiretroviral therapy, Human Immunodeficiency Virus-1 (HIV-1) has evaded eradication for decades and remains a lifelong disease. Gillgrass et al. succinctly summarise the plethora of humanized mouse models that have been developed to understand the pathogenesis of HIV-1, and how it sustains its reservoir in humans. Critically, the article also discusses the use of humice in dissecting the many confounding factors in patient prognosis, including co-infections, the efficacy of HIV vaccines, and immune system interaction with the endogenous microbiome. Gillgrass’ review dovetails nicely with Abeynaike and Paust‘s article on novel HIV-1 therapies studied in humanized mice, featuring gene-editing strategies like CRISPR/Cas9, as well as immune-based therapies such as Chimeric Antigen Receptor (CAR) T cell immunotherapy.

The strength of current humanized mice technology infectious lies in its ability to initiate innate immune responses and antigen-specific T cell responses. However, the full spectrum of humoral response to diseases is limited by the lack of mature B cells and hence antibody class switching. To address this, Cheng et al. presents a proof-of-concept study where TLR9 agonist CpG-B, in combination with co-stimulatory molecule CD40 targeting, triggers a more efficient transition human B cell maturation in humanized mice. This promotes isotype switching from IgM to IgG, the latter playing an essential role in measuring the human response against infectious diseases, thus adding a new dimension to disease modelling capabilities.

Improved B cell maturation in humanized mice also spells good news for researchers studying lymphoproliferative infectious diseases such as Epstein Barr virus (EBV). The two EBV strains vary in their tissue tropism, thus influencing their oncogenic properties. Schuchmachers and Münz review how humanized mice have allowed researchers to tease out the functional significance of viral structures, and how they interact with host genomics and other co-infections to produce malignancy.

Finally, humanized mice have lent great insight into the pathogen-host interaction in tissue infections. Tackling the study of polymicrobial synergy and dysbiosis of the subgingivial microbiota is no easy feat. Rojas et al. discuss at great length the new ways researchers have inoculated Their article covers the immunotherapies that have sprung forth from such studies. Muthukrishnan et al. also present original research on a model recapitulating S. aureus pathogenesis during osteomyelitis, bringing fresh hope for non-antibiotic interventions to combat implant-associated osteomyelitis, as well as to curb rampant multi-drug resistance.

Humanized mice encompass a powerful platform for interrogating the complexity of infectious disease interactions using an in vivo biological system. With infectious diseases evolving so rapidly in an interconnected world, technology must swiftly advance to suit the complexity of real-world issues. Constant sharing of knowledge and a strong network will be crucial in maintaining replicability between models and definitively drive progress in an exciting and dynamic field.
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Japanese encephalitis virus (JEV) exposure or vaccination could elicit cross-reactive CD8 T cell immunity against heterologous flaviviruses in humans. In addition, cross-reactive CD8 T cells induced by dengue virus (DENV) have been shown to play a protective role against Zika virus (ZIKV). However, how JEV exposure or vaccination affects ZIKV infection in humans remains unclear. In this report, epitope prediction algorithms were used to predict the cross-reactive CD8 T cell epitope restricted to human HLA between JEV and ZIKV. We found that these predicted CD8 T cell epitopes are immunogenic and cross-reactive in humanized HLA transgenic mice. Moreover, JEV vaccine immunization provided cross-protection against ZIKV infection. Furthermore, CD8 T cells were involved in the protection against ZKIV infection in vivo. Our results have an important clinical implication that vaccination with JEV SA14-14-2 may provide protection against ZIKV infection in humans.

Keywords: JEV, Zika, cross-reactive, epitope, CD8 T cells, HLA-A2 transgenic mice, heterologous immunity


INTRODUCTION

Zika virus (ZIKV) is a global health threat due to its association with severe congenital malformations and its widespread transmission (1, 2). Nevertheless, the spreading of ZIKV is limited in China and South-East Asia (3–5) despite the presence of ZIKV transmission-competent mosquitoes and the circulation of other flaviviruses, including dengue viruses (DVs) and Japanese encephalitis virus (JEV). Several hypotheses have been suggested to explain the low incidence of ZIKV infection in Asia: low burden of public health prior to the Micronesia epidemic in 2007, misdiagnosis even in the laboratory due to the presence of other flaviviruses, endemic of ZIKV in Asia for several decades potentially providing long-lasting immunity, and/or cross-protective immunity provided by other endemic flaviviruses (6). While cross-reactivity of DV immunity with ZIKV infection has been reported because of the presence of DV in South America (7–9), little is known about immunologic cross-reactivity of JEV to ZIKV and whether JEV pre-existing immunity may provide protection or contribute to ZIKV pathogenesis.

JEV is an arthropod-borne virus transmitted mainly through the bite of Culex species mosquitoes, primarily Culex tritaeniorhynchus. JEV is endemic to South and South-East Asia and epidemic in North Asia. It is reported that JEV seropositivity in adults in Korea range from 79–94% (10). Thus, JEV circulates from Pakistan to Japan and from Korea to Indonesia, as well as through east Pacific regions and northern Australia (11). JEV infection induces disease mainly during childhood. Approximately 10% of infected children develop mild febrile illness, and 0.1 to 1% of them progress to encephalitis, of which 20–30% are fatal and 30–50% result in permanent neurologic sequelae (12). The remainder of JEV infections in humans are clinically silent. The overwhelming majority of JEV-exposed individuals thus develop long-lasting immunity.

Live attenuated JEV vaccine (SA14-14-2) is widely used in China and other Asian countries (13). This vaccine is able to elicit both humoral and cellular immunity. Interestingly, while JEV vaccination in children provides high and long-lasting protection through neutralizing antibodies (14, 15). The vaccination in adults provides a T cell immune response that is more potent than a humoral response (16). Additionally, CD8 T cells in JEV-vaccinated and JEV-exposed healthy human subjects cross-react with DVs (16, 17) and other flaviviruses. Furthermore, Recent studies have revealed that murine MHC I-restricted CD8 T cells from mice infected with JEV or vaccine strain are indeed cross-reactive with ZIKV (18, 19). These evidences suggest JEV vaccination may elicit cross-reactive T cell immunity against ZIKV and thereby affect ZIKV pathogenesis in humans. To test this hypothesis, we performed bioinformatic analysis to predict the cross-reactive epitope between JEV and ZIKV. Then, the immunogenicity of these epitopes and the cross-protective role of CD8 T cells against ZIKV infection were determined in HLA-transgenic mice. Our results imply that JEV vaccination has a potential to protect ZIKV infection in humans by cross-reactive CD8 T cell immunity against these epitopes.



RESULTS


Prediction of Potential Cross-Reactive Epitope to ZIKV Restricted to Human MHCs

Human leukocyte antigen (HLA)-B∗58:01(B58), HLA-A∗02:01 (A2), HLA-A∗11:01 (A11) and HLA-A∗24:02 (A24) are prevalent MHC-I molecules in the Asian population. Moreover, HLA-A∗02:01 is the most prevalent MHC-I in the Caucasian population. As JEV SA14-14-2 and ZIKV polyproteins share 56% sequence homology, we wondered whether JEV vaccination could induce cross-reactive CD8 T cell response against ZIKV infection in humans. To determine the potential JEV/ZIKV cross-reactive epitope restricted to human MHC-I, we predicted antigenic peptides from the JEV SA14-14-2 polyprotein using Immune Epitope Database Analysis Resource (IEDAR) software and selected candidates presenting IEDAR scores under 4, thereby obtaining 196, 185, 207, and 184 epitopes restricted to HLA B58, HLA A2, HLA A11, and HLA A24, respectively. We then aligned the sequences of the JEV SA14-14-2 polyprotein with ZIKV MR766 (reference strain) and ZIKV SPH2015 (Brazilian strain) to determine identical or similar (no more than 2 mutations) antigenic peptides in BLAST software. Further analysis with IEDAR revealed that 42 HLA B58, 21 HLA A2, 39 HLA A11 and 39 HLA A24-binding candidates were predicted, respectively (Figure 1A and Supplementary Tables 1–3). Among them, 6 HLA B58, 4 HLA A2, 5 HLA A11 and 7 HLA A24-binding candidates were identical between SA14-14-2 and ZIKV (Figure 1B). Moreover, most of these cross-reactive candidates were located in E, NS3 and NS5 proteins of ZIKV (Figure 1C). These data imply that JEV vaccination may elicit a cross-reactive CD8 T cell response to ZIKV in humans.
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FIGURE 1. Prediction of JEV and ZIKV-derived cross-reactive HLA-B*58:01, HLA-A*02:01, HLA-A*11:01 and HLA-A*24:02-restricted epitope candidates. (A) Sequence of predicted HLA-A*02:01-restricted JEV SA14, ZIKV MR766, ZIKVSPH2015 and ZIKVSZWIV01 cross-reactive epitopes. (B) Number of predicted JEV-derived HLA-B*58:01, HLA-A*02:01, HLA-A*11:01 and HLA-A*24:02-restricted epitopes and their comparison with ZIKV MR766-derived epitopes. (C) Location of predicted cross-reactive epitopes on the JEV polyprotein sequence and IEDB percentage ranks. *Starting position in MR766 (-/) and SPH2015/SZWIV01 (/-); **Starting position in MR766 (-/), SPH2015/SZWIV01 (/-/) and SA14 (/-).




A Dominant JEV Epitope Elicits Cross-Reactive CD8 T Cell Response to ZIKV Infection in HLA A2-Transgenic Mice

Considering the availability of HLA transgenic mice and HLA genotype prevalence in humans, we focused our study on the HLA A2-restricted epitopes and evaluated the immunogenic properties of these potential cross-reactive epitopes in vivo. HHD mice, which are transgenic mice with a C57B/L6 background that express the human MHC-I A2 epitope-binding site (20), were infected either with the JEV-attenuated strain SA14-14-2 or ZIKV SZ-WIV01. Seven days after infection, splenocytes were collected and stimulated with each HLA A2-restricted peptide in an IFNγ-ELISpot assay. As shown in Figure 2A, J2, Z2, J/Z11, J12, Z12, Z12’ and Z14’ peptides were immunogenic epitopes in JEV infection. However, in ZIKV infection, the T cell response to J2 and Z2 peptides was negligible. J12, Z12 and Z12’ peptides are the most dominant epitopes in response to ZIKV infection (Figure 2B). An intracellular staining assay confirmed that CD8 T cells from ZIKV-infected HHD mice indeed responded to all J12, Z12 and Z12’ peptides by producing IFNγ. Moreover, CD8 T cells that responded to J12, Z12 and Z12’ peptides were polyfunctional because they produced both IFNγ and TNFα (Figure 2C).
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FIGURE 2. Identification of JEV and ZIKV epitopes recognized by JEV- and ZIKV-specific CD8+ T cells in HHD mice. (A) IFNγ ELISpot assay of splenocytes from JEV SA14-14-2-immunized HHD mice (n = 5) stimulated with the indicated peptides. (B) IFNγ ELISpot assay of splenocytes from ZIKV SZWIV01-infected HDD mice stimulated with the indicated peptides. (C) Intracellular staining of splenocytes from ZIKV SZWIV01-infected HDD mice. Splenocytes were stimulated with J/Z11, J12, Z12 and Z12’ peptides. ZIKV SZWIV01-infected WT mice served as negative controls. Cells were gated on both CD8 and TCRβ positive. (D) HLA A2-J12 and Z12 tetramer staining of splenocytes from ZIKV SZWIV01-infected HDD mice.


To further determine the cross-reactivity between J12 and Z12-specific CD8 T cells, J12 and Z12 tetramer were used to stain CD8 T cells collected from ZIKV-infected mice. We found that Z12 and J12 dual -reactive cells are significantly higher than Z12-specific CD8 T cells (Figure 2D). These results indicate that Z12-specific CD8 T cells are cross-reactive with J12-specific CD8 T cells. Altogether, these results demonstrate that JEV vaccination induces cross-reactive HLA A2-restricted CD8 T cells to ZIKV.



JEV Vaccination Polarizes CD8 T Cell Response to the Cross-Reactive ZIKV Epitope

We next studied whether JEV vaccination could affect the CD8 T cell response to ZIKV infection in vivo. HHD mice were first immunized with the JEV SA14-14-2 vaccine and then infected with ZIKV 28 days later. Non-immunized HHD mice that received ZIKV infection were served as control group. Five days post ZIKV infection, splenocytes were harvested. ELISpot was used to determine the CD8 T cell response to ZIKV epitopes. As expected, T cells responded to J12, Z12, and Z12’ peptides in Non-immunized group because of ZIKV infection. Notably, the responses to these peptides were 2 to 4 times higher in the JEV-immunized group than in the non-immunized group (Figure 3A).
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FIGURE 3. JEV-specific CD8 T cells are recalled upon ZIKV infection in HHD mice. (A,B) IFNγ ELISpot assay of indicated epitopes with splenocytes from HHD mice (n = 5 each) that were immunized without (A) or with (B) the JEV SA14-14-2 vaccine once and then infected with ZIKV. (C,D) Intracellular staining of splenocytes from HHD mice (n = 5 each) that were immunized with or without the JEV SA14-14-2 vaccine once and then infected with ZIKV. The splenocytes were cultured with indicated peptides before intracellular staining. The averages of IFNγ+ (C) and IFNγ+TNFα+ (D) gated on CD8 T cells. (E,F) Representative plot of IFNγ and TNFα expression in CD8 T cells.


We next used ICS assay to examine the IFNγ and TNFα production of CD8 T cells from JEV-immunized mice in response to peptide J12, Z12, and Z12’. As shown in the Figure 3B, the proportions of IFNγ producing CD8 T cells in the JEV-immunized group in response to J12, Z12 and Z12’ peptides were approximately 4 times higher than that in the non-immunized group. Furthermore, IFNγ-producing T cells appeared polyfunctional, as nearly 50% of them also expressed TNFα (Figures 3C,D). In addition, the majority of IFNγ and TNFα-producing T cells expressed high levels of CD44 molecules (Figures 3E,F), a memory phenotype, indicating the T cell responses are a recall response. These data suggest that JEV vaccination polarizes CD8 T cell response to a dominant epitope that cross-reacts with ZIKV.



JEV-Specific CD8 T-Cells Provide Cross-Protection Against ZIKV Infection

Next, the protective potential of the JEV cross-reactive CD8 T cells against ZIKV infection was determined in vivo. We first generated HHD Ifnar1–/– mice that are susceptible to ZIKV by crossing HHD mice with Ifnar1–/– mice. HHD Ifnar1–/– mice were immunized twice with JEV on days 1 and 28, and then mice were challenged with ZIKV 14 days after the second immunization. The non-immunized mice lost approximately 17% of their body weight from day 4 to day 7 after ZIKV infection (Figure 4A). Eighty percent of these mice died 10 days after ZIKV infection (Figure 4B). In contrast, the immunized mice lost little body weight, and only 1 out of 7 mice died after ZIKV infection (Figures 4A,B). These observations suggest that JEV vaccination protects humanized HHD transgenic mice from ZIKV infection.
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FIGURE 4. JEV immunization provides protection against ZIKV infection in HHD Ifnar1–/– mice (A,B). Body weight (A) and survival rate (B) of HHD Ifnar1–/– mice (n = 5 each) that were injected with JEV SA14-14-2 vaccine (n = 7) or mock (n = 5) two times on days 0 and 28 and then infected with ZIKV on day 14 after the boost.


To determine the cross-protective role of CD8 T cells against ZIKV infection, we transferred purified CD8 T cells from JEV-immunized mice to naïve HHD Ifnar1–/– mice prior to ZIKV infection. After ZIKV challenge, all the control mice lost more than 20% of their initial weight in the first week and had to be sacrificed on day 7 or 8 post infection. Mice that were adoptively transferred with JEV-specific CD8 T cells showed similar weight loss as control mice, but three mice (30%) in this group started to recover from day 6 post infection onward (Figures 5A,B).
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FIGURE 5. JEV-specific CD8 T cells contribute to the cross-protection against ZIKV in HHD Ifnar1–/– mice (A,B). Body weight (A) and survival (B) of HHD Ifnar1–/– mice (n = 5 each) that were injected with JEV SA14-14-2 vaccine (n = 7) or mock (n = 5) two times on days 0 and 28. CD8 T cells were purified and adoptively transferred to naïve mice before ZIKV infection, body weight (A) and survival rate (B) were monitored. (C,D) CD8 T cells in JEV SA14-14-2-immunized mice were depleted with antibody before ZIKV challenge, body weight (C) and survival rate (D) of HHD Ifnar1–/– mice (n = 6 each) were monitored.


To further confirm the protective role of CD8 T cells against ZIKV infection, we performed CD8 T cell depletion study in HHD transgenic mice. As shown in Figures 5C,D, JEV-immunized mice that received isotype control antibody slightly loss weight and recovered rapidly after day 8 post-infection, and all the mice survived. At the opposite, when CD8 T cells were depleted in JEV-immunized group, all the mice in this group continuously lost weight and none of them survived after day 12 post ZIKV infection. Collectively, these data indicate that memory CD8 T cells generated from JEV immunization could provide cross-protection against ZIKV infection in HHD transgenic mice.




DISCUSSION

In this study, we found abundant cross-reactive epitope candidates that have the potential to be presented by the most prevalent MHC-I molecules in the Asian population. Consistent with previous studies, most of these epitope candidates were mainly located in the E, NS3 and NS5 proteins (21–23). We used HLA-transgenic mice to validate those HLA A2-restricted candidates. Among the candidates, the J12 peptide SLVNGVVKL from JEV appeared to be the most immunogenic and immunodominant epitope. Additionally, JEV vaccination induced memory CD8 T cells that can recognize ZIKV analogs SLINGVVRL and SLVNGVVRL, whereas ZIKV-specific CD8 T cells could also cross-react with J12-specific CD8 T cells. Furthermore, adoptively transfer JEV-specific CD8 T cells also could provide cross-protection against ZIKV infection in HLA-A2 transgenic mice. Taken together, these observations suggest that JEV vaccine immunization induce JEV-specific CD8 T cells, having the potential to provide cross-protection against ZIKV infection in humans.

Previous studies by us and others have independent shown that antibodies against JEV are cross-reactive to ZIKV, but passive transfer of JEV antisera fails to protect ZIKV infection in Ifnar1–/– mice (18, 24). Thus, antibody response is unlikely to mediate the protection of JEV vaccine-immunized HLA-transgenic or non-transgenic Ifnar1–/– mice from ZIKV infection. Although JEV antibodies exhibit antibody-dependent enhancement (ADE) of infection in vitro, the ADE effect was not observed in JEV vaccine-immunized mice or JEV antisera transferred mice (18, 24). It has been shown in Dengue virus infection, efficient CD8 T cells response is sufficient to inhibit ADE in infected mice. Our present study together with previous findings (18, 24) all suggest that cross-reactive JEV-specific CD8 T cells are protective to ZIKV infection in wild-type mice that are not HLA-transgenic (18, 19, 25). Thus, JEV vaccine can be clinically used for the prevention of ZIKV infection and also is at low risk of ADE induction in immune-competent humans.

In this study, we found that JEV vaccine immunization can provide cross-protection, but the adoptive transfer of CD8 T cells from JEV vaccine-immunized mice only partially protected naïve HHD Ifnar1–/– mice from ZIKV infection. One possible reason for this partial protection is that adoptive CD8 T cells failed to migrate into ZIKV-infected tissues due to a lack of micromilieu cues. Second, it is also possible that cross-reactive CD4 T cells are also important for cross-protection. Furthermore, JEV SA14-14-2 vaccine, as a live virus, could also activate some innate immune cells upon immunization in mice. Upon activation, innate immune cells become memory-like cells and respond to heterologous pathogens quickly and robustly within a few weeks to months. This process is named as trained immunity (26). Thus, it is also possible that JEV vaccination could induce trained immunity and thereby contribute to partial cross-protection against ZIKV infection.

Besides ZIKV, several flaviviruses, including West Nile virus, Usutu virus, Murray Valley encephalitis virus, Alfuy virus, and Spondweni virus, are also closely related to JEV (27). Whether JEV vaccination could elicit cross-protective immunity against these viruses remain unknown. Furthermore, vaccines for tick-borne encephalitis, yellow fever virus and dengue virus have also been clinically approved in humans (28). It is therefore of interest to study whether immunization of these vaccines in humans could affect other closely related flaviviruses. Understanding which mechanisms are involved in cross-protection against other closely related flavivirus is helpful for developing novel strategies to mitigate or prevent newly emerging flavivirus in future.



MATERIALS AND METHODS


Mice and Ethics Statement

HHD (C57BL/6 background) and WT C57BL/6 mice were originally obtained from Dr. F. Lemonnier (Institute Pasteur Paris) and the Shanghai Laboratory Animal Center (SLAC), respectively. AG6 mice deficient in both IFNAR1 and IFNGR were generated from C57BL/6 background Ifngr1–/– mice (Jackson laboratories, #003288) and Ifnar1–/– A129 mice (B&H company). AG6 mice were backcrossed to C57BL/6 background mice for more than 8 generations. HHD Ifnar1–/– mice were further generated by crossing AG6 mice with HHD mice. All mice were maintained and bred at the Institute Pasteur of Shanghai under standard pathogen-free conditions. Animal experiments were carried out in the animal biosafety level 2 laboratory and were approved by the Animal Care and Use Committee of the Institute Pasteur of Shanghai, CAS (Approval number: A2017017).



Peptide Synthesis

Peptides were synthesized by Genscript with a purity >95% confirmed by HPLC and mass spectrometry. All peptides were dissolved in DMSO at 10 mg/ml and stored at −20°C.



Viruses, Cells, and Reagents

The African Green kidney cell line Vero, Vero E6 and the Baby Hamster Kidney cell line BHK-21 were grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Suzhou, United States), and human erythroleukemic K562 cells were grown in RPMI 1640 medium (Gibco, Suzhou, United States) at 37°C with 5% CO2. All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Suzhou, United States), 100 U/ml penicillin (Gibco, Suzhou, United States) and 100 μg/ml streptomycin (Gibco, Suzhou, United States). The live-attenuated vaccine strain Japanese encephalitis virus SA14-14-2 was gifted by Dr. Chengfeng Qin, and virus stocks were propagated on BHK-21 cells and titrated on Vero E6 cells by plaque-forming assay. The Zika virus strain SZ-WIV01 (GenBank number KU963796) was obtained from the Microorganisms & Viruses Culture Collection Center, Wuhan Institute of Virology, CAS, and virus stocks were propagated on Vero cells and titrated on Vero E6 cells by plaque-forming assay.

PMA and ionomycin were purchased from Sigma-Aldrich. Brefeldin A was purchased from Biotime. Antibodies against mouse CD8α, CD3, TCRβ, CD44, CD69, IFNγ and TNFα were purchased from eBioscience.



JEV Vaccine Immunization and Infection With ZIKV

JEV SA-14-14-2 (5 × 104 pfu/mouse) or ZIKV (1 × 104 pfu/mouse) was administered to 6- to 8-week-old HHD mice by intraperitoneal injection (i.p.) or retro-orbital injection. Seven days post infection, splenocytes were collected for flow cytometry analysis or ELISpot assay.

To detect JEV-specific CD8 T cells cross-reactive with ZIKV, 6- to 8-week-old HHD mice were immunized with SA-14-14-2 (i.p., 5 × 104 pfu/mouse) and infected with ZIKV (r.o., 1 × 104 pfu/mouse) 28 days after immunization. Five days post infection, splenocytes were collected for flow cytometry analysis or ELISpot assay.



Mouse IFNγ ELISpot Assay

Mouse IFNγ ELISpot assay was performed using the ELISpot kit (3321-2A, Mabtech) according to the manufacturer’s instruction. Briefly, the day before the experiment, plates were coated with anti-IFNγ antibody AN18 at 4°C overnight. After the plates were washed with PBS and blocked with 10% FBS in RPMI, 0.4 μg of each peptide and 2.5 × 105 cells/well were added. The plates were incubated for 40 hours and then washed and visualized. Wells containing splenocytes in the presence of anti-CD3 and anti-CD28 antibodies were used as positive controls, while negative controls contained splenocytes in the presence of DMSO.



ZIKV Challenge in HHD Ifnar1–/– Mice

Four-week-old HHD Ifnar1–/– mice were immunized with two doses of 5 × 104 pfu JEV SA14-14-2 four weeks apart. Two weeks after the second immunization, the mice were infected with 104 pfu of ZIKV SZ-WIV01. Mouse survival, weight change and clinical score were monitored over 2 weeks. Clinical scores were graded as follows: 0 = healthy; 1 = ruffled fur; 2 = hunched position or reduced activity; 3 = limb weakness; 4 = paralyzed and 5 = moribund or dead.

For CD8 T cell adoptive transfer, 6- to 8-week-old HHD mice were immunized with 5 × 104 pfu of JEV SA14-14-2. Four weeks post immunization, splenocytes were collected, and CD8 T cells were isolated using the EasySepTM Mouse CD8 + T Cell Isolation Kit according to the manufacturer’s specifications. Then, 5-week-old HHD Ifnar1–/– mice were injected with 7.5 million purified CD8-positive splenocytes via the i.p. route. One day later, recipient mice were inoculated with 2 × 105 pfu ZIKV, and their survival and weight change were assessed for 2 weeks.



Flow Cytometry

Cells were washed and blocked in staining buffer (PBS, 0.3% BSA and 0.1% sodium azide) containing the anti-CD16/CD32 antibody for 10 min at 4°C and then stained with fluorophore-conjugated antibodies. After the cells were washed twice with staining buffer, data were collected on a Fortessa flow cytometer (BD Biosciences). For intracellular staining, 2.5 μg/ml BFA was added during the last 4 h of stimulation to block the secretion of cytokines. After the cells were washed and stained for cell-surface markers and fixated and permeabilized with the IC fixation buffer Kit (eBioscience) according to the manufacturer’s protocol, the cells were stained with FITC-anti-mouse IFNγ or isotype control and analyzed with a Fortessa flow cytometer. The data were analyzed using FlowJo software.



Statistical Analyses

Statistical analyses for continuous data were performed with Prism6 for Windows software (Prism Graph-Pad Software Inc.). P < 0.05 was considered significant. Graphs were produced, and statistical analyses were performed using GraphPad Prism.
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Viral hepatitis particularly Hepatitis B Virus (HBV) is still an ongoing health issue worldwide. Despite the vast technological advancements in research and development, only HBV vaccines, typically given during early years, are currently available as a preventive measure against acquiring the disease from a secondary source. In general, HBV can be cleared naturally by the human immune system if detected at low levels early. However, long term circulation of HBV in the peripheral blood may be detrimental to the human liver, specifically targeting human hepatocytes for cccDNA integration which inevitably supports HBV life cycle for the purpose of reinfection in healthy cells. Although there is some success in using nucleoside analogs or polyclonal antibodies targeting HBV surface antigens (HBsAg) in patients with acute or chronic HBV+ (CHB), majority of them would either respond only partially or succumb to the disease entirely unless they undergo liver transplants from a fully matched healthy donor and even so may not necessarily guarantee a 100% chance of survival. Indeed, in vitro/ex vivo cultures and various transgenic animal models have already provided us with a good understanding of HBV but they primarily lack human specificity or virus-host interactions in the presence of human immune surveillance. Therefore, the demand of utilizing humanized mice has increased over the last decade as a pre-clinical platform for investigating human-specific immune responses against HBV as well as identifying potential immunotherapeutic strategies in eradicating the virus. Basically, this review covers some of the recent developments and key advantages of humanized mouse models over other conventional transgenic mice platforms.
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INTRODUCTION

Hepatitis B Virus (HBV) infection remains a major health threat globally that contributes extensively to various types of liver diseases primarily due to development of acute hepatitis B which progresses into chronic hepatitis B (CHB) and subsequently causes liver fibrosis, cirrhosis and hepatocellular carcinoma (HCC). Based on the Global Hepatitis Report by WHO in 2015, it is estimated that 257 million people in the world are currently living with CHB (1). In fact, viral hepatitis was firmly responsible for 1.34 million deaths which was also the 6th leading cause of death worldwide overtaking the number of deaths caused by HIV and tuberculosis which was ranked at 7th and 12th, respectively (2). HBV can be classified into 10 Genotypes (A to J) depending on various geographical regions for example, Genotype A is highly endemic in areas like Africa, Europe, India, and America whereas Genotypes B and C are commonly found in the Asia-Pacific region (3). Genotype D is prevalent in Africa, Europe, the Mediterranean region, and India but Genotype E is only identified in West Africa. On the other hand, Genotype F is limited to Central and South America. In addition, there have been reports of Genotype G profiles in France, Germany, and the Americas however, Genotype H is mainly found in Mexico and Central America. Finally, Southeast Asian countries like Vietnam and Laos did portray patients with HBV Genotype I whereas Genotype J has only been reported in Japan. Although some countries are more susceptible to specific HBV genotypes, it is vital to note the mode of viral spread particularly in Asian regions. Genotypes B and C are found in most Asian countries where HBV primarily infects infants at a perinatal stage or through mother-to-infant transmission (1, 4). Therefore, preventive measures like Hepatitis B vaccinations have been enforced worldwide (mandatory in most countries) during the first 5 years of the child's birth. It is especially important to provide vaccinations within this timeframe as the risk of HBV progression from acute to CHB can be as high as 95% at a perinatal period and 20–30% if infection occurs between the age of 1–5 (4). In fact, Singapore was one of the first countries in the world to have implemented the national childhood HBV immunization programme to all newborns as early as 1st September 1987 (5). This initiative had proven effective as the national hepatitis B seroprevalence study have recorded a significant reduction in HBV infection rates as well as increasing HBV immunity primarily in adult Singaporeans (aged 18–29 years) between 1998 and 2010. Of these young adults that were positive for hepatitis B surface antigen (HBsAg), none were positive for hepatitis B e antigen (HBeAg) in 2010 compared to 20.8% in 1998. Similarly, detection of hepatitis B core antigen (HBcAg) has also decreased significantly from 22.1 to 4.4% whereas immunized antibodies produced against HBsAg (anti-HBs) increased from 27.9 to 43.3%.

Despite implementation of such immunization programmes, an active infection can still occur. There is currently no curative treatment for patients with CHB but several antiviral agents like interferon (IFN)-α or pegylated (PEG)-IFN-α and nucleoside analogs (NUC) have been approved for long-term suppression of HBV viremia (6). Although these antiviral agents can reduce circulating HBV to below threshold of detection limit in majority of patients, complete eradication of HBV life cycle remained a challenge as intrahepatic replication proved to be primarily responsible for viral persistence, rebound of viremia during treatment withdrawal and ultimately progression of liver pathogenesis. In addition to the life-long physical symptoms of people living with CHB, the importance of psychosocial burden such as anxiety, financial loss, social discrimination, and rejection should also be recognized equally (7).

Therefore, many have utilized cell culture-based assays and various animal models to better understand specific aspects of the disease including HBV life cycle, virus-host interactions, immune responses, potential therapeutic targets, and more. It is clear that HBV naturally targets human hepatocytes which can be easily obtained commercially or isolated from liver resection of patients with CHB (6, 8). However, limited accessibility due to financial constraints, poor quality of liver tissues, individual preparation variabilities, etc., proved to be the biggest drawbacks. Hence, human hepatoma cell lines like Huh7 and HepG2 were widely used as an alternative to primary human hepatocytes (PHH) cultures to mainly study post-transcriptional involvement of HBV life cycle following transfection of plasmids carrying specific regions of HBV DNA. These cell lines are not actually susceptible to HBV infection due to the lack of expression of HBV receptors until the discovery of a key integral transmembrane protein, sodium taurocholate co-transporting polypeptide (NTCP) where viruses are known to enter human liver cells through binding of NTCP receptors at the basolateral membrane of hepatocytes prior to being engulfed (9, 10). This was further validated in NTCP-overexpressing cell lines that are more permissive to HBV infection which can be attenuated by gene silencing of NTCP or utilizing peptides like Mycludex B (MyrB) to block viral entry (10). In fact, NTCP was simply first identified through a basic understanding of the HBV genome being an enveloped virus encoding HBeAg, HBcAg, HBx, Pol, large surface (L), middle surface (M), and small surface (S) envelop proteins where the pre-S1 domain of the L protein was later recognized as a key determinant factor that promotes viral entry (9). Moreover, the full life cycle of HBV accomplished through generation of pregenomic RNA (pgRNA) during reverse transcription at overlength genome regions containing HBV core promoter is required for production of mature HBV viral particles (11). More importantly, the virological key to this endless infectious property of HBV is due to an intracellular HBV replication intermediate called covalently closed circular DNA (cccDNA) which is primarily responsible for viral persistence and reactivation following therapeutic withdrawal (12–14). Although the molecular mechanisms of cccDNA formation remains unclear, its fundamental characteristic in synthesizing new virions has already been described in cell culture settings as an episomal plasmid-like molecule that resides in host cell nucleus making it a prime target for elimination.

Indeed, both PHH and hepatoma cell lines have offered valuable insights on the study of HBV infection however, it is equally important to validate these findings in vivo. As we all know, HBV has a very limited host spectrum which makes investigation of viral tropism in animals very challenging. Only a handful of animals such as chimpanzee, Mauritian cynomolgus monkey, treeshrew, and woodchuck models have successfully harbor HBV infection to not only recapitulate liver disease pathogenesis (fibrosis, cirrhosis, and HCC) seen in HBV+ patients but also offers a more accurate representation of viral-host interaction (15–19). However, handling of these larger animals requires strict ethics approval and involves high maintenance cost hence, most labs prefer using small animal models like mice as they reproduce in large numbers and can be easily purchased commercially. The evolution of various mouse strains over the last 20 years has clearly emphasized the importance of having a reliable in vivo platform particularly evidenced by the constant improvement in generating a mouse model that encompasses human liver chimeras and/or human immune system to not only allow better identification of novel therapeutic strategies to combat HBV but also to elucidate mechanisms of human-specific viral-host immune responses. In this review, we will highlight some of the key humanized mouse model systems that have significantly enhanced the understanding of HBV research below.



THE EVOLUTION OF HUMANIZED MICE

Prior to mouse humanization, HBV transgenic mice were frequently utilized to mainly evaluate various methods of HBV clearance through molecular manipulation of specific regions of HBV using siRNA/shRNA (20, 21). However, the major drawbacks of utilizing this system is the absence of HBV cccDNA in mouse hepatocytes and failure of mice to exhibit HBV-induced liver pathogenesis. Subsequently, HBV DNA delivery by hydrodynamic injection (plasmid DNA) and viral vectors like Adenovirus, Baculovirus, Adeno-associated viruses (AAV) improved HBV transfection efficiency, stability as well as maintenance for longer periods (22–25). Unfortunately, HBV cccDNA was again not detected in mouse hepatocytes suggesting that there could be some forms of impairment in the HBV cccDNA intracellular recycling pathway. It was only until recently when recombinant HBV cccDNA was successfully generated in mice injected hydrodynamically through Cre-/Loxp-mediated recombination which functions similarly to real HBV cccDNA in the production of mature viruses (14, 25). More importantly, the improved stability and persistence of HBV severely damaged mice livers for the very first time which resulted in advanced liver pathogenesis evidenced by development of fibrosis (26). Although transgenic mice exhibiting such phenotype was considered a major breakthrough in the field of HBV in vivo, the study still revolved around a complete mouse host setting. Since human hepatocytes are the natural cellular target of HBV, the inevitable transition of mouse to human eventually gave rise to various establishments of human liver chimeric mice.


HBV-Trimera Mice

Mice engrafted with primary human cells have long been utilized for research such as xenograft transplants of human cancer cell lines into nude mice for the study of tumorigenesis in vivo (27). Over time, it was demonstrated that immunodeficient mouse recipients that lack mouse T, B and Natural Killer (NK) cells combined with an additional deletion of the common γ-chain of the interleukin 2 receptor (IL-2rγ) offered the most successful human engraftments with very low risk of rejection (28–30). So, the “Trimera” mouse was one of the earliest model involving the use of human hepatocytes in HBV study where wild-type mice were lethally irradiated prior to immediate injection of radioprotective bone marrow cells from SCID mouse followed by transplantation of ex vivo HBV-infected human liver tissues under the kidney capsule 10 days later (31). Although low levels of viremia were detected in these mice which can be reduced by human polyclonal anti-HBs antibody, Hepatect and reverse-transcriptase inhibitors, human hepatocytes only remained functional for a very short timeframe and that HBV persistence could not be fully established in vivo. Therefore, generation of a chimeric mouse liver model with robust expansion of human hepatocytes within the liver parenchyma would be key in permitting a stable HBV infection in vivo.



uPA-SCID Transgenic Mice

By taking advantage of the liver's regenerative property, Albumin-urokinase-type plasminogen activator (uPA) transgenic mouse was the first model to successfully demonstrate repopulation of adult human hepatocytes transplanted from a healthy donor into the liver of a diseased mouse recipient (32, 33). Basically, this system of hepatocytes renewal relied on the creative concept of deliberately inducing hepatic injury in particular, to mouse hepatocytes in order to make space for healthy ones to accommodate the damaged liver. It was reported that the constitutive expression of murine uPA gene driven by an albumin enhancer/promoter was responsible for hepatotoxicity, elevated plasma uPA levels, hypofibrinogenemia, spontaneous intestinal and intra-abdominal hemorrhaging in neonates which was eventually utilized to facilitate mouse liver damage (34). In addition to overexpressing uPA transgene, these mice were backcrossed with an immunodeficient strain such as the Severe Combined Immune Deficient (SCID) that lacks functional B, T and NK cells to better permit reconstitution of xenogenic human hepatocytes in the liver (33, 35, 36). These mice were also capable of harboring high levels of HBV replication which later became an in vivo forefront of hepatitis research particularly in pre-clinical assessments of novel antiviral therapeutics (37–39). Although many had utilized various mouse strains in generating a similar uPA mouse model, the uncontrolled constitutive expression of this toxic gene resulted in poor breeding efficiency, limited timeframe for transplantation and high mortality whenever the transplanted human hepatocytes were unable to compensate for mouse hepatocyte cell death (40–42). Hence, the unpredictability in mice maintenance and high cost demands somewhat restricted wide application of this model.



FRG Knockout Mice

Stability of the human liver chimeric mice system was gradually finetuned with the generation of Fah knockout (KO) mice in 2007 (43). Fumarylacetoacetate hydrolase (Fah) is a mouse-specific enzyme required for liver metabolism which primarily plays an important role in the last steps of the tyrosine catabolism pathway. Mice deficient in the Fah gene redirected its metabolic pathway to accumulate toxic tyrosine metabolic intermediates which subsequently damaged mouse hepatocytes (44–46). To maintain normal liver function, mice drinking water were supplemented with 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), a chemical that has been approved to treat hereditary tyrosinemia type 1 (46). More importantly, NTBC drug can actually be passed down to pups through the mother's milk which greatly reduced the rate of mortality in pups of Fah KO mice. Unlike the uPA-overexpressed transgenic mice, NTBC cycling withdrawal offers a much better system in controlling the severity of mouse liver damage depending on the proliferative capability of post-transplanted human hepatocytes which can also be measured via human albumin expression in the blood (6, 11, 29, 43). To avoid any immune rejection risk of human cells, Fah KO mice were crossed into a Rag2/IL-2rγ double knockout strain which has been demonstrated to reconstitute human hematopoietic cells efficiently (47, 48). The newly generated Fah/Rag2/IL-2rγ triple KO mouse termed as FRG KO, were not only able to expand human hepatocytes robustly but also sustained high production of HBV in the serum without displaying any cytopathic pathogenesis (43). In addition to NTBC withdrawal, these mice were also administered with a urokinase-expressing adenovirus (ad-uPA) prior to animal surgery to further induce cell-autonomous hepatotoxicity for an enhanced human hepatocyte engraftment (49). Therefore, FRG KO mice have proven to be one of the most sought-after in vivo platforms for studying mechanisms of HBV infection and identification of novel antiviral therapeutics. In fact, our group has also recently utilized FRG KO mice to further investigate the concerted actions of IFN-α and -γ signaling and identified IFN-α14 as a potent interferon subtype for suppressing HBV (50).



TK-NOG Transgenic Mice

A similar drug-induced human liver chimeric mouse model was established in 2011 where the herpes simplex virus type 1 thymidine kinase (UL23 or HSVtk) gene driven by a mouse albumin promoter was specifically expressed in livers of severely immunodeficient NOG mice (TK-NOG) (51, 52). TK-NOG mice were briefly exposed to the non-toxic drug ganciclovir (GCV) to selectively destroy mouse hepatocyte cells that were expressing the HSVtk transgene thereby allowing space for the transplanted human hepatocytes to repopulate the liver. As HSVtk only catalyzes GCV phosphorylation, any other mammalian cells lacking the transgene will remain unaffected. Similarly, TK-NOG mice also support strong HBV replication property which were mainly used for drug screening purposes (52, 53). However, the demand for this mouse model is nowhere near as high when compared to the FRG KO strain due to male mice being infertile which ultimately result in poor breeding efficiency. More notably, a male wild-type NOG mouse is required to mate with a female TK-NOG mouse in order to successfully breed new transgenic pups followed by a very labor intense genotyping validation process.




DUAL HUMANIZED MOUSE MODELS

Although majority of these immunodeficient human liver chimeric mice have provided valuable insights on virology, the lack of a functional immune system impedes the study of human-specific immune responses triggered by HBV infection and immunotherapeutic strategies. Therefore, several groups including us have attempted to overcome these limitations by developing a dual humanized mouse model reconstituted with both hepatocytes as well as immune system of human origin (54). In fact, our group was one of the frontier labs in South East Asia to have previously demonstrated successful co-engraftment of human fetal liver-derived hematopoietic stem cells (HSCs) and hepatoblasts in an immunodeficient NOD-SCID IL-2rγ−/− (NSG) mouse (HIL mouse) without any transgene modifications for the study of viral-related liver disease (55). These HIL mice were subjected to HCV inoculum before triggering HCV-specific immune responses which led to the development of liver pathogenesis like inflammation and fibrosis (56). Similarly, we have also utilized HIL mice to investigate the importance of intrahepatic CD206+ macrophages in HBV-induced liver inflammation and that liver fibrosis can be suppressed by anti-GM-CSF therapy (57, 58). While our HIL mice have indeed recapitulated most of the clinical symptoms observed in HBV/HCV patients, the weak liver chimerism gave rise to a much lower viral output when compared to some of the chimeric mice mentioned earlier. To overcome this obstacle, we have since utilized our own established immunodeficient NOD-SCID IL-2r−/− (NIKO) mouse strain (59) to generate mice lacking the Fah gene herein, termed as Fah-NIKO mice. Like the FRG KO mice, Fah-NIKO mice also adapted a similar approach of utilizing NTBC cycling to facilitate mouse hepatocyte cell death allowing transplanted human hepatocytes to repopulate. Our preliminary data indicated that Fah-NIKO mice could also achieve high levels of human liver engraftment and support HBV infection for long periods (unpublished data). Although our NIKO mice have demonstrated good human hematopoietic reconstitution which is comparable to NSG mice (unpublished data), we have yet to examine the dual humanization capability of NIKO mice in response to HBV infection. Therefore, mice engrafted with both mature human immune system and humanized liver could hold the key to better assess human-specific immune responses triggered by HBV of which some of the recent developments of dual humanized mice will be highlighted below.


AFC8-hu HSC/Hep Mice

In 2011, AFC8 mice became one of the first dual humanized mouse model to be established with human immune system and up to 30% repopulation of human hepatocytes in the mouse liver (60–62). Generation of these mice were actually quite similar to our HIL mice but with an added advantage of expressing a suicidal Caspase 8 inducible system to facilitate mouse hepatocyte cell death. Basically, immunodeficient Rag2/IL-2rγ KO mice in a BALB/c background were overexpressed with an albumin-driven Caspase 8 transgene which was fused with FK506 binding domain (FKBP) to specifically target mouse hepatocytes (AFC8 mice) (60). Following co-transplantation of human CD34+ HSCs and hepatocyte progenitor cells, these transgenic mice (AFC8-hu HSC/Hep mice) were administered with a FKBP dimerizer, AP20187 to induce hepatic injury for human liver engraftment. Similar to what we observed in HIL mice infected with HCV, AFC8-hu HSC/Hep mice also displayed human T cell responses to HCV and developed chronic liver inflammation/fibrosis which correlated with activation of stellate cells and human-specific fibrogenic genes (56, 60).



A2/NSG/Fas-hu-HSC/Hep Mice

Since several reports indicated that chronic HBV-associated pathologies were related to infiltration of T lymphocytes and activated macrophages, the same group who generated AFC8-hu HSC/Hep mice developed another transgenic mouse model expressing HLA-A2 in an NSG background (A2/NSG) in order to study human antigen-specific T cell responses to HBV (63–65). They adapted a similar approach of transplanting HLA-A2 donor derived CD34+ HSCs and hepatic progenitors into A2/NSG pups but used a murine Fas activating antibody Jo2 to induce hepatotoxicity for engraftment of human hepatocytes (A2/NSG/Fas-hu-HSC/Hep mice) (66, 67). Mice that were infected with HBV displayed long-term viral persistence, robust expansion of human lymphoid T cells isolated from lymphoid and liver tissues following HBV antigen stimulation, and developed HBV-induced liver pathogenesis including hepatitis and fibrosis. More importantly, HBV-infected A2/NSG/Fas-hu-HSC/Hep mice exhibited high accumulation of activated human M2-like macrophages particularly at the fibrotic regions of the liver which was similarly observed in both patients with CHB and acute liver failure further demonstrating the importance of M2 macrophages in the innate immune system involving tissue remodeling and wound repair (63, 68). Indeed, the development of antigen-specific T cell responses have provided a unique advantage of utilizing these haplotype-matched dual humanized mice models for the study of HBV. However, it was believed that such immunosuppressive or pro-inflammatory phenotypes can be further optimized with improved engraftment of human hepatocytes in yielding higher viral titers return.



uPA-NOG Transgenic Mice

As viral-induced liver pathogenesis including fibrosis, cirrhosis and even cancer can take decades to progress in humans, small animal models like dual humanized mice are ideal hosts to accelerate these processes for the study of its etiology. Hence, various groups have attempted to reconstitute functional human immune system in mice with high liver chimerism by tapping onto the uPA transgene technology and Fah KO strains (29, 54, 61, 69). For instance, the uPA transgene was expressed in a NOG mouse background instead of SCID to firstly stabilize its expression and expands the timeframe for a human cell transplantation (70). It was reported that the uPA expression in SCID mice would deteriorate with age which may affect the quality of liver humanization. Secondly, total body irradiation was replaced with treosulfan, a non-myeloablative conditioning method for engraftment of CD34+ HSCs. Although irradiation of mouse cells has been widely used prior to HSCs transplantation, treosulfan provided a safer and well-tolerated alternative to the more invasive method which may cause occasional mortality long term. Lastly, uPA-NOG transgenic mice can be reconstituted with mature human hepatocytes and HLA-mismatched HSCs from two separate donors. One common phenotypic feature shared in most humanized mouse models following transplants of fetal hepatoblasts was the low hepatic repopulation levels and failure of these epithelial cells to differentiate into its mature form fully. Subsequent methods like delivery of adenoviral vector-expressing human hepatocyte growth factor (HGF) into uPA-NOG mice was performed in hope of improving engraftment of fetal liver cells but this strategy proved to be unsuccessful (71, 72).

Although many have reported that 3–5% of human hepatocyte engraftment is sufficient to trigger virus-mediated intrahepatic immune responses and pathological changes, a much higher liver chimerism is required to further elucidate these characteristics (56–58, 60, 70). To overcome this challenge, adult human hepatocytes were transplanted into uPA-NOG mice resulting in >70% humanization of mouse liver together with functional human immune system derived from mismatched fetal liver HSCs. Since the supply of fetal liver tissues are becoming scarce due to enforcements of human biomedical research acts, the mismatched sample compatibility meant that HSCs can be obtained from alternative sources like cord blood banks. In fact, CD34+ HSCs successfully differentiated into specific immune cell subsets including CD3+ lymphocytes with a CD4:CD8 ratio similar to those established in an NSG background as well as mature human B cells in a donor-dependent manner (70, 73–75). Furthermore, the absence of haplotype restrictions between the two grafts provided more flexibility in generation of dual humanized mice without evidence of hepatocyte rejection by the human immune system. Although there were mild liver damages in some old mice, expansion of CD8+ T cells were absent and none of them developed signs of graft-vs.-host disease (GVHD) (70, 76). Hence, the successful engraftment of mismatched HSCs was clearly evidenced by low risk of cellular immune-mediated rejection of hepatocytes.



FRGN Mice

Another very minute modification was made in FRG KO mice in order to harbor decent human hematopoietic engraftment as well as liver humanization. Although NSG mice remained one of the most conventional hosts for engraftment of HSCs, it has been demonstrated that immunodeficient mice in NOD background conferred a more superior support for human hematopoiesis due to the identification of SIRP-α polymorphism which primarily enhanced human CD47 ligand binding on mouse macrophages (77). Hence, FRG KO mice were intercrossed with NOD strains until all generations were homozygous for the four alleles herein, termed as FRGN mice (78). In fact, several advantages were observed in FRGN mice compared to FRG KO ones. Firstly, complete humanization of mouse liver was achieved quicker in the FRGN strain. Secondly, the average litter size was almost doubled in FRGN breeders and lastly, the average body weights for both mouse genders were significantly heavier (~5 g) than conventional FRG KO mice which may ultimately be critical for maintenance of a low mortality rate long-term. Like the use of treosulfan in uPA-NOG transgenic mice, FRGN mice were pre-conditioned with a DNA-damaging chemical, busulfan as well as ad-uPA prior to transplantation of mismatched CD34+ HSCs and adult hepatocytes intrasplenically (70, 78–80). NTBC cycling was performed accordingly to facilitate mouse hepatocyte cell death which in turn allow repopulation of human ones (43). Although both HSCs and hepatocytes were from two separate donors, FRGN mice displayed high hematopoietic reconstitution in blood, spleen, thymus, bone marrow, and liver organs along with high human hepatocyte replacement. More importantly, human blood, mature B cells, T cells, and Kupffer cells which plays a major role in pro-inflammatory responses were all detected in the liver of these mice (78). Although both uPA-NOG and FRGN mice demonstrated a marked improvement in dual reconstitution efficiency when utilizing mismatched HSCs and adult hepatocytes with minimal immune rejection, they were surprisingly not validated with some of the many potential applications such as HBV/HCV infection or metabolically induced steatohepatitis (70, 78).



HIS-HUHEP Mice

It was only until more recently when another transgenic mouse strain was generated for the engraftment of both human immune system and mismatched adult hepatocytes. Basically, dual reconstitution efficiency was compared between BALB/c Rag2/IL-2rγ KO NOD.sirpa uPA transgenic mice transplanted with CD34+ fetal-derived HSCs alone (HIS), adult human hepatocytes alone (HUHEP), and both (HIS-HUHEP) (81). Similar to what was observed in the dual humanized mice models mentioned earlier, HIS-HUHEP mice hALB levels remained stable for long periods even in the presence of a supposedly allogeneic immune system, absolute numbers of blood leukocytes including CD3+ T cells retained its naïve phenotype without any immune expansion or activation and pro-inflammatory immune cell infiltration was absent in hepatocyte grafts suggesting that HIS-HUHEP mice could be the best candidate for investigating HBV-induced immune responses and developing liver pathogenesis in vivo. Hence, it was later demonstrated that HIS-HUHEP mice could indeed support chronic HBV infection displaying up to 109 copies/ml viral DNA, both HBeAg and HBsAg measurements which was clinically equivalent in HBV+ patients and detectable HBV cccDNA (82). In addition, clusters of both CD3+ T cells and Kupffer cells were observed in HBV-infected HIS-HUHEP mice particularly around HBcAg+ human hepatocytes throughout the liver parenchyma. The robust increase of intrahepatic cytotoxic CD8+ T cells, activated NK cells and PD-1 mediated T cell exhaustion also indicated potential key effectors involved in an immunosuppressive environment (83). However, detection of antigen-specific T cell responses was absent due to the engraftment of HLA-mismatched grafts in HIS-HUHEP mice. Nevertheless, HBV-infected HIS-HUHEP mice treated with the nucleoside analog Entecavir (ETV) resulted in reduced HBV titers and restoration of naïve immune profiles evidenced by diminished liver immune cell infiltration suggesting that this dual humanized mouse model is suitable for potentially evaluating immunotherapeutic treatments (82, 84). One other aspect that remained to be investigated is HBV-mediated development of HCC. Although HBV-infected HIS-HUHEP mice could sustain high viremia and exhibited chronic inflammation phenotype, HCC development was not observed (82). Since HCC takes several decades to form, it may be difficult for dual humanized mice to recapitulate such HBV-associated liver pathology. Nevertheless, this in vivo platform could be helpful in elucidating tumorigenic pathways involving early phases of HCC initiation and progression.



hBMSC-FRGS Mice

As accessibility to PHHs becomes more limited due to affordability or simply lack of healthy donors, several labs have started sourcing for in vitro alternatives. One prime example was the generation of human hepatocyte-like cells (hHLCs) derived from human induced pluripotent stem cells (hiPSCs) which required a three-step procedure of endoderm priming, hepatic specification and maturation (85–90). Although these hHLCs required very distinct culture conditions for differentiation, expansion and maintenance, these cells were well-differentiated and fully functional. In addition, engraftment of mature hHLCs was also successful in FRG KO-BALB/c SCID (FRGS) mice (hHLC-FRGS) displaying ~40% liver chimerism (87). More importantly, hHLCs and hHLC-FRGS mice were susceptible to chronic HBV infection completed with a full viral life cycle which was efficiently blocked by MyrB and ETV. The same research group then adapted a similar approach in exploring the possibility of generating a dual humanized mouse model by using human bone mesenchymal stem cells (hBMSCs) (91). Basically, hBMSCs were isolated from bone marrows of healthy male volunteers and cultured in multilineage (osteocytes, adipocytes and HLCs) differentiation media prior to transplantation into FRGS mice (hBMSC-FRGS). Unlike hHLC-FRGS mice, hBMSC-FRGS actually displayed higher liver chimerism (58.7%) including HLA+ cells that were also positive for mature human hepatocyte-specific markers. Furthermore, varying amounts of hCD45+ cells were detected in bone marrows, thymus, lymph node, spleen, liver, and peripheral blood of hBMSC-FRGS mice. More notably, multiple human immune cell lineages such as T cells, B cells, NK cells, macrophages, and dendritic cells were present in the mouse liver following transplantation of hBMSCs. Similar to HIS-HUHEP mice as mentioned earlier, hBMSC-FRGS mice support persistence HBV infection with high levels of HBV DNA, HBsAg, HBeAg, as well as detectable intrahepatic HBV cccDNA (82, 91). Large production of human-derived pro-inflammatory cytokines/chemokines triggered by specific immune cell subsets was also released and sustained throughout the course of infection which may contribute to liver immunopathological injury. Critically, HBV-infected hBMSC-FRGS mice developed acute/chronic hepatitis patterns with varying degrees of lymphocytic portal inflammation, liver fibrosis, accumulations of scar tissues and ultimately progressed to liver cirrhosis which was similarly observed in CHB patients. Thus, this dual humanized mouse system could possibly be the most ideal model for evaluating viral immune pathophysiology and refining antiviral therapeutics.




CONCLUSION

Many research groups have deciphered some of the basic concepts of virus-host interactions by utilizing conventional platforms like in vitro culture systems as well as wild-type/transgenic mice which have been instrumental in the evolution of humanized mouse models. The generation of human liver chimeric mice was the first model to permit long term HBV persistence which were mainly used for understanding HBV life cycle and identification of potential antiviral drug targets. Over time, improvements led to the development of dual humanized mice engrafted with high liver chimerism and human immune cell lineages to better investigate HBV-triggered human immune responses. Concurrently, these HBV-infected mice developed severe pathological changes including chronic inflammation and fibrosis/cirrhosis further recapitulating liver pathogenesis observed in CHB patients. However, development of HCC in vivo remains elusive which is high likely due to its unpredictable proliferative nature to form over decades in humans. Although usage of dual humanized mice has yielded much progress in the field of HBV research as highlighted in this review (summarized in Table 1), improved models are required to incorporate the missing transition link of chronic HBV and HCC in hope of moving one step closer toward HBV cure.


Table 1. Summary of humanized mouse models for the study of HBV.

[image: Table 1]



AUTHOR CONTRIBUTIONS

FL took the lead in writing the manuscript. CW and QC contributed to writing. QC supervised the preparation of manuscript. All authors studied the literature and approved the submitted version.



FUNDING

This study was supported by the National Research Foundation Singapore Fellowship (NRF-NRFF2017-03), NRF-ISF joint grant (NRF2019-NRF-ISF003-3127), National Research Foundation Singapore Competitive Research Programme NRF2016-CRP001-103, Establishment of a scalable capability for autologous clinical cell therapy manufacturing (IAF-PP, H18/01/a0/022) from Agency for Science, Technology and Research (A*STAR), Gilead Sciences International Research Scholars Program in Liver Disease (to QC), Eradication of HBV TCR Program: NMRC/TCR/014-NUHS/2015, NMRC/OFLCG/003/2018 from National Medical Research Council, Singapore and National Medical Research Council-Clinician Scientist-Individual Research Grant (NMRC/CIRG/1427/2015).



REFERENCES

 1. WHO. April 2017 Global Hepatitis Report. Geneva: World Health Organization (2017). p. 83. 

 2. Brown CR, MacLachlan JH, Cowie BC. Addressing the increasing global burden of viral hepatitis. Hepatobiliary Surg Nutr. (2017) 6:274–6. doi: 10.21037/hbsn.2017.05.02

 3. Lin CL, Kao JH. Hepatitis B virus genotypes and variants. Cold Spring Harb Perspect Med. (2015) 5:a021436. doi: 10.1101/cshperspect.a021436

 4. Li H, Yan L, Shi Y, Lv D, Shang J, Bai L, et al. Hepatitis B virus infection: overview. Adv Exp Med Biol. (2020) 1179:1–16. doi: 10.1007/978-981-13-9151-4_1

 5. Ang LW, Cutter J, James L, Goh KT. Seroepidemiology of hepatitis B virus infection among adults in Singapore: a 12-year review. Vaccine. (2013) 32:103–10. doi: 10.1016/j.vaccine.2013.10.057

 6. Zeisel MB, Lucifora J, Mason WS, Sureau C, Beck J, Levrero M, et al. Towards an HBV cure: state-of-the-art and unresolved questions–report of the ANRS workshop on HBV cure. Gut. (2015) 64:1314–26. doi: 10.1136/gutjnl-2014-308943

 7. Tu T, Block JM, Wang S, Cohen C, Douglas MW. the lived experience of chronic hepatitis B: a broader view of its impacts and why we need a cure. Viruses. (2020) 12:515. doi: 10.3390/v12050515

 8. Lai F, Chen Q. Humanized mouse models for the study of infection and pathogenesis of human viruses. Viruses. (2018) 10:643. doi: 10.3390/v10110643

 9. Yan H, Zhong G, Xu G, He W, Jing Z, Gao Z, et al. Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. Elife. (2012) 1:e00049. doi: 10.7554/eLife.00049

 10. Ni Y, Lempp FA, Mehrle S, Nkongolo S, Kaufman C, Falth M, et al. Hepatitis B and D viruses exploit sodium taurocholate co-transporting polypeptide for species-specific entry into hepatocytes. Gastroenterology. (2014) 146:1070–83. doi: 10.1053/j.gastro.2013.12.024

 11. Li F, Wang Z, Hu F, Su L. Cell culture models and animal models for HBV study. Adv Exp Med Biol. (2020) 1179:109–35. doi: 10.1007/978-981-13-9151-4_5

 12. Nassal M. HBV cccDNA: viral persistence reservoir and key obstacle for a cure of chronic hepatitis B. Gut. (2015) 64:1972–84. doi: 10.1136/gutjnl-2015-309809

 13. Newbold JE, Xin H, Tencza M, Sherman G, Dean J, Bowden S. The covalently closed duplex form of the hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes. J Virol. (1995) 69:3350–57. doi: 10.1128/JVI.69.6.3350-3357.1995

 14. Qi Z, Li G, Hu H, Yang C, Zhang X, Leng Q, et al. Recombinant covalently closed circular hepatitis B virus DNA induces prolonged viral persistence in immunocompetent mice. J Virol. (2014) 88:8045–56. doi: 10.1128/JVI.01024-14

 15. Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV. Viral clearance without destruction of infected cells during acute HBV infection. Science. (1999) 284:825–9. doi: 10.1126/science.284.5415.825

 16. Dupinay T, Gheit T, Roques P, Cova L, Chevallier-Queyron P, Tasahsu SI, et al. Discovery of naturally occurring transmissible chronic hepatitis B virus infection among Macaca fascicularis from Mauritius Island. Hepatology. (2013) 58:1610–20. doi: 10.1002/hep.26428

 17. Kock J, Nassal M, MacNelly S, Baumert TF, Blum HE, von Weizsacker F. Efficient infection of primary tupaia hepatocytes with purified human and woolly monkey hepatitis B virus. J Virol. (2001) 75:5084–9. doi: 10.1128/JVI.75.11.5084-5089.2001

 18. Yan RQ, Su JJ, Huang DR, Gan YC, Yang C, Huang GH. Human hepatitis B virus and hepatocellular carcinoma. I. Experimental infection of tree shrews with hepatitis B virus. J Cancer Res Clin Oncol. (1996) 122:283–88. doi: 10.1007/BF01261404

 19. Kulkarni K, Jacobson IM, Tennant BC. The role of the woodchuck model in the treatment of hepatitis B virus infection. Clin Liver Dis. (2007) 11:707–25. doi: 10.1016/j.cld.2007.08.012

 20. Chisari FV. Hepatitis B virus transgenic mice: insights into the virus and the disease. Hepatology. (1995) 22:1316–25. doi: 10.1002/hep.1840220443

 21. Uprichard SL, Boyd B, Althage A, Chisari FV. Clearance of hepatitis B virus from the liver of transgenic mice by short hairpin RNAs. Proc Natl Acad Sci USA. (2005) 102:773–8. doi: 10.1073/pnas.0409028102

 22. Huang LR, Gabel YA, Graf S, Arzberger S, Kurts C, Heikenwalder M, et al. Transfer of HBV genomes using low doses of adenovirus vectors leads to persistent infection in immune competent mice. Gastroenterology. (2012) 142:1447–50 e1443. doi: 10.1053/j.gastro.2012.03.006

 23. Lucifora J, Vincent IE, Berthillon P, Dupinay T, Michelet M, Protzer U, et al. Hepatitis B virus replication in primary macaque hepatocytes: crossing the species barrier toward a new small primate model. Hepatology. (2010) 51:1954–60. doi: 10.1002/hep.23602

 24. Dion S, Bourgine M, Godon O, Levillayer F, Michel ML. Adeno-associated virus-mediated gene transfer leads to persistent hepatitis B virus replication in mice expressing HLA-A2 and HLA-DR1 molecules. J Virol. (2013) 87:5554–63. doi: 10.1128/JVI.03134-12

 25. Yang D, Liu L, Zhu D, Peng H, Su L, Fu YX, et al. A mouse model for HBV immunotolerance and immunotherapy. Cell Mol Immunol. (2014) 11:71–8. doi: 10.1038/cmi.2013.43

 26. Li G, Zhu Y, Shao D, Chang H, Zhang X, Zhou D, et al. Recombinant covalently closed circular DNA of hepatitis B virus induces long-term viral persistence with chronic hepatitis in a mouse model. Hepatology. (2018) 67:56–70. doi: 10.1002/hep.29406

 27. Rygaard J, Povlsen CO. Heterotransplantation of a human malignant tumour to “Nude” mice. Acta Pathol Microbiol Scand. (1969) 77:758–60. doi: 10.1111/j.1699-0463.1969.tb04520.x

 28. Iannacone M, Guidotti LG. Mouse models of hepatitis B virus pathogenesis. Cold Spring Harb Perspect Med. (2015) 5:a021477. doi: 10.1101/cshperspect.a021477

 29. Grompe M, Strom S. Mice with human livers. Gastroenterology. (2013) 145:1209–14. doi: 10.1053/j.gastro.2013.09.009

 30. Dandri M, Lutgehetmann M. Mouse models of hepatitis B and delta virus infection. J Immunol Methods. (2014) 410:39–49. doi: 10.1016/j.jim.2014.03.002

 31. Ilan E, Burakova T, Dagan S, Nussbaum O, Lubin I, Eren R, et al. The hepatitis B virus-trimera mouse: a model for human HBV infection and evaluation of anti-HBV therapeutic agents. Hepatology. (1999) 29:553–62. doi: 10.1002/hep.510290228

 32. Sandgren EP, Palmiter RD, Heckel JL, Daugherty CC, Brinster RL, Degen JL. Complete hepatic regeneration after somatic deletion of an albumin-plasminogen activator transgene. Cell. (1991) 66:245–56. doi: 10.1016/0092-8674(91)90615-6

 33. Dandri M, Burda MR, Torok E, Pollok JM, Iwanska A, Sommer G, et al. Repopulation of mouse liver with human hepatocytes and in vivo infection with hepatitis B virus. Hepatology. (2001) 33:981–8. doi: 10.1053/jhep.2001.23314

 34. Heckel JL, Sandgren EP, Degen JL, Palmiter RD, Brinster RL. Neonatal bleeding in transgenic mice expressing urokinase-type plasminogen activator. Cell. (1990) 62:447–56. doi: 10.1016/0092-8674(90)90010-C

 35. Bissig KD, Wieland SF, Tran P, Isogawa M, Le TT, Chisari FV, et al. Human liver chimeric mice provide a model for hepatitis B and C virus infection and treatment. J Clin Invest. (2010) 120:924–30. doi: 10.1172/JCI40094

 36. Dandri M, Lutgehetmann M, Volz T, Petersen J. Small animal model systems for studying hepatitis B virus replication and pathogenesis. Semin Liver Dis. (2006) 26:181–91. doi: 10.1055/s-2006-939760

 37. Volz T, Lutgehetmann M, Allweiss L, Warlich M, Bierwolf J, Pollok JM, et al. Strong antiviral activity of the new l-hydroxycytidine derivative, l-Hyd4FC, in HBV-infected human chimeric uPA/SCID mice. Antivir Ther. (2012) 17:623–31. doi: 10.3851/IMP2075

 38. Brezillon N, Brunelle MN, Massinet H, Giang E, Lamant C, DaSilva L, et al. Antiviral activity of Bay 41-4109 on hepatitis B virus in humanized Alb-uPA/SCID mice. PLoS ONE. (2011) 6:e25096. doi: 10.1371/journal.pone.0025096

 39. Meuleman P, Leroux-Roels G. The human liver-uPA-SCID mouse: a model for the evaluation of antiviral compounds against HBV HCV. Antiviral Res. (2008) 80:231–8. doi: 10.1016/j.antiviral.2008.07.006

 40. Lutgehetmann M, Mancke LV, Volz T, Helbig M, Allweiss L, Bornscheuer T, et al. Humanized chimeric uPA mouse model for the study of hepatitis B and D virus interactions and preclinical drug evaluation. Hepatology. (2012) 55:685–94. doi: 10.1002/hep.24758

 41. Petersen J, Dandri M, Mier W, Lutgehetmann M, Volz T, von Weizsacker F, et al. Prevention of hepatitis B virus infection in vivo by entry inhibitors derived from the large envelope protein. Nat Biotechnol. (2008) 26:335–41. doi: 10.1038/nbt1389

 42. Vanwolleghem T, Libbrecht L, Hansen BE, Desombere I, Roskams T, Meuleman P, et al. Factors determining successful engraftment of hepatocytes and susceptibility to hepatitis B and C virus infection in uPA-SCID mice. J Hepatol. (2010) 53:468–76. doi: 10.1016/j.jhep.2010.03.024

 43. Azuma H, Paulk N, Ranade A, Dorrell C, Al-Dhalimy M, Ellis E, et al. Robust expansion of human hepatocytes in Fah-/-/Rag2-/-/Il2rg-/- mice. Nat Biotechnol. (2007) 25:903–10. doi: 10.1038/nbt1326

 44. Grompe M, al-Dhalimy M, Finegold M, Ou CN, Burlingame T, Kennaway NG, et al. Loss of fumarylacetoacetate hydrolase is responsible for the neonatal hepatic dysfunction phenotype of lethal albino mice. Genes Dev. (1993) 7:2298–307. doi: 10.1101/gad.7.12a.2298

 45. Overturf K, Al-Dhalimy M, Tanguay R, Brantly M, Ou CN, Finegold M, et al. Hepatocytes corrected by gene therapy are selected in vivo in a murine model of hereditary tyrosinaemia type I. Nat Genet. (1996) 12:266–73. doi: 10.1038/ng0396-266

 46. Grompe M, Lindstedt S, al-Dhalimy M, Kennaway NG, Papaconstantinou J, Torres-Ramos CA, et al. Pharmacological correction of neonatal lethal hepatic dysfunction in a murine model of hereditary tyrosinaemia type I. Nat Genet. (1995) 10:453–60. doi: 10.1038/ng0895-453

 47. Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC, Lanzavecchia A, et al. Development of a human adaptive immune system in cord blood cell-transplanted mice. Science. (2004) 304:104–07. doi: 10.1126/science.1093933

 48. Gorantla S, Sneller H, Walters L, Sharp JG, Pirruccello SJ, West JT, et al. Human immunodeficiency virus type 1 pathobiology studied in humanized BALB/c-Rag2-/-gammac-/- mice. J Virol. (2007) 81:2700–12. doi: 10.1128/JVI.02010-06

 49. Lieber A, Vrancken Peeters MJ, Meuse L, Fausto N, Perkins J, Kay MA. Adenovirus-mediated urokinase gene transfer induces liver regeneration and allows for efficient retrovirus transduction of hepatocytes in vivo. Proc Natl Acad Sci USA. (1995) 92:6210–14. doi: 10.1073/pnas.92.13.6210

 50. Chen J, Li Y, Lai F, Wang Y, Sutter K, Dittmer U, et al. Functional comparison of IFN-alpha subtypes reveals potent HBV suppression by a concerted action of IFN-alpha and -gamma SIgnaling. Hepatology. (2020). doi: 10.1002/hep.31282

 51. Hasegawa M, Kawai K, Mitsui T, Taniguchi K, Monnai M, Wakui M, et al. The reconstituted 'humanized liver' in TK-NOG mice is mature and functional. Biochem Biophys Res Commun. (2011) 405:405–10. doi: 10.1016/j.bbrc.2011.01.042

 52. Kosaka K, Hiraga N, Imamura M, Yoshimi S, Murakami E, Nakahara T, et al. A novel TK-NOG based humanized mouse model for the study of HBV and HCV infections. Biochem Biophys Res Commun. (2013) 441:230–5. doi: 10.1016/j.bbrc.2013.10.040

 53. Nakabori T, Hikita H, Murai K, Nozaki Y, Kai Y, Makino Y, et al. Sodium taurocholate cotransporting polypeptide inhibition efficiently blocks hepatitis B virus spread in mice with a humanized liver. Sci Rep. (2016) 6:27782. doi: 10.1038/srep27782

 54. Allweiss L, Strick-Marchand H. In-vitro and in-vivo models for hepatitis B cure research. Curr Opin HIV AIDS. (2020) 15:173–9. doi: 10.1097/COH.0000000000000616

 55. Chen Q, Khoury M, Limmon G, Choolani M, Chan JK, Chen J. Human fetal hepatic progenitor cells are distinct from, but closely related to, hematopoietic stem/progenitor cells. Stem Cells. (2013) 31:1160–9. doi: 10.1002/stem.1359

 56. Keng CT, Sze CW, Zheng D, Zheng Z, Yong KS, Tan SQ, et al. Characterisation of liver pathogenesis, human immune responses and drug testing in a humanised mouse model of HCV infection. Gut. (2016) 65:1744–53. doi: 10.1136/gutjnl-2014-307856

 57. Tan-Garcia A, Wai LE, Zheng D, Ceccarello E, Jo J, Banu N, et al. Intrahepatic CD206(+) macrophages contribute to inflammation in advanced viral-related liver disease. J Hepatol. (2017) 67:490–500. doi: 10.1016/j.jhep.2017.04.023

 58. Tan-Garcia A, Lai F, Sheng Yeong JP, Irac SE, Ng PY, Msallam R, et al. Liver fibrosis and CD206(+) macrophage accumulation are suppressed by anti-GM-CSF therapy. JHEP Rep. (2020) 2:100062. doi: 10.1016/j.jhepr.2019.11.006

 59. Chew M, Ye W, Omelianczyk RI, Pasaje CF, Hoo R, Chen Q, et al. Selective Expression of variant surface antigens enables Plasmodium falciparum to evade immune clearance in vivo. bioRxiv [Preprint]. (2020). doi: 10.1101/2020.07.22.215640

 60. Washburn ML, Bility MT, Zhang L, Kovalev GI, Buntzman A, Frelinger JA, et al. A humanized mouse model to study hepatitis C virus infection, immune response, and liver disease. Gastroenterology. (2011) 140:1334–44. doi: 10.1053/j.gastro.2011.01.001

 61. Allweiss L, Dandri M. Experimental in vitro and in vivo models for the study of human hepatitis B virus infection. J Hepatol. (2016) 64:S17–31. doi: 10.1016/j.jhep.2016.02.012

 62. Bility MT, Zhang L, Washburn ML, Curtis TA, Kovalev GI, Su L. Generation of a humanized mouse model with both human immune system and liver cells to model hepatitis C virus infection and liver immunopathogenesis. Nat Protoc. (2012) 7:1608–17. doi: 10.1038/nprot.2012.083

 63. Bility MT, Cheng L, Zhang Z, Luan Y, Li F, Chi L, et al. Hepatitis B virus infection and immunopathogenesis in a humanized mouse model: induction of human-specific liver fibrosis and M2-like macrophages. PLoS Pathog. (2014) 10:e1004032. doi: 10.1371/journal.ppat.1004032

 64. Shultz LD, Saito Y, Najima Y, Tanaka S, Ochi T, Tomizawa M, et al. Generation of functional human T-cell subsets with HLA-restricted immune responses in HLA class I expressing NOD/SCID/IL2r gamma(null) humanized mice. Proc Natl Acad Sci USA. (2010) 107:13022–7. doi: 10.1073/pnas.1000475107

 65. Wang S, Chen Z, Hu C, Qian F, Cheng Y, Wu M, et al. Hepatitis B virus surface antigen selectively inhibits TLR2 ligand-induced IL-12 production in monocytes/macrophages by interfering with JNK activation. J Immunol. (2013) 190:5142–51. doi: 10.4049/jimmunol.1201625

 66. Mignon A, Guidotti JE, Mitchell C, Fabre M, Wernet A, De La Coste A, et al. Selective repopulation of normal mouse liver by Fas/CD95-resistant hepatocytes. Nat Med. (1998) 4:1185–8. doi: 10.1038/2681

 67. Guidotti JE, Mallet VO, Parlier D, Mitchell C, Fabre M, Jaffray P, et al. Fas/CD95 pathway induces mouse liver regeneration and allows for highly efficient retrovirus-mediated gene transfer. Hepatology. (2001) 33:10–5. doi: 10.1053/jhep.2001.20678

 68. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol. (2011) 11:723–37. doi: 10.1038/nri3073

 69. Kremsdorf D, Strick-Marchand H. Modeling hepatitis virus infections and treatment strategies in humanized mice. Curr Opin Virol. (2017) 25:119–25. doi: 10.1016/j.coviro.2017.07.029

 70. Gutti TL, Knibbe JS, Makarov E, Zhang J, Yannam GR, Gorantla S, et al. Human hepatocytes and hematolymphoid dual reconstitution in treosulfan-conditioned uPA-NOG mice. Am J Pathol. (2014) 184:101–9. doi: 10.1016/j.ajpath.2013.09.008

 71. Delgado JP, Vanneaux V, Branger J, Touboul T, Sentilhes L, Mainot S, et al. The role of HGF on invasive properties and repopulation potential of human fetal hepatic progenitor cells. Exp Cell Res. (2009) 315:3396–405. doi: 10.1016/j.yexcr.2009.07.007

 72. Okoye AA, Picker LJ. CD4(+) T-cell depletion in HIV infection: mechanisms of immunological failure. Immunol Rev. (2013) 254:54–64. doi: 10.1111/imr.12066

 73. Choi B, Chun E, Kim M, Kim SY, Kim ST, Yoon K, et al. Human T cell development in the liver of humanized NOD/SCID/IL-2Rgamma(null)(NSG) mice generated by intrahepatic injection of CD34(+) human (h) cord blood (CB) cells. Clin Immunol. (2011) 139:321–35. doi: 10.1016/j.clim.2011.02.019

 74. Lang J, Kelly M, Freed BM, McCarter MD, Kedl RM, Torres RM, et al. Studies of lymphocyte reconstitution in a humanized mouse model reveal a requirement of T cells for human B cell maturation. J Immunol. (2013) 190:2090–101. doi: 10.4049/jimmunol.1202810

 75. Chang H, Biswas S, Tallarico AS, Sarkis PT, Geng S, Panditrao MM, et al. Human B-cell ontogeny in humanized NOD/SCID gammac(null) mice generates a diverse yet auto/poly- and HIV-1-reactive antibody repertoire. Genes Immun. (2012) 13:399–410. doi: 10.1038/gene.2012.16

 76. Gorantla S, Makarov E, Finke-Dwyer J, Gebhart CL, Domm W, Dewhurst S, et al. CD8+ cell depletion accelerates HIV-1 immunopathology in humanized mice. J Immunol. (2010) 184:7082–91. doi: 10.4049/jimmunol.1000438

 77. Takenaka K, Prasolava TK, Wang JC, Mortin-Toth SM, Khalouei S, Gan OI, et al. Polymorphism in Sirpa modulates engraftment of human hematopoietic stem cells. Nat Immunol. (2007) 8:1313–23. doi: 10.1038/ni1527

 78. Wilson EM, Bial J, Tarlow B, Bial G, Jensen B, Greiner DL, et al. Extensive double humanization of both liver and hematopoiesis in FRGN mice. Stem Cell Res. (2014) 13:404–12. doi: 10.1016/j.scr.2014.08.006

 79. Hayakawa J, Hsieh MM, Uchida N, Phang O, Tisdale JF. Busulfan produces efficient human cell engraftment in NOD/LtSz-Scid IL2Rgamma(null) mice. Stem Cells. (2009) 27:175–82. doi: 10.1634/stemcells.2008-0583

 80. Wilkinson FL, Sergijenko A, Langford-Smith KJ, Malinowska M, Wynn RF, Bigger BW. Busulfan conditioning enhances engraftment of hematopoietic donor-derived cells in the brain compared with irradiation. Mol Ther. (2013) 21:868–76. doi: 10.1038/mt.2013.29

 81. Strick-Marchand H, Dusseaux M, Darche S, Huntington ND, Legrand N, Masse-Ranson G, et al. A novel mouse model for stable engraftment of a human immune system and human hepatocytes. PLoS ONE. (2015) 10:e0119820. doi: 10.1371/journal.pone.0119820

 82. Dusseaux M, Masse-Ranson G, Darche S, Ahodantin J, Li Y, Fiquet O, et al. Viral load affects the immune response to HBV in mice with humanized immune system and liver. Gastroenterology. (2017) 153:1647–61 e1649. doi: 10.1053/j.gastro.2017.08.034

 83. Park J-J, Wong DK, Wahed AS, Lee WM, Feld JJ, Lok ASF, et al. Hepatitis B virus–specific global T-cell dysfunction in chronic hepatitis B. Gastroenterology. (2016) 150:684–95.e685. doi: 10.1053/j.gastro.2015.11.050

 84. Boni C, Laccabue D, Lampertico P, Giuberti T, Viganò M, Schivazappa S, et al. Restored function of HBV-specific T cells after long-term effective therapy with nucleos(t)ide analogues. Gastroenterology. (2012) 143:963–73 e969. doi: 10.1053/j.gastro.2012.07.014

 85. Basma H, Soto-Gutierrez A, Yannam GR, Liu L, Ito R, Yamamoto T, et al. Differentiation and transplantation of human embryonic stem cell-derived hepatocytes. Gastroenterology. (2009) 136:990–9. doi: 10.1053/j.gastro.2008.10.047

 86. Xia Y, Carpentier A, Cheng X, Block PD, Zhao Y, Zhang Z, et al. Human stem cell-derived hepatocytes as a model for hepatitis B virus infection, spreading and virus-host interactions. J Hepatol. (2017) 66:494–503. doi: 10.1016/j.jhep.2016.10.009

 87. Yuan L, Liu X, Zhang L, Li X, Zhang Y, Wu K, et al. A chimeric humanized mouse model by engrafting the human induced pluripotent stem cell-derived hepatocyte-like cell for the chronic hepatitis B virus infection. Front Microbiol. (2018) 9:908. doi: 10.3389/fmicb.2018.00908

 88. Carpentier A, Tesfaye A, Chu V, Nimgaonkar I, Zhang F, Lee SB, et al. Engrafted human stem cell-derived hepatocytes establish an infectious HCV murine model. J Clin Invest. (2014) 124:4953–64. doi: 10.1172/JCI75456

 89. Ang LT, Tan AKY, Autio MI, Goh SH, Choo SH, Lee KL, et al. A roadmap for human liver differentiation from pluripotent stem cells. Cell Rep. (2018) 22:2190–205. doi: 10.1016/j.celrep.2018.01.087

 90. Esteban MA, Wang T, Qin B, Yang J, Qin D, Cai J, et al. Vitamin C enhances the generation of mouse and human induced pluripotent stem cells. Cell Stem Cell. (2010) 6:71–9. doi: 10.1016/j.stem.2009.12.001

 91. Yuan L, Jiang J, Liu X, Zhang Y, Zhang L, Xin J, et al. HBV infection-induced liver cirrhosis development in dual-humanised mice with human bone mesenchymal stem cell transplantation. Gut. (2019) 68:2044–56. doi: 10.1136/gutjnl-2018-316091

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lai, Wee and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





MINI REVIEW

published: 05 March 2021

doi: 10.3389/fimmu.2020.617516

[image: image2]


Advances in Humanized Mouse Models to Improve Understanding of HIV-1 Pathogenesis and Immune Responses


Amy Gillgrass 1,2,3*, Jocelyn M. Wessels 4, Jack X. Yang 1,2,3 and Charu Kaushic 1,2,3


1 Department of Medicine, McMaster University, Hamilton, ON, Canada, 2 McMaster Immunology Research Centre, McMaster University, Hamilton, ON, Canada, 3 Michael G. DeGroote Institute for Infectious Disease Research, McMaster University, Hamilton, ON, Canada, 4 Department of Obstetrics and Gynecology, McMaster University, Hamilton, ON, Canada




Edited by: 
Yan Li, Nanjing University, China

Reviewed by: 
Larisa Y. Poluektova, University of Nebraska Medical Center, United States

Masakazu Kamata, University of Alabama at Birmingham, United States

Ramesh Akkina, Colorado State University, United States

*Correspondence: 
Amy Gillgrass
 gillgra@mcmaster.ca

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 14 October 2020

Accepted: 30 December 2020

Published: 05 March 2021

Citation:
Gillgrass A, Wessels JM, Yang JX and Kaushic C (2021) Advances in Humanized Mouse Models to Improve Understanding of HIV-1 Pathogenesis and Immune Responses. Front. Immunol. 11:617516. doi: 10.3389/fimmu.2020.617516



Although antiretroviral therapy has transformed human immunodeficiency virus-type 1 (HIV-1) from a deadly infection into a chronic disease, it does not clear the viral reservoir, leaving HIV-1 as an uncurable infection. Currently, 1.2 million new HIV-1 infections occur globally each year, with little decrease over many years. Therefore, additional research is required to advance the current state of HIV management, find potential therapeutic strategies, and further understand the mechanisms of HIV pathogenesis and prevention strategies. Non-human primates (NHP) have been used extensively in HIV research and have provided critical advances within the field, but there are several issues that limit their use. Humanized mouse (Hu-mouse) models, or immunodeficient mice engrafted with human immune cells and/or tissues, provide a cost-effective and practical approach to create models for HIV research. Hu-mice closely parallel multiple aspects of human HIV infection and disease progression. Here, we highlight how innovations in Hu-mouse models have advanced HIV-1 research in the past decade. We discuss the effect of different background strains of mice, of modifications on the reconstitution of the immune cells, and the pros and cons of different human cells and/or tissue engraftment methods, on the ability to examine HIV-1 infection and immune response. Finally, we consider the newest advances in the Hu-mouse models and their potential to advance research in emerging areas of mucosal infections, understand the role of microbiota and the complex issues in HIV-TB co-infection. These innovations in Hu-mouse models hold the potential to significantly enhance mechanistic research to develop novel strategies for HIV prevention and therapeutics.
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Introduction

Currently approximately 38 million people are living with human immunodeficiency virus-type 1 (HIV-1), the underlying cause of acquired immune deficiency syndrome (AIDS) (1). Although treatment with antiretroviral therapy (ART) has transformed HIV from a deadly infection into a chronic disease, it does not clear the latent viral reservoir, therefore there is still no cure for HIV infection (2). Furthermore, even with ART, HIV infection increases risks of co-infection with other pathogens such as Mycobacterium tuberculosis (Mtb) (3). Additional research is required to advance the current state of HIV management and potential therapeutic strategies, in addition to understanding mechanisms of HIV pathogenesis. Although animal models such as non-human primates (NHP) have been used extensively in HIV research and have provided critical advances in knowledge within the field, there are several issues including host-restriction factors, ethics, and cost that can limit their use (4, 5). Furthermore, the human species-specific tropism of HIV-1 has prevented the use of traditional murine models leading to a lack of small animal models for in vivo HIV-1 research (6).

Humanized mouse (Hu-mouse) models, or immunodeficient mice engrafted with human immune cells and/or tissues, provide a cost-effective and practical approach to creating models for HIV-1 research. Unlike traditional mouse models, Hu-mouse models effectively sustain HIV-1 infections while also recapitulating relatively accurate in vivo immune responses to the infection due to the reconstitution with human immune cells when compared to other animal models (7). This review will outline the advances in Hu-mouse models that have made them useful in HIV-1 research and a convenient alternate to NHP. Furthermore, numerous novel modifications of Hu-mice demonstrate potential to advance knowledge in virus transmission, infection, evolution, pathogenesis, prevention, latency, cure, and disease interaction such as Mtb co-infection. Additionally, since the major physiological route of HIV-1 transmission in humans is by the mucosal route (intrarectally or intravaginally) (8), this review will detail the use of Hu-mice in elucidating mechanisms involving mucosal infections and discuss how microbiota may be involved.



Hu-Mouse Models for HIV-1 Research

Currently, some of the most widely used Hu-mouse models in HIV research take advantage of three major immunocompromised features which allow for the successful engraftment of human cells or tissues. NOD.Cg-PrkdcscidIl2rgtm1Sug (NOG) (9), NOD.Cg-PrkdcscidIl2rgtm1Wjl (NSG) (10, 11), and NOD.Cg-Rag1tm1MoMIl2rgtm1Wjl (NRG) (12) are on the non-obese diabetic (NOD) background that leads to suppressed mouse macrophage phagocytic activity. Mice with the Prkdcscid or Rag1/Rag2 loci mutation lack mature T and B lymphocytes while the Il2rg gene mutation effectively eliminates mouse NK cell activity (13). The most common engraftment method of human cells is the intravenous or intrahepatic injection of CD34+ hematopoietic stem cells (14) into adult or newborn immunodeficient mice, respectively, after myeloablative irradiation or administration of myeloablative doses of drugs such as busulfan (15). This engraftment method has been performed in each model (NOG, NSG, NRG) yielding reconstitution of human CD4+ and CD8+ T cells, monocytes, macrophages, dendritic cells (DCs) and progenitor B cells in peripheral blood, primary and secondary lymphoid tissues (12, 16).

The unique engraftment method using surgical implantation of human fetal liver and thymus tissues followed by injection of matched CD34+ hematopoietic stem cells (HSCs) gave rise to the bone marrow liver thymus (BLT) model (17–19). The human thymic tissue allows for T cell education in the context of human cells (20). Both HSC-only and BLT methods are able to successfully reconstitute human monocytes, dendritic cells, T cells, and B cells in peripheral blood and tissues, but higher cell counts were observed in the BLT engraftment method (21, 22). The HSC-only method demonstrated better human B cell and myeloid cell development (21) while additional thymus support yielded higher CD3+ T cell reconstitution in the spleen (21), gastrointestinal (GI) (22) and gut-associated lymphoid (GALT) tissues (18, 21, 23) (Table 1). Both methods have demonstrated similar susceptibility to HIV infection, trends in CD4+ T cell depletion, and persistent viral reservoirs in vivo (21). The major difference between the two methods is that BLT-engrafted mice have measurable T cell response against HIV-1 because the human thymic tissue allows the resulting T cells to respond to the HIV-1 antigen presentation by human leukocyte antigen (HLA) generating HLA-restricted anti-HIV-1 human T cell response, which is absent in the current HSC-only method (18, 48) (Table 1). This has led to the BLT model being the current gold standard for studying HIV-1 immune responses (17, 49, 50).


Table 1 | Summary of reported reconstitution of major human immune cell types within current generation and next generation hu-mice for HIV studies.





HSC Engraftment Models (Current Generation): NOG, NSG, NRG, DKO/BRG, NSG-BLT


NOG and NSG

The NOG and NSG mice differ in the IL-2 receptor gene (Il2rg) which is truncated in NOG and knocked-out in NSG. Both humanized NOG (hu-NOG) and humanized NSG (hu-NSG) mice have demonstrated successful engraftment of HSC with substantial human lymphoid repopulation (29, 51–53). Intraperitoneal and intravenous routes of HIV-1 infection into both types of mice demonstrated viremia and viral dissemination throughout lymphoid tissues (29, 51–54).

Hu-NOG mice have furthered the understanding of HIV-1 transmission as well as treatment testing and development. These mice can generate B cells that secrete isotype-switched, HIV-specific IgG antibodies (16). Studies using hu-NOG models investigated the role of human anti-viral factors in human transmission of HIV-1 (55) and treatment options with novel therapeutics such as zinc-finger nucleases (ZFN) showing reduced viral loads and increased CD4+ T cell counts (56). Additionally, viral evolution and replication kinetics have been investigated using this model using various HIV-1 strains (57). Finally, hu-NOG mice were also used to investigate the efficacy of ART, long-acting antiretroviral compounds that showed reduced viral load and recovery of CD4+ T cell counts, and a latent viral reservoir with T cell depletion after treatment was stopped, similar to that seen in humans (58).

Numerous HIV-1 treatment methods have been tested on hu-NSG mice including combination ART (cART) (29, 59), highly active antiretroviral therapy (HAART), and neutralizing antibody treatment (54). Similar to the response seen in hu-NOG mice, latent infection was established and persisted during treatment (29, 59). Resting memory CD4+ T cells were the major viral reservoir (29), unaffected by the length of cART treatment (59). A recent study using hu-NSG mice showed that HIV-1 hematopoietic stem/progenitor cell-based gene therapy targeting CCR5 and HIV-1 LTR could be used as anti-HIV strategy (60). Another study tested long-acting, slow-release antiviral therapy in combination with CRISPR-Cas9 gene editing to eliminate latent HIV-1 in Hu-mice, and was the first to demonstrate that permanent viral elimination is possible (61). Additionally, the hu-NSG model has been used to provide better understanding of HIV-1 pathogenesis. The model revealed that cell-to-cell viral transmission efficiently disseminated infection within tissues, suggesting anatomically localized spread would be an area of future investigation for targeted treatments (62). HIV-1 disease progression was also investigated in hu-NSG mice by tracking viral seeding into different tissue compartments providing a picture of the HIV-1 infection timeline (63). Although it has been demonstrated that hu-NSG mice successfully reconstitute human CCR5+ CD4+ T cells within the female reproductive tract (FRT) (29, 30), to date, HSC-engrafted NSG mice have not been utilized widely to study mucosal and sexual transmission of HIV-1 (30).



NRG and DKO (BRG)

Like the NSG model, the more radioresistant hu-NRG have similar successful engraftment of human peripheral blood mononuclear cells (PBMCs) or HSCs (12). HSC-engrafted NRG mice demonstrated successful mucosal HIV-1 challenge with viral dissemination throughout the FRT and lymphoid tissues (64, 65). An older, yet similar model without the NOD background termed Rag1nullIl2rgnull or Rag2nullIl2rgnull (DKO) mice (also known as BRG mice) (11, 66), also demonstrated susceptibility to both R5- and X4-tropic variants of HIV-1 via vaginal and rectal mucosal transmission with insights on therapy efficacy, latency and chronic infection (24–26, 67, 68). Furthermore, hu-DKO/hu-BRG mice have greatly contributed to cross-species transmission and viral evolution investigations (69, 70), as well as the development of Hu-mice based viral outgrowth assays to further the understanding of HIV latency (71, 72). Successful mucosal infection in hu-DKO and hu-NRG mice best models natural human routes of HIV-1 transmission and allows studies of microbiota alteration (65) and topical pre-exposure prophylaxis (PrEP) (67, 73–76).

Studies using hu-NRG mice investigated the role of plasmacytoid dendritic cells during infection (77) and HIV-1 latency, and revealed the persistence of type 1 interferon (IFN) signaling after cART treatment (78). Furthermore, therapeutics that enhance ART treatment such as broadly neutralizing antibodies (79) showed promise in this model for prevention of cell-to-cell HIV-1 transmission (80, 81). Novel CRISPR/CAS9 genome editing technology was used in PBMC-engrafted NRG mice and demonstrated excision of HIV-1 pro-viral DNA which reduced levels of HIV-1 (82). Additionally, single-cell RNA-sequencing was used in this model to characterize human innate immune cells in lymphoid tissues (83). Interestingly, despite the lack of isotype-switched mature B cells, hu-NRGs can still be a useful tool for certain vaccine investigations (84).



NSG-BLT Engraftment Model

Compared to HSC-engrafted DKO, NSG, and NRG, the BLT engrafted NSG (NSG-BLT) hu-mice have the best overall reconstitution and functional human immune system for studying immune responses to HIV-1 infection (18, 49, 85, 86). For this reason, the BLT mice are currently considered the gold standard for HIV-1 research in murine models (17, 49, 50). BLT mice have been shown repeatedly to sustain mucosal HIV-1 infection and CD4+ T cell reconstitution in the FRT (32, 87).

The NSG-BLT mice have been frequently used for testing HIV-1 prevention and therapy. Studies examining therapeutics such as the long-acting ART raltegravir (88), ultra-long-acting antiretroviral dolutegravir (89), and PreP therapies such as the nucleoside reverse transcriptase inhibitor (NRTI) 4’-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) take advantage of the reconstituted human immune cell population in the mucosa (90). These studies have demonstrated effective inhibition of HIV-1 replication, reduction of HIV-1 viral load, and protection from multiple high-dose HIV-1 challenges (87, 88, 89, 90). Other studies using the NSG-BLT model provided valuable insights into HIV-1 treatment, viral evolution, prevention strategies, dose testing, tissue concentration, and pharmacokinetic data (74, 91–95). NSG-BLT Hu-mice have also been used to investigate potential treatment methods including anti–human IFN receptor 2 (IFNR2) (96) and anti-IFN-α/β receptor (IFNAR) antibodies (78) in conjunction with ARTs to successfully diminish viral reservoir size in lymphoid tissue and delay viral rebound (78, 96). A novel therapeutic strategy using chimeric antigen receptor modified stem cells successfully repopulated NSG-BLT mice with HIV-specific lymphoid populations and demonstrates potential for use in HIV treatment and cure studies (97). The efficacy of both HIV-1 reverse transcriptase inhibitor EFdA (98) and latency-reversing agents such as panobinostat (99) were also studied within the lymphoid compartments to elucidate effects on viral reservoir and latency. Finally, the NSG-BLT model is among the Hu-mice that can be used to evaluate the efficacy of potential HIV vaccines as demonstrated through significant T cell protection upon gag-specific vaccine administration (100). The development of proof of concept vaccines for therapeutic treatment has also been tested in the NSG-BLT model. In a lentiviral-based DC vaccine, HIV-1 antigen (SL9 epitope) is expressed with CD40 ligand to stimulate DC responses and Programmed Death 1 (PD-1) to prevent checkpoint activation (101). This vaccine demonstrated the ability to induce antigen-specific T cells and memory (101). Although unable to induce protection it was able to decrease viral load in the short term (101). In a similar model (NRG with fetal thymus implanted), another therapeutic vaccine expressing 5 CD4 and CD8 HIV specific T cell epitopes with CD40 ligand and administered with TLR3 agonist PolyI:C was successful at inducing anti-HIV CD8 and CD4 T cell responses, reactivated HIV reservoirs in cART controlled HIV infected mice, and decreased cell associated viral DNA (102).




Understanding Mucosal Transmission of HIV-1 and the Effect of Microbiota Using Hu-Mouse Models

It is well recognized that more than 80% of HIV-1 infections occur through sexual transmission at mucosal surfaces, primarily the lower intestinal tract and female and male genital tract (8). While significant progress has been made in the understanding of mucosal transmission and pathogenic progression of HIV-1 through clinical studies and NHP models, the Hu-mice models present excellent model systems to recapitulate many features of mucosal infection in humans (103–106).

Most Hu-mouse experiments that have focused on mucosal (intrarectal or intravaginal) HIV-1 transmission have assessed prevention of infection using a wide variety of potential prophylactic agents. In these experiments, cell-free (including transmitted/founder strains) and cell-associated HIV-1 were used to challenge Hu-mice via the rectal or vaginal routes (24, 33, 64, 65, 94). While most of the mucosal prevention studies focused on the vaginal route of transmission, several have assessed the efficacy of PrEP preventions in Hu-mice challenged intrarectally. Topical microbicides (91), C5A in BLT mice (107), topically delivered ARVs (tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC)) in BLT (108) are some of the prophylactic agents tested. Many studies tested various formulations, routes, pharmacokinetic and challenge routes. Different studies reported complete or partial protection against a single dose intrarectal challenge with HIV-1 (91, 94). Using the DKO model, tissue distribution of the interventions has also been assessed (73, 74). In studies focused on the vaginal route of transmission, many studies examined the efficacy of topical microbicides in DKO and BLT models (75, 92, 108–116). While most studies reported complete protection against single dose intravaginal challenge with HIV-1, others report only partial (89, 110, 113–117), or no protection (110).

Repeated, and often high dose, intravaginal exposure model has been tested to examine the effectiveness of the prophylactic intervention (88, 89, 94, 114). While it is likely that repeated, low dose viral challenges mimic vaginal transmission of HIV-1 in women more closely than high dose challenges, both experimental designs provide the opportunity to answer different research questions about prophylactic interventions. Interestingly, a few studies found delayed HIV-1 infection and dissemination when vaginal and systemic levels of drug were reduced or after drug cessation (112, 114, 115). Thus Hu-mice models can be useful in studying imperfect patient adherence and how this might impact HIV-1 transmission.

Work done by our group has highlighted the critical factors for successful mucosal transmission using a Hu-mouse model. We demonstrated that the frequency of circulating human CD45+ cells was the primary determinant of successful HIV-1 infection following intravaginal exposure in HSC-engrafted NRG mice. Furthermore, a significant correlation existed between peripheral blood CD45+ cells and HIV-1 target cells in the vaginal mucosa (64). This study highlighted that for successful HIV-1 infection through the intravaginal route, access to target cells in the mucosa is required. This highlights the importance of developing prophylactic interventions that limit target cells in mucosa, such as limiting tissue inflammation (118), to prevent HIV-1 infection.

The role of the microbiota in altering HIV susceptibility is a growing area of interest and the subject of many clinical studies. Hu-mice might be a useful model to examine the effect of the microbiota (vaginal and/or rectal) on HIV-1 acquisition, as a diverse vaginal microbiota low in Lactobacillus species is associated with a 4-fold increased risk of acquisition in women (119). If the next generation of Hu-mouse models engrafted with HSCs could be developed as gnotobiotic (germ-free) mice, this would allow for the reconstitution of Hu-mouse vagina/rectum/gut with human microbiota and assessment of HIV-1 acquisition risk. Although germ-free Hu-mice are not presently commercially available, a recent publication reported the generation of “pseudo-gnotobiotic” Hu-mice. NSG-BLT Hu-mice were treated with broad spectrum antibiotics, and subsequently transplanted with a human gut microbiota via fecal transplant; generating NSG-BLT mice reconstituted with human immune cells and a human gut microbiota. The authors found unique gut microbiota signatures in the mice that resembled those of the human donor, and they demonstrated that the human-like gut microbiota was stable in these mice for the duration of their study (14.5 weeks) (120). However, the relevance of this type of model and of other types of doubly-reconstituted Hu-mice (immune cells and microbiota) that we may be able to generate in the future is controversial at present. This is for a variety of reasons including, but not limited to, our lack of knowledge on generalizability of results obtained in mice to humans, a lack of standardized protocols, inter-donor, ethnic, and geographical microbial variability that makes replication of data challenging, and anatomical and physiological differences between mice and humans that might impact the microbiota (121). Nevertheless, germ-free humanized mouse models that can be reconstituted with a human-like microbiota may one day be key advancements that improve our understanding of the role of the vaginal, rectal and gut microbiota in mucosal HIV-1 transmission, epithelial barrier disruption, and inflammation. Furthermore, they may be useful in examining prophylactic interventions to decrease systemic inflammation and prevent HIV-1 transmission.



Using Hu-Mice for Understanding Tuberculosis-HIV Co-Infection

Currently animal models for HIV co-infection with other pathogens are lacking. Although Hu-mice have been used to investigate HIV co-infection with pathogens such as Epstein–Barr virus and Neisseria gonorrhoeae (30, 122), co-infection with Mycobacterium tuberculosis (Mtb) is of particular interest as it is the most common cause of AIDS-related death (1). HIV-1 infection increases the risk of latent tuberculosis (TB) reactivation (123). HIV/TB co-infection increases morbidity and mortality while complicating therapies associated with both diseases due to multiple factors including the development of Immune Reconstitution Inflammatory Syndrome (IRIS) and TB drug resistance (124). The current inbred mouse in vivo models of TB do not develop organized granulomas (125) and show inconsistent immune responses (126).

On the other hand, the use of Hu-mouse models (HSC-engrafted (127, 128) and BLT-engrafted (129) NSG mice) has demonstrated tremendous potential to recapitulate human TB infection, immune response, and formation of organized granulomas (127–129). With the vastly successful Hu-mice studies in HIV-1, they serve as a viable model for co-infection. In early HIV/TB co-infection studies, NSG-BLT mice were infected with HIV-1 followed by Mtb. HIV-1 was localized in pulmonary granulomas and exacerbated TB lesions and lung pathology were seen (130). A more recent study demonstrated that the same model can be used for studying TB relapse in co-infection by administration of HIV-1 intravenously after paucibacillary TB infection was established (131). Although only NSG-BLT model has been used thus far for TB-HIV co-infection, newer generation Hu-mouse models using the easier and more accessible HSC-only engraftment method for HIV/Mtb co-infection would allow for more widespread use of the model, thus addressing the lack of literature on HIV/TB co-infection studies in vivo.



Improved Hu-mouse Models for HIV-1 Research (Next Generation): Nsg-A2, DRAG, DRAGA, and BRGST


Addressing the Challenges With the BLT Model

Even though the BLT model is currently the gold standard for HIV-1 research, there are several disadvantages that limit its use. Xenogenic GvHD that develops post-engraftment (132, 133) remains a concern despite efforts to extend longevity using a triple-knockout model (134, 135). This reduces the sample population of mice in studies (17) and prevents long-term studies. Humanized BLT mice also lack high levels of B cell populations and hyper-mutated, class-switched IgG antibodies (136). Furthermore, the engraftment of human fetal liver and thymus tissue is time-consuming and requires great technical skill to execute. Finally, a major issue with using the fetal BLT method is material availability, as restrictions on the use of fetal tissue in research is of increasing concern (137). To address this shortcoming, a novel method of using neonatal thymus tissue to replace the use of fetal tissue was developed within NOD,B6.SCIDIl2rg-/-KitW41/W41 (NSGW) mice (NSGW-NeoThy) (39, 138). The addition of the KitW41/W41 alleles offers the advantage of accepting HSC engraftment without prior irradiation (138, 139). Neonatal thymic samples are easier to obtain, and yield much larger quantities of tissue and can thus humanize more mice per sample compared to using fetal tissue (39). NSGW-NeoThy mice developed smaller thymic organoids but with either autologous or allogeneic HSC engraftment, the model successfully repopulated human myeloid and lymphoid populations comparable to fetal thymus-only engrafted NSG mice (39), thus demonstrating its potential for future use in HIV investigations. Some evidence also presented the potential of reduced GvHD in NSGW-NeoThy mice by administration of anti-human CD2 antibodies to remove GVHD-associated passenger thymocytes, but a more comprehensive study must be conducted to elucidate GvHD development in the model (39).



Next Generation of Transgenic Mice

NSG-A2 mice were developed from the NSG background strain and are transgenic for the human HLA class I-A2 molecule. When humanized with HLA-matched HSCs, this allows human CD8+ T cells to be functionally mature (140). However, neither total CD8+ T cell reconstitution levels nor B cell function were significantly better than NSG mice (140, 141). To improve the humoral immune response, the HLA class II transgene (specifically, HLA-DR4) molecule has been expressed in the NOG (142), NSG (143), and NRG mice (34). Here we are focusing on the more popularly used and radiation-tolerant NRG background termed DRAG mice.

Humanized DRAG (hu-DRAG) mice with HSC derived HLA-DR-matched umbilical cord blood engraftment resulted in significantly higher counts of human CD4+ and CD8+ T cells compared to its non-transgenic NRG counterpart (34) (Table 1). Human B cells were highly functional, and could undergo immunoglobulin (Ig) isotype class-switching (34). To adequately compare the benefits between transgenic HLA class I and II, a model co-expressing both the HLA-A2 and HLA-DR4 molecules, termed DRAGA mice was developed (35). Comparisons between NRG-A2, DRAG, and DRAGA models engrafted with HLA-matched HSCs demonstrated that both hu-DRAG and hu-DRAGA models had significantly better human T-cell reconstitution, CD4/CD8+ T cell function, and most importantly, significant B cell Ig class-switching when compared to NRG-A2 mice (35) and even the hu-BLT models (136) (Table 1). These results demonstrate that the HLA-DR4 transgene can confer more benefits in human lymphoid reconstitution compared to HLA-A2.

Recently the BRG background was altered to produce a promising model with consistent lymph node reconstitution and development addressing the shortcomings of secondary lymphoid tissue formation within current Hu-mouse models (37, 144). Balb/c Rag2−/−Il2rg−/−SirpaNOD (BRGS) mice (145) that express transgenic thymic-stromal-cell-derived lymphopoietin (TSLP), termed the BRGST model, boast robust human cellular and humoral responses (37). TSLP is similar in structure and function to IL-7, but is IL2rg independent and thus can promote B and T cell responses (39). In particular, when compared to the older hu-BRGS model, hu-BRGST mice demonstrated enhanced Ig-isotype class switching, central/effector memory T cell, and T follicular helper (TFH) cell development in secondary lymphoid tissues with pronounced B cell zones (37). When the BRGS background hosts HLA class I and II transgenes (termed BRGSA2DR2 mice), improvements in T and B cell development and functionality including Ig-isotype class switching and antigen-specific responses were also observed (38).

Hu-DRAG mice are capable of supporting HIV-1 infections when challenged intravaginally as the mucosa of the FRT and gut both repopulate with CD4+ T cells and TFH cells (36, 146). Hu-BRGST mice successfully sustain HIV-1 infection and replication upon intraperitoneal inoculation (37). Viral reservoir and latency was also demonstrated after HAART administration, thus also offering possibilities in HIV latency and cure investigations (37). As hu-DRAG, hu-DRAGA, hu-BRGST, and hu-BRGSA2DR2 mice develop robust antigen-specific Ig responses, these models have tremendous potential for use in testing novel HIV-1 vaccine formulations. Immunization of both hu-DRAG and hu-DRAGA models for the investigation of other pathogenic viruses such as influenza (35, 147, 148) and Zika (149) have already yielded promising results (34, 35, 146–149). Therefore, the hu-DRAG and hu-DRAGA demonstrate tremendous potential for future use in HIV-1 therapeutic antibody and vaccine research.



Other Novel Models for HIV-1 Studies

The reconstituted human immune cell population in the current HSC-engrafted models for HIV-1 studies consist mainly of lymphoid cells with lower overall functional NK cell and myeloid repopulation (42, 150–152). Reduced myeloid populations may result in decreased endogenous cytokine signals, preventing the model from providing the full human inflammation process (42). Additionally, this may limit aspects of HIV-1 investigation such as innate immunity, antigen presentation interactions, or humoral immunity and vaccine studies. Table 1 summarizes some of the novel models including, MITRG/MISTRG models (discontinued by the Jackson Laboratory- short life span of 10-16 weeks post engraftment), NSGS (also called NSG-SGM3) model (NSG mice expressing human myeloid promoting cytokines SCF, GM-CSF, and IL-3, life span issue after 20 weeks) (42–44), and NOG-EXL (NOG mice expressing GM-CSF and IL-3) (40, 41) for better human myeloid cell engraftment of monocytes/macrophages and NK cells reconstitution (46, 47). Furthermore, the NSG-15 (45) and SRG-15 (31) models have been developed to express transgenic human IL-15 specifically for improved NK cell development. Overall, these models have all demonstrated success in their use for HIV-1 investigations, and their myeloid and NK reconstitution improvements can further extend HIV-1 in vivo research capabilities. It is important for researchers to note that until all shortcomings of Hu-mouse models have been addressed, choosing the optimal model for a study will depend on the experiment itself with special considerations for study timeline and immune cells of interest.




Conclusion

In summary, the development of Hu-mouse models has provided a cost-effective and practical approach for HIV-1 research. These mice provide a useful pre-clinical tool, since they allow researchers to directly examine interactions between HIV-1 and the human immune system. Novel modifications in generating Hu-mice is increasing the feasibility of using these models to investigate more complex clinical problems, such as immune response in co-infections like HIV and TB, and understanding interactions between immune responses and microbiota in regulating HIV-1 susceptibility. As we continue to make improvements in humanization of mice by developing novel models with new features and gain better understanding of how to tailor the models to answer specific questions, we will continue to push the envelope and make breakthroughs in HIV-1 research.
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Staphylococcus aureus is the predominant pathogen causing osteomyelitis. Unfortunately, no immunotherapy exists to treat these very challenging and costly infections despite decades of research, and numerous vaccine failures in clinical trials. This lack of success can partially be attributed to an overreliance on murine models where the immune correlates of protection often diverge from that of humans. Moreover, S. aureus secretes numerous immunotoxins with unique tropism to human leukocytes, which compromises the targeting of immune cells in murine models. To study the response of human immune cells during chronic S. aureus bone infections, we engrafted non-obese diabetic (NOD)–scid IL2Rγnull (NSG) mice with human hematopoietic stem cells (huNSG) and analyzed protection in an established model of implant-associated osteomyelitis. The results showed that huNSG mice have increases in weight loss, osteolysis, bacterial dissemination to internal organs, and numbers of Staphylococcal abscess communities (SACs), during the establishment of implant-associated MRSA osteomyelitis compared to NSG controls (p < 0.05). Flow cytometry and immunohistochemistry demonstrated greater human T cell numbers in infected versus uninfected huNSG mice (p < 0.05), and that T-bet+ human T cells clustered around the SACs, suggesting S. aureus-mediated activation and proliferation of human T cells in the infected bone. Collectively, these proof-of-concept studies underscore the utility of huNSG mice for studying an aggressive form of S. aureus osteomyelitis, which is more akin to that seen in humans. We have also established an experimental system to investigate the contribution of specific human T cells in controlling S. aureus infection and dissemination.
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Introduction

Bone infections, a debilitating complication of total joint replacement (TJR) arthroplasties and fracture fixation, have dramatically increased over the past decade in the United States alone (1–3). Staphylococcus aureus, a significant human pathogen, remains the leading cause of bone infections in TJR surgeries, causing 30-42% of fracture-related infections (FRI), and 10,000-20,000 peri-prosthetic joint infections (PJI) in patients each year in the US (4–7). Methicillin-resistant S. aureus (MRSA) and newly emerging strains with pan-resistance significantly complicate treatment leading to adverse clinical outcomes such as amputation and septic death (8, 9).

There is an urgent need to control these deep bone infections utilizing non-antibiotic interventions. Unfortunately, no preventative S. aureus immunotherapies exist, despite almost 20 years of research to identify conceptually promising vaccine targets and significant money spent on clinical trials (10–12). Poor antigen selection and the ability of S. aureus to evade the human immune system might contribute to the failure of vaccines. Alternatively, the lack of relevant models that recapitulate human immune responses could explain the failure of these trials.

Murine models have greatly facilitated our understanding of S. aureus pathogenesis and identified critical virulence factors such as staphylococcal protein A, iron-scavenging proteins, fibrinogen binding proteins, penicillin-binding proteins, hemolysins, autolysins, etc. (13–23). However, the knowledge acquired using these murine models does not necessarily translate into these targets becoming useful vaccine candidates in humans. A prominent case in point is the murine preclinical data of an immunogenic vaccine candidate from iron-scavenging protein IsdB (IsdB-V710) that demonstrated reduced infection lethality, and protection against bacteremia in mice (24–27). Unfortunately, a large phase IIb/III vaccination clinical trial based on these preclinical studies involving ~8,000 patients failed to provide any protection and elevated the risk of adverse outcomes, including death, among patients who encountered post-immunization S. aureus infections (28). Therefore, we are in dire need of small animal models that can better mimic the human immune system. Moreover, S. aureus is a significant human pathogen with several virulence proteins and bicomponent toxins with high degrees of tropism to receptors expressed on human leukocytes (29, 30). Due to these human-specific toxins, it is possible that this pathogen does not necessarily exhibit their typical phenotype in murine S. aureus infections.

Non-obese diabetic (NOD)–scid IL2Rγnull (NSG) mice, reconstituted with human CD34+ hematopoietic immune system (huNSG), have emerged as a powerful model system to investigate human disease (31–33). These mice evoke a human immune response to infection and have been utilized to study bacterial and viral pathogens such as Salmonella, Leishmania, HIV, and EBV (34–39). The use of humanized mice to study S. aureus infections remains relatively limited (40–42), and until now, no studies have described S. aureus pathogenesis during osteomyelitis in humanized mice. To this end, we developed a transtibial implant-associated S. aureus osteomyelitis model in humanized NSG mice and examined if S. aureus induces a human immune response in these mice during bone infection. Additionally, we also assessed infection severity, the extent of bone osteolysis, and Staphylococcal abscess communities (SAC) formation during the establishment of implant-associated MRSA osteomyelitis.



Materials and Methods


Ethics Statement

Animal studies were performed according to protocols approved by the ethical committee of the canton of Grisons in Switzerland. Animal surgical procedures were performed according to Swiss animal protection law and regulations in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International approved facility.



Murine Implant-Associated Osteomyelitis Model

Female C57BL/6J mice (stock 000664), NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, stock 005557) mice were purchased from the Jackson Laboratories (Bar Harbor, ME, USA), housed five per cage in two-way housing on a 12-h light/dark cycle, and fed a maintenance diet and water ad libitum. Humanized NSG (huNSG) mice were generated by Jackson Labs by engrafting NSG mice with CD34+ human hematopoietic cells from three different donors using protocols described previously (31, 32). Briefly, 3-week old NSG mice were subjected to total body irradiation (100 cGy) and injected intravenously with lineage negative human CD34+ hematopoietic stem cells (2 x 105 cells/mice) isolated of cord blood. At 12 weeks post engraftment, mice were subjected to submandibular bleeding to isolate peripheral lymphocytes and human immune cell reconstitution was assessed in huNSG mice by flow cytometry (markers: anti-human CD45 - overall reconstitution, anti-human CD3 – T cells, anti-human CD20 – B cells, anti-human CD33 – myeloid cells). Supplemental Table 1 describes the percentage of human CD45+ cells, human B cells, T cells, and myeloid cells engrafted in huNSG mice generated from all different donors. Transtibial implant-associated osteomyelitis with MRSA was performed on skeletally mature 20–24-week-old huNSG mice, and age-matched C57BL/J6 and NSG mice utilizing our well-validated protocols described previously (22, 43, 44). Briefly, mice were anesthetized with Sevoflurane in a Plexiglass box (ca. 7% in O2, flow rate 0.6-1 L/min), maintained with Sevoflurane through a face mask (ca. 2-3% in O2, flow rate 0.6-1 L/min). Peri- and postoperative analgesia consisted of Tramal, which was added to the drinking water 24h prior to surgery (25mg/L) and maintained for two days after surgery to minimize skin wounds from injections and at the same time provide adequate analgesia. Before surgery, a flat stainless-steel surgical wire (cross-section, 0.2 mm by 0.5 mm) 4 mm long (MicroDyne Technologies, Plainville, CT, USA) bent at 1mm to form an L-shape was steam sterilized and inoculated with clinical S. aureus USA300 LAC strain grown overnight. After anesthesia induction, the right leg was clipped, and the skin was aseptically prepared with chlorhexidine scrub (Hibiscrub, 4% Chlorhexidine Digluconate) and 70% ethanol. The implant localization was identified (2 to 3 mm under the tibial plateau in the proximal tibia) using the proximal patella as an anatomical landmark and the jaws of the Mayo-Hegar needle driver as the measure. A hole was pre-drilled in the proximal tibia using a percutaneous approach from the medial to lateral cortex using a 26-gauge needle. Subsequently, a S. aureus infected pin (5.0 x 105 colony forming units (CFU)/mL) was surgically implanted in the pre-drilled hole from the medial to the lateral cortex. Osteotomy and implant position were confirmed radiographically in the lateral plane immediately after surgery. At 14 days post-infection, mice were euthanized, and the infected leg containing the transtibial implant was excised out for either CFU quantitation or high-resolution micro-computed tomography (μCT) imaging, followed by histology and transmission electron microscopy (TEM). Additionally, internal organs liver, spleen, kidneys, and heart were harvested sterilely for CFU enumeration. Further, all mice were subjected to submandibular bleeding on days 0, 7, and 14 post-infection to collect serum for assessing anti-S. aureus antibodies. Murine infection studies were performed four independent times and the results shown are pooled data from these experiments.



Bacteriology

Tibia, tibial implant, and the soft tissue abscesses surrounding the tibia were removed, weighed, and placed in 1mL of room temperature sterile PBS. The implant was sonicated for 2 min to dislodge attached bacteria, and organ tissues were homogenized (Omni TH, tissue homogenizer TH-02/TH21649, Kennesaw, GA, USA) in 1mL of PBS. Implant sonicate fluid and tissue homogenates were serially diluted, plated on blood agar (BA) plates, and incubated overnight at 37°C. To confirm S. aureus on the plates, random colonies from each plate/organ/tissue were picked, and StaphLatex agglutination test (Thermo Fisher Scientific, Waltham, MA, USA) was performed. Bacterial colonies were enumerated, and the generated CFU data were presented as CFUs per gram of tissue.



Micro-Computed Tomography (μCT)

The tibia was dissected from mice post-euthanasia and fixed for 72 hours in 4% neutral buffered formalin. Subsequently, specimens were rinsed in PBS, deionized water, and prepared for μCT scans. High-resolution μCT scans of the mice tibia receiving MRSA-contaminated or sterile pin were imaged ex vivo at 10.5 μm voxel size with the VivaCT40 (Scanco Medical AG, Switzerland), using 100 ms integration time, energy of 70 kV, and intensity of 114 μA. Post-processing and analyses of the resultant DICOM files generated from VivaCT40 were performed on Amira software (FEI Visualization Sciences Group; Burlington, MA, USA). Medial and Lateral hole volume quantification was performed by manual segmentation of the void area followed by a point trap triangulation in Amira. Reactive bone volume was also computed using methods described previously by Mys et al. (45). Briefly, the bone was segmented using adaptive thresholding techniques and masks described previously (45). Then, the thickness of all bone structures was calculated in IPL software (Scanco Medical AG, Switzerland), and all the bone structures thicker than 6 voxels (63.0μm) were assigned to be cortex. The reactive bone was calculated by subtracting the quantified outer mask from the cortex. Thresholding was set at 10 voxels to clean the reactive bone masks. The reactive bone volume calculations were performed only on the distal side of the pin to minimize the influence of the pin’s position on the results.



Histology

Following μCT, each mouse tibia was rinsed with ddH2O and decalcified in 14% EDTA tetrasodium solution for 7 days, with radiographical monitoring of the decalcification progress. Following decalcification, samples were paraffin-embedded, cut into 5 μm transverse sections, and mounted on glass slides for histological staining. Slides were deparaffinized and stained with Hematoxylin & Eosin (H&E) and Brown and Brenn (Gram) staining as described previously (43, 46). Digital images of the stained slides were created using VS120 Virtual Slide Microscope (Olympus, Waltham, MA, USA). Numbers SACs were manually enumerated and averaged across two or more histologic sections at least 50 μm apart from 6-7 mice in each experimental group. Quantitative analysis of SAC area within the tibias of C57BL/6J WT, NSG, and huNSG animals was performed on Brown and Brenn (Gram) stained slides using Visiopharm (v.2019.07; Hoersholm, Denmark) colorimetric histomorphometry utilizing a custom Analysis Protocol Package (APP). Manual regions-of-interest (ROIs) were drawn around the tibia and SACs within the tibia on each image prior to batch processing for automated quantification of SAC area normalized to tibial area between the groups.



Multicolor Immunofluorescence

Primary antibodies: The following antibodies were utilized for immunostaining: Goat anti-CD3ε (Clone M-20, Santa Cruz Biotechnology, Dallas, TX, USA, RRID : AB_631128), goat anti-proliferating cell nuclear antigen (Clone C-20, Santa Cruz Biotechnology) at 1:100 dilution, Rabbit anti-human CD20 at 1:50 dilution (LS-B2605-125, LifeSpan Biosciences, Seattle, WA, USA, RRID : AB_10439766), biotin rat anti-mouse Ly6G at 1:50 dilution (Clone 1A8, BioLegend, Austin, TX, USA, RRID : AB_1186108), rabbit anti-Tbet at 1:50 dilution (clone H-210, Santa Cruz Biotechnology), and monoclonal mouse anti-human RORγT at 1:50 dilution (clone 6F3.1, EMDMilipore, Burlington, MA, USA, RRID : AB_11205416). Secondary antibodies: All secondary antibodies were used at 1: 200 dilution. These include Alexa Fluor 568 donkey anti-goat IgG (A-11057, Thermo Fisher Scientific, RRID : AB_2534104), Alexa fluor 488 donkey anti-rabbit IgG (711-546-152, Thermo Fisher Scientific, RRID : AB_2340619), Alexa fluor 647 donkey anti-rat IgG (712-606-153, Jackson ImmunoResearch Laboratories, West Grove, PA, USA, RRID : AB2340865), Alexa fluor 647 donkey anti-mouse IgG (715-606-150, Jackson ImmunoResearch Laboratories, RRID : AB2340865), and Alexa Fluor 680 Streptavidin at 1:200 dilution (S32358, Thermo Fisher Scientific).

The 5 μm formalin-fixed paraffin sections were incubated at 60°C overnight for deparaffinization. Tissue sections were quickly transferred to xylene and gradually hydrated by transferring slides to absolute alcohol, 96% alcohol, 70% alcohol, and then water. Slides were immersed in an antigen retrieval solution, boiled for 30 minutes, and cooled down for 10 minutes at room temperature (RT). Slides were rinsed several times in water and transferred to PBS. Non-specific binding was blocked with 5% normal donkey serum in PBS containing 0.1% Tween 20, 0.1% Triton-X-100 for 30 minutes, at RT in a humid chamber. Primary antibodies were added to slides and incubated in a humid chamber at RT, ON. Slides were quickly washed in PBS, and fluorescently labeled secondary antibodies were incubated for 2 hours at RT overnight in a humid chamber. Finally, slides were rinsed for 1 hour in PBS and mounted with Vectashield antifade mounting media with DAPI (H-1200, Vector Laboratories, Burlingame, CA, USA). Pictures were taken with a Zeiss Axioplan 2 microscope and recorded with a Hamamatsu camera.



Transmission Electron Microscopy (TEM)

Brown and Brenn staining was performed to identify SAC presence within the intramedullary canal of MRSA-infected huNSG mice. Once a SAC was identified, the paraffin block was oriented to match the 5 μm section of the Brown and Brenn slide, in order to excise the precise area from the paraffin block. Once the right area was excised, the block was deparaffinized, post-fixed sequentially in 2.5% glutaraldehyde (24 hours) and 1.0% osmium tetroxide (90 minutes), dehydrated in a graded series of ethanol to 100%, transitioned into propylene oxide, infiltrated with EPON/Araldite epoxy resin and finally embedded block face down into a BEEM capsule lid for 48 hours at 60°C. The block was sectioned at one micron and stained with Toluidine blue to confirm the SAC location, then thin sectioned at 70 nm using a diamond knife and an ultramicrotome. The thin sections were mounted onto formvar carbon coated nickel slot grids, then examined using a Hitachi 7650 transmission electron microscope, and images were captured using Gatan Erlangshen 11-megapixel digital camera and DigitalMicrograph software.



Flow Cytometry

Immunophenotyping of spleen from huNSG mice was performed according to protocols described previously (47). Briefly, single-cell suspension of splenocytes were prepared, and 0.5 X 106 cells/mice were initially stained with fixable viability dye eFluor™ 780 (eBioscience™, Thermo Fisher Scientific) for 30 minutes at 4° C to exclude dead cells from the analysis. Following washing, the following fluorochrome-conjugated anti-human antibodies were used for phenotyping huNSG splenocytes: BV510 CD45 (clone 2D1), PerCP CD3 (clone UCHT1), PE-Dazzle 594 CD8a (clone HIT8a), FITC CD4 (clone OKT4), PE-Cy5 CD19 (clone SJ25C1), and PE CD56 (clone HCD56). Single channel compensation controls for these antibodies were created using human polymorphonuclear cells (PMBCs). All antibodies were purchased either from BioLegend or BD Biosciences (San Jose, CA, USA). After staining, the cells were fixed with 2% formaldehyde/PBS prior to running on a BD FACSAria™ III multicolor flow cytometer (BD Biosciences). Flow data were analyzed using FlowJo version 10.6 (BD Biosciences), and the gating strategies are outlined in Supplemental Figure S1.



Serum Cytokine and Anti-Human Cytokine and Antibody Measurements

HuNSG mice infected with either a sterile (Sham) or S. aureus contaminated tibial implant were bled submandibularly to collect serum samples PreOP, at day 7 and day 14 post infection as allowed under the Swiss animal protection regulations, and the protocols approved by the ethical committee of the canton of Grisons in Switzerland. Serum cytokine analyses was performed using a 25-plex MILLIPLEX® xMAP Human cytokine Magnetic Bead Panel for the following cytokines according to manufacturer’s instructions: GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, IL-17F, IL-17E/IL-25, IL-21, IL-22, IL-23, IL-27, IL-28A, IL-31, IL-33, MIP-3α/CCL20, TNF-α, and TNF-β. Only 7 out of the 25 analytes expressed at detectible levels: IFN-γ, CCL20, IL-13, IL-9, IL-21, IL-17E/IL-25, and TNF-α. The manufacturer defined assay sensitivity or Lower Limits of Detection for these cytokines are as follows: IFN-γ = 2.4 pg/mL, CCL20 = 3.4 pg/mL, IL-13 = 3.5 pg/mL, IL-9 = 8.7 pg/mL, IL-21 = 3.3 pg/mL, IL-17E/IL-25 = 0.186 pg/mL, and TNF-α = 1.7 pg/mL. Additionally, using our previously validated Luminex bead-based immunoassay (48–50), anti-S. aureus human antibody responses in serum were assessed 14 days post-infection in huNSG mice with the following S. aureus antigens: iron-regulated surface determinant proteins (IsdA, IsdB, and IsdH), the staphylococcal complement inhibitor (SCIN), the chemotaxis inhibitory protein from S. aureus (CHIPS), α-hemolysin (Hla), autolysin (Atl) functional domains amidase (Amd) and glucosaminidase (Gmd), and Leukocidin LukSF-PV/PVL (LukS-PV, LukF-PV).



Statistical Analyses

Unpaired student’s t-test was used for statistical comparison of the flow cytometry data. Two-way ANOVA with Sidak’s post-hoc tests was performed to compare body weight change over time. One-way ANOVA analyses with Tukey’s post-hoc tests were utilized for comparing osteolysis area, number of SACs, SAC area, log-transformed CFUs, and the number of immune cells revealed by immunostaining. All analyses were conducted using GraphPad Prism (version 9.0), and p < 0.05 was considered significant.




Results


Humanized NSG Mice Elicit Human T Cell Responses During the Establishment of S. aureus Osteomyelitis

Because NSG mice allow the engraftment of human immune cells, we hypothesized that MRSA infection would elicit a human immune response in huNSG mice (Supplemental Table S1). To test this, huNSG mice received a sterile (Sham) or MRSA contaminated tibial implant, and the spleens were harvested for analyses on day 14 post-op. Immunophenotyping by flow cytometry revealed that S. aureus infection induced significant upregulation of human CD3+ T cells (p = 0.029) and its subsets CD4+ T helper cells (p = 0.007), CD8+ cytotoxic T cells (p = 0.019) in huNSG compared to the control group (Figure 1A). No such induction of human CD19+ B cells or CD56+ natural killer (NK) cells were observed in infected huNSG. Additionally, immunofluorescent histochemistry revealed distinctive B and T cell areas in the spleen of infected huNSG mice (Figure 1B). Additionally, immunostaining with human cell proliferation marker PCNA revealed expanding human T and B cells in huNSG mice in response to S. aureus (Figure 1C). However, anti-S. aureus human antibody responses in huNSG serum using our custom Luminex assay were undetectable 14 days post infection (data not shown), and serum cytokine levels analyzed over time revealed modest induction of human cytokines including IFN-γ, TNF-α, and IL-13 (Supplemental Figure S2). Nonetheless, our results indicate that S. aureus infection induces a human immune response in the spleen of huNSG mice.




Figure 1 | S. aureus elicits a human immune response in humanized NSG mice. HuNSG mice received a sterile (Sham) or MRSA contaminated transtibial implant, and 14 days post infection, mice were euthanized, and spleens were harvested for analyses. Single-cell suspensions of splenocytes were prepared and subjected to immunophenotyping analyses by flow cytometry with anti-human mAbs to assess human T cells (CD3+), T helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), B cells (CD19+), and NK cells (CD56+). The sequential gating strategy is depicted in Supplemental Figure S1. (A) The percentage of each lymphocyte subset of the live/human CD45+ cells analyzed is presented for each mouse with the mean +/- SD for the group (n = 15, *p < 0.05, **p < 0.01, t-test). (B) Paraffin-embedded 5 μm spleen sections from infected humanized NSG mice were stained to visualize the spatial distribution of human CD3+ T cells (red), human CD20+ B cells (green), and murine Ly6G+ neutrophils (white). Representative 3x3 200x mosaic immunofluorescent images are shown highlighting the compartmentalization of interacting human T and B cells in spleens of infected huNSG mice. (C) Adjacent 5 μm spleen sections were also stained for examining cell proliferation in response to S. aureus infections using proliferating cell nuclear antigen (PCNA) (white). Yellow squares show higher magnification images of proliferating CD3+ T cells (red), CD20+ B cells (green) (PCNA+ cells, yellow arrows), in the sections of the 3x3 mosaic immunofluorescent micrographs.





Humanized NSG Mice Exhibit Exacerbated Susceptibility to S. aureus Osteomyelitis

Given the potential negative impact of S. aureus immunotoxins on human immune cells, we hypothesized that the huNSG mice would develop a more severe MRSA infection due to the presence and induction of human immune system. To test this, we examined implant-associated osteomyelitis in huNSG mice and its age-matched NSG, C57BL/6J WT counterparts. In general, huNSG mice appeared sicker, failed to recover their body weight after implant surgery, and exhibited significantly increased weight loss throughout the 14-day study period (Figure 2A, p < 0.05). High-resolution μCT analyses of the tibiae revealed that S. aureus-infected huNSG mice displayed significantly greater peri-implant osteolysis at the insertion site compared to age-matched NSG and C57BL/6J WT controls (Figures 2B, C, p < 0.05). Interestingly, no differences in reactive bone volume were observed between these groups, suggesting that the human engrafted cells do not affect osteoblast activity (Supplemental Figure S3). No difference in osteolysis was observed in animals that underwent sterile-implant surgery, suggesting that the observed bone phenotype is due to S. aureus infection.




Figure 2 | Humanized mice exhibit increased body weight loss and osteolysis during S. aureus implant-associated osteomyelitis. (A) HuNSG mice and age-matched C57BL/6 WT, NSG controls underwent transtibial implantation of MRSA (USA300 LAC) contaminated stainless steel wire, and total body weight was assessed over the 2-week infection period. The % of baseline body weight on days 0, 3, 7 and 14 is presented for each group with the mean +/- SD (n = 14-17, *p < 0.05, two-way ANOVA). (B) Tibiae implanted with sterile and MRSA contaminated wires were harvested on day 14 post-op, processed for μCT, and representative 3D renderings are shown to illustrate the levels of reactive bone formation and osteolysis around the implants. Note the extensive osteolysis in the infected huNSG tibia. (C) The osteolysis area on the lateral and medial sides of the tibiae were quantified, and the data for each is presented with the mean +/- SD for the group (n = 6, *p < 0 .05, one-way ANOVA). Note that osteolysis is greater on the medial side in this model due to the directionality of wire implantation from the medial to the lateral side.



To assess effects of human engrafted cells on bacterial load, ex vivo CFU quantification was performed on the implants, which revealed higher bacterial loads in huNSG (13-fold, p = 0.012) and NSG (4.2-fold, p = 0.025) mice compared to C57BL/6J WT (Figure 3A). Similarly, an 86.2- to 215.2-fold higher CFU on the tibia (p < 0.01) and a 79.7- to 310.9-fold higher CFU load on infected soft tissue (p < 0.01) surrounding the bone were observed in huNSG and NSG mice (Figure 3B). Interestingly, significantly increased MRSA dissemination from the implant to internal organs (kidney, liver, heart, and spleen) was observed in huNSG compared to control groups (Figure 3C). 14/17 huNSG mice were S. aureus culture-positive from at least one organ, while only 6/14 and 3/14 mice in the NSG and WT groups were culture-positive in at least one organ (Figure 3C). Remarkably, some huNSG mice were highly septic due to MRSA bone infection, while some huNSG mice showed no dissemination (Figure 3C).




Figure 3 | Humanized mice exhibit increased bacterial load at the surgical site and sepsis during S. aureus implant-associated osteomyelitis. WT, NSG, and huNSG mice received MRSA infected trans-tibial implants and were euthanized on day 14 post-op to quantify CFUs from the (A) implant, (B) tibia and adjacent soft tissue, and (C) internal organs. The data are presented for each mouse with mean +/- SD for the Group (n = 14-17, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA).



Next, histopathology of the infected tibia was performed to further assess the extent of bone osteolysis in huNSG mice. H&E staining of the infected tibia confirmed the extensive osteolysis revealed in huNSG mice (Figure 4E) compared to C57BL/6 WT (Figure 4A) and NSG (Figure 4C) controls. In addition, Brown and Brenn staining of the infected tibia revealed extensive Staphylococcal abscess communities (SAC) formation in huNSG mice (Figure 4F) compared to control groups (Figures 4B, D). The number of SACs formed per infected tibia was significantly higher in huNSG than in control groups (Figure 4I, p < 0.05). Histomorphometry quantification revealed a marked increase in the SAC area in huNSG, suggesting heightened severity of MRSA bone infection in these animals (Figures 4G–J, p < 0.05). TEM interrogation of mature SACs in huNSG mice confirmed the formation of a fibrin-like pseudocapsule (51, 52), which sequesters and protects S. aureus from host immune cells (Figure 5).




Figure 4 | Humanized mice exhibit increased Staphylococcal abscess community (SAC) formation. WT, NSG, and huNSG mice received MRSA infected transtibial implants, and the tibiae were harvested on day 14 post-op for histology and assessment of SACs. Representative micrographs of H&E (A, C, E) and Brown & Brenn Gram (B, D, F) stained sections are presented to illustrate the abscesses and Gram-positive bacteria (red arrows). (G, H) Digital scans of the histology were processed by Visiopharm software, which recognized the Gram-stained bacteria, and scored the positive pixels (purple to red color conversion) for automated histomorphometry of SAC numbers per tibia (I) and SAC area per tibia (J). The data are presented for each mouse with the mean for each Group (n = 6-7, *p < 0.05, **p < 0.01, ***p < 0.001 one-way ANOVA).






Figure 5 | Ultrastructural assessment of Staphylococcal abscess communities (SACs) in humanized mice. HuNSG mice were subjected to MRSA transtibial infection and tibiae were harvested 14 days post-op, formalin-fixed, and decalcified for TEM processing. These paraffin-embedded tibiae samples were reprocessed into epoxy resin for transmission electron microscopy. A representative SAC in the bone marrow cavity is shown in (A) x1200 and (B) x3000 to illustrate the bacteria within the electron dense pseudocapsule (white arrows), and adjacent immune cells (red arrows) that are unable to penetrate the SAC. (C) High magnification of S. aureus bacteria within the SAC (x 30,000).





Induction of Human T Cell Response in huNSG Tibiae Due to S. aureus Osteomyelitis

We next investigated the repertoire and spatial distribution of human T and B cells proximal to SACs via multicolor immunofluorescent histochemistry (Figure 6). The tibia sections from infected huNSG mice revealed significant induction and trafficking of human T cells clustered adjacent to SACs (Figures 6B, E, H, J, p < 0.0001). Human B cells were observed in sham treated huNSG mice, but only small amounts of these cells were induced and trafficked in response to S. aureus infections (Figure 6J). Expectedly, no human B or T cells were identified in nonengrafted NSG control mice (Figures 6A, D, G), though S. aureus induced production of mouse Ly6G+ neutrophils in the infected tibia of huNSG and NSG animals (Figure 6K, p < 0.05). Interestingly, the levels of murine Ly6G+ neutrophils in these animals were similar to the levels observed in C57BL/6 WT animals in response to S. aureus (Figure 6K). Besides, the presence of mouse Ly6G+ neutrophils in huNSG suggests recovery of innate cells post γ-irradiation-induced myeloablation in NSG mice before HSC engraftment. Subsequent immunofluorescent staining of infected huNSG tibiae revealed CD3+ T-bet+ Type 1 human T cells adjacent to the SACs (Figures 6L, M). In addition, examination of huNSG tibia sections using proliferating cell nuclear antigen (PCNA) revealed that both human T and B cells are proliferating near the SACs and that the percentage of proliferating human T cells (CD3+PCNA+ cells) is significantly higher than that of B cells (CD20+PCNA+ cells) (Supplemental Figure S4). Collectively, these results suggest S. aureus-mediated activation and proliferation of type 1 human T cells.




Figure 6 | Evidence of human T cell immune responses against S. aureus in huNSG mice with implant-associated osteomyelitis. The histology sections (n = 3-5 per Group) described in Figure 4 were stained with fluorescently labeled antibodies specific for anti-mouse Ly6G, anti-human CD3, anti-human CD20, anti-human Tbet, and anti-human RORγT. Light microscopy of the H&E stained sections (A–C), and fluorescent microscopy of adjacent 5 μm sections (D–I) were performed on the SACs in tibiae from infected NSG, infected huNSG mice, and sham-control huNSG mice. Black squares in H&E images show the area depicted in 3x3 mosaic immunofluorescent micrograph. Yellow squares show higher magnification images of the CD3+ T cells (red), CD20+ B cells (green), and Ly6G+ neutrophils (white), in the sections of the 3x3 mosaic immunofluorescent micrographs. The dotted yellow line separates the SAC border from the rest of the bone marrow. Note that mouse Ly6G+ neutrophils accumulated inside and in close proximity to SACs, and the absence of human lymphocytes in infected NSG mice (D, G). In contrast, large numbers of human T and B cells accumulate around the SACs in the infected huNSG mice (E, H), while human lymphocytes are scant in uninfected huNSG mice (F, I). Histomorphometry was performed on 5 randomly chosen fields at 200X magnification in each condition (J, K), and aggregated data is presented as the mean+/- SEM for each Group (n = 3-5 mice, ND, not detected, NS, not significant, ****p < 0.0001, one-way ANOVA). (L, M) Evidence of Type 1 human T cell induction (CD3+T-bet+, white arrows) adjacent to the SACs.






Discussion

Development of effective immunotherapies against S. aureus remains among the greatest priorities in orthopedics as bone infections caused by this pathogen continue to be a significant public health problem (1). The failure of several anti-S. aureus vaccine trials can be attributed to overreliance on preclinical murine studies, where S. aureus does not entirely display their typical phenotype (10, 53). Humanized mice have emerged as an attractive small animal model to investigate human disease (54). In the current study, we assessed its utility to study S. aureus pathogenesis during implant-associated osteomyelitis. In this proof-of-concept study involving S. aureus transtibial implant-associated osteomyelitis in huNSG mice, we observed that these mice displayed increased susceptibility to S. aureus as evidenced by increased weight loss and extensive peri-implant osteolysis compared to C57BL/6 mice. Others have shown that huNSG mice also display increased susceptibility to S. aureus infection in peritoneum, skin, and lung infection models (40–42), though these studies were acute infection studies unlike the one described here. Importantly, the authors noted that huNSG mice required 10-100-fold fewer bacteria to have analogous pathology in the non-humanized mice (41). In our model, it is conceivable that the more severe infection phenotype in huNSG mice could be the result of higher bacterial inoculum that we routinely use for achieving reproducible implant-associated osteomyelitis in C57BL/6 mice (22, 23, 43, 44, 55). Nonetheless, this critical finding needs to be carefully examined in our humanized mouse model of implant-associated osteomyelitis.

In vivo MRSA infection in huNSG mice revealed markedly higher CFUs on tibial bone and soft tissue in both huNSG and NSG than C57BL/6J WT mice. Increased MRSA dissemination from the implant to distal organs was also observed in huNSG compared to the control groups confirming their increased susceptibility to S. aureus. We found these observations remarkable as several groups have observed no such bacterial dissemination in wild type mouse models of S. aureus osteomyelitis (56, 57). The increased tibial bacterial load in the bone and MRSA dissemination in humanized mice could be attributed to induction of human immune response due to S. aureus, and the presence of staphylococcal immunotoxins that exhibit high tropism to human leukocyte receptors (29, 30). This idea is consistent with the exacerbated lung pathology reported by Prince et al. and the decreased severity in huNSG mice infected with an MRSA strain deficient in the human-specific PVL toxin (42). Another example is the increased susceptibility to MRSA bacteremia in a humanized C57BL/6J mouse containing human CD11b receptor due to strong tropism of immunotoxin LukAB for human CD11b (58). These studies, including ours, highlight the adaptation processes that this pathogen has evolved to survive in the human host.

Analysis of the MRSA-infected tibia in huNSG mice revealed increased bone osteolysis compared to C57BL/6J WT mice. Perhaps the presence of human immune cells in the bone marrow of huNSG, and the ability of S. aureus to target human leukocytes are causing increased osteoclastogenesis and infection-associated trabecular bone loss during MRSA osteomyelitis (59). Nonetheless, the increased dysregulation of bone homeostasis during osteomyelitis in huNSG mice warrants further investigation.

An important finding of the current study is the extensive MRSA-induced SAC formation in huNSG mice. Quantitative analyses of the SACs show that the number of SACs per bone area was significantly higher in huNSG mice suggesting increased interaction between S. aureus and human leukocytes in the bone. The formation of a multilayered SAC structure during osteomyelitis is a host-induced mechanism of infection control, which is manipulated by S. aureus with the deployment of several virulence genes including clumping factor A (ClfA), chemotaxis inhibitory protein of staphylococci (CHIPS), and staphylococcal complement inhibitor (SCIN) (51, 52, 60–62). In clinical studies, the lack of humoral immunity against SCIN and CHIPS correlated with adverse clinical outcomes in patients with S. aureus osteomyelitis (49). Assessing the expression of these genes in a huNSG SAC or a 3D in vitro model of SAC (63) using bone marrow cells from these animals could shed light on virulence mechanisms associated with increased abscess formation in humanized mice.

T cells are essential for orchestrating anti-S. aureus adaptive immunity, and studies have demonstrated their dichotomous roles in protection vs. pathogenesis during infections (64–69). Analysis of human tissue samples in patients with implant-related bacterial biofilm infections indicate the presence of CD4 and CD8 T cells (70, 71), and these T cells were terminally differentiated effector cells (72, 73). However, these observations were not S. aureus-specific, and the exact role of T cells in the context of chronic S aureus osteomyelitis remains poorly understood. Immunohistopathology of infected huNSG tibia revealed increased numbers of clustered human T cells adjacent to abscesses, suggesting S. aureus-mediated human T cell activation and proliferation. Other studies using intraperitoneal infection model in huNSG mice showed increased human T-cell activation and apoptosis due to S. aureus, which led to increased bacterial counts and higher mortality rates in mice (40). Conceivably, exacerbated T cell activation could be due to increased expression of T cell targeting superantigens and immunotoxins in huNSG mice.

The current study is limited by inherent deficiencies in the NSG mouse, including limited myeloid lineage development and insufficient functional T cell development (35, 74). Indeed, S. aureus infection was more severe in a humanized NSG mice variant that allowed for enhanced human myeloid lineage reconstitution (42, 75, 76). Additionally, we cannot exclude the effects of sublethal γ-irradiation-induced myeloablation in NSG mice before HSC engraftment. This can be examined in NSG mice with engrafted murine bone marrow cells. A pulmonary infection model utilizing NSG mice engrafted with cells of C57BL/6J mice, reported MRSA levels comparable to those in NSG and C57BL/6J control groups (42), ruling the detrimental impact of radiation on the control of the bacterial infection in the lungs. However, radiation could have a different effect on bone immunity. Nevertheless, further studies are warranted to improve this mouse model to make it highly relevant to human musculoskeletal infections, in addition to validating its usefulness to study fracture-related infections, prosthetic joint infections, and evaluating novel experimental immunotherapies.
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Supplementary Figure 1 | Flow cytometry gating strategy for analyzing human immune cells in huNSG mice spleen. The sequential gating strategy and representative contour plots for identifying live splenocytes (Live/Dead eF780) and their subpopulations of human T cells (CD3+), T helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), B cells (CD19+), and NK cells (CD56+) their subpopulations of human T, B, and NK cells is depicted here.

Supplementary Figure 2 | Serum human cytokine and chemokine expression analyses in humanized mice. Serum samples were collected over time ((PreOP, day 7, day 14 post-op) from huNSG mice infected with either a sterile (Sham) or S. aureus contaminated tibial implant. The dotted line indicates the lower limit of detection for each cytokine (n = 20, *p < 0.05, **p < 0.01, two-way ANOVA).

Supplementary Figure 3 | μCT analyses of new reactive bone formation. Longitudinal μCT analyses for new reactive bone formation were performed on MRSA-infected or sterile-pin infected huNSG, NSG, and C57BL/6 WT mice to reveal (A) Bone Volume, (B) Total Volume, and (C) Bone Volume Density (BV/TV) (N = 4-6 in each cohort, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA).

Supplementary Figure 4 | Evidence of human immune cell proliferation in the huNSG tibia due to S. aureus implant-associated osteomyelitis. The histology sections described in Figure 4 were stained with fluorescently labeled antibodies specific for goat anti-proliferating cell nuclear antigen (PCNA), anti-human CD3, and anti-human CD20. Light microscopy of the H&E stained sections (A,C), and fluorescent microscopy of adjacent 5 μm sections (B,C,E,F) were performed on the SACs in tibiae from infected huNSG mice, and sham-control huNSG mice. White squares show higher magnification images of the CD3+ T cells (red), CD20+ B cells (green), and PCNA+ cells (white), in the sections of the 3x3 mosaic immunofluorescent micrographs. Note that proliferating PCNA+ human T cell and B cells accumulate around the SACs only in the infected huNSG mice (E, F). Histomorphometry was performed on 5 randomly chosen fields at 200X magnification in each condition (G-H), and aggregated data is presented as the mean+/- SEM for each group (n = 3 mice/group, **p < 0.01, ***p < 0.001, one-way ANOVA). Note that the percentage of proliferating human T cells (CD3+PCNA+ cells) is significantly higher than proliferating B cells (CD20+PCNA+ cells).
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Epstein Barr virus (EBV) is one of the most successful pathogens in humans with more than 95% of the human adult population persistently infected. EBV infects only humans and threatens these with its potent growth transforming ability that readily allows for immortalization of human B cells in culture. Accordingly, it is also found in around 1-2% of human tumors, primarily lymphomas and epithelial cell carcinomas. Fortunately, however, our immune system has learned to control this most transforming human tumor virus in most EBV carriers, and it requires modification of EBV associated lymphomagenesis and its immune control by either co-infections, such as malaria, Kaposi sarcoma associated herpesvirus (KSHV) and human immunodeficiency virus (HIV), or genetic predispositions for EBV positive tumors to emerge. Some of these can be modelled in humanized mice that, therefore, provide a valuable platform to test curative immunotherapies and prophylactic vaccines against these EBV associated pathologies.
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Introduction on EBV

The Epstein Barr virus (EBV) or human herpesvirus 4 (HHV4) is a ubiquitous human γ-herpesvirus that persistently infects more than 95% of the human population (1). In Sub-Saharan Africa, this percentage is already reached at 2 years of age, while in Europe and the US one third of the population acquires EBV at a later age (2). This delayed primary EBV infection bears the risk to develop into infectious mononucleosis (IM), an immunopathology due to massive anti-viral CD8+ T cell expansion and the accompanying cytokine release (3). Especially CD8+ T cells that recognize lytic EBV antigens, expressed during the viral infection program that produces viral particles, are increased to high frequencies during IM (4). Even so IM resolves in most cases, alterations in the resulting EBV specific immune response might be the reason for elevated risks for EBV associated Hodgkin’s lymphoma and multiple sclerosis (MS) (5, 6).

In addition to immunopathologies due to altered or increased immune responses to EBV infection, this virus is primarily known for its oncogenic potential (7). It was originally discovered in endemic Burkitt’s lymphoma (BL) of Sub-Saharan African children (8, 9). Furthermore, EBV can be found in a subset of Hodgkin’s lymphoma (HL), diffuse large B cell lymphoma (DLBCL) and immunoblastic lymphomas during immune suppression after transplantation, such as post-transplantation lymphoproliferative disease (PTLD), or during HIV co-infection (10). These are mostly B cell lymphomas, but also EBV associated natural killer (NK)/T cell lymphomas can occur, often after prolonged uncontrolled EBV infection (11). In addition, EBV is associated with epithelial cell derived nasopharyngeal carcinoma (NPC) and 10% of gastric carcinomas. These EBV associated malignancies mainly express latent EBV antigens that are not involved in infectious virus production but contain at least one of the main two EBV oncogenes, nuclear antigen 2 (EBNA2) and latent membrane protein 1 (LMP1) (12, 13). Latent EBV infection follows a pre-latent phase upon B cell entry during which a set of both lytic and latent antigens are expressed in order to support B cell activation, proliferation and survival [as reviewed in (14)]. During latent infection, which is the default gene expression program upon B cell infection by EBV, up to 6 EBNAs, two LMPs as well as non-translated Epstein–Barr virus-encoded small RNAs (EBERs) and miRNAs are expressed. This gene expression program is thought to drive EBV infected B cells after viral transmission via saliva in sub-mucosal secondary lymphoid tissues like tonsils into activation and differentiation to memory B cells, in which EBV then persists for life (15). From this memory B cell compartment, in which EBV only expresses non-translated RNAs, lytic reactivation and infectious virus production occurs after plasma cell differentiation, presumably after encountering the cognate antigen of the B cell receptor of the infected cell (16). At submucosal secondary lymphoid tissues this might lead to viral shedding into saliva for transmission. The distinct B cell differentiation stages and their respective EBV gene expression patterns can also be found in the EBV associated malignancies, and the respective B cell lymphomas (BL, HL and DLBCL) increase in frequency during iatrogenic or HIV induced immune suppression (10, 17). This suggests that immune responses prevent transition from premalignant latent EBV infections to overt tumors. Indeed, primary immunodeficiencies that affect individual genes map to cytotoxic lymphocytes and their ability to kill EBV infected B cells as the most important component of EBV specific immune control (18–20). In order to interrogate the function of the in patients identified genes, dissect the contribution of viral genes with EBV mutants and characterize the influence of co-infections in vivo, preclinical mouse models with reconstituted human immune cells (humanized mice) have been developed and their contribution to a better understanding of EBV infection, oncogenesis and immune control will be summarized in this review.



EBV Infection, Immune Control, and Lymphomagenesis in Humanized Mice

To date humanized mice serve as a reliable model to study pathogens that exclusively target humans. In the past decades, several humanized mouse models were established that responded to infection with EBV and allowed for assessing the importance of host immune factors as well as viral proteins during an infection. In this review, we will primarily focus on NOD/Shi-scid/IL-2Rγnull (NOG) and NOD/LtSz-scid IL2Rγnull (NSG) mice with and without HLA-A2 transgenes as well as NSG or NOD/LtSz-scid mice implanted with human fetal liver and thymus tissue (BLT) that were all either neonatally or as adult mice reconstituted with human immune system components by transfer of human CD34+ hematopoietic progenitor cells (HPCs) or of cord blood often after CD34+ HPC depletion. Most studies with EBV infection have been performed in these particular humanized mouse models and these were consistently permissive for multiple EBV strains (21–25), mirroring acute infection as well as EBV associated lymphomagenesis of humans. A more complete overview of humanized mouse models was recently published (26). As is the case for humans, human B cells constitute the main reservoir for EBV in humanized mice, enabling viral replication and lymphoproliferation. EBV infection of humanized mice was therefore marked by viral loads in blood and secondary lymphoid organs (22, 24, 27, 28).

Analogously to acute symptomatic primary infection in humans (29–31), the number of NK cells in peripheral blood and spleen of humanized NSG mice increases starting at three weeks of EBV infection and peaks at week four. The NK cell response constitutes an important measure to prevent uncontrolled lytic EBV infection and to bridge the time until adaptive T cell responses are primed. Indicative of this is that depletion of NK populations in humanized NSG mice resulted in higher viral loads and tumor incidence (32, 33).

Initial control by NK cells is succeeded by priming and expansion of cytotoxic CD8+ T lymphocytes (CTLs) in peripheral blood. Those CTLs are mainly specific for lytic antigens (22, 25, 34, 35) and exhibit a cytolytic effector profile determined by high expression of activation molecules like HLA-DR or 2B4 and cytotoxic effector molecules such as Granzyme B (22, 25, 35). Consequently, expression of HLA-DR positively correlates with increasing viral loads in infected humanized NSG mice (36). In contrast to CTL expansion, CD4+ helper T cells do not expand to a similar degree which is why an inversion of the CD8 to CD4 T cell ratio is one of the hallmarks of EBV infection in humanized mice as is in humans suffering from IM (25, 34). Despite lower expansion rates and total numbers, CD4+ T cell help seems to be required to tackle the infection in humanized mice since CD4+ T cell depletion prior to infection results in higher viral loads (22). This corresponds to human data depicting a cytolytic effector function of EBV specific CD4+ T cells during infection (37, 38).

In contrast to T cell responses, antibody mediated responses to EBV are not yet as well characterized in humanized mice. In humanized NOG and NSG mice, IgM responses to BFRF3 and EBNA1, respectively, were observed. Detection of EBV specific IgG antibodies, however, has proven to be more difficult. This drawback might arise from deficiencies in germinal center formation and therefore difficulties in antibody isotype class switching as well as inefficient B cell development in several humanized mouse systems (22, 39–43). There are, however, promising developments in the generation of humanized mice capable of mounting IgG responses to pathogens (44, 45).

Despite active immune control of EBV infection, lymphoma formation can be observed in humanized mice. The degree of lymphomagenesis is thereby dependent on the amount of viral particles with which the animal is challenged. Humanized NSG mice, for example, present in 20 – 30% of cases with disseminated lymphomas in spleen, liver, lymph nodes or kidney when challenged intraperitoneally with high dose EBV (105 infectious particles) for four to five weeks (46, 47). Other mouse models, as for example humanized BALB/c Rag2nullIL2rγnull SirpaNOD (BRGS) mice, present with higher lymphoma incidences of up to 75% while surviving four weeks of infection (48). Besides that, lymphomagenesis may be dependent on genomic or host immunologic alterations which will be discussed in the following sections.



Altered EBV Pathology Due to Genetic Alterations in the Viral Genome

Since the discovery that humanized mice are susceptible to EBV infection and allow for the identification of host immune factors in response to the pathogen, several groups started assessing the importance of viral genes during infection. For example, infection of a humanized BRGS mouse with type 1 or 2 EBV strains was examined. The two EBV strains differ mainly in their genetic sequence of the latent genes EBNA2, EBNA3A and EBNA3C (49–51) and, consequently, in their ability to transform infected cells in vitro. More importantly, in contrast to EBV type 1, EBV type 2 was additionally observed to be human T cell tropic which could explain findings of EBV related human T cell lymphomas (48). Coleman and colleagues were able to reproduce T cell tropism of EBV type 2 in vivo. However, the infection of humanized mice with either strain resulted in comparable degrees of viral replication and lymphomagenesis contrasting the in vitro findings. Lymphomas caused by both strains exhibited similar features, resembling diffuse large B cell lymphomas (DLBCL) and expressing all latent EBV gene products (48, 52). The strain specific differences that underlie in vivo infection seem, for now, to be limited to lower LMP1 expression levels and higher lytic activity in EBV type 2 infected animals (52). Still, the reason why the two EBV strains developed different strategies, remains elusive. In addition to EBV type 2 that is primarily found in Sub-Saharan Africa (53), also Asian EBV strains present with higher lytic EBV replication, and this also extends to infections of humanized mice (21, 54, 55).

Apart from defining differences between the virus strains, various gene loci of EBV type 1 were extensively studied in the past decades using humanized mice (Figure 1). White and colleagues investigated the contribution of EBNA3B to infection. In their study, they infected humanized NSG mice with the B95-8 (EBV type 1) strain of EBV which lacked the EBNA3B gene locus. Interestingly, the absence of EBNA3B led to higher tumor incidences in those mice which White and colleagues assigned to higher replicative activity of infected cells and a lower level of T cell infiltration into tumors due to decreased expression of chemo-attractants as for example CXCL9 and CXCL10 (56). A lower degree of T cell infiltration is thereby in line with EBNA3B being often targeted by T cells (57).




Figure 1 | Changes in Epstein Barr virus (EBV) infection, pathogenesis and immune control as revealed by infection of humanized mice with mutant viruses. Elimination of EBNA3C (ΔEBNA3C) allows establishment of persistent EBV infection without transformation. Loss of EBNA3B (ΔEBNA3B) increases and loss of BZLF1 (ΔBZLF1) decreases EBV associated lymphomagenesis. Loss of viral miRNAs (ΔmiRNA) leads to increased expression of the antigen processing machinery for MHC class I presentation, allowing for improved immune control by CD8+ T cells. Deficiency in LMP1 (ΔLMP1) causes dependency on CD4+ T cell help for EBV induced B cell transformation.



In addition to T cell infiltration, the importance of MHC class I restricted antigen presentation for EBV specific immune control by CD8+ T cells in humanized mice was demonstrated with a B95-8 virus that lacks the viral miRNAs (36). These compromise antigen processing for MHC class I presentation (58). In their absence EBV is more efficiently immune controlled in humanized mice in a CD8+ T cell dependent manner. In contrast to miRNA deficiency, EBER knock-out EBV infects humanized mice similarly to wild-type virus (59), except for the increased inflammation promoting potential of EBER2 of some Asian EBV strains (55).

Other studies on B95-8 viruses lacking the EBNA3A or EBNA3C gene locus highlighted that these genes are dispensable for establishment of persistent infection in vivo. Despite findings suggesting that EBNA3A or 3C knockout viruses are hardly able to transform B cells in vitro, persistence was established in secondary lymphoid organs and blood over a period of three months and T cell responses were mounted against the virus. Lack of EBNA3A or 3C, however, seems to result in decreased aggressiveness of EBV infection as viral loads were lower and the tumorigenic potential was presumably lost (60). Studies in cord blood reconstituted humanized NSG mice in which T cells might exert less immune control due to efficient inhibitory receptor engagement and in which higher frequencies of EBV associated lymphomas are observed (61), came to similar conclusions regarding a decreased aggressiveness in the absence of EBNA3A and 3C. However, EBNA3A mutants could not only establish persistent infection in this model, but tumorigenic potential was delayed and not lost. Still, both studies observed decreased LMP1 expression levels in infected cells in spleen and tumor tissue (60, 62). In addition, the use of a complete EBNA3A knockout virus (60) compared to an EBV mutant with only decreased EBNA3A expression (62) might explain differences in the viruses’ tumorigenic potential. In the same cord blood reconstituted humanized NSG mouse model, EBNA3C knockout EBV was able to cause lymphomas with lower frequency. Similar to EBNA3A hypomorphic EBV, lymphoma formation seemed to be delayed (52). Therefore, in humanized mice with diminished immune control, decreased EBNA3A or absent EBNA3C expression might still allow for the delayed development of EBV associated diffuse large B cell lymphomas.

Furthermore, LMP1 and 2 might also be dispensable for EBV infection in humanized mice (63, 64), but their absence delays lymphomagenesis. In the case of LMP1 deficiency the observed lymphoma formation required CD4+ T cell help (63).

Surprisingly also lytic EBV reactivation, at least early lytic gene expression, seems to promote lymphomagenesis in humanized mice. B95-8 EBV infection caused less tumors in the absence of the immediate early transactivation factor BZLF1 that induces lytic reactivation (23, 46). Vice versa, BZLF1 promotors that enhance lytic EBV infection are associated with increased lymphoma formation (65, 66). Infection of humanized mice with mutant EBV viruses can therefore reveal the function of genetic variability or viral gene products, enabling further insights into the life cycle of EBV in vivo.



Modification of EBV Specific Immune Control by Host Genetics and Manipulation of Human Immune Compartments

In addition to testing mutant EBV viruses and different viral isolates in vivo, humanized mice also allow interrogation of human genetic variation, gene products and leucocyte compartments during EBV infection, oncogenesis and immune control. With regards to genetic variation IM and elevated antibody responses against EBV nuclear antigen 1 (EBNA1) have been found to synergize with the MHC class II molecule HLA-DRB1*1501 to increase risk for the development of MS (5). Indeed, HLA-DRB1*1501 restricted EBNA1 specific CD4+ T cell responses are also elevated in MS patients (67–69). However, despite elevated T cell responses to EBV infection in humanized mice that have been reconstituted from HLA-DRB1*1501 donors, these animals experience higher viral loads (70). Furthermore, the respective HLA-DRB1*1501 restricted CD4+ T cells that recognize EBV transformed B cells (lymphoblastoid cell lines or LCL) cross-react with myelin basic protein (MBP), an autoantigen in MS. These findings suggest that EBV is inefficiently immune controlled in the context of HLA-DRB1*1501 and that the resulting increased numbers of EBV infected B cells might stimulate in turn myelin antigen specific autoreactive T cell responses to cause MS.

Indeed CD4+ T cell responses seem essential to maintain efficient immune control of EBV in humanized mice. Both, iatrogenic immune suppression with tacrolimus (FK506) that mainly affects CD4+ T cell activation and expansion after EBV infection of humanized mice, and CD4+ T cell depletion by HIV co-infection leads to elevated viral loads and increased EBV associated B cell lymphoma formation (71, 72). During HIV co-infection CD8+ T cell depletion does not further increase EBV viral loads or lymphoma formation (72). This suggests that HIV induced CD4+ T cell depletion compromises T cell help to maintain protective CD8+ T cell function because CD8+ T cell depletion during only EBV infection of humanized mice significantly affects immune control (22, 36, 72, 73). Moreover, antibody mediated depletion of both CD4+ and CD8+ T cells increases viral loads and associated tumors in EBV infected humanized mice (22, 43). In addition, antibody blocking of 2B4, a co-stimulatory molecule on cytotoxic lymphocytes that uses SLAM-associated protein (SAP), and SAP is mutated in X-linked lymphoproliferative disease 1 (XLP1) thereby predisposing for EBV associated pathology, increases EBV viral loads and lymphomagenesis in humanized mice (73). 2B4 blocking on top of CD8+ T cell depletion does not lower EBV specific immune control further, suggesting that 2B4 is mainly required on CD8+ T cells to suppress EBV infection. SAP deficiency is, however, also associated with loss of invariant NKT cells (74) which have been shown to restrict EBV transformed B cells in humanized mice (75, 76). This could also contribute to compromised immune control of EBV in XLP1. Moreover, antibody blocking of PD-1, an inhibitory receptor on both effector and regulatory T cells, increases EBV loads and lymphomagenesis in infected humanized NSG mice engrafted with human CD34+ HPCs (26, 35). This loss of immune control correlates with immune suppressive cytokine and regulatory T cell amounts in anti-PD-1 treated and EBV infected humanized mice. Strikingly, blocking PD-1 and/or CTLA-4 in cord blood reconstituted humanized NSG mice resulted in decreased tumor formation (61). As cord blood reconstituted humanized NSG mice seem to develop weaker T cell mediated immune control after EBV infection and allow for higher frequencies of EBV associated lymphomas, especially after infection with the lytic M81 EBV strain, PD-1 and CTLA-4 blockade might be required to strengthen this immune control (61) which seems to be in part based on Vγ9Vδ2 T cells (77). Thus, composition of the T cell compartment and balance between regulatory and anti-viral T cells might determine the outcome of PD-1 and CTLA-4 blockade. However, genetic loss of CTLA-4 seems to be associated with EBV associate pathologies in some of the affected individuals (78). Similarly, PD-1 blockade seems to cause loss of EBV specific immune control and brain homing of EBV infected B cells in a subgroup of treated patients (79).

In addition to T cells, innate lymphocytes contribute to EBV specific immune control. Protection against EBV infection of humanized mice has been shown for NK, NKT and Vγ9Vδ2 T cells (32, 33, 75, 77, 80). Early differentiated NKG2A+KIR- NK cells restrict primarily lytic EBV replication and degranulate their cytotoxic machinery toward lytically EBV replicating BL cells (29, 32). In contrast, depletion of plasmacytoid dendritic cells, the main hematopoietic source of type I interferon (IFN) during viral infections, does not significantly influence EBV infection of humanized mice (81). Accordingly, type I IFN signaling deficiencies do not predispose for EBV associated pathologies (19). These studies demonstrate that humanized mice can be used to interrogate the role of genetic variations, of leucocyte compartments and of their receptors in EBV specific immune control.



Alteration of EBV Associated Pathogenesis by Co-Infection

In addition to HIV infection, some EBV associated malignancies are also observed during additional co-infections. Endemic BL can be primarily observed in geographic areas of holoendemic exposure to the malaria parasite Plasmodium falciparum (82, 83). In Sub-Saharan Africa, where Denis Burkitt described this tumor for the first time (84), Kaposi sarcoma associated herpesvirus (KSHV) or human herpesvirus 8 (HHV8) a another pathogen with which EBV interacts during co-infections is also highly prevalent (85). Both EBV and KSHV are found in the tumor cells of 90% of primary effusion lymphomas (PELs) (10). Moreover, KSHV infection seems to benefit from EBV co-infection for persistence (47, 86–88). Humanized mice that are infected with both KSHV and EBV develop B cell lymphomas with higher incidence (47). The developing lymphomas harbor both EBV and KSHV (Figure 2). They present with hallmarks of plasma cell differentiation that is characteristic for PELs (89). Interestingly, this plasma cell differentiation that is also in healthy EBV carriers associated with lytic EBV replication (16), causes elevated induction of at least early lytic EBV reactivation in PEL-like tumors of double-infected humanized mice (47). Co-infection with an EBV mutant that can no longer activate lytic infection (BZLF1 deficient EBV), reduces lymphomagenesis during EBV and KSHV co-infection of humanized mice, suggesting that the transactivated lytic EBV gene expression might contribute to conditioning of the tumor microenvironment for efficient growth (7).




Figure 2 | Influence of co-infections on EBV transformed B cells. (A) Co-infection with the Kaposi sarcoma associated herpesvirus (KSHV) transactivates lytic EBV replication and is associated with plasma cell differentiation, characterized for example by BLIMP1 and IRF4 expression. This leads to enhanced lymphomagenesis and the resulting tumors have characteristics of primary effusion lymphomas (PELs). (B) EBV infection of B cells up-regulates CD4 and with the sustained expression of CXCR4 renders EBV transformed B cells susceptible to infection with the human immunodeficiency virus (HIV). This leads to the integration of the reverse transcribed HIV genome into the host cell genome. Double-infected B cells up-regulate the antigen processing machinery for MHC class I presentation and are therefore efficiently immune controlled by CD8+ T cells.



HIV co-infection also does more than just suppress EBV specific immune control. It was noted that anti-retroviral therapy (ART) reduced immunoblastic EBV associated lymphomas in HIV infected individuals, while BL and HL frequencies did not decline (17). Similarly, in humanized mice HIV co-infection influences EBV infected B cells directly (72). It was found that HIV is capable to infect EBV transformed B cells due to CD4 up-regulation during EBV infection and maintained CXCR4 expression on human B cells (Figure 2). HIV also integrates and replicates in EBV infected B cells but alters their gene expression pattern for enhanced antigen processing toward MHC class I restricted antigen presentation. Accordingly, HIV and EBV infected B cells are efficiently recognized by both EBV and HIV specific CD8+ T cells and mainly accumulate in double-infected humanized mice after CD8+ T cell depletion. Future studies will need to show if double-infected B cells alter EBV associated lymphoma formation over a longer observation period, independent of HIV induced immune suppression.



Conclusions and Outlook

In summary, the development of humanized mice revolutionized the study of pathogens exclusive to humans such as EBV. The possibility to use small rodents instead of endangered New World monkeys (90, 91) greatly facilitated the research on host immune factors and viral genes during infection. Various humanized mouse models are consistently permissive for infection with and allow replication of EBV. Even more promising, these models mimic human lymphoproliferative diseases and the reaction of human immune system components to infection. In addition, host and virus genetic alterations and their implications in disease outcome may be more extensively studied in humanized mice which may not be comparably easy in humans. Further studies on host susceptibility factors like HLA-DRB1*1501 are needed to assess additional groups at risk of developing EBV associated diseases and to develop personalized treatments in the future. Similarly, the interplay between EBV and other co-infecting pathogens is difficult to assess in humans but may be elucidated in humanized mice. Thus, with humanized mice it became feasible to study not only contributions of single immune cell types or single molecules to infection outcome but also to investigate the importance of virus and host genetics. The findings resulting from infection models in humanized mice thereby enable applied research on EBV vaccines, or the development of new treatments against EBV induced lymphomas.

Despite these advantages there are still limitations to each of the humanized mouse models employed. The biggest limitation with respect to EBV infection is that humanized mice do not support infection of oropharyngeal epithelia. In humans the infection starts in the oropharynx with a complex interplay between submucosal B cells and polarized epithelia. Therefore, EBV’s complete life cycle cannot be mimicked thus far. Furthermore, most models failed to mount proper antibody responses to EBV which is why their contribution to infection could not yet be well studied using a mouse model. Reports on new humanized mouse models with improved seroconversion to IgG, however, seem promising in solving this problem (44, 92). A further limitation of the presented EBV infection models is that in most cases lymphomas with expression of all latent EBV genes develop. As a result, the in humans more prominent HL or BL with restricted latent gene expression cannot currently be modelled in humanized mice and therefore such models still have to be developed. Along these lines infection with EBNA2 deficient EBV has recently been reported to cause lymphomas with some HL characteristics and might be further explored to gain insights into this EBV associated malignancy (93). With further developments of humanized mice in the upcoming years we may be able to reveal even minor host and viral genetic as well as host immune factors that contribute to control of EBV infection. Thus, we may be able to use the gained knowledge to design vaccines or therapies against this most transforming human tumor virus.
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With the discovery of antiretroviral therapy, HIV-1 infection has transitioned into a manageable but chronic illness, which requires lifelong treatment. Nevertheless, complete eradication of the virus has still eluded us. This is partly due to the virus’s ability to remain in a dormant state in tissue reservoirs, ‘hidden’ from the host’s immune system. Also, the high mutation rate of HIV-1 results in escape mutations in response to many therapeutics. Regardless, the development of novel cures for HIV-1 continues to move forward with a range of approaches from immunotherapy to gene editing. However, to evaluate in vivo pathogenesis and the efficacy and safety of therapeutic approaches, a suitable animal model is necessary. To this end, the humanized mouse was developed by McCune in 1988 and has continued to be improved on over the past 30 years. Here, we review the variety of humanized mouse models that have been utilized through the years and describe their specific contribution in translating HIV-1 cure strategies to the clinic.
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Introduction

Human immunodeficiency virus-1 (HIV-1) was first discovered in 1983 by the laboratory of Luc Montagniers at the Pasteur Institute, by culturing T cells isolated from the lymph nodes of a patient with early symptoms of AIDS (1). Since its discovery, the battle to control and eradicate HIV-1 has been long and tumultuous. Close to four decades have passed. While great strides have been made in managing HIV and preventing the onset of AIDS in patients via daily treatment with combination antiretroviral therapy (ART) (2), a successful vaccine or curative treatment has yet to be developed. The key to research on HIV cure therapy is using a suitable animal model, as a comprehensive analysis of the human immune system is limited due to ethical and practical restrictions. Humans and chimpanzees are the natural hosts for HIV-1 replication. However, due to ethical and practical reasons are not amenable to most methods of experimentation. Mice reconstituted with human immune systems and non-human primates are the two animal models that have received the most attention in investigating HIV-1 pathogenesis. Non-human primate models provide many advantages, such as being a natural host for the closely related Simian Immunodeficiency Virus (SIV) and the chimeric SHIV virus and having similar anatomical and physiological features to humans. The complete range of advantages and disadvantages of these models have been reviewed elsewhere (3–5). In contrast, humanized mice contain human CD4+ T cells, which are permissible to HIV-1 infection and simultaneously allow in-depth analysis of the human immune response to HIV-1 pathogenesis in vivo. Humanized mice have provided important insights into preventative approaches to HIV-1 infection (6–8). These approaches have been reviewed in detail elsewhere (9, 10). Here we review the history and development of humanized mouse models (Tables 1 and 2) and describe their applications in a wide range of novel approaches for HIV-1 eradication (Table 3).


Table 1 | Summary of Humanized mouse models and their tissue-based chimerism.




Table 2 | Summary of known immunophenotypic characteristics of humanized mice.




Table 3 | Summary of therapeutic approaches and humanized mouse models utilized in their testing.





Humanized Mouse Models


SCID-hu Mouse

Severe combined immunodeficiency (SCID) is a debilitating disease characterized by T and B lymphocyte differentiation impairment. Those affected show high susceptibility to recurring infections from viruses, bacteria, and fungi and leads to death within the first two years of life unless treated by stem cell transplant (68). Bosma, Custer (69) observed mice of ty -65the C.B-17 strain that had impaired lymphopoiesis, caused by an autosomal recessive mutation (scid). These mice became the first mouse model of SCID, with mice homozygous for this recessive gene showing hypogammaglobulinemia and deficiency in functional T and B lymphocytes (69).

In 1988, McCune reasoned that if human hematopoietic stem cells (HSCs) and human thymus were introduced together into a mouse unable to reject them, T cell development and maturation could proceed in a fashion mimicking human physiology (11). McCune implanted C.B17 scid/scid mice (SCID mice) with human fetal thymus and injected them with human fetal liver cells, either intravenously or intrathymically (11). Mice were sub-lethally irradiated to ensure full reconstitution, as was seen previously in SCID mice implanted with long-term bone marrow cultures (70). These so-called SCID-hu mice showed human T cells in peripheral circulation at 6-7 weeks post-transplantation, but this population was no longer seen by 10-12 weeks (11). They also identified that the intravenously injected fetal liver cells could home to the implanted fetal thymus, and after 10 weeks, can be found in the peripheral circulation. If the thymus is engrafted in SCID mice alone, it eventually recedes over time. Therefore, a source of human progenitor cells needs to be provided (11, 71). Human fetal liver, in particular, is used as it is the primary site of hematopoiesis in humans between 8 to 24 weeks of gestation. The human fetal liver also contains progenitors for lymphoid, myeloid, and erythroid lineages (72) but limited numbers of mature CD3+ T cells (73). This reduces the risk of graft-versus-host disease (12) and allows human immune cells to engraft more efficiently than an adult or post-natal tissue (74).

Shortly after, Namikawa, Weilbaecher (12) implanted fetal thymus and liver concurrently. The resulting Thy/Liv mice show prolonged reconstitution with human immune cells with minimal graft-versus-host disease. These mice showed increased longevity in lymphopoiesis, even up to 15 months post-transplantation.

The SCID-hu mouse provided us with the first mouse model that could be used to study HIV-1 pathogenesis (75, 76). The first infection of a humanized mouse model (SCID-hu) with HIV-1JRCSF was in 1988, shortly after McCune had developed the model (76). McCune, Namikawa (77) utilized this model to confirm, for the first time, the efficacy of the nucleoside analog azidothymidine (AZT) as an ART for HIV-1.

While providing a great stride forward in using humanized mice in HIV cure research, SCID-hu mice had some limitations. While the rapid generation of human thymocytes and naïve T cells was possible, mature T cells are primarily restricted to the implanted thy/liver organoid. Furthermore, these mice do not produce functional immune responses that recapitulate the human immune response.



Peripheral Blood Leukocyte (Hu-PBL) Mouse

Mosier and colleagues conducted the first iteration of humanizing SCID mice by transferring human PBMCs in 1988 (13). These mice were susceptible to HIV-1 infection, with 50% of them presenting with detectable viral RNA 16 weeks post-infection (78). Infection of hu-PBL-SCID mice as early as 2 hours post reconstitution has led to productive HIV-1 infection and a dramatic decrease in CD4+ T cell numbers (79).

The establishment of non-obese diabetic (NOD) mice further progressed the field of humanized mice (80, 81). These NOD mice showed defects in the innate immune system, resulting in better engraftment when crossed with SCID mice. Further development came from crossing these so-called NOD-SCID mice with those who had the IL-2Rγ-chain null mutation (82) or truncation of the intracellular signaling domain (83). This common cytokine receptor gamma chain is required for the signaling of IL-2, IL-4. IL-7, IL-9 IL-15, and IL-21 (84–90) and its deletion completely abrogates murine Natural Killer (NK) cell development and function (82) which has shown to negatively impact engraftment of human lymphoid cells in mice (91). Modern versions of hu-PBL mice utilize NOD/SCID/IL2rγ-null (NSG) or BALB/c-Rag2null IL-2Rγnull (BRG) backgrounds as they provide better reconstitution (14–16). These mice show partial functionality (13, 78, 92, 93) but lack de novo multilineage hematopoiesis and therefore are absent of a primary immune response. They are also amenable to HIV-1 infection (14, 94, 95) and are responsive to HAART (95). This model is particularly suited to studying GVHD (16, 96, 97), simultaneously creating a significant limitation in this model’s utility for long-term HIV-1 studies.



Hematopoietic Stem Cell (HSC) Mouse

Following the early success of reconstituting human immune systems in SCID mice, Kamel-Reid and Dick (17) intravenously infused hematopoietic stem cells from human bone marrow into the SCID mouse as well as the bg/nu/xid mouse, which are deficient in natural killer responses. They found bg/nu/xid mice show higher levels of human progenitors and, in addition to T and B cells, found that macrophage progenitors can be isolated and cultured in vitro (17). It was subsequently identified that by providing these HSC humanized mice with erythropoietin, human mast cell growth factor and human IL-3 stimulated the immature cells from human bone marrow to differentiate into cells of the erythroid, myeloid, and lymphoid lineages (28).

The cell surface sialomucin-like adhesion molecule CD34 is widely accepted as a marker for human HSCs (98, 99), having showing both short-term (98) and long-term (100) colony-forming potential in vitro and allowing the differentiation of both myeloid and lymphoid cell lineages in NOD/SCID mice (101). Péault, Weissman (18) isolated CD34+ cells from human bone marrow and human fetal liver and was able to reconstitute human fetal thymus in vitro and then implanted them into SCID mice. The third source of HSCs is umbilical cord blood (UCB). High levels of HSCs can be isolated from fetal liver, bone marrow, and UCB, although they produce varying levels of lymphoid, myeloid, and erythroid progeny (102). Hao, Shah (103) showed that CD34+CD38- cells isolated from UCB have a higher cloning efficiency, proliferate more rapidly in response to cytokine stimulation, and generate more progeny than those derived from human bone marrow. Furthermore, as few as 500 CD34+CD38- cells separated from UCB were able to reconstitute NOD/SCID mice (104).

Several mouse backgrounds have been utilized for reconstitution with HSCs, including NOD/SCID (104), NOD/Shi-Scid mice (105). NOD/Shi-scid/IL2Rγnull (NOG) (106) and NSG (19, 107). McDermott et al. performed a comparative analysis of each mouse background (108). They used the current optimized methods for each mouse model, which included interfemoral injection of HSCs to all mice and anti-CD122 (IL-2Rβ) treatment for NOD/Lt-scid and NOD/Shi-scid, to inhibit NK cell activity (109). They identified that NSG and NOG mice had superior engraftment in the thymus and spleen compared to NOD/Lt-scid and NOD/Shi-scid mice. Also, NSG mice showed 1.5-fold greater engraftment in the bone marrow over NOG, NOD/Lt-scid, and NOD/Shi-scid mice (108). Finally, at limiting doses of HSCs, female NSGs showed improved engraftment compared to males (108).

Successful infection with HIV-1 through multiple routes have been demonstrated in CD34+ reconstituted NOG (110–114), BRG (115–117), NRG (118) and NSG mice (65, 119–124). They are also responsive to HAART (65, 118, 119) and have significant potential to contribute to our understanding of HIV-1 latency and therapeutic studies.



DRAG Mouse

Impaired T cell development and consequent lack of antibody class switching in HSC humanized mice is mainly attributed to the lack of donor matched HLA molecules in the mouse thymus. Lack of a thymic environment hampers the negative selection of self-reactive T cells by which autoimmunity is prevented. Danner, Chaudhari (20) hypothesized that by expressing human HLA class II molecules in a transgenic mouse model, they could rescue the development of CD4+ T cells and consequently B cell development and antibody class switching. They generated NOD.Rag1KO.IL2RccKO mice expressing HLA-DR4 (0401), abbreviated DRAG, and at 4-6 weeks old intravenously injected them with CD34+ HSCs isolated from HLA-DR*0401 positive UCB (20). When compared against HLA mismatched recipients, higher levels of reconstitution of CD4 + T cells were seen in DRAG mice comparable to human blood levels. However, levels of CD8+ T cells did not show as drastic an increase. These mice showed the presence of dendritic cells (2.9% in spleen) and NK cells (0.05% in spleen), although their development appeared to be unaffected by HLA-DR4 expression. T cells isolated from DRAG mice showed vigorous responses, similar to that of PBMCs from healthy volunteers upon stimulation with either CD3/CD28 or PMA/ionomycin. B cell reconstitution was seen at similar levels to control mice, although IgM levels were significantly higher in DRAG mice. Interestingly, DRAG mice showed substantial IgG reconstitution, confirming that the mechanism of immunoglobulin class switching is rescued in DRAG mice, a feature lacking in most other humanized mouse models. Further, DRAG mice showed reconstituted plasma levels of all human IgG subclasses, with IgG2 being the most prevalent.

Studies have shown that DRAG mice are susceptible to HIV-1 infection, similar to other HSC reconstituted mice (125, 126). The replication-competent virus was isolated from plasma, lymph nodes, bone marrow, spleen, gut, brain, and female reproductive tissue upon a single intravaginal challenge of purified primary HIV-1 (125). High reconstitution in the gut and female reproductive tract, particularly with CXCR5+PD-1++ Follicular T helper cells, which are highly permissive to HIV-1 infection, are potentially a significant contributor to the above (126). Also, plasma viral loads were stable as far as 18 weeks post-infection, making the DRAG mouse a suitable model system, particularly for long-term vaccination studies.



Bone Marrow-Liver-Thymus (BLT) Mouse

While implantation of Thy/Liv into SCID or NOD/SCID mice results in thymopoiesis and functional T cells, strong in vivo immune responses are not observed. In 2006 (21), Lan et al. combined the implantation of fetal Thy/Liv with the simultaneous transplantation of CD34+ fetal liver cells in NOD/SCID mice (21). In the same year, Melkus, Estes (22) performed a similar transplant on the NOD-SCID background, coining the term ‘BLT’ to describe these bone marrow-liver-thymus humanized mice (22). A significant advantage of the BLT model is that it allows the development of MHC-restricted T cells due to the presence of an autologous human thymic environment (22). This iteration of the humanized mouse showed stronger in vivo immune responses and repopulates with multiple lineages of immune cells, including T cells, B cells, NK cells, Dendritic Cells, Neutrophils, and Monocytes distributed through multiple organs, including bone marrow, lymph nodes, spleen, thymus, liver, lung, digestive and reproductive tracts (21–23, 42, 43, 46, 127, 128).

Soon after its development, Sun, Denton (128) identified that BLTs contain CD4+ T cells throughout the gut-associated lymphoid tissue (GALT), including the colon and rectum, and thus hypothesized that they would be ideal for modeling intrarectal transmission, a predominant form of HIV-1 transmission. BLT mice were inoculated intrarectally with a single dose of cell-free HIV-1 (LAI CXCR4 strain), and six out of seven infected BLTs were found positive for viral RNA and the presence of p24 antigen (128). Similarly, Denton, Estes (127) showed that BLTs were susceptible to vaginal transmission of HIV-1 (CCR5-tropic JR-CSF). Infection was prevented in BLTs pre-treated with a daily dose of the ARTs emtricitabine and tenofovir diosoproxil fumarate (FTC/TDF), making the BLT model additionally suited for preclinical testing of pre-exposure prophylactics (PrEP). Subsequent studies of topically administered 1% tenofovir in BLT mice also showed partial protection against vaginal transmission of HIV-1 (129).

Brainard, Seung (23) infected BLT mice made with mice of both NOD/SCID and NSG backgrounds, implanting tissue under both right and left kidney capsules. Stoddart, Maidji (24) also demonstrated that NSG reconstitution was highly superior to NOD/SCID reconstitution (24). However, Denton, Nochi (42) showed higher levels of intraepithelial lymphocytes in the small and large intestines of NOD/SCID BLTs.

The functional human cellular immune response observed in BLTs makes it a particularly valuable model for studying HIV specific immunity. HIV infection in BLT humanized mice is associated with both CD8+ T cell activation (23, 130, 131) as well as HIV-specific IgM and IgG (23, 40). HIV-1 specific CD8+ T cell responses show strong similarities to human cellular immunity and result in rapid viral escape in BLT mice (131). Furthermore, mice created with tissue from elite controllers that express the HLA-B*57 allele exhibited enhanced Gag mediated control of viremia (131).

While substantial reconstitution with B cells is observed in BLT mice, they are considered primarily immature, and antibody class-switching is thought to be defective. Interestingly, it has been speculated that the humoral immunity observed in BLT mice in response to viral infection is driven by extra-follicular or ‘innate-like’ B cells rather than conventional post-germinal B cells (40, 132, 133). This inadequate antibody response has led to the proposal of the BLT mouse as a model for hypogammaglobulinemia (134).

Crucial to HIV-1 therapeutic studies is the establishment of latency in the BLT mouse model. Denton, Olesen (135) used a commonly used combination ART regimen, a combination of tenofovir, emtricitabine, and raltegravir, to suppress viral replication in BLT humanized mice, and thereafter isolated CD4+ T cells and cultured them ex vivo. Stimulation of these CD4+ T cells with Phytohemagglutinin and IL-2 led to a rebound in viral load (135).



Triple Knockout (TKO)-BLT

While modern BLT and humanized mouse models primarily use NOD/SCID backgrounds, there is the potential benefit of developing a BLT model on the C57BL/6 background due to the wide availability of transgenes and genes inactivation as well as its relative resistance to radiation. A significant barrier to this is the expression of a different form of the signal recognition protein α (SIRPα) receptor by C57BL/6 mice, which does not recognize the human ligand CD47 (integrin associated protein) unlike in NOD mice (136, 137). Recognition of CD47 on transplanted human cells by SIRPα on mouse macrophages leads to the transmission of inhibitory signals preventing their phagocytosis (138, 139). The Hasenkrug lab demonstrated that creating C57BL/6 Rag2-/-γc-/- (TKO) facilitated a CD47-negative environment, which leads to tolerizing of cells without the need for the SIRPα-CD47 interaction, thereby allowing successful long-term human immune systems in TKO-BLT mice (25, 26).

The TKO-BLT mice showed no clinical signs of graft-versus-host disease (GVHD) up to 29 weeks post-transplantation compared to NSG-BLT mice, of which a third had died from lethal GVHD at the same timepoint (26). Furthermore, TKO-BLT mice developed human GALT, including CD4+ T cells, supporting mucosal HIV infection through intraperitoneal and intrarectal routes (26). HIV-1 infected TKO-BLTs showed HIV gp120JR-CSF specific IgG antibodies demonstrating both antibody responses and T-cell dependent class switching (26). Furthermore, cells from the spleens of HIV infected TKO-BLTs were assayed by IFN-γ ELISPOT and were shown to be responsive to a broad range of peptide pools spanning the HIV-1JR-CSF proteome (26). Similar to NSG-BLT mice, the TKO-BLT can also recapitulate HIV-1 latency upon treatment with ART up to 18 weeks, with viral rebound seen upon removal of therapy (27). GVHD is a limitation in the BLT humanized model (140). Resistance to GVHD makes the TKO-BLT particularly suited to long-term studies required to study HIV-1 latency and measure the lasting efficacy of current curative approaches.




Humanized Mice in HIV-1 Cure Research

The primary barrier to eradicating HIV-1 is its integration into the host genome and continued persistence in a non-replicating or ‘latent’ state, even under ART (141–143). Furthermore, chronic infection with HIV-1 leads to significant disruptions in the host’s immune response (144). Consequently, latently infected cells are difficult to find, and the host immune response is inefficient in killing these cells. Therefore, innovative strategies are required to find, measure, and ultimately eradicate the latent HIV-1 reservoir.

Two definitions exist for a cure for HIV. The complete eradication of the virus from all cells in the body is defined as a sterilizing cure. In contrast, a functional cure would be a treatment that would lead to HIV+ people being able to halt ARV treatment while maintaining long-term viral suppression and preventing transmission of the virus. The humanized mouse models described in this review have played a vital role in pre-clinical testing of many approaches to an HIV-1 cure, with some directly leading to clinical trials.


Latency Reversal

One major strategy in the fight for a sterilizing cure is the “shock” and “kill” approach. This strategy involves utilizing latency reversal agents to ‘shock’ the latently infected cells into resuming replication of the virus, allowing the immune system to recognize and kill infected cells or for virus-induced cytolysis to occur. Several classes of LRAs have been identified which include histone deacetylase inhibitors (HDACis) (145–147), histone methyltransferase (HMT) inhibitors (148), DNA methyltransferase inhibitors, Protein Kinase C (PKC) activators (149), bromodomain inhibitors (150), Disulfiram (a drug used to treat chronic alcoholism) (151), agonists to Toll-like receptor 7 (152) and cytokines such as IL-15 (153).

One of the most well-studied classes of LRAs, HDACi’s work by inhibiting the enzymes that remove acetyl groups from histones, leaving them in an open state, and increasing the ability for transcription to resume. While HDAC inhibitors such as Panobinostat successfully increase levels of histone acetylation in vivo (154) and reactivation of latently infected cells ex vivo (149, 155), reactivation of HIV-1 replication was not seen in ART-treated HIV-1 infected BLT mice (154).

Other classes of LRAs impact cellular factors such as NF-κB and pTEFB by either increasing their expression or activating them. Protein kinase C (PKC) agonists are one such class that activates the NF-κB pathway leading to reactivation of latent HIV-1 (156, 157). Prostratin, a PKC agonist, was one of the earliest LRAs of this class identified with potency in reactivating latent HIV-1 (158). Additionally, IDB and Bryostatin 1 can effectively reactivate viruses in cells isolated from HIV-infected patients (149, 159). Marsden, Loy (160) identified a synthetic analog of the PKC modulator bryostatin 1, SUW133, which when intraperitoneally injected into ART-treated HIV-1 infected BLT mice, reactivated HIV-1 more potently, was more tolerable than the natural analog, and led to infected cells’ death.

Bobardt, Kuo (161) showed that an inhibitor apoptosis protein antagonist (IAPa) reactivates latent HIV-1 by degrading the ubiquitin ligase BIRC2, a repressor of the non-canonical NF-κB pathway. Substantial reactivation was seen ex vivo in latently infected CD4+ T cells isolated from ART-treated HIV-1 infected BLT mice at much greater levels than the HDACis panobinostat and vorinostat as well as another IAPa LCL-161 (161). Similar results were seen in vivo with AZD5582, which also works as a SMAC mimetic and activates the non-canonical NF-kB pathway (162). Upon a single dose of 3mgkg-1 of AZD5582 HIV-1 RNA was detected in 3 out of 6 and 3 out of 4 ART-treated HIV-1 infected BLT mice, with no signs of general toxicity (162).

Specific cytokines have dual potential to both reactivate HIV-1 replication and simultaneously activate host immune cells such as NK cells to kill infected cells (153, 163, 164). Recently, the IL-15 ‘super-agonist’ N-803 tested in the BLT humanized model showed reactivation of the viral reservoir only upon depletion of CD8+ T cells, showing further nuance in the interactions between LRAs, viral reactivation, and immune cells (165).

Interestingly, Llewellyn, Alvarez-Carbonell (166) found that HSC mice (NSG fetal liver CD34+) reconstitute with human microglial cells in the brain when endogenous microglia are depleted using the chemotherapeutic agent busulfan at much greater levels than mice pretreated with irradiation. These human-derived microglial cells could be infected with HIV-1 and, upon exposure to the MAO inhibitor phenelzine, they could reactivate latent virus ex vivo (166). These results further emphasize the potential for humanized mouse models in studying latency reversal in multiple tissue reservoirs of HIV-1.

Unfortunately, while many LRAs have successfully reactivated HIV, the subsequent killing by viral cytopathic effects, killing by host immune cells, or intensifying ART has proven ineffective in the clinic (167). This is partly due to dysfunctional CTLs (168) and NK cells (169–171) and due to the presence of escape mutant viruses in the latent reservoir (172). Therefore, to enhance the ‘kill’ arm, multiple immunotherapies, gene therapies, and pharmacological interventions have been explored.



Broadly Neutralizing Antibodies (bNAbs)

The HIV-1 envelope protein (env) is a trimeric glycoprotein of gp41 and gp120 heterodimers and is on the virus’s surface and consists of multiple sites that can be targeted by host antibodies. The majority of neutralizing antibodies that develop in humans are strain-specific, but a small subset of antibodies can bind to and neutralize a broad range of HIV-1 strains (173–176). Initial attempts to utilized these broadly neutralizing antibodies (bNAbs) in HIV-1 therapy proved unsuccessful in both humanize mice (47) as well as in the clinic (177, 178). However, with the advent of single-cell antibody cloning methods, highly potent bNAbs have been identified (179). Over the past decade, humanized mice have proved instrumental in developing therapies utilizing bNAbs for viral suppression and eradicating latently infected cells.

Klein, Halper-Stromberg (48) showed that treatment with a combination of bNAbs (45-46G54W, PG16, PGT128, 10-1074, and 3BC176) that target different epitopes could suppress viral replication in HIV-1 infected hu-HSC mice. These humanized mice were then infected with HIV-1YU2, and treated with a penta-mix treatment therapy reducing viral loads to undetectable levels for up to 60 days post removal of therapy compared to only 10 days when treated with ART. Shortly after, Horwitz, Halper-Stromberg (49) showed in the same mouse model that lowering the viral load by ART followed by treatment with bNAb monotherapy (3BNC117, PG16, or 10-1074) can similarly lead to control of viremia until antibody titers dropped to low or undetectable levels. Also, a single injection of adeno-associated virus directing expression of a single bNAb suppressed viral replication after the termination of ART (49). Following these studies, Halper-Stromberg, Lu (50) hypothesized that these capabilities of bNAbs could be harnessed to amplify the “kill” arm with bNAb therapy after reactivation of the latent reservoir. They used three LRAs; the HDACi Vorinostat, the BET protein inhibitor I-BET151, and CTLA, a T cell inhibitory pathway blocker given individually or in combination (50). They discovered that combination treatment with the three LRAs with the trimix bNAb treatment (3BNC117, PG16, or 10-1074) in humanized mice reduced the viral reservoir, evidenced by reduced viral rebound at significantly higher levels than with single LRAs (50). They further showed that bNAbs exert this effect primarily through Fc mediated functions by comparing their bNAbs to those with mutated Fc regions (50).

These results provided the preclinical evidence that combination bNAb therapy is a critical tool that can be utilized in HIV-1 eradication and has since led to the translation of these ideas to the clinic (180). In an open-label clinical trial, Caskey, Klein (181) showed that monotherapy with a single 30mgkg-1 infusion of 3BNC117, the antibody targeting the CD4 binding site, was able to suppress viral load in HIV-1 infected individuals for up to 28 days. Also, in the following phase II trial, the same therapy suppressed HIV-1 viral load in infected individuals on average for 10 weeks, upon four doses given two weeks apart (182). Further investigation by adoptive transfer of patient T cells into NRG mice identified that these effects are not limited to preventing new infection of cells, but also aids in the clearance of infected cells by Fcγ receptor-mediated engagement (183). Shortly after, Caskey, Schoofs (184) tested 10-1074, which targets a glycan on the V3 loop of the HIV-1 envelope spike, as monotherapy in HIV-1 infected patients. Similarly, at a dose of 30mgkg-1, 11 out of 13 HIV-1 positive individuals showed suppression of viral loads. The two that failed to respond carried mutations leading to single-amino-acid changes, making them 10-1074 resistant before treatment (184). Unfortunately, while monotherapy with bNAbs was proven to be safe and efficacious, in both cases, it led to viral escape (181, 183, 184).

In contrast to monotherapy, but similar to the results in humanized mice, combination therapy with 3BNC117 and 10-1074 at a dose of 30mgkg- was found to be both safe and more effective at viral suppression in humans (185–187). When administered upon treatment interruption three times at three weeks apart, 11 HIV-1 infected individuals resulted in viral suppression for a median of 21 weeks post final dose of antibody therapy (186). Furthermore, none of the rebounding viruses showed resistance to both therapeutic bNAbs. Similar to data generated in humanized mice, these data demonstrate the enhanced utility of combination bNAb therapy to suppress viral replication (186). Moreover, combination bNAb therapy during treatment interruption led to increases in antigen-specific CD8+ T cells that expressed IFN-γ. TNF-α, MIP1-β, and CD107a in all individuals at 6-7 weeks while plasma bNAb levels were at their peak (188). While latency reversal agents combined with bNAB therapy have yet to be tested in the clinic, the evidence provided so far shows a clear line from preclinical experiments in humanized mice to the successful translation of these therapies into the clinic.



Chimeric Antigen Receptor (CAR) T Cell Immunotherapy

Since the advent of CAR T cell therapies and their successful use in treating B cell malignancies (189–191), several approaches have been taken to utilize this technology to target HIV-1 infected cells.

Kitchen, Bennett (53) transduced HSCs isolated from human fetal liver with an HLA-A*0201 restricted T cell receptor (TCR) targeted towards the HIV-1 gag SL9 epitope and injected them into human thymic implants in SCID-hu mice, providing them with an optimal environment for development. This led to the development of anti-HIV TCR+ CD8+ T cells, which produced Interferon-γ (IFN- γ) and lyse target cells in response to SL9 peptide stimulation ex vivo when biopsied from the thymus after seven weeks (53). In a subsequent study Kitchen, Levin (54) transduced HSCs with the same vector. They tested the ability of these anti-HIV TCR+ CTLs to suppress viral replication in a modified NSG-BLT model, which received a fetal thymus/liver implant along with the transduced HSCs. They found a significant decrease in plasma viremia at two weeks and six weeks and a higher percentage of CD4+ cells in mice transduced with the HIV-1 specific TCR when compared against a non-specific TCR control (54). Similar results were seen upon analyses of other organs of infected mice, with lower HIV-1 DNA at six weeks in the spleen, bone marrow, and human thymus (54). Importantly, their analysis of the viral RNA in the blood showed that within this time, no viral escape had occurred in response to the selective pressure of the SL9 specific TCR (54).

While modification with molecularly cloned anti-HIV TCRs showed to be effective, its application is restricted by HLA type, and several effective HIV CTLs use uncommon HLA alleles (192). A second alternative approach is a CD4ζ CAR, a chimeric molecule consisting of the extracellular and transmembrane domains of the human CD4 molecule fused to the signaling molecule of the CD3 ζ chain. Zhen, Kamata (55) transduced human HSPCs with an HIV-specific CD4ζ CAR and two antiviral genes (Triple CAR vector) and transferred them into NSGs transplanted with fetal thymus and liver (55). The antiviral genes included a small hairpin (sh) RNA molecule specific to human CCR5 and shRNA targeting specific HIV-1 long-terminal repeat (LTR) sequences to prevent the newly CD4 CAR-expressing cells from being infected by HIV-1, an obstacle previously observed with this approach (55). The Triple CAR construct was expressed on T cells, NK cells, B cells, and myeloid cells (55). They found these cells are resistant to HIV infection themselves, suppressed HIV replication in vivo, and isolated CD4ζ CAR-expressing cells could produce IFN- γ and tumor necrosis factor (TNF)-α when cultured with virally infected cells (55).

While CD4ζ CARs showed promise in vitro and in preclinical studies, clinical trials showed that while they survive for at least 11 years post-transfusion, they could not suppress the viral reservoir in a sustained manner (193). Therefore, Leibman, Richardson (56) decided to identify several components of the CD4ζ CAR construct to be optimized to improve their antiviral function. First, they switched from a murine retroviral vector (MMLV) to a lentiviral vector, as MMLV targets promoter regions while lentiviral vectors preferentially integrate into open reading frames (56). Next, they switched from the PGK promoter to the EF1α promotor, which induces higher expression better sustained as T cells reach a resting state (56). Thirdly, they swapped the CD4 transmembrane domain to a CD8a transmembrane domain to promote CAR dimerization (56). Finally, they assessed the inclusion of different co-stimulatory receptors such as 4-1BB and CD28 (56). While each modification individually produced significant improvements to target cell killing in vitro, in combination, they resulted in a 50-fold increase in potency over the original construct (56). To test their optimized CD4ζ CARs in vivo, they utilized a modified hu-PBL mouse as an HIV-1 treatment model. Briefly, they transferred CD8+ T cell-depleted PBMCs into NSGs, transfused them with HIV-1 infected CD4+ T cells, treated with 200mg/kg TDF for four days, and after removal of ART, transfused the mice with their CD4ζ CAR transduced CD8+ T cells (56). They found that mice infused with the optimized CD4ζ CARs T cells controlled HIV-1 replication better and expanded to greater levels in vivo than their first-generation counterparts (56).

In addition to CD4ζ, CARs with a single-chain variable fragment (scFv) derived from bNabs have been utilized. However recent clinical trials using bNAb monotherapy led to viral rebound upon interruption of ART (181, 184, 194). Bardhi, Wu (57) showed that a hexavalent fusion protein which consisted of m36.4, the scFv heavy chain only domain which targets the gp120 co-receptor binding site and mD1.22 an engineered mutant of the CD4 extracellular domain when intravenously injected into a modified hu-PBL model induced NK cell-mediated killing of HIV-1 infected cells. The model they used involved injecting human PBMCs intrasplenically (hu-spl-PBMC-NSG) into NSG mice followed by intrasplenic inoculation with HIV-1 (57, 58, 164). Subsequently, Anthony-Gonda, Bardhi (58) utilized m36.4, mD1.22, and a fusion inhibitor peptide C46, individually or in combination, to develop novel multi-specific CAR constructs. Using their hu-spl-PBMC-NSG model, they discovered that their duoCAR construct, by which m136.4 and mD1.22 were expressed as individual CARs on the same cell, was able to suppress HIV-1 infection for up to 30 days while mitigating CD4+ T cell depletion, compared to their monoCAR or untransduced counterparts (58). Altogether, these findings clearly show the utility of various humanized mouse models in elucidating CAR-based immunotherapy in vivo efficacy in the clearance of HIV-1 infected cells.



Gene Editing With Designer Nucleases

The first patient cured of HIV to date was treated for myeloid leukemia with total body irradiation and two allogeneic hematopoietic stem-cell transplants (HSCT) from donors with the CCR5Δ32/Δ32 mutations (195). While the second patient exhibiting HIV-1 remission reported in 2019 received no radiation and only one HSCT transplant (196). These treatment methods are not feasible for the wide-scale treatment of otherwise healthy HIV-positive people. However, these successes have inspired the gene-editing field to target the CCR5 gene to induce resistance to HIV-1 infection (at least through CCR5 tropic HIV-1).

To date, three major types of nucleases are used for genome editing, namely, zinc finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN), and the Cas9 endonuclease with clustered regularly interspaced short palindromic repeats (CRISPR). All three utilize a similar overall mechanism of binding a target DNA sequence, creating a double-stranded break allowing the DNA to undergo repair through the error-prone non-homologous end joining (NHEJ), resulting in small insertions or deletions disrupting gene expression [reviewed in (197)].

ZFN consist of pairs of zinc finger DNA binding domains that recognize three base pairs of DNA and are covalently linked to complementary halves of a FokI restriction endonuclease. ZFNs have been utilized to confer resistance to HIV-1 infection in resting CD4+ T cells through the disruption of the CCR5 gene in humanized mouse models (59, 60). Similarly, Holt, Wang (123) showed human HSCs in which CCR5 was disrupted by ZFN, were able to engraft in NSG mice successfully and led to the development of CCR5-tropic HIV-1 resistant cells. Also, ZFNs targeting the CXCR4 co-receptor on CD4+ T cells have shown success in protecting from HIV-1 infection in humanized mice, although resistance was eventually lost upon selection for CCR5-tropic mutants (61, 62). Following these promising results in humanized mice, the first phase 1 human clinical trial with ZFN-CCR5 mutated CD4+ T cells was conducted, showing that these genetically modified CD4+ T cells were more resistant to HIV-1 infection and led to decrease viral loads during ART interruption (198).

The gene-editing field was revolutionized by the discovery of CRISPR/Cas9 in prokaryotes (199, 200) and its role in bacterial and archeal adaptive immunity against invading viruses (201). Unlike ZFNs, CRISPR/Cas9 relies on short sequences of guide RNA (gRNA) to target the Cas9 nuclease to the complementary DNA sequence to be edited. This feature of CRISPR/Cas9 makes it more sequence-specific and easier to design and produce, leading to its first use in gene editing by Jinek, Chylinski (202), a landmark discovery leading to a Nobel prize award in chemistry in 2020. Not long after, CRISPR/Cas9 was used to target the HIV-1 LTR in human cell lines resulting in a significant decrease in HIV-1 expression upon stimulation (203). Recently, CRISPR with Staphylococcus aureus Cas9 (SaCas9) delivered by a lentiviral vector improved primary CD4+ T cell resistance to HIV-1 infection. Also, transplanting these cells into NCG humanized mice resulted in enhanced survival upon challenge with CCR5 tropic HIV-1YU2 (64).

In addition to targeting host factors, another gene-editing approach that has picked up steam is to directly target the integrated HIV-1 provirus for excision (203–205). This approach has been used to remove the entire HIV-1 genome between the 5’ and 3 LTRs from latently infected human CD4+ T cells (206). Humanized mice have shown to be invaluable in testing these approaches in a model that accurately recapitulates HIV latency, as is seen in humans. Yin, Zhang (66) discovered that in vivo excision of the HIV-1 provirus with a SaCas9 with multiplex single-guide RNAs (sgRNA) was successful in a small cohort of BLT mice. A TALEN targeting the TATA-box of the HIV-1 LTR has also been used successfully to clear HIV-1 ex vivo on splenocytes derived from humanized mice (63).

Recently the Gendelmann lab combined long-acting slow-effective release (LASER) ART treatment with consequent CRISPR/Cas9 treatment to excise HIV DNA (65). They showed in 3 donor cohorts of hu-HSC mice, over a third 9/23 of the mice showed no rebound of the infectious virus following combination treatment than LASER ART or CRISPR/Cas9 treatment alone (65). Multiple organs, including the spleen, bone marrow, gut, brain, liver, kidney, and lung of these mice were assessed and showed no viral rebound (65). This data provides a solid foundation for the efficacy of these gene-editing approaches in vivo and can pave the way for human clinical trials.



Block and Lock

While the therapeutic approaches discussed so far have focused on the complete eradication of HIV-1 reservoirs, the Valente lab took an alternate approach to lock HIV-1 in its latent state by targeting the HIV-1 Tat protein (67, 207). Tat is transcribed early in the HIV-1 lifecycle and recruits the necessary transcription factors to enhance viral transcription and stabilize elongation (208). Specifically, Tat binds the 5’ terminal region of the transactivation response element (TAR) (208) on HIV mRNA and recruits the positive transcription elongation factor B (PTEF-b) (209). PTEFb is composed of cyclin T1 and cyclin-dependent kinase 9 (CDK9), promoting transcription elongation from the viral promoter (210). Also, Tat has shown to recruit chromatin remodeling factors such as SWI/SNF (211, 212) and histone acetyltransferases (213–215) allowing chromatin to remain in an open state and thus allowing easier access to transcription factors such as nuclear factor-kB (NFkB).

Targeting viral factors such as Tat is a major focus of antiretroviral therapy research, mainly due to the absence of a host cellular homolog, resulting in less toxicity. The Valente Lab discovered that didehydro-cortistatin A (dCA), a synthetic analog of the natural product cortistatin A, potently inhibits Tat-dependent transcription activity in both acutely and chronically infected cells (216). dCA was also found to act additively with conventional HAART, inhibiting spontaneous viral particle release from CD4+ T cells in virally suppressed subjects (216). Soon after that, they showed that dCA effectively inhibits viral reactivation by a PKC agonist or by antigenic stimulation of primary latently infected cells isolated from ART-treated individuals (207). Furthermore, they demonstrated that dCA, unlike conventional ART, can reduce the base level cell-associated HIV-1 RNA production by decreasing RNA Polymerase II recruitment to the viral promoter (207). Primary CD4+ T cell cultures alone cannot fully capture the characteristics of latently reservoirs, as these use clonal HIV strains and specific cytokine cocktails to prolong lifespan. These conditions may transform these cells and alter cell-subset representation. Therefore, in a subsequent study, Kessing, Nixon (67) tested the ability of dCA to suppress viral reactivation in a BLT mouse model. Humanized mice were infected with HIV-1JRCSF and treated with ART for three weeks, at which point dCA was combined with ART for the fourth week (67). Strikingly, upon treatment interruption, viral rebound was delayed up to 19 days in mice treated with dCA compared to the controls, which showed rebound between 3-7 days upon treatment interruption (67). Unfortunately, certain viruses develop resistance to dCA through a combination of mutations in Nef and Vpr that increase NF-κB activity and lead to a higher Tat-independent basal transcription (217). The discovery of additional transcriptional inhibitors that promote deep latency through different mechanisms, used in combination with dCA could be the way forward for the block and lock strategy. In vivo analysis in humanized mouse models will be critical in their translation to the clinic.




Limitations of Humanized Mice

Despite the fact that they are an advantageous small animal model for HIV-1 cure research, humanized mice have their limitations. Hu-PBL mice and, to a lesser extent, hu-HSC and BLT mice occasionally develop graft-versus-host disease. GvHD is characterized by lymphocytic infiltration, progressive inflammation, and sclerosis in multiple organs, eventually leading to death (140). Moreover, the associated excessive inflammation can confound results from long-term HIV-1 studies. The use of NSG mice over NOD/SCID mice for the construction of BLT humanized mice was found to delay the onset of GVHD, although it did not decrease its incidence (140). Furthermore, even with many advances over the years, here remain deficiencies in the immune response of humanized mice compared to a complete human immune system. First, they lack robust humoral immune responses due to limited class switch recombination and mutation rates, limiting the study of B cell responses, particularly in vaccination studies (23, 134). Also, hu-PBL, and hu-HSC mice lack human HLA restriction of T cells, leading to deficiencies in the development and functionality of T cells, a significant advantage of the BLT model.

On the other hand, the construction of BLT mice requires significant technical expertise to produce, and access to fetal tissue for scientific research continues to become scarce. Moreover, the murine environment lacks human cytokines and poor cross-reactivity with murine cytokines leads to incomplete development of some human myeloid and lymphoid cell subsets. Several solutions for this include treatment with exogenous human cytokines. For instance, periodic intraperitoneal injection of human IL-15/IL-15Rα is used to support the proliferation and survival of NK cells (46, 218). Other strategies involve knock-in and transgenic human cytokine insertions into immunodeficient mice. For example, human IL-2 and IL-15 transgenics (219), IL-15 and SIRPα knock-in (39), and IL-7 and IL-15 knock-in mice (220) promote NK cell development in humanized mice. Also, mice that comprise multiples gene modifications to produce the cytokines macrophage-colony stimulating factor (M-CSF), IL-3, granulocyte-colony stimulating factor (GM-CSF), and thrombopoietin have been established to support monocytes and macrophage development (33). While these modified humanized mouse models show potential in producing a more comprehensive innate immune system, their utility in HIV-1 persistence and therapeutic studies has yet to be evaluated.

Another limitation to long term persistence studies is the limited lifespan of mice (221), making studies lasting several years impractical. In these cases, an NHP model would be more suitable. Even though small animals are easier to house and maintain, they bring the additional constraint of having lower blood volumes and cell numbers for analyses, making ex vivo assays technically challenging to perform. Furthermore, the murine basal metabolic rate is different from that of humans and needs to be considered, particularly when dealing with pharmacological approaches (222). Lastly, the murine gut microbiome differs significantly from that of humans. This important topic has been reviewed in detail elsewhere (223, 224). The microbiome has several implications in HIV-1 infection, pathogenesis, and the host immune response [reviewed in (225–228)], and the microbiomes of inbred mice in a controlled environment aren’t capable of fully recapitulating these effects. To skew the microbiome to resemble that seen in humans, Daharsh, Zhang (229) treated BLT mice with broad-spectrum antibiotics to deplete the murine gut microbiome, followed by fecal transplants from healthy human donor samples via oral gavage. While this approach shifted the murine microbiome towards the corresponding human donors, they didn’t wholly resemble a human gut microbiome. Future developments may improve this premise, leading to a more comprehensive mouse model mimicking both a human immune system and the human gut microbiome.



Conclusion

Regardless of its limitations, the humanized mouse is currently the only small animal model for HIV-1 and has proved to be an incredible resource in many facets of HIV-1 research in the past four decades. Large cohorts of mice can be generated from tissues derived from a single human donor, resulting in animals with genetically identical human immune cells. This approach allows us to control genetic variables and perform specific experiments such as adoptive transfers of lymphocytes, which would not be possible in most NHPs. Furthermore, humanized mice do not require a surrogate virus for infection and are susceptible to multiple routes of HIV-1 transmission. Moreover, tissue reservoirs harboring latent viruses can be analyzed, allowing a more straightforward comparison of the systemic effects of administered therapeutics, which is exceedingly essential for HIV-1 eradication efforts. Humanized mice have been critical in HIV-1 research, and we expect they will continue to play a significant role in ultimately translating a cure from bench to bedside.
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A Corrigendum on: 


Humanized Mice for the Evaluation of Novel HIV-1 Therapies 
By Abeynaike S and Paust S (2021). Front. Immunol. 12:636775. doi: 10.3389/fimmu.2021.636775


In the original article, there was a mistake in Table 1 as published. The authors incorrectly categorized thy/liv implanted SCID-hu mice as showing no multilineage hematopoeisis. To clarify, Namikawa 1990, showed that SCID mice implanted with both Thy/Liv displayed multilineage hematopoiesis. Specifically, they showed in addition to T cells (CD3, CD4 and CD8), the presence of mature and immature forms of myelomonocytic cells which stained positive for human CD15, as well as progenitors for erythroids and megakaryocytic lineages (1).


Table 1 | Summary of humanized mouse models and their tissue-based chimerism.



The corrected Table 1 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Edited by: 
Qingfeng Chen, Institute of Molecular and Cell Biology (A*STAR), Singapore

Reviewed by: 
Amy L. MacNeill, Colorado State University, United States
 Johan Van Weyenbergh, KU Leuven, Belgium

*Correspondence: 
Liang Cheng
 liangcheng@whu.edu.cn
 Lishan Su
 lsu@ihv.umaryland.edu 

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 25 February 2021

Accepted: 27 April 2021

Published: 18 May 2021

Citation:
Cheng L, Li G, Pellegry CM, Yasui F, Li F, Zurawski SM, Zurawski G, Levy Y, Ting JP-Y and Su L (2021) TLR9- and CD40-Targeting Vaccination Promotes Human B Cell Maturation and IgG Induction via pDC-Dependent Mechanisms in Humanized Mice. Front. Immunol. 12:672143. doi: 10.3389/fimmu.2021.672143



Mice reconstituted with a human immune system (humanized mice) provide a robust model to study human immunology, vaccinology, and human infectious diseases. However, the development and function of B cells in humanized mice is impaired. B cells from humanized mice are immature and are impaired in IgM to IgG isotype switch in response to infection or vaccination. In the present study we report that Toll-like receptor 9 (TLR9) agonist CpG-B combined with CD40-targeting vaccination triggered human B cell immunoglobin class-switch from IgM+ to IgG+ B cells in humanized mice. Human B cells from mice vaccinated with CpG-B as adjuvant were more mature in phenotype and produced significant levels of both total IgG and antigen-specific IgG. We found that CpG-B treatment activated human pDCs (plasmacytoid dendritic cells) in vivo to induce interferon-alpha (IFN-α)expression in humanized mice. Pre-depletion of human pDC in vivo abrogated the adjuvant effect of CpG-B. Our results indicate that TLR9 and CD40-targeting vaccination triggers human B cell maturation and immunoglobulin class-switch in a pDC-dependent manner in humanized mice. The findings also shed light on induction of human IgG antibodies in humanized mouse models.
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Introduction

Recent development of humanized mice provides robust models to study infection, pathogenesis, and therapy of human viruses (1, 2). We and others have shown before that a functional human immune system was developed in immunodeficient mice after adoptive transfer of human hematopoietic stem cells (HSCs) (3–8). Major human immune subtype such as pDC, mDC, monocyte, T and B cells can be detected in peripheral blood and lymphoid organs 3 months after HSCs transfer (7). Humanized mice can initiate innate immunity and antigen-specific T cell response to vaccine or infection (9–12). However, although B cell are developed in humanized mice, those cells are immature (13). B cells from humanized mice shows CD24int/hiCD38hi immature phenotype and express high levels of CD10, another immature B cell marker (14). Moreover, B cells from humanized mice are predominately IgM+ with few IgG+ B cells (15). The cells are impaired in IgM to IgG isotype switch in response to infection or vaccination (14, 15).

Toll like receptor (TLRs) are expressed by various immune cells such as plasmacytoid dendritic cells (pDCs), monocytes and myeloid dendritic cells (mDCs) and B cells (16, 17). They can sense the microbial components named pathogen-associated molecular patterns (PAMPs) (16, 17). Stimulation of TLR signaling by synthetic or natural TLR ligands (TLR-Ls) results in up-regulation of MHC class II molecules, co-stimulatory molecules, and cytokines in different kind of cells in the immune system, especially innate immune cells (18, 19). These synthetic or natural agonists for TLRs are potential new vaccine adjuvants (20, 21). We and others have shown before that TLR-Ls can efficiently activate human innate immune cells from humanized mice both in vitro and in vivo (9, 11). Importantly, we proved that CpG-B, R848 and Poly I:C can enhance antigen- specific T cells response to a CD40-targeting HIV vaccine in humanized mice (9). Moreover, we recently reported that therapeutic treatment with a CD40-targeting HIV vaccine plus poly I:C as adjuvant can significantly reduce HIV-1 reservoir in HIV-infected humanized mice (12). These results indicated that humanized mice serve as a relevant model to develop and evaluate novel vaccines and adjuvants to human infectious disease.

As B cells from humanized mice fails to efficiently transition from IgM+ to IgG+ B cells, it is still questionable to use humanized mouse model to evaluate humoral immune response to vaccines (13). Efforts have been made to improve B cell IgM to IgG class-switch and antigen-specific antibody production in humanized mice in recent years. It was reported that GM-CSF and IL-4 stimulate humoral responses in humanized mice by promoting dendritic cell, T and B cell maturation (22). Transgenes expressing human stem cell factor, granulocyte-macrophage colony stimulating factor and interleukin-3 was reported to improve B cell development in humanized mice (23). The expression of human IL-6 by knocking-in human IL-6 gene to its respective mouse locus also increased class switched memory B cells and serum immunoglobulin G (IgG) after HSCs reconstitution (24). Stimulation of TLR signaling by synthetic or natural TLR ligands (TLR-Ls) results in cytokines induction, as well as up-regulation of MHC class II molecules and co-stimulatory molecules in innate immune cells (9, 11). Synthetic CpG oligodeoxynucleotides (CpG ODNs), which signal through TLR9, are approved by FDA (DYNAVAX) as HBV vaccine adjuvants after human clinical trials. The principal TLR9-expressing cells in humans are plasmacytoid DCs (pDCs) and B cells (25, 26). We speculated that targeting TLR9 would serve as a good stratagem to improve humoral immune response to vaccines in humanized mice. However, knowledge about how CpG ODNs activate pDC and enhance B cell response in vivo in humans is still limited.

In the present study we tested whether targeting TLR9 by CpG-B can overcome the deficiency of B cell response in humanized mice. We found that CpG-B combined with CD40-targeting vaccination enhanced B cell maturation, triggered human B cell immunoglobin class-switch from IgM+ to IgG+ B cells, and induced antigen-specific IgG response. Furthermore, we found that pDCs were essential for the adjuvant activity of CpG-B. Our results indicate that TLR9 and CD40-targeting vaccination triggers human B cell maturation, IgM to IgG immunoglobulin class-switch in a pDC-dependent manner in humanized mice.



Materials and Methods


Construction of Humanized Mice

We constructed humanized NRG (NOD-Rag2-/- ) mice by reconstitution with human fetal liver (17 to 22 weeks of gestational age) derived CD34+ hematopoietic progenitor cells (Advanced Bioscience Resources, Alameda, CA) as previously reported (27). Briefly, CD34+ hematopoietic progenitor cells purified from fetal liver were injected into the liver of newborn (1-3 day) NRG mice. Human immune reconstitution was detected by flow cytometry 12 weeks after transplantation. All animal studies were approved by the University of North Carolina Institutional Animal Care and Use Committee (IACUC).



Ethics Statement

Human fetal liver was obtained from elective or medically indicated termination of pregnancy through a non-profit intermediary working with outpatient clinics (Advanced Bioscience Resources, Alameda, CA). Informed consent of the maternal donor is obtained in all cases, under regulation governing the clinic. The use of the tissue in the research had no influence on the decision regarding termination of the pregnancy. The project was reviewed by the University’s Office of Human Research Ethics, which has determined that this submission does not constitute human subjects research as defined under federal regulations [45 CFR 46.102 (d or f) and 21 CFR 56.102(c)(e)(l)] and does not require IRB approval. All animal experiments were conducted following NIH guidelines for housing and care of laboratory animals and in accordance with The University of North Carolina at Chapel Hill with protocols approved by the institution’s Institutional Animal Care and Use Committee (IACUC ID: 14-100).



Vaccination

Recombinant anti-human CD40 antibody fused to 5 HIV-1 long peptide regions (αCD40-HIV5pep) was produced as previously reported (28), except that the flexible linker and HIV peptide sequences were reconfigured and the variable regions CD40 antibody were changed to a human framework. Humanized mice were intramuscularly (half dose) and intraperitoneally (half dose) injected with 10 µg αCD40-HIV5pep or recombinant hemagglutinin protein alone or with 50 µg of CpG-B at week0, week3 and week6. Splenocytes from vaccinated humanized mice were collected 7 days after the third vaccination.



Detection of Cytokines

Human IFN-α was detected by enzyme-linked immunosorbent assay using the human IFN-α pan ELISA kits purchased from Mabtech. A high sensitivity immunology multiplex assay (Luminex) (Millipore, Billerica, Massachusetts, USA) was used to measure human IL-6 in plasma of humanized mice according to the manufacturer’s instructions.



Flow Cytometry

Single cell suspensions prepared from peripheral blood, spleen of humanized mice was stained with surface markers and analyzed on a CyAn ADP (Dako). FITC-conjugated anti-human CD40, CD24, PE-conjugated anti-human CD303, CD38, PE/Cy5-conjugated anti-human CD86, IgG, PE/Cy7-conjugated anti-human HLA-DR, PB-conjugated anti-human CD4, IgM, APC-conjugated anti-human CD10 and APC/Cy7-conjugated anti-human CD45 were purchased from Biolegend. Pacific orange-conjugated anti-mouse CD45, PE/Texas red-conjugated anti-human CD19 and LIVE/DEAD Fixable Aqua (LD7) Dead Cell Stain Kit were purchased from Invitrogen. Data were analyzed using Summit4.3 software (Dako).



Total IgM and IgG Detection

Total IgM and IgG were detected by ELISA kits, purchased from Bethyl Laboratories,int.(Cat. No. E80-104 and Cat. No. E80-100) according to the protocols.



Detection of Total and Antigen-Specific IgG-Secreting Cells by ELISpot

IgG-secreting cells were detected by using ELISpotPLUS for Human IgG kits (Product Code: 3850-2HW-Plus) according to the protocols. In brief, 96-well ELISpot plates were coated with an IgG capture antibody (for total IgG detection) or antigen (αCD40-HIV5pep, for specific IgG detection) in PBS overnight at 4°C. Then the plate was blocked with 200 μl/well of medium containing 10% FBS for at least 30 minutes at room temperature. The pre-activated splenocytes (splenocyte from humanized mice cultured ex vivo in the present of R848(1μg/ml) and IL-2 (10 u/ml) for 48hours) were then added to the ELISpot plate and incubated in a 37°C incubator with 5% CO2 for 16-24 hours. Plates were washed 5 times with PBS and incubated with IgG detection mAbs for 2 hours at room temperature. Then, 1:1,000 dilution of streptavidin-HRP was added and incubated for 1 hour at room temperature. Followed by washing 5 times, the plates were developed with TMB substrate solution until distinct spots emerge. The spots were inspected and counted by using an ELISpot reader.



Antigen-Specific IgG Detection in Serum

96-well ELISA plates were coated with antigen (αCD40-HIV5pep, 10 µg/ml or HA protein, 10µg/ml) in PBS overnight at 4°C. Then the plate was blocked with 200 μl/well of medium containing 10% FBS for at least 30 minutes at room temperature. Then 50 μl of serum from vaccinated mice was added into the plate and incubated for 2 hours. Plates were washed 5 times with PBS and incubated with IgG detection mAbs for 2 hours at room temperature. Then, 1:1,000 dilution of streptavidin-HRP was added and incubated for 1 hour at room temperature. Followed by washing 5 times, the plates were developed with TMB substrate solution. The reaction was stopped with ELISA Stop Solution (Cat. No. E115), and the plate was read at 450 nm.



pDC Depletion In Vivo

A mAB specific to BDCA2, clone 15B, was used to deplete pDCs in humanized mice through i.p. injection (4 mg/kg). In brief, 15B was applied to mice at 3 and 1 day before each vaccination. At day0, the mice were either treated with CpG-B or received vaccination treatment.



Statistical Analysis

In all experiments, significance levels of data were determined by using Prism5 (GraphPad Software). Experiments were analyzed by two-tailed Student’s t-test, one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test, or Spearman rank correlation test as indicated in figure legends. A p value less than 0.05 was considered significant. The number of animals was specified in each figure legend.




Results


TLR9 and CD40-Targeting Vaccination Promotes IgG Induction in Humanized Mice

Human B cell development and function are compromised in humanized mice, and B cells are impaired to undergo immunoglobin class switch from IgM to IgG. We tested whether targeting TLR-9 by CpG-B combined with a CD40-targeting vaccine can enhance B cell immunity in humanized mice. Humanized mice were immunized with αCD40-HIV5pep protein with or without CpG-B. B cell responses were evaluated one week after the boost vaccination. As reported (15), we found that B cells from PBMCs and spleen of PBS-treated humanized mice did not express surface IgG (Figures 1A, B). Vaccination with αCD40-HIV5pep protein alone failed to induce IgG expression on B cells (Figures 1A, B). Impressively, we found that, in humanized mice vaccinated with CpG-B together with αCD40-HIV5pep protein, around 12% (7.0% to 21.3%) of B cells from PBMCs and 5% (3.2% to 6.3%) of B cells from the spleens of humanized mice were IgG+ B cells (Figures 1A, B). CpG-B together with αCD40-HIV5pep vaccination also increased total human IgM level by-2 fold (Figure 1C). Human IgG, which is rarely detectable in humanized mice, reached 100 μg/ml in 75% (3/4) humanized mice after CpG-B together with CD40-targeting vaccination (Figure 1C). We also detected by ELISpot assay around 1,500 cells per million B cells from spleens of 75% (3/4) humanized mice received CpG-B plus CD40-targeting vaccination that were producing IgG, while no IgG-producing cells were detected in control groups (Figure 1D).




Figure 1 | TLR9 agonist CpG-B promotes IgG responses in humanized mice vaccinated with CD40-targeting vaccine. Humanized mice were treated with PBS control (n=3) or vaccinated with αCD40-HIV5pep (n=3) alone or vaccinated with αCD40-HIV5pep plus CpG-B (n=4) at week0, week3 and week6. At week 7, mice were sacrificed. (A, B) The expression of IgM and IgG on B cells from PBMCs and spleens was detected by FACS. (C) The total level of IgM and IgG in the plasma was detected by ELISA. (D) Splenocyte from humanized mice were cultured ex vivo in the present of R848(1μg/ml) and IL-2(10 u/ml) for 48hours, the cells were used for total IgG detection by ELISpot. (E) Antigen specific IgG level in the plasma was detected by ELISA. (F) The expression of activation-induced cytidine deaminase (AID) in spleen cells was detected by RT-PCR. Each dot represents one individual mouse, bars indicate mean. *P < 0.05, **P < 0.01, by unpaired, two-tailed Student’s t-test comparing the two vaccinated groups.



We next tested whether antigen-specific IgG was induced by CD40-targeting vaccination together with CpG-B. We found that 75% (3/4) mice from CpG-B/CD40-targeting vaccine group produced specific IgG, while no antigen specific IgG was detectable in control groups (Figure 1E). Expression of activation-induced cytidine deaminase (AID) by germinal center (GC) B cells is important for class switch and recombination (29). We found that AID expression was significantly increased (> 3-fold) in splenocytes from CpG-B plus CD40-targeting vaccination mice than cells from control groups (Figure 1F).

Together, our data indicate that TLR9 agonist CpG-B with a CD40-targeting vaccine induces immunoglobulin class-switch and enhances Ag-specific IgG responses in 75% (3/4) humanized mice tested.



CpG-B Promotes Maturation and Activation of B Cells in Humanized Mice

We next detected the phenotype of human B cells after vaccination. As reported (14), we found that most B cells from control mice were CD24highCD38high which indicated immature phenotype (Figures 2A, B). CD40-targeting vaccination alone did not change the percentage of CD38highCD24high immature B cells. CpG-B together with CD40-targeting vaccination decreased the percentage of CD38highCD24high B cells and increased the percentage of mature B cells with CD38intCD24int or CD38lowCD24int phenotype (Figures 2A, B). We also find that CpG-B together with CD40-targeting vaccination increased the percentage of CD10- B cells (Figures 2C, D). In addition, CpG-B together with CD40-targeting vaccination induced CD86+ activated B cells (Figures 2E, F). These data indicated that CpG-B plus CD40-targeting vaccination induce B cells maturation and activation.




Figure 2 | CpG-B promotes maturation and activation of B cells in humanized mice. Humanized mice were vaccinated as in Figure 1. The phenotype of human B cells (hCD45+CD19+) from spleens of mice was detected by FACS. Representative dot plot (A, C, E) and Summarized data (B, D, F) showing the expression of CD38and CD24, CD10 and CD86 on human B cells. Each dot represents one individual mouse with n=3 in PBS group, n=4 in Vac group and n=4 in CpG-B plus Vac group. Bars indicate mean. *P < 0.05, **P < 0.01, ***P < 0.001, by unpaired, two-tailed Student’s t-test comparing the two vaccinated groups.





CpG-B Induces IFN- α Production in pDC Dependent Manner in Humanized Mice

Dendritic cells are key to initiate and control immune responses. Plasmacytoid dendritic cells (pDC) represent a unique dendritic cell subtype and are specialized to produce large amount of IFN-α upon viral infection (30). It was reported that pDCs, through IFN-α and IL-6, are critical for the induction of IgG from human blood mononuclear cells in response to influenza virus (31). We found that CpG-B treatment activated human pDCs (Figure 3A) and induced IFN-α and IL-6 production in humanized mice (Figure 3B). TLR9, the receptor for CpG-B, is preferentially expressed by pDC and B cells of human immune system. To investigate whether pDC contributed to IFN-α production after CpG-B treatment, we used a monoclonal antibody which can efficiently and specifically deplete pDC in vivo in humanized mice (32) (Figure 3C). We found that pre-depletion of pDC abrogated IFN-α production after CpG-B treatment (Figure 3D). The results indicate that CpG-B treatment in humanized mice induces IFN-α expression thought a pDC dependent manner.




Figure 3 | CpG-induced IFN-a production in vivo is dependent on human pDCs in humanized mice. (A, B) Humanized mice were treated with PBS (n=3) or CpG-B (50ug/mouse, i.p., n=4). (A) IFN-α and IL-6 level in plasma at indicated timepoint post treatment were detected by ELISA. (B) The expression of CD40, CD86 and HLA-DR on pDC (CD4+CD303+) from spleens at 24 hours post-treatment was detected by FACS. (C) Humanized mice were pretreated with either isotype control (n=3) or pDC depletion monoclonal antibody (clone 15B, 200 μg/mouse, i.p., n=4) at day -3 and -1. The percentage of pDC in human CD45+ cells from blood were detected by FACS. (D) Humanized mice were pretreated with either isotype control (n=4) or pDC depletion monocolonal antibody (clone 15B, 200 μg/mouse, i.p., n=3) at day -3 and -1. At day0, mice were treated PBS (Mock, n=4) with CpG-B (n=4). IFN-a level in plasma was detected 24 hours after CpG-B treatment. Each dot represents one individual mouse, bars indicate mean. *P < 0.05, **P < 0.01, by unpaired, two-tailed Student’s t-test (A, C) or by one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test (D).





TLR9 and CD40-Targeting Vaccination Depends on pDC to Promote Human B Cell Maturation and IgG Induction in Humanized Mice

We next investigated whether CpG-B and CD40-targeting vaccination induced B cell maturation and IgG production in vivo dependent on pDC. We vaccinated humanized mice with CpG-B and CD40-targeting vaccine in the presence or absence of pDC and then detected B cell phenotype and antibody response. As expected, pre-depletion of pDC by monoclonal antibody abrogated CpG-B induced IFN-α production (Figure 4A). Interestingly, CpG-B and CD40-targeting vaccine induced B cell maturation was also abrogated in the absence of pDC (Figure 4B). In the absence of pDC, CpG-B and CD40-targeting vaccination also failed to induce total IgG (Figure 4C) and antigen-specific IgG (Figure 4D). Furthermore, we found that the IFN-α level in plasma of mice correlated with total and specific IgG production in vaccinated hu-mice (Figures 4E, F).




Figure 4 | TLR9 and CD40-targeting vaccination depends on pDC to promote human B cell maturation and IgG induction in humanized mice. Humanized mice were vaccinated as in Figure1 except one group of the mice were treated with pDC depletion Ab before vaccination (A) IFN-α in the plasma 24 hours after vaccination. (B) Expression of CD10 on B cells from spleen at termination. (C) Total IgG level in serum was detected by ELISA. (D) Antigen specific IgG level in the plasma was detected by ELISA. Each dot represents one individual mouse, bars indicate mean. Shown are representative data (PBS, n=3; Vac, n=3; CpG-B+Vac, n=4; CpG+Vac+15B, n=3, for A and B) or combined data (PBS, n=6; Vac, n=3; CpG-B+Vac, n=9; CpG+Vac+15B, n=7, for C and D) of two independent experiments with mean values. *P < 0.05, by one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test. (E, F) Correlation analysis between the IFN-α levels in plasma and total IgG (E) and specific IgG (F) levels in plasma (Spearman rank correlation test). r, correlation coefficient.





CD40-Targeting Is Important for the Vaccine to Induce Class-Switch and IgG Production

CD40 is a co-stimulatory receptor expressed by a range of APCs, including DCs (33). Thus, targeting CD40 offers the potential advantage of inducing DC maturation and delivery of antigen to CD40 induced antigen-specific humoral and cellular immune response (34, 35). We next determined whether CD40-targeting is important to induce class-switch and IgG production in humanized mice. Humanized mice were immunized with recombinant hemagglutinin protein (HA) with or without CpG-B. HA protein alone failed to induce specific IgG (Figure 5). HA with CpG-B as adjuvant, although induce IFN-α production and CD86 expression on pDC, also did not induce specific IgG response to HA protein (Figure 5). These results indicate that CD40-targeting is important for the vaccine to induce class-switch and IgG production.




Figure 5 | CD40-targeting vaccination is required to induce IgG-response in humanized mice. Humanized mice were treated with PBS control (Vehicle, n=3) or vaccinated with recombinant hemagglutinin protein (HA, n=3, 10μg/mouse) alone or vaccinated with HA plus CpG-B (n=4) at week0, week3 and week6. (A) IFN-a levels in plasma in plasma at 24 hours post first vaccination was detected by ELISA. (B) The expression of CD86 on pDC (CD4+CD303+) from PBMC at 24 hours post-treatment was detected by FACS. (C) Antigen specific IgG level in the plasma was detected by ELISA. Each dot represents one individual mouse, bars indicate mean. *P < 0.05 by unpaired, two-tailed Student’s t-test comparing the two vaccinated groups.



Taken together, we conclude that TLR9- and CD40-targeting vaccination promotes human B cell maturation and IgG response via pDCs dependent mechanisms in humanized mice. The study also provides insights for using humanized mouse models for vaccine development and induction of human IgG antibodies in humanized mice.




Discussion

Humoral immunity is compromised in humanized mice (13). In the present study we reported that CpG-B adjuvant combined with a CD40-targeting vaccination enhanced antigen-specific IgG response. Furthermore, we proved that pre-depletion of human pDC in vivo abrogated the adjuvant effect of CpG-B. Our results indicated that CpG-B and CD40-targeting vaccination promoted B cell maturation, triggered human B cell immunoglobulin class-switch and induced IgG production in a pDC-dependent manner in humanized mice. The findings also shed light on induction of human IgG antibodies in humanized mouse models.

Mice reconstituted with human immune system provides a useful model to study human immunology and vaccinology. Although B cells are developed in humanized mice reconstituted with human HSCs, the cells are immature (13–15, 22–24). The circulating antibody levels, especially IgG levels, are significantly lower compared to adult humans (13). Moreover, the generation of antigen-specific IgG responses in humanized mice, are weak, limiting their application in testing candidate vaccines (13). It was reported that the immunoglobulin gene repertoires of human B cells from humanized mice are similar to those of B cells from human peripheral blood, suggesting that B cells from humanized mice have the genetic potential to produce antibody responses with broad isotype and high affinity (36). Studies have suggested that an absence of human cytokines and the disorganized secondary lymphoid structures might contribute to the defects in B cells (37–39). Signaling TLR results in large amount of cytokines induction in humanized mice. It was reported that pDC-derived IFN-α and IL-6 were critical for the induction of IgG from human blood mononuclear cells in response to influenza virus (31). pDC preferentially express TLR9 and TLR7 (25). We have previously shown that stimulation of pDC by TLR-9 agonist CpG-B induces IFN-α as well as IL-6 production in vivo in humanized mice (9). In the present study, we found that CpG-B adjuvant combined with CD40-targeting vaccination induced IgG+ B cells in spleen and PBMCs of humanized mice and induced antigen-specific IgG in serum. This indicated that CpG-B and CD40-targeting vaccination triggers human B cell immunoglobulin class-switch in humanized mice. We also observed that B cells from mice receiving CpG-B plus CD40-targeting vaccination were more mature in phenotype and express a higher level of the activation marker CD86. The results together suggest that with proper adjuvant, human B cells in this model can produce specific IgG to a vaccine treatment. We also performed CpG-B plus non-CD40 targeting recombinant protein and showed that it did not induce significant IgG response. Thus CD40-targeting, as well as TLR9 activation, was also important for the vaccine to induce class-switch and IgG production. This could be due to CD40 activation of targeted APCs or prolonged antigen-presentation as was observed for T cell epitopes (40).

To prove whether pDCs are important for the IgG induction in vivo, we used a pDC-specific antibody to deplete pDC before vaccination. Our results showed that depletion of human pDC in vivo abrogated the B cell maturation and IgG production in response to CpG-B/CD40-targeting vaccination. The results suggest that human pDCs are essential to mediate the adjuvant effect of CpG-B in vivo. This is consistent with the report that pDC-derived IFN-α and IL-6 were critical for the induction of IgG from human blood mononuclear cells in response to influenza virus (31). We found that pDCs were required for CpG-B treatment in humanized mice to induce IFN-α and IL-6 production. We speculate that IFN-α and IL-6 from pDC enhanced B cell maturation and IgG-class switch in response to CpG-B plus CD40-targeting vaccination. It is also important to state that there were shortcomings in our study. The antigen we used in this study was not HIV envelop protein so that we were not able to evaluate the neutralization activity of antibody induced by our vaccination stratagem. In another recent study, we proved that TLR-9 agonist plus CD40-targeting HIV envelop vaccination induced HIV-1 envelop-specific IgG with a diversified immunoglobulin repertoire and circulating Env-specific IgG-switched memory human B cells that exhibit clear signs of antigen-driven antibody affinity maturation (41).

In summary, we report that CpG-B as an adjuvant promoted human IgG induction through pDC-dependent mechanisms. The proof-of-concept study sheds light on specific induction of human IgG antibodies in humanized mice.
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Periodontitis is an oral inflammatory disease in which the polymicrobial synergy and dysbiosis of the subgingival microbiota trigger a deregulated host immune response, that leads to the breakdown of tooth-supporting tissues and finally tooth loss. Periodontitis is characterized by the increased pathogenic activity of T helper type 17 (Th17) lymphocytes and defective immunoregulation mediated by phenotypically unstable T regulatory (Treg), lymphocytes, incapable of resolving the bone-resorbing inflammatory milieu. In this context, the complexity of the immune response orchestrated against the microbial challenge during periodontitis has made the study of its pathogenesis and therapy difficult and limited. Indeed, the ethical limitations that accompany human studies can lead to an insufficient etiopathogenic understanding of the disease and consequently, biased treatment decision-making. Alternatively, animal models allow us to manage these difficulties and give us the opportunity to partially emulate the etiopathogenesis of periodontitis by inoculating periodontopathogenic bacteria or by placing bacteria-accumulating ligatures around the teeth; however, these models still have limited translational application in humans. Accordingly, humanized animal models are able to emulate human-like complex networks of immune responses by engrafting human cells or tissues into specific strains of immunodeficient mice. Their characteristics enable a viable time window for the study of the establishment of a specific human immune response pattern in an in vivo setting and could be exploited for a wider study of the etiopathogenesis and/or treatment of periodontitis. For instance, the antigen-specific response of human dendritic cells against the periodontopathogen Porphyromonas gingivalis favoring the Th17/Treg response has already been tested in humanized mice models. Hypothetically, the proper emulation of periodontal dysbiosis in a humanized animal could give insights into the subtle molecular characteristics of a human-like local and systemic immune response during periodontitis and support the design of novel immunotherapeutic strategies. Therefore, the aims of this review are: To elucidate how the microbiota-elicited immunopathogenesis of periodontitis can be potentially emulated in humanized mouse models, to highlight their advantages and limitations in comparison with the already available experimental periodontitis non-humanized animal models, and to discuss the potential translational application of using these models for periodontitis immunotherapeutics.




Keywords: periodontitis, animal model, humanized mice, immunopathogenesis, immunotherapy



Introduction

The oral mucosa is a place of immense antigenic diversity that demands a tightly balanced immune surveillance, capable of maintaining the balance between host and microbial interactions. Indeed, a plethora of signals, including food antigens, airborne particles, commensal microbiota, and ongoing damage from mastication, finely tune the oral mucosal barrier immunity (1, 2). Moreover, the existence of an incredibly thin and highly-permeable epithelium located at the bottom of the gingival crevice, composed of 3-5 layers of cells and harboring diverse microbial communities between the tooth and the gingiva, allows the continuous transmigration of immune cells against the microbial challenge, thus making this scenario particularly challenging for a balanced immune response (1, 3).



Etiopathogenesis of Periodontitis: Microbiota and Host Interactions

Certainly, constant environmental stimuli given by oral anatomical features and their functions, as well as the salivary flow and composition, directly influence the tooth-adherent microbiota. Hence, the orchestrated stability of at least 700 different taxa colonizing these distinct oral meta-niches has been a permanent matter of attention for dentists (4). In a healthy periodontium, the symbiosis between the resident eubiotic microorganisms and the host’s immune response commands this equilibrium. However, ill-defined factors, such as plaque accumulation, diet, stress, smoking, genetic predisposition, chronic inflammation, among others, contribute to a disequilibrium within bacterial communities, favoring the emergence of highly virulent bacteria, including Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum, as well as the reduction of health-compatible commensal bacteria.

For instance, P. gingivalis pathogenicity relies on its capability of expressing a variety of virulence factors, such as lipopolysaccharide, extracellular capsule, gingipains, and fimbriae, which, despite its low relative abundance, can both over-activate and subvert the immune response in mice or human periodontium (5, 6). Furthermore, different strains of this keystone pathogen have been detected in active periodontal lesions of teeth with poor prognosis and have demonstrated the capacity of eliciting a differential osteo-destructive immune response (7–9). Otherwise, the pathobiont A. actinomycetemcomitans, associated with more severe forms of periodontitis, is also armed with a variety of virulence factors such as lipopolysaccharide, leukotoxin, and fimbriae, which induce leukocyte lysis, favor periodontal colonization and provoke a dysregulated immune response during periodontal inflammation (10–12). In this context, the polymicrobial synergy of a dysbiotic bacterial consortium, frequently including the interplay between P. gingivalis, A. actinomycetemcomitans, and/or F. nucleatum, leads to a cycle of pathogenic inflammation, which perpetuates a nutrient-rich environment that promotes their expansion and deeper invasion of periodontal tissues; thus, provoking inflammatory alveolar bone loss in a susceptible host (13, 14).

Apart from other mucosal barriers entirely dependent on microbial commensals, gingival immune homeostasis is distinctly influenced by physiological damage during mastication. In fact, chewing elicits the production of interleukin (IL)-6 by fibroblasts, which promotes oral barrier protection via T-helper type 17 (Th17)-mediated immunity (15). Indeed, Th17 lymphocytes are key players in the maintenance of oral integrity by actively recruiting neutrophils to the teeth/mucosa interface and controlling opportunistic fungal infections (16); however, they are also key drivers of osteolytic inflammation during periodontitis. Thus, the amplification and dysregulation of Th17 lymphocyte activity mediated by Th17-related cytokines, including IL-6, IL-17A, IL-21, IL-23, and the osteolytic factor termed receptor activator of nuclear factor κB ligand (RANKL), lead to the breakdown of soft tooth-supporting tissues and alveolar bone resorption in susceptible individuals (16–18).

Contrarily, the maintenance of tolerance, prevention of autoimmunity, and inhibition of chronic inflammation required in the healthy periodontium has been attributed to T regulatory (Treg) lymphocyte activity (19–21). Treg lymphocytes are mainly characterized by their sustained surface expression of the IL-2 receptor α chain, termed CD25, and their signature transcription factor forkhead box P3 (Foxp3), and by having an armament of molecular strategies for, as its name implies, regulate both the innate and adaptive immune response (22). Treg lymphocytes control, at least in part, periodontal inflammation via the production of immunoregulatory cytokines, such as transforming growth factor (TGF)-β1, IL-10, and IL-35, which inhibit the expansion and activity of effector T lymphocytes such as Th1 and Th17 cells (21, 23). Periodontitis-affected tissues show enrichment in Treg lymphocyte activity demonstrated by the increased expression of their associated immune-regulatory/suppressive molecules like cytotoxic T-lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced TNF-related protein (GITR) and Foxp3 (24). On the other hand, systemic ablation of Treg lymphocytes, by inoculating anti-GITR, increases the periodontal levels of tumor necrosis factor (TNF)-α, RANKL, and alveolar bone loss (25). However, for these immune-regulatory properties to be effective, the maintenance of their regulatory phenotype, mediated by the expression of Foxp3, is mandatory (20, 26). During periodontitis, Treg lymphocytes show a reduced Foxp3 expression and, instead, produce IL-17A and RANKL (20, 27); thus, making the inflammatory milieu highly enriched in inflammatory cytokines like IL-6, pivotal in dictating Treg lymphocyte fate in periodontal lesions.

The antagonistic relationship between bone-resorptive Th17 lymphocytes and immunoregulatory Treg lymphocytes dictates the delicate balance of alveolar bone remodeling (17, 20). On the one hand, osteoclasts differentiate and activate in the presence of macrophage colony-stimulating factor (M-CSF) and RANKL, which increase during periodontitis mainly by Th17 activity; while on the other hand, osteoblasts produce osteoprotegerin (OPG), the RANKL soluble decoy, which is partly mediated by Treg lymphocyte activity during periodontitis (17, 23, 27–31). Therefore, the cooperative action between bone-resorbing osteoclasts and bone-forming osteoblasts, regulated by the immune response, defines the dynamic maintenance of alveolar bone homeostasis.



Current Animal Models for Experimental Periodontitis

The complexity and diversity of factors that contribute to periodontitis pathogenesis, including the combination of polymicrobial synergy and dysbiosis, chronic inflammatory dysregulation, and genetic predisposition factors have done the search for an ideal animal model of periodontitis difficult and challenging. Nevertheless, several authors have managed to mimic how these factors influence the development of periodontal diseases by separating them into different phases, including the formation of biofilms, bacterial colonization and invasion of periodontal tissues, induction of a deregulated host immune response, and breakdown of soft tooth-supporting tissues and alveolar bone resorption (32). Table 1 summarizes the different methods that have been used to generate experimental periodontitis in mice. In general terms, the advantages of using mice models include a known microbiota and immune composition, diverse genetically engineered strains, and rapid availability of reagents for the investigation of recently described molecules (59). However, conditions such as substantially small mouths require highly skilled operators and a large number of animals (60).


Table 1 | The most widely used models to generate experimental periodontitis in mice.



Experimental mice models developed for the study of periodontitis have been substantially beneficial and important to examine diverse biologic hypotheses related to disease pathogenesis, host-bacteria interactions, and therapeutic approaches, being able to, at least in part, finely reproduce the clinical, molecular, and histologic features of human periodontitis. Besides, the animals used to generate periodontitis are relatively inexpensive, easy to handle, have a short gestation period, and are characterized by developing a highly reproducible periodontal inflammatory process (33, 61). Among the various methods employed to mimic periodontitis in mice, currently, the most commonly used are oral gavage, periodontal inoculation, and ligature.


Oral Gavage

The oral gavage model consists of the inoculation of human bacterial strains with an oral-esophageal gauge or a micropipette, usually using 109 colony-forming units in a viscous suspension, prepared with 2% carboxymethylcellulose (62). The bacteria that have been most frequently used to induce periodontitis by oral gavage are P. gingivalis, A. actinomycetemcomitans, and F. nucleatum, as well as combinations of different bacterial strains (63–66). This method has been used successfully to establish the relationship between periodontitis and systemic conditions. For instance, the inoculation of P. gingivalis in hyperlipidemic mice via oral gavage provoked the accelerated formation of atherosclerotic plaques (67).

However, this experimental design can last at least 4 and up to 8 weeks until clear and significant evidence of alveolar bone resorption is achieved. Moreover, the magnitude of bone loss is not always reproducible, and the frequent inconsistency of the results is attributable to various factors, being the systemic nature of the infection caused the main factor (33, 34, 61). In consequence, oral gavage has been established as not fully effective to induce periodontitis (34).



Periodontal Inoculation

The periodontal inoculation model comprises the localized microinjection of bacteria or some isolated bacterial component, such as lipopolysaccharide, directly into the palatal interproximal gingiva between the first, second, and third maxillary molar (18, 35). This method promotes significant periodontal inflammation, characterized by an increased expression of pro-inflammatory cytokines, apical migration of the junctional epithelium, and activation of osteoclastogenesis, consistently resulting in alveolar bone resorption (36, 40). Regarding the injection regimen, evidence commonly shows that the injections are performed two or three times per week under general anesthesia, generally using isoflurane (61, 68). The experimental period for this methodology may vary according to the purpose of the study, being generally between 20 and 30 days, although significant evidence of alveolar bone loss can be verified 7 days after initiation of the injections (18, 69).

This model has been used to evaluate different hypotheses regarding the mechanisms of periodontal inflammation and alveolar bone loss, due to the fact that it allows a reliable characterization of the immune response induced in the periodontal tissues and the cervical lymph nodes that drain the infected periodontium (6, 40). Since the mono-infection with a known bacterium allows great experimental control over the pathogenic stimulus, this model has been shown to be useful for analyzing pathogenic differences between different periodontal bacteria, their different serotypes, or bacteria defective in a certain virulence factor (6, 7, 18, 40, 41).



Ligature

Ligature-induced periodontitis is an efficient model capable of inducing predictable alveolar bone loss within few days in mice (70). Besides, the removal of ligatures allows the study of lesion healing and resolution of inflammation (53). The main procedure involves placing silk, nylon, or cotton ligatures around maxillary or mandibular molars under anesthesia so that the retentive ligatures facilitate the accumulation of bacteria and thus, provoke periodontal inflammation and alveolar bone loss (53, 61, 71). Indeed, the occurrence of these bacteria-host interactions is compatible with the current paradigm of periodontitis pathogenesis, in which the development of dysbiotic oral microbiota provokes a bone-destructive immune response (28, 72).

The use of ligatures to induce periodontitis in mice has permitted the kinetic analysis of the morphologic characteristics of bone resorption (53). Differences between control and ligated mice alveolar bone loss become evident after just 5 days and gradually increase their differences at day 10 and 15 (20). Apart from that, the characterization of bacterial accumulation in ligatures has revealed that mice oral commensal communities go through extensive structural and composition changes, leading to microbial dysbiosis (28). Meanwhile, differential immune responses can be appreciated at subsequent time points; for instance, myeloperoxidase-producing cells, such as neutrophils, can be seen since day 3, and genes related to the critical adaptive immune response in periodontitis have expression peaks in periodontal lesions after 9 days, including markers for Th1, Th2, Th17, and Treg lymphocyte activity (32).

The ligature-induced periodontitis model has been extensively reported in mice (20, 23, 29, 32–35, 53, 54, 60); however, the extremely small mice oral cavity and the minuscule interproximal space between the maxillary or mandibular molars represent a not minor technical difficulty in placing the ligatures (73). Moreover, this placement can get even harder when dealing with immunodeficient mice when working in sterile conditions; thus, reinforcing the idea that experienced and highly skilled operators are needed. In response to this, simpler ligature models have been proposed, including the use of a 0.2-mm orthodontic ligature wire, after filing the molar interproximal surfaces with a curved C+ nickel-titanium root canal file, and the use of already tied ligature knots and 3D-printed devices (32, 74). These preformed ligatures would allow their atraumatic positioning in any molar interdental space, accumulating plaque and provoking a local immune response followed by bone resorption, in a similar way to its predecessors (32).




Translational Limitations of the Current Animal Models for Experimental Periodontitis

Even though the above-described animal models have proven to be particularly useful to study the molecular mechanisms associated with the onset, progression, and recovery from periodontitis, different challenges also arise when we try to translate these results to human contexts. Despite the similarities between mice and human immune systems, including molecular mediators and cell subpopulations that interact during both innate and adaptive immune responses (59), there are still discrepancies that must be considered. Indeed, substantial molecular differences between murine and human growth factors and cytokines influence the course of their hematopoietic and immune system development (75). Among the most relevant differences, gingival microbiota, key molecular mediators, including immunoglobulins, cytokines, chemokines, co-stimulatory molecules, Toll-like receptors, and T-cell signaling pathways should be considered when a translational projection of results obtained in animal models of periodontitis is desired (28, 75, 76). For instance, human effector CD4+ T lymphocytes express human leukocyte antigen (HLA) molecules and regulate Foxp3 expression without necessarily acquiring an immunoregulatory phenotype, while mouse Foxp3+ T lymphocytes are mostly defined as regulatory (75, 76); thus, displaying variations that could be important in the study of periodontitis. Furthermore, the ethical and technical constraints that severely limit in vivo studies of human biology, constant evolution of human-specific diseases, resistance to microbial infections, and pharmacodynamic interactions have led to increasing demand for translationally enhanced animal models. In this context, the limitations that hinder the direct replication of outcomes predicted by murine studies into human diseases support the requirement for the generation of humanized mouse models for the study of periodontitis (77).



Humanized Mice Models

Humanized mice models, or mouse/human chimeras, have been defined as immuno-deficient mice engrafted with human primary hematopoietic cells and/or tissues capable of reconstituting a functional human immune system (HIS) (75); thus, providing an opportunity for the study of live human biological processes and affections. There are three main humanized mice models: the human peripheral blood lymphocytes (hu-PBL) model, the human stem cells (hu-HSC) model, and the human bone marrow/fetal liver/thymus (BLT) model (Figure 1), each with its distinctive advantages and limitations (Table 2).




Figure 1 | Mice humanization strategies. Mice/human chimeras originate from immunodeficient mice engrafted with different sources of human cells or tissues able to reconstitute a human-like immune response, such as (A) hu-PBL: PBMCs are obtained from healthy donors and i.v. or i.p. inoculated, (B) hu-HSCs: HSCs may be obtained from bone marrow, umbilical cord blood, peripheral blood, or fetal liver, and i.v. inoculated into either adult or newborn mice, and (C) hu-BLT: Bone marrow stem cells and tissues from fetal liver and thymus are transplanted into previously irradiated mice, specifically under the renal capsule. hu-BLT, human bone marrow, liver, and thymus; hu-HSCs, human hematopoietic stem cells; hu-PBL, human peripheral blood lymphocytes; i.p., intraperitoneal; i.v., intravenous; PBMCs, peripheral blood mononuclear cells. Created with BioRender.com.




Table 2 | The most widely used models for mice humanization.




Human Peripheral Blood Lymphocytes (hu-PBL) Model

The hu-PBL model consists of the inoculation and engraftment of human leukocytes isolated from peripheral blood, also termed peripheral blood mononuclear cells (PBMCs), via intravenous (i.v.), intraperitoneal (i.p.), intrafemoral (i.f.), intracardiac (i.c.), or intrahepatic (i.h.) injection. This is the easiest and most cost-efficient method of animal humanization due to the large quantities of human leukocytes that can be isolated from peripheral blood. Also, this model has fast engraftment kinetics, as human leukocytes can be found circulating in murine peripheral blood within days and up to 4 to 6 weeks (75, 76). Human T lymphocytes with an activated effector and memory phenotype are the main population present in this model, whereas B lymphocytes and myeloid cells are present but at much lower quantities, probably due to the dominant expansion of T lymphocytes and the lack of human cytokines required for their survival (76, 85, 86).

Technically, mice may be preconditioned with a sublethal dose of irradiation, which has been reported to facilitate engraftment and colonization of human PBMCs. Nonetheless, this step is not completely necessary for all mice platforms because the PBMC inoculum contains already mature human leukocytes that do not need to undergo differentiation in the mouse environment. Moreover, irradiation accelerates the occurrence of xenogeneic graft-versus-host-disease (GvHD), which results in reduced animal survival (87). In this context, rapid onset of GvHD is the main disadvantage of the hu-PBL model, generated by the elevated levels of activated human T lymphocytes due to MHC I and II mismatch. However, new strains of mice deficient in MHC I and/or II delay GvHD development and increase animal survival, thus widening the available experimental window (88).



Human Stem Cells (hu-HSC) Model

In the hu-HSC model, human hematopoietic stem cells (HSC) are injected and engrafted into either adult or newborn immunodeficient mice (89, 90). The CD34+ HSCs may be obtained from bone marrow, cord blood, fetal liver, or mobilized human HSCs and are injected i.v. or i.f. into adult mice or i.v. (facial vein), i.c., or i.h. into newborn mice (91, 92). Additionally, for this model to achieve effective levels of HSC engraftment, myelosuppression preconditioning with sublethal irradiation is necessary to deplete mouse HSCs. However, new mouse strains with mutations in c-Kit, a stem cell factor (SCF) receptor critical for HSC engraftment, or with transgenic expression of membrane-bound human SCF allow the successful engraftment of human HSCs without previous irradiation (93, 94). After preconditioning and inoculation, a diverse repertoire of cell populations differentiates into multiple lineages of human cells and engrafts the murine tissues. Those cells include erythrocytes, platelets, T lymphocytes, natural killer (NK) cells, dendritic cells, monocytes/macrophages, and granulocytes (89, 90, 95–97). Nevertheless, this model presents some important disadvantages, such as the lack of a functional B lymphocyte compartment, in part due to inadequate CD4+ T lymphocyte function and impaired antigen response. This is associated with the lack of HLA on the thymic epithelium and the absence of human primary lymphoid organs, and consequently, the limited differentiation of human cells inside the model.



Human Bone Marrow, Liver, and Thymus (hu-BLT) Model

The hu-BLT model consists of the surgical transplantation of human fetal liver and thymus fragments under the kidney capsule of sublethally irradiated immunocompromised mice, followed by an i.v. injection of autologous HSCs (98). This model has been described as superior to the others, as it promotes an enhanced reconstitution of secondary lymphoid organs, which contributes to HIS education and allows the systemic repopulation of multiple human immune cell lineages, including T and B lymphocytes, monocytes, macrophages, and dendritic cells. This model has been an important tool to study human T lymphocyte development, as these cells are educated in autologous thymic tissues (99, 100). Nevertheless, the hu-BLT model presents higher GvHD incidence compared with the hu-SRC model, sometimes earlier than 20 weeks after transplantation (101).




Immunodeficient Murine Hosts as Platforms for Humanization

Besides the humanization strategy, successful engraftment largely relies on the features of the animal recipient host. In this context, the development of immunodeficient mice hosts, capable of engrafting human cells or tissues, has implied a progressive succession of genetic modifications in order to avoid xenogeneic graft rejection and enable a stable reconstitution of human cells (76, 102). In brief, one of the first groundbreaking achievements was the Prkdcscid (protein kinase, DNA activated, catalytic polypeptide) mutation on the CB17 mouse strain, commonly named as SCID (severe combined immunodeficiency) (103). This mutation results in a reduced number of functional T and B lymphocytes, enabling transient engraftment of human PBMCs, HSCs, or fetal hematopoietic tissues (92, 104). Nevertheless, with aging, these mice generate autologous T and B lymphocytes, an event termed leakiness. Moreover, this animal host still presents high levels of NK cells and other innate immune cells that hinder proper human cell engraftment (76, 102).

Another approach implied the targeted mutation of the recombination-activating genes 1 and 2 (Rag1 and Rag2), which impedes the development of functional T and B lymphocytes in mice and prevents leakiness (105, 106). However, Rag1/2-deficient mice maintain a high NK cell activity, allowing limited engraftment of HSCs (76). Afterward, NOD-SCID mice were developed by crossing NOD (for non-obese diabetic) mice with the SCID strains (107). This animal host presents additional defects in innate immunity, such as the lack of complement C5, and impaired macrophage cytokine production, antigen presentation, and NK function (76, 107, 108). Even though this approach provides enhanced human HSC and PBMC engraftments (109, 110), the model also has a limited life span due to the early development of lymphomas and innate immunity residual activity mice strain (76).


NSG, NOG, and BRG Mice

Fortunately, another immunodeficient mouse strain with a targeted mutation of the Il2rg gene, which encodes IL-2 receptor γ-chain (IL-2Rγ), has been developed (89, 90, 95, 111, 112) (Figure 2). IL-2Rγ is an essential component for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 signaling and its absence in Il2rgnull mice leads to defective lymph nodes, deficient T and B lymphocyte development, affects innate immunity, and completely abolishes NK cell generation (113, 114). Besides, this mutation has promoted enhanced support of both human HSC and PBMC engraftments as compared with the previously described immunodeficient mice (76). After an extensive succession of mutations, the main immunodeficient mouse strains currently used are NOD-SCID Il2rgnull mice, which includes NOD.Cg-PrkdcscidIl2rgtm1Wjl (NSG mice), NODShi.Cg-PrkdcscidIl2rgtm1Sug (NOG mice), NOD-Rag1null Il2rgnull (NRG), and BALB/c-Rag2nullIl2rgnull or Rag2tm1FlvIl2rgtm1Flv (BRG mice). All these mice strains are able to support human tissue and cell engraftment (86, 90, 95). The characteristics, advantages, and disadvantages of each immunodeficient mouse model derived from Il2rgnull mice have been extensively reviewed in detail by Shultz et al. (75, 76).




Figure 2 | Immunodeficient mice strains prone to humanization. Several genetic modifications have enabled that immunodeficient host mice be capable of engrafting human cells or tissues without immediate xenogeneic rejection and allow a stable reconstitution of human cells. These immunodeficient mice include NSG mice, NOG mice, and BRG mice, each one with its own advantages and disadvantages summarized in the Figure. il2rg, interleukin-2 receptor subunit gamma; MHC, major histocompatibility complex; NOD, non-obese diabetic. Created with BioRender.com.



Altogether, these animal models comprise an important opportunity for the study of multiple biological processes and diseases, including periodontitis. Importantly, the selection of a model or another depends on the scientific question and experimental settings; thus, it is highly recommended to consider that the levels of functional HIS engraftment differs depending on the recipient mouse strain and humanization strategy used.




Current Challenges for Mice Humanization

Notwithstanding the accumulated successes achieved along with the development of new and more refined immunodeficient murine platforms, the development of a vigorous functional HIS following engraftment, necessary for transferable humanized models, has remained challenging. This is due to species specificity of MHC antigens, homing molecules that may impede appropriate trafficking of human immune cells, discrepancies between hematopoietic growth factors and cytokines, poor development of lymphoid architecture, and impaired class switching and affinity maturation of immunoglobulins (115).

In this context, mice humanization protocols that involve the transference of human cells into severely immunodeficient mice strains may initiate an alloreactive response in which T lymphocytes react against HLA disparities and minor antigens, resulting in the initiation of GvHD. This potentially life-threatening complication consists in the acute anti-host effector response of human T lymphocytes recognizing foreign murine MHC expressed by host recipient cells (88). While the rapid development of this disease enables preclinical testing of human immunosuppressive agents, the relatively short survival of engrafted animals given by GvHD could prevent the realization of long-term in vivo studies and the proper emulation of chronic diseases (101, 115).

In other words, as mature CD4+ T lymphocytes have been educated in the human thymic stroma, they are not tolerized to the murine antigenic environment, which leads to the rapid-onset of xenogeneic GvHD. In fact, during engraftment of human cells, GvHD onset and severity vary between donors, which seem to depend on the number of CD4+ T lymphocytes within the transferred human cells (116). Another important influencing factor is the mice strain, from which NSG mice provide a faster expansion of the human CD45+ compartment and higher engraftment levels of CD3+ T lymphocytes; however, they also have a faster rate of GvHD than, for example, BRG mice (117). Also, HSC-reconstituted mice might not be able to recognize antigens presented by HLA-DR human dendritic cells in the periphery because they are specific for murine MHC class II molecules. This negatively affects the induction of an efficient immune response, resulting in reduced Th lymphocyte activity and insufficient interactions between T and B lymphocytes, which are required for class-switch recombination (116). Thus, substantial considerations should be taken into account when selecting the ideal model to assess the immunopathogenesis and the efficacy of novel immunotherapies for periodontitis.

Despite these limitations, a significant improvement has been accomplished by the transgenic introduction of human HLA molecules into immunodeficient mice strains. For example, transgenic expression of HLA-DR4 in NRG mice has enabled the proper development of CD4+ T lymphocytes and completely functional B lymphocytes from infused HSCs of HLA-DR-matched donors (118). In addition, the complimentary removal of murine MHC class II molecules, the main target of human CD4+ T lymphocyte-mediated GvHD responses, further improved the generation of human antigen-specific immune responses in immunodeficient mice reconstituted with human cells while reducing the risk of xenogeneic GvHD development (119). Therefore, the diversity of humanized model systems represents an important set of tools for modeling pathogen interactions with human cells and tissues in vivo (120), so the consecutive overcome of their punctual limitations enlightens their potential application for the study of immunopathologies characterized by T lymphocyte-mediated aberrant responses, such as periodontitis.



Characterization of the Humanized Mice Models

Following the transplantation of human cells, an extensive engraftment characterization is often required. Indeed, clinical features of the recipient host, donor cell source, and engraftment technique have a great influence on the kinetics, extent, composition, and morphological aspects of the graft reconstitution in the different organs and, consequently, its consistency. For instance, NSG mice exhibit small, poorly developed primary and secondary lymphoid organs, which lack typical lymphoid structures and are solely composed of reticular stromal cells (75, 121). Consequently, grafted human cells, which form variably sized aggregates, are not capable of recreating the typical lymphoid tissue architecture of immunocompetent organisms (75, 121, 122). Therefore, extensive immune profiling across innate and adaptive immune cell subpopulations, including human T lymphocytes (CD3+, CD4+, and CD8+ cells), B lymphocytes (CD19+ cells), macrophages (CD68+ cells), and neutrophils (CD15+ cells), among others, should be characterized before studying the development periodontitis or any proposed therapeutic approach (123, 124).

To analyze human cell engraftment in immunosuppressed mice, flow cytometry is a cost-effective method for the characterization of cell populations through the identification of lineage-specific markers using fluorochrome-coupled antibodies (Figure 3A). Indeed, flow cytometry allows the analysis of isolated cells from different tissues or organs by quantifying the percentages and the absolute number of murine and human immune cells on each sample, starting with CD45+ cytometric gating strategy for immune cells subpopulations. Nowadays, flow cytometry technology has advanced to the capacity of measuring up to 50 parameters on a single cell; however, most flow cytometers are limited to 12-18 parameters per sample, and spectral overlap makes its analysis complex. Apart from that, immunohistochemistry analysis contributes with the tissue-specific spatial context to better understand engrafted human cell homing and distribution in mice tissues (Figure 3B), additionally helping to identify the GvHD inflammatory lesions dominated by T lymphocytes and macrophages (125–127).




Figure 3 | Humanized mice model characterization. The diversity of graft sources and receptors for humanization often needs an extensive immune cell subpopulations’ profiling in order to discriminate the desired human-like immune response from the graft-versus-host-disease (GvHD) xenogeneic immune response. For this purpose, flow cytometry and immunohistochemistry have been used. (A) Flow cytometry: The use of multiple fluorochrome-labeled antibodies allows the identification of different immune cell lineages at the same time. The CD45+ peripheral blood mononuclear cells (PBMCs) can be further classified, for example, into CD3+CD4+/CD8+ T cells, CD19+ B cells, CD16+ natural killer cells, or CD68+ macrophages, which are characteristic of a human-like periodontal immune response. (B) Immunohistochemistry: Tissue labeling allows the spatial identification of human cells in mice tissues, the visualization of their interaction with periodontal tissue-specific morphology, and the identification of GvHD lesions. Created with BioRender.com.



Despite the important information that flow cytometry and immunohistochemistry provide for the characterization of humanized mice, new high-dimensional parameter analysis tools have been introduced to accurately describe and understand the complexity of these models (128). For instance, mass cytometry offers a single-cell analysis that couples flow cytometry with mass spectrometry and is able to evaluate up to 50 simultaneous parameters without spectral overlap using markers coupled with metal isotopes (129, 130). Another novel tool is imaging mass cytometry, which also uses metal-tagged antibodies, enhancing the imaging of up to 37 protein markers on fresh-frozen or formalin-fixed paraffin-embedded tissue sections (131). These and other complemental high throughput platforms could allow the performance of a multidimensional data analysis that could allow the identification of subtle changes in periodontal immune populations (132).



Humanized Mice Models: Challenges for Their Application and Opportunities for the Study of Periodontitis

In the periodontal disease research arena, the use of humanized mice models has been increasingly gaining interest for their potential translational applicability. The first proposed model demonstrated that the engraftment of immunodeficient mice with hu-PBLs provided a conceivable animal model to study human immune responses towards periodontitis-associated antigens/pathogens (78–83).

Indeed, to characterize the human leukocyte response against the periodontopathogen A. actinomycetemcomitans, formerly termed Actinobacillus actinomycetemcomitans, a humanized animal model named Aa-hu-PBL-NOD/SCID was designed (83). NOD-SCID mice were reconstituted with periodontitis-affected patients-derived hu-PBLs and then orally inoculated with A. actinomycetemcomitans. From this experiment, relevant findings were obtained, including: i) The achievement of significant engraftment, between 30-60%, of human leukocytes (80); ii) After bacteria challenge, an increase in the number of B lymphocytes, CD4+ and CD8+ T lymphocytes, and monocytes/macrophages was observed in the periodontal compartment; however, without bacteria inoculation, human leukocytes were almost exclusively observed around bone marrow blood vessels in the proximity to the periodontium (80); iii) When CD4+ T lymphocytes were isolated from the mice oral mucosa, they revealed significantly higher activation and proliferation levels in response to bacterial infection, with a phenotype distribution similar to that observed in T-cells isolated from the periodontitis-affected donors (79); iv) An important A. actinomycetemcomitans-specific IgG antibody response was achieved and maintained over a 6 to 8 week period after bacteria inoculation (78); and v) A significant increment in the RANKL expression and alveolar bone resorption, as well as decreased OPG expression, was detected in response to A. actinomycetemcomitans infection, as compared with the absence of bacteria inoculation (82). Interestingly, when OPG was administered as a therapeutic strategy to protect mice against periodontitis, the levels of alveolar bone resorption were significantly reduced even after bacterial infection (78).

Afterward, Zhang et al. (83) assessed the role of suppressor of cytokine signaling (SOCS) molecules in A. actinomycetemcomitans-induced osteoclastogenesis by using a humanized model in which NOD/SCID mice were engrafted with hu-PBLs derived from periodontitis patients or age-matched healthy subjects. They achieved engraftment of ~30% of Hu-PBLs and concluded that the RANKL-mediated dendritic cell-related osteoclastogenesis was associated with an upregulation of SOCS and downregulation of SOCS3, the dominant-negative form of SOCS (83). Moreover, by using an HLA-DR1 humanized C57BL/6 mice model of periodontitis infected with P. gingivalis, the development of rheumatoid arthritis and its impact on bone density and systemic cytokine production were also analyzed (133). P. gingivalis gingival infection promoted a transient increase in the number of Th17 lymphocytes and higher systemic cytokine activity, femoral bone density loss, and production of anti-citrullinated protein antibodies, as compared with sham-infected mice controls (133). On the other hand, when human monocyte-derived dendritic cells were reconstituted in NSG mice to induce humanization, the exposure to a fimbriae-expressing mutant strain of P. gingivalis led to the formation of anti-apoptotic dendritic cells, which drove dampened Th1/Th17 responses and promoted a potent indoleamine-2,3-dioxygenase-dependent Treg response (84). In this context, the use of the humanized mice model accompanied by the in vivo tracking of pathogen-loaded dendritic cells contributed to validate the P. gingivalis-induced immunomodulation of dendritic cells and the intracellular bacteria persistence in distant organs. Particularly, P. gingivalis-primed dendritic cells promoted Treg activity to evade effector immune responses, by preventing the apoptosis of carrier dendritic cells and thus, favoring its systemic dissemination and survival (84).

Despite the huge progress achieved on revealing the pathogenesis of periodontitis using rodent models, the precise roles of human immune cells and molecular mediators have not been fully elucidated yet. Wild-type animal models have been extensively used to study the nature of immune response against periodontopathogens; nevertheless, oral mucosa colonizers in mice are not the same microorganisms found in human periodontal tissues (28, 134). In this context, human periodontopathogens inoculated in wild-type rodents or the induction of bacterial dysbiosis by the ligature placement around mice molars may not exactly reflect the host-microbiota interactions described in humans; thus, making the extrapolation of the findings to the human framework difficult and limited. Taking these antecedents into account, humanized mice models could provide robust physiological systems available to be exploited in the periodontal arena.

Indeed, the intricate inflammatory nature of periodontitis opens the possibility to propose the use of humanized mice models to specifically address scientific questions that might not be fully explained with conventional mice models. For instance, the first stages of the inflammatory response against periodontopathogens are enriched in mediators belonging to the innate arm of the immune response, which could be evaluated using the hu-HSCs model, as it allows the engraftment of hematopoietic precursors and further differentiation of a vast repertoire of immune cell populations (89, 90, 95–97). Nevertheless, if antigen presentation or dendritic cells are a matter of interest, this model may be inadequate as it lacks the HLA expression necessary for cell differentiation. Conversely, hu-PBLs mice models comprise a graft in which an important percentage of immune cells have already gone through a differentiation process (75, 76). Particularly, CD4+ T lymphocytes, the main cell population that settles into host tissues with this strategy, have an activated effector or memory phenotype, which means that they do not need to undergo cell differentiation into the mouse environment. In the case of periodontitis, CD4+ T lymphocytes have been identified as key cells that mediate the alveolar bone resorption (16–18); therefore, the hu-PBLs mice model would be useful to analyze committed immune-phenotype cells, not so for primary immune responses. In all these models, it is noteworthy that xenogeneic mismatch should be considered. Although it has been described from the first assays that an antigen-specific human immune response (both humoral and cell-mediated) can be achieved in SCID or NOD/SCID systems even in the presence of ongoing GvHD (135–137), the non-specific activation of human immune cells, detected, for example, as an IL-2 background production, could also occur (80). For this, MHC knockout and/or HLA transgenic mice platforms could represent a great opportunity to prevent or diminish any confounding factors given by GvHD development.

On the basis of the studies mentioned above, the use of humanized mice models for the study of the virulence of periodontal bacteria and the immunopathogenesis of periodontitis has proven to be feasible and particularly relevant (Figure 4). To ensure the success of this experimental strategy, it is highly recommended to adequately select both the murine platform and the humanization strategy, taking into account their advantages and limitations in the context of the study aims. In addition, a detailed characterization of the graft is necessary prior to any other experimental intervention, in order to ensure the standardization of humanization kinetics, adequate experimental work window, and reproducibility of the immunological findings developed in the host animal (115). Regarding therapeutic approaches, humanized animal models are an emerging topic in the field of periodontal research, so their development could be an important step in the search for innovative immunotherapeutic strategies applicable to periodontitis-affected patients.




Figure 4 | Proposal for a humanized mouse model for the study of periodontitis. The placement of bilateral silk ligatures around the second maxillary molars of hu-PBL-NSG mice provokes local bacteria accumulation, periodontal microbiota dysbiosis, and bacteremia. Consequently, this bacterial insult results in systemic dissemination of antigens, bacterial debris, virulence factors, cytokines, and chemokines. In turn, they are capable of being recognized by the engrafted human peripheral blood mononuclear cells (PBMCs), which ultimately leads to the orchestration of a human-like immune response within the periodontal tissues and lymph nodes that drain them. The resulting local expansion and differentiation of the human PBMCs would lead to the formation of a periodontal lesion, characterized by the presence of a dense inflammatory infiltrate and alveolar bone resorption. Hu-PBLs, human peripheral blood lymphocytes. Created with BioRender.com.





Concluding Remarks

The enhanced translational application and diversity of humanized mice models could innovate the way we study periodontal immune responses and consequently, prompt the designing of novel immunotherapeutics. However, there is an evolving need to overcome the complications related to the xenogeneic transfer of cells to immunodeficient hosts, which could compromise the study of this chronic disease and drug dynamics. Therefore, the proper characterization of the periodontitis humanized mice model should entail a high throughput analysis of the grafted human immune cells that repopulate the mice periodontium, potential antigen-presenting sites, and the remaining local and distal lymphoid organs. In this way, they could ensure staged profiling of the periodontitis-like immune response and avoid to the minimum its confusion with the GvHD-provoked immune response.
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Despite recent advances in immunodeficient mouse models bearing human red blood cells (hRBCs), the elimination of circulating hRBCs by residual innate immune systems remains a significant challenge. In this study, we evaluated the role of mouse complement C3 in the elimination of circulating hRBCs by developing a novel NOG substrain harboring a truncated version of the murine C3 gene (NOG-C3ΔMG2-3). Genetic C3 deletion prolonged the survival of transfused hRBCs in the circulation. Chemical depletion and functional impairment of mouse macrophages, using clodronate liposomes (Clo-lip) or gadolinium chloride (GdCl3), respectively, further extended the survival of hRBCs in NOG-C3ΔMG2-3 mice. Low GdCl3 toxicity allowed the establishment of hRBC-bearing mice, in which hRBCs survived for more than 4 weeks with transfusion once a week. In addition, erythropoiesis of human hematopoietic stem cells (hHSCs) was possible in NOG-C3ΔMG2-3/human GM-CSF-IL-3 transgenic mice with Clo-lip treatment. These findings indicate that mouse models harboring hRBCs can be achieved using NOG-C3ΔMG2-3 mice, which could facilitate studies of human diseases associated with RBCs.
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Introduction

Xenotransplantation in immunodeficient mice has become an essential in vivo model for studying human hematopoietic cell development and hematological diseases (1, 2). The most commonly used immunocompromised mouse strains are NOD/Shi-scid/IL-2Rγnull (NOG) (3), NOD/LtSz-scid/IL-2Rγnull (NSG) (4), and BALB/c-Rag2null/IL-2Rγnull (5). In the last two decades, significant efforts have been made to expand the repertoire of cell lineages (6–10) and engraft human cells to establish a functional humanized immune system (11–14). As a result, numerous mouse strains recapitulating human diseases are now available for drug discovery (15–18). However, some human hematopoietic lineages cannot be generated using the current humanized mouse models.

Human red blood cells (hRBCs) are the most abundant cells in the blood, comprising approximately 40% of the hematocrit. However, hRBCs are short-lived in experimental models, hindering progress in malaria research (19–21). The rate of differentiation of hematopoietic stem cells (HSCs) to mature hRBCs is extremely low in humanized mouse models, even though immature human erythrocytes can be found in the bone marrow (BM) of human hematopoietic stem cell (hHSC)-reconstituted NOG or NSG mice (Dr. Tatsutoshi Nakahata, personal communication) (22). The absence of mature hRBCs in the peripheral blood (PB) was also reported in the novel NSG-W41 model, which has an enhanced ability for human hematopoiesis (7, 22). Although the success of induction of hRBCs was reported in a dual humanized mouse model with human liver and hematopoietic systems during the submission of this manuscript, the frequency in total RBCs remained not more than 5% (23).

In addition, when immunodeficient mice are transfused with large amounts of mature hRBCs (i.e., when 20–40% of erythrocytes in the blood circulation are human-derived), the erythrocytes are rapidly eliminated within a few days (24, 25). Repeated injections of hRBCs every 1–2 days are necessary to overcome the poor hRBC retention and establish hRBC-bearing mice (20, 26–28). Hu et al. aimed to produce an improved hRBC-bearing mouse model by depleting macrophages and suppressing macrophage-mediated hRBCs phagocytosis. Selective depletion of macrophages using clodronate liposomes (Clo-lip) not only prolonged the survival of injected hRBCs but also allowed the development of circulating hRBCs from hHSCs in the blood of NOD/SCID and NSG mice (24). Although this model can be used for hRBC studies, repeated injections of Clo-lip are toxic or even lethal. In addition, the frequent replenishment of hRBCs by repeated daily transfusion may not recapitulate the physiology of hRBCs, indicating that current mouse models are not always suitable for long-term studies, such as modeling the life cycle of malaria parasites.

The fact that murine macrophages rapidly eliminate transfused mature hRBCs suggests that hRBCs are recognized by host innate immune cells as foreign substances by either direct or indirect mechanisms. Glycans, such as oligomannoside- and N-acetyllactosamine-type glycans, have been suggested to play a role in the recognition of hRBCs by mouse innate immune cells (29). Ishihara et al. demonstrated that mouse C3 can deposit on hRBCs and suggested the role of C3 in the elimination of hRBCs (30). In addition, Chen et al. reported that, in hRBC-transplanted NOD/SCID mice, the complement induces hRBC adherence to murine phagocytes (25), suggesting that hRBCs are opsonized by the murine complement, leading to hRBC recognition by murine macrophages.

In this study, we investigated the role of murine complement C3 in the recognition and rejection of hRBCs in vivo by establishing a novel NOG substrain harboring a truncated version of the murine C3 gene (NOG-C3ΔMG2-3). The lack of C3 prolonged the survival of exogenous hRBCs in the circulation. Gadolinium chloride (GdCl3) was reported to inhibit macrophages in the rat (31, 32) and mouse liver (33). To develop an improved method for depleting or suppressing mouse macrophages, we compared the ability of GdCl3 and Clo-lip to inhibit macrophages in NOG-C3ΔMG2-3 and NOG mice. GdCl3 and Clo-lip significantly prolonged the survival of transfused hRBCs in NOG-C3ΔMG2-3 mice. Although the effects of GdCl3 were weak compared with Clo-lip, GdCl3 was less toxic than Clo-lip; thus, transfusion of hRBCs with GdCl3 treatments once a week maintained hRBCs for an extended period. Finally, induction of hRBCs from hHSCs was achieved in hHSC-reconstituted NOG-C3ΔMG2-3/human (h) GM-CSF-IL-3 (GM3) transgenic (Tg) mice after Clo-lip treatment.

The results indicate that NOG-C3ΔMG2-3 mice practically facilitate the production of humanized mice with hRBCs and they will be a novel model to study malaria infection and other human erythrocyte-related diseases.



Materials and Methods


Mice

NOG (NOD.Cg-Prkdcscid Il2rgtm1Sug/ShiJic) (3) and NOG-C3ΔMG2-3 (NOD.Cg-Prkdcscid Il2rgtm1SugC3em1/Jic) mice were maintained at the Central Institute for Experimental Animals (CIEA) under specific pathogen-free conditions. To generate NOG-C3ΔMG2-3 mice, we used the CRISPR/Cas9 system for genome editing (34, 35). Four different guide RNA (gRNA) sequences were designed to target exons 5, 6, and 7 of the complement 3 gene. All gRNAs were cloned into the PX330 plasmid (36) and cleavage activity was confirmed using the reporter construct pCAGGS-EGxxFP (37). Both plasmids were obtained from Addgene (Watertown, MA). The genomic region containing the target exons was inserted in the middle of the EGFP gene, and the plasmid was transfected into HEK293T cells together with each gRNA-PX330 plasmid. Genome-editing success was evaluated via GFP signal rescue after cleavage of the targeted exon. Two gRNAs (gRNA1 and -4) were selected, and a mixture of the two was used for microinjection into fertilized eggs of NOG mice. The sequences of the gRNAs were as follows: gRNA1 targeting exon 5, 5’-CTTGACAGGAATGCCATCGG-3’gRNA4 targeting exon 7, 5’-CATCGATGACCCAAATGGCC-3’.



Ethics Statement

All studies involving human participants were reviewed and approved by the research ethics committee of the CIEA. Study participants provided written informed consent. All animal experiments were performed in accordance with institutional guidelines (14038, 17024, and 20043) and were approved by the animal experimentation committee of the CIEA.



Flow Cytometry and Antibodies

Murine PB was collected from the retro-orbital venous plexus using heparinized pipettes periodically under anesthesia. BM cells were obtained by flushing femurs with 1 mL phosphate-buffered saline (PBS). PB and BM samples were diluted 10- and 5-fold with PBS, respectively, and 10 μL of the diluted sample was mixed with an equal volume of antibody mixture (described below). After 20–30 min of incubation in the dark at room temperature, the samples were further diluted 15–20-fold with PBS and analyzed on a FACSCanto™ or LSRFortessa™ flow cytometer (BD Biosciences, San Jose, CA). Flow cytometry data were analyzed using FlowJo (ver. 10.7.1, BD Biosciences).

Anti-human CD235a (glycophorin A)-allophycocyanin/cyanine 7 (APC/Cy7), anti-human CD71-APC and anti-mouse TER-119-phycoerythrin (PE) were purchased from BioLegend (San Diego, CA). Fluorescent isothiocyanate (FITC)-labeled goat anti-mouse complement C3 polyclonal antibody was purchased from MP Biomedicals (Santa Ana, CA). Anti-mouse complement component C1q-PE and anti-mouse complement component C4-biotin antibodies were purchased from Cedarlane (Burlington, ON). Streptavidin-PE (StAv-PE) was purchased from BD Bioscience.



Enzyme-Linked Immunosorbent Assay (ELISA)

C3 levels in the plasma were measured using an anti-mouse complement C3 ELISA kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions.



Transplantation of hRBCs

We collected PB from healthy donors to obtain hRBCs for transfusion. The plasma and buffy coat were removed after centrifugation (400 × g for 5 min). The pellets were washed with PBS, and the RBCs were adjusted to a concentration of 1 × 1010 cells/mL. Mice were intravenously (i.v.) injected with hRBCs via the tail vein. For long-term experiments, the hRBCs were intraperitoneally (i.p.) injected once a week for maintenance after the initial transfusion.



Transplantation of hHSCs

To reconstitute the human hematopoietic system, 6–8-week-old NOG-C3ΔMG2-3, NOG/hGM3 Tg, and NOG-C3ΔMG2-3/hGM3 Tg mice were irradiated with X-rays at 160 cGy (MBR-1520R-4; Hitachi, Hitachi, Japan). Then, 5.0 x 104 or 2.5 × 104 umbilical cord blood-derived CD34+ cells (StemExpress, Folsom, CA), for NOG-C3ΔMG2-3 mice or for NOG/hGM3 Tg and NOG-C3ΔMG2-3/hGM3 Tg mice, respectively, were transplanted by i.v. injection the next day; hHSC-NOG-C3ΔMG2-3, hHSC-NOG/hGM3 Tg, and hHSC-NOG-C3ΔMG2-3/hGM3 Tg mice were thus obtained.



Chemical Treatment

Clo-lip (400 μL/kg; Hygieia Bioscience, Osaka, Japan) and GdCl3 (30 mg/kg; G7532, Sigma Aldrich, St. Louis, MO) were i.v.-injected into 6–10-week-old NOG or NOG-C3ΔMG2-3 mice via the tail vein. The injection volume was adjusted to 200 μL with saline. Control mice were injected with 200 μL of saline. Mice were injected with Clo-lip, GdCl3, or saline four times at 3–4-day intervals and were transfused with hRBCs on the day after the last injection. For long-term experiments, Clo-lip was i.v.-injected as the first treatment to ensure macrophage depletion. Thereafter, GdCl3 was administered three times by i.v. injection, at 3–4-day intervals. After the first transfusion of hRBCs, GdCl3 was administered by i.p. injection every 4–6 days for maintenance. For the induction of hRBC from hHSCs, hHSC-transplanted mice were treated with Clo-lip as described above with 3-4-days intervals at 8 weeks after hHSC-transplantation.



In Vitro C3 Deposition Assay

The mouse PB (5 μL) was diluted with 50 μL of PBS containing heparin; 3 μL of the solution was mixed with 30 μL of mouse serum from NOG or NOG-C3ΔMG2-3 mice and incubated for 30 min at 37°C. Subsequently, samples were stained with FITC-labeled goat anti-C3 polyclonal antibody for 20 min at room temperature. Then, the cells were washed with PBS and analyzed using a FACSCanto flow cytometer.



In Vivo C3 Deposition Assay

Mice were administered hRBCs (2–5 × 109) by i.v. injection and the PB was collected 3 h after the injection. The blood (10 μL) was immediately transferred to a tube containing 100 μL of cold PBS with 5 IU/mL heparin and 10 mM EDTA (PBS/heparin/EDTA) to prevent complement activation. The diluted blood (10 μL) was stained with APC/Cy7-anti-human CD235a and FITC-anti-mouse C3 polyclonal antibodies, or APC/Cy7-CD235a and biotin-anti-mouse C1q or -C4 antibodies, followed by StAv-PE for 20 min on ice. After staining, the cells were suspended in 100 μL of cold PBS/EDTA and analyzed using flow cytometry.



Histology

Tissues from mice were fixed in 10% neutralized formalin (Mildform, FUJIFILM Wako Pure Chemical, Osaka, Japan). Formalin-fixed tissues were embedded in paraffin and analyzed with either hematoxylin and eosin staining or immunohistochemistry using anti-mouse CD68 antibody (Cell Signaling Technology, Danvers, MA) or anti-F4/80 antibody (BIO-RAD, Hercules, CA). Sections were stained using a fully automated BOND-MAX system (Leica Biosystems, Mount Waverley, Australia). The images were captured using a NanoZoomer S60 scanner (Hamamatsu Photonics, Hamamatsu, Japan).



Statistical Analysis

The statistical significance of the results was determined using two-way repeated-measures ANOVA or Mixed-effects analysis using GraphPad Prism software (ver. 9.0; GraphPad Software Inc., San Diego, CA).




Results


Deposition of Mouse Complement on hRBC Surfaces in NOG Mice

To examine the fate of transfused hRBCs in NOG mice, we i.v.-injected fresh hRBCs into NOG mice and investigated their dynamics in the circulation using flow cytometry. We found that hRBCs were rapidly eliminated from the circulation of NOG mice, even when 5.0 × 109 hRBCs (equivalent to 25%–35% of total RBCs) were administered (Figures 1A, B). Mouse innate immune cells, especially macrophages, have been implicated in the rapid clearance of hRBCs (24); hence, we investigated the role of mouse complement molecules in the elimination of hRBCs by mouse innate immune cells. To evaluate the deposition of mouse complement molecules on the hRBC surfaces, PB was collected 3 h after hRBC injection and stained with polyclonal anti-mouse C1q, C3, or C4b antibodies. Significant amounts of mouse C3 fragments were detected on the transfused hRBC surfaces, whereas C1q and C4 were modest (Figure 1C).




Figure 1 | The fate of hRBCs in NOG mice. (A) PB was collected from NOG mice at 1 h, 2 days, and 4 days after hRBC transfusion. Human and mouse RBCs were distinguished based on hCD235a (glycophorin A) and Ter119 expression. A representative FACS plot is shown. (B) Kinetics of transfused hRBCs in NOG mice. PB was collected at the indicated time points, and the presence of hRBCs was assessed using flow cytometry. The value on day 0 represents the frequency of hRBCs relative to total RBCs at 1 h after transfusion. Each dot represents a value from each mouse, and the line indicates the time course of the means. (C) Deposition of murine C3 on the surfaces of transfused hRBCs. PB was collected from hRBC-transfused NOG mice at 3 h post-transfusion, stained with anti-human CD235a and anti-mouse C3, C1q, or C4 antibodies, and analyzed using flow cytometry. The upper histogram represents mouse (hCD235a-) RBCs; human (hCD235a+) RBCs are shown in the lower histogram.





Generation of C3-Deficient NOG Mice

The deposition of mouse C3 on the surfaces of hRBCs indicates that murine C3 may function as an opsonin to facilitate the recognition of hRBCs by mouse innate immune cells. To evaluate the relevance of C3 to hRBC recognition, we disrupted the mouse C3 gene using CRISPR/Cas9. Among five founder mice, one mouse had a 252-nucleotide (nt) deletion resulting in the total exclusion of exon 6 and exclusion of large parts of exons 5 and 7 (nt 614–865; Supplementary Figure 1). The resulting 84-amino-acid (aa) truncation (aa 172–255 in pro C3 molecules) corresponded to a part spanning the MG2-MG3 domains in the C3α chain (38). Despite the in-frame deletion, mouse C3 protein was not detected in the plasma by ELISA (Supplementary Figure 2A), indicating the absence of mature functional mouse C3 molecules in the circulation. Indeed, when the serum from NOG or mutant (NOG-C3ΔMG2-3) mice was incubated with hRBCs in vitro, large amounts of mouse C3 or its derivative fragments were deposited on the hRBC surfaces with the NOG mouse serum. By contrast, no signal was detected when hRBCs were incubated with NOG-C3ΔMG2-3 mouse serum (Supplementary Figure 2B), confirming that NOG-C3ΔMG2-3 are C3-deficient.



Prolonged Survival of hRBCs in NOG-C3ΔMG2-3 Mice

We then assessed the survival of transfused hRBCs in NOG and NOG-C3ΔMG2-3 mice. To this end, we transfused 5.0 × 109 hRBCs into NOG and NOG-C3ΔMG2-3 mice and evaluated their dynamics in the circulation using flow cytometry. In NOG mice, the frequency of circulating hRBCs decreased dramatically within a few days (Figures 1 and 2). The survival rates of hRBCs were 64.8% ± 11.2% at 1 day post-transfusion (dpt), 36.5% ± 16.3% at 2 dpt, and 7.7% ± 5.9% at 3 dpt; no hRBCs were detected after 4 dpt (Figure 2B). The elimination of transfused hRBCs was slower in NOG-C3ΔMG2-3 mice than in NOG mice, with hRBC survival rates of 88.8% ± 2.0% at 1 dpt, 73.7% ± 1.2% at 2 dpt, and 59.5% ± 3.4% at 3 dpt (Figure 2B). Remarkably, 44.0% ± 5.8% of the transfused hRBCs (equivalent to ~12% of the total RBCs in the mouse blood) were maintained at 4 dpt in NOG-C3ΔMG2-3 mice (Figure 2A); a significant amount of hRBCs could still be detected up to 7 days after a single transfusion (Figure 2B). The transfusion of a smaller number of hRBCs (2.5 × 108) was also tested. The frequency of hRBCs 30 min after transfusion was 1.15% ± 0.21% in NOG mice and 3.53% ± 0.42% in NOG-C3ΔMG2-3 mice, which was statistically significant. At 6 hours post transfusion, there were a few hRBCs in NOG mice, whereas 2.43% ± 0.44% of the total RBCs were hRBCs in NOG-C3ΔMG2-3 mice (Figure 2C). The decrease of the survival rate of hRBCs was more rapid in NOG mice than in NOG-C3ΔMG2-3 mice (Figure 2D), suggesting that C3-dependent elimination mechanisms are independent of the number of hRBCs. The prolonged survival of human RBCs in NOG-C3ΔMG2-3 mice was observed irrespective of the donor blood type because we obtained similar results with different donor blood types (A-type, O-type and AB-type, data not shown).




Figure 2 | Elimination of hRBCs in NOG and NOG-C3ΔMG2-3 mice. (A, C) Changes in the frequencies of hRBCs relative to total RBCs over time. PB samples from NOG and NOG-C3ΔMG2-3 mice were collected and analyzed at the indicated time points (same as in Figure 1). Each group (red line for NOG-C3ΔMG2-3 and black line for NOG) consisted of four mice (A) or six mice (C). The numbers of transfused hRBCs were 5.0 x 109 (A) and 2.5 x 108 (C). (B, D) Survival rates of hRBCs. The values in (B, D) were calculated from (A, C), respectively, as percentages relative to the value on day 0. Asterisks indicate statistically significant differences between NOG-C3ΔMG2-3 and NOG mice as determined by two-way repeated-measures ANOVA (****p < 0.0001, ***p < 0.001 and **p < 0.01).





Depletion of Mouse Macrophages by Clo-lip Extends the Survival of hRBCs in NOG and NOG-C3ΔMG2-3 Mice

Despite the extended hRBC survival in NOG-C3ΔMG2-3 mice, the survival period of erythrocytes was significantly shorter than their natural lifespan. Hence, we depleted mouse macrophages by treating NOG and NOG-C3ΔMG2-3 mice with Clo-lip, which has been previously shown to extend hRBC survival. After four Clo-lip injections at 3–4-day intervals, we transfused hRBCs into NOG and NOG-C3ΔMG2-3 mice. Consistent with the previous reports, Clo-lip extended the survival of hRBCs in NOG mice. We detected 34.7% ± 16.8% and 13.5% ± 12.1% of the initial amount of hRBCs at 4 and 7 dpt, respectively (Figures 3A, B). The half-life of hRBCs extended from 1–2 days to 2–3 days in NOG mice; nevertheless, the difference between Clo-lip-treated NOG mice and saline-treated control mice was not statistically significant (Figure 3B). By contrast, the extension of hRBC survival was profound in NOG-C3ΔMG2-3 mice. The survival rates of hRBCs were 71.9% ± 5.6% at 7 dpt, 38.9% ± 12.0% at 13 dpt, and 18.9% ± 10.1% at 21 dpt (Figure 3C); hRBC half-life was extended from 3–4 days to 10–13 days (Figure 3D). Notably, a significant number of hRBCs could be detected up to 1 month after a single transfusion of hRBCs.




Figure 3 | Prolonged survival of hRBCs after Clo-lip treatment. NOG and NOG-C3ΔMG2-3 mice were treated with Clo-lip four times at 3–4-day intervals. Mice were transfused with hRBCs at 1 day after the last Clo-lip treatment. Frequencies (A, C) and survival rates (B, D) of transfused hRBCs in NOG mice (A, B) and NOG-C3ΔMG2-3 mice (C, D). The NOG group consisted of four saline-treated and four Clo-lip-treated mice. The NOG-C3ΔMG2-3 group consisted of four saline-treated and five Clo-lip-treated mice. Two Clo-lip-injected NOG mice (on days 0 and 28) and two Clo-lip-injected NOG-C3ΔMG2-3 mice (on days 7 and 10) died during the experiment. Asterisks indicate statistically significant differences between Clo-lip-injected mice and saline-injected mice as determined using Mixed-effects analysis (****p < 0.0001, ***p < 0.001, and **p < 0.01).





GdCl3 Prolongs hRBC Survival Without Causing Phenotypic Abnormalities

Despite the prolonged hRBC survival in NOG and NOG-C3ΔMG2-3 mice after Clo-lip treatment, Clo-lip caused significant toxicity. Two of four NOG mice and two of five NOG-C3ΔMG2-3 mice died during the experiments (Figure 3), and the remaining mice exhibited aberrant phenotypes, including ruffled hair, weight loss, and a hunched posture (data not shown). Hence, alternative chemicals are required to either deplete or suppress mouse macrophages.

GdCl3 has been shown to deplete or suppress macrophages in rats (31) and mice (33). In this study, we administered 30 mg/kg of GdCl3 four times at 3–4-day intervals. This dosing was determined based on preliminary results from titration experiments (data not shown). Immunohistochemistry showed that Clo-lip induced severe depletion of F4/80-positive macrophages in the spleen and liver of NOG mice (Figure 4). Recovery of hepatic macrophages was detected at 7 days post Clo-lip treatment, and a few macrophages were detected in the spleen. In contrast to Clo-lip, GdCl3 did not deplete macrophages in the liver of NOG mice, although there were some morphological changes such as swelling (Figure 4A). GdCl3 also induced a mild reduction of macrophages in the spleen (Figure 4B). Notably, GdCl3 treatment did not cause significant toxicity, in sharp contrast to Clo-lip. GdCl3-treated mice did not develop overt phenotypic abnormalities, and, although the mice experienced a slight weight loss early after GdCl3 treatment, mouse weight returned to physiological levels at 1 week after treatment (Supplementary Figure 3).




Figure 4 | Effects of Clo-lip and GdCl3 on macrophages in NOG mice. NOG mice were administered saline, Clo-lip, or GdCl3 four times at 3–4-day intervals. Livers (A) and spleens (B) were excised at 1, 3, or 7 days after the last treatment. Tissue macrophages were detected with anti-F4/80 antibody and visualized using diaminobenzidine (brown). Representative images are shown.



Importantly, GdCl3 treatment of NOG and NOG-C3ΔMG2-3 mice before hRBC transfusion significantly extended the survival of hRBCs. In NOG mice, hRBC half-life was extended from 1–2 days to approximately 4 days after transfusion (Figures 5A, B). The extension of hRBC survival was confirmed in NOG-C3ΔMG2-3 mice, where GdCl3 increased hRBC half-life from 2–4 days to nearly 8 days. At 12 dpt, 18.3% ± 6.6% of the initial hRBC count was retained, which was equivalent to ~5% of the total RBC count in the mouse blood (Figures 5C, D). The effects of GdCl3 were also confirmed in NOG mice with a smaller number of hRBCs (2.5 × 108) (Supplementary Figure 4).




Figure 5 | Prolonged survival of hRBCs in NOG-C3ΔMG2-3 mice treated with GdCl3. NOG and NOG-C3ΔMG2-3 mice were treated with GdCl3 four times at 3–4-day intervals. Mice were then transfused with hRBCs at 1 day after the last Clo-lip treatment. Frequencies (A, C) and survival rates (B, D) of transfused hRBCs in NOG mice (A, B) and NOG-C3ΔMG2-3 mice (C, D). The NOG group consisted of three saline-treated and four Clo-lip-treated mice. The NOG-C3ΔMG2-3 group consisted of three saline-treated and six Clo-lip-treated mice. Asterisks indicate statistically significant differences between Clo-lip-injected mice and saline-injected mice as determined using two-way repeated-measures ANOVA (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05).



Notably, GdCl3 did not cause significant toxicity in NOG or NOG-C3ΔMG2-3 mice, and no deaths occurred during the experiments (data not shown).



Long-Term Maintenance of hRBCs by Multiple Injections in NOG-C3ΔMG2-3 Mice

After confirming prolonged survival of hRBCs in NOG-C3ΔMG2-3 mice, multiple injections of hRBCs and GdCl3 were administered to maintain the level of hRBCs in the circulation for an extended period. To ensure initial elimination of mouse macrophages, Clo-lip was administered as the initial treatment, followed by three GdCl3 treatments at 3–4-day intervals. After pretreatment, 5.0 × 109 hRBCs were administered to NOG mice on day 0, and GdCl3 was administered on days 2, 5, and 8 by i.p. injection. Consecutive administration of GdCl3 did not prolong the survival of hRBCs in NOG mice. The additional administration of 5.0 × 109 hRBCs by i.p. injection on day 5 transiently increased the amount of hRBCs on the following day; however, they rapidly decreased thereafter (Supplementary Figure 5). NOG-C3ΔMG2-3 mice showed better results. After pretreatment, 5.0 × 109 hRBCs were administered both by i.v. and i.p. injections on day 0, to increase the initial loading amount. Thereafter, GdCl3 was i.p.-injected every 4–6 days, and 5.0 × 109 hRBCs were administered by i.p. injection once a week for 3 weeks. The proportion of hRBCs in PB was around 25% after the first injection of hRBCs, and gradually increased with every hRBC injection (Figure 6). The proportion of hRBCs in two mice reached nearly 100% by day 15 and was maintained for 2 weeks. The other two mice showed about 80% chimerism by day 28. During the experiment, one mouse died on day 20; all of the other mice were healthy. These results indicate that NOG-C3ΔMG2-3 mice are significantly superior with respect to the maintenance of hRBCs compared with NOG mice.




Figure 6 | Long-term stable maintenance of hRBCs by repeated administration of hRBCs and GdCl3 in NOG-C3ΔMG2-3 mice. NOG-C3ΔMG2-3 mice were treated with Clo-lip once, and subsequently with GdCl3 three times at 3–4-day intervals. Mice were transfused with i.v. (5.0 × 109) and i.p. (5.0 × 109) injections of hRBCs on the next day of the pretreatment cycle, to increase the initial number of hRBCs and avoid transient polycythemia. GdCl3 was administered every 4–6 days to suppress murine macrophages. hRBCs were i.p.- injected every 7–8 days. The NOG-C3ΔMG2-3 group consisted of five mice. The average numbers of hRBCs at the indicated time points are shown, along with the values from each individual mouse. Blue arrow heads and red arrow represent administration of GdCl3 and hRBC supplementation, respectively.





Induction of Human RBCs From Human HSCs

Long-term maintenance of transfused hRBCs in NOG-C3ΔMG2-3 mice allowed for examination of the differentiation of hRBCs from hHSCs. Our preliminary experiments suggested that Clo-lip, but not GdCl3, induced a few hRBCs (not greater than 1% in PB) in hHSC-NOG-C3ΔMG2-3 mice. Thus, we used NOG-C3ΔMG2-3/hGM-CSF-IL-3 (hGM3) Tg mice to enhance erythropoiesis and human myelopoiesis (15). The proportion of hRBCs in some hHSC-NOG-C3ΔMG2-3/hGM3 Tg mice reached approximately 8-10% in PB after three-time injections of Clo-lip. However, nearly half of the mice both in the NOG-C3ΔMG2-3/hGM3 Tg and hHSC-NOG/hGM3 Tg groups died during the experiments, resulting in a large variance and the absence of a statistical significance between these two groups (Figure 7A). The BM analysis showed an enhanced development of human erythrocytes in the NOG-C3ΔMG2-3/hGM3 Tg and hHSC-NOG/hGM3 Tg mice (Figure 7B). About 40% of them were CD71+ CD235a+ immature erythrocytes, indicating the erythropoiesis from hHSC in the BM (Figure 7C).




Figure 7 | Induction of hRBCs from hHSCs in NOG-C3ΔMG2-3/hGM3 Tg mice. (A) Development of hRBCs in hHSC engrafted mice. hHSC-NOG-C3ΔMG2-3/hGM3 Tg (n=13), hHSC-NOG-C3ΔMG2-3 (n=15), or hHSC-NOG/hGM3 Tg (n=10) mice were treated with Clo-lip 8 weeks after HSC transplantation. PB was collected at the indicated time points and analyzed using flow cytometry. Note that six, nine and four in the hHSC-NOG-C3ΔMG2-3/hGM3 Tg, hHSC-NOG-C3ΔMG2-3, or hHSC-NOG/hGM3 Tg died during the experiments. Asterisks indicate statistically significant differences between hHSC-NOG-C3ΔMG2-3 and hHSC-NOG/hGM3 Tg mice as determined using Mixed-effects analysis (****p < 0.0001, **p < 0.01, and *p < 0.05). (B, C) Analysis of BM. BM cells from mice in (A) were collected 15 days after the initial Clo-lip treatment and stained with anti-hCD235a and anti-hCD71 antibodies. Representative FACS plots are shown with the frequency of human CD235a+ cells in total RBC (B). The frequencies of CD71+ immature hRBC in human CD235a+ hRBCs are shown with the representative FACS histograms (C).






Discussion

In this study, we investigated the molecular mechanisms underlying the rapid elimination of hRBCs from mouse circulation and identified mouse C3 as a critical mediator of hRBC depletion. We generated a C3-deficient NOG mouse strain, NOG-C3ΔMG2-3, in which clearance of transfused hRBCs was significantly slower than in NOG mice. Chemical depletion or suppression of mouse macrophages in NOG-C3ΔMG2-3 mice further extended the survival of transfused hRBCs; thus, repeated administration of less toxic GdCl3 and hRBCs produced stable hRBC-bearing NOG-C3ΔMG2-3 mice for more than 4 weeks.

The intolerance to hRBCs of NOG mice highlights the ability of innate immune cells to recognize xenogeneic cells and tissue. The innate immune system captures a wide variety of exogenous and “self-derived” antigens via multi-layered molecular systems involving Toll-like, lectin, and scavenger receptors. We hypothesized that the transfused hRBCs were exposed to soluble innate factors in the circulation, thereby contributing to their rapid clearance. The results showed deposition of mouse complement molecules on hRBCs, indicating that these molecules act as opsonins covering the surfaces of transfused hRBCs. A role of complement factors in hRBC elimination has previously been suggested (30). Chen et al. also recently reported that murine complement depletion by cobra venom factor (CVF) significantly prolonged the survival of infused hRBCs in NOD/SCID and NOD/SCID β2m-deficient mice treated with Clo-lip (25). In our NOG-C3ΔMG2-3 mice, genetic C3 depletion was sufficient to significantly extend the survival of hRBCs without Clo-lip treatment. CVF treatment may not completely eliminate complement molecules in mice.

Despite the prolonged survival of hRBCs in NOG-C3ΔMG2-3 and macrophage-depleted NOG mice, the hRBC lifespan in the mice was significantly shorter than the natural lifespan of hRBCs (up to 120 days). Notably, there was a synergistic effect between C3 deficiency and depletion of mouse macrophages. This was most evident during the initial 4 days after hRBC transfusion. NOG-C3ΔMG2-3 and Clo-lip-treated NOG mice showed a 50% reduction of hRBCs at 4 dpt, while there was a 15–20% reduction in Clo-lip-treated NOG-C3ΔMG2-3 mice; this synergy indicates that two major mechanisms, macrophage-dependent and C3-dependent, independently promote hRBC elimination in NOG mice. Considering the expression of C3 receptors in macrophages, these two mechanisms would be partially, but not totally, overlapped. In addition, a significant decay of hRBCs in Clo-lip-treated NOG-C3ΔMG2-3 mice in the early phase after Clo-lip treatment indicates that mechanisms independent of C3 or macrophages are likely involved to some extent. Because macrophages recover around 7 days after depletion by Clo-lip, hRBCs would be exposed to macrophage-dependent mechanisms and eliminated in the later phase.

The histological analysis of hRBC distribution in NOG mice showed engulfment of hRBCs by mouse CD68+ macrophages in the spleen and liver at 24 hours after hRBC transfusion (Supplementary Figure 6), indicating that transfused hRBCs are trapped in the reticuloendothelial system. The molecular mechanisms underlying the engulfment by macrophages remain to be clarified. Humoral molecules, including C3, may facilitate phagocytosis as opsonins. In addition, macrophages may have unique receptors that directly recognize surface antigens on hRBCs. Siglec-1 was previously reported to bind xenogeneic RBCs (39, 40) and this mechanism may be responsible for the elimination of hRBCs. Regarding C3-dependent mechanisms, because NOD mice lack a functional C5 gene due to the hemolytic complement (Hc) mutation (41, 42), the effects of C3 on hRBC clearance could be mediated by cellular mechanisms rather than complement cascade-dependent lysis, which requires the activation of C5–C9 molecules. C3 may induce phagocytic cells, including both macrophages and non-macrophages, to eliminate hRBCs. Alternatively, C3-dependent mechanisms may sequester hRBCs in some tissues independent of phagocytosis, although this remains to be clarified.

Treatment with chemical compounds to suppress mouse macrophages is required to maximize the utility of hRBC-infused NOG-C3ΔMG2-3 mouse models. In the present study, hRBCs were maintained in NOG-C3ΔMG2-3 mice for nearly one month by weekly injections of hRBCs and GdCl3. Since, current protocols for maintaining hRBCs in immunodeficient mice require daily injections of hRBCs, our model practically facilitates the production and handling of hRBC-engrafted mouse models. In addition, the time required for replenishment of hRBCs in NOG-C3ΔMG2-3 mice is significantly longer than that in conventional NOG mice, which facilitates recapitulation of the erythrocytic cycle of malaria parasites, in which infection and rupture of hRBCs occur repeatedly.

The comparison of three different mouse strains with hHSCs indicates that there are several requirements for establishing hRBC-engrafted models. Firstly, the enhanced difference of human erythropoiesis in NOG-C3ΔMG2-3/hGM3 Tg or NOG/hGM3Tg mice compared to NOG-C3ΔMG2-3 mice indicates that human GM-CSF and IL-3 play a dominant role in human erythropoiesis in the BM. Secondly, the relatively higher frequency of mature hRBCs in the PB in NOG-C3ΔMG2-3/hGM3 Tg than in NOG/hGM3Tg mice showed the importance of C3 deficiency. Considering the similar level of erythropoiesis in the BM in these two strains, however, C3 deficiency would facilitate accumulation of hRBCs in the periphery rather than promoting erythropoiesis. In addition to these two requirements, strong elimination of mouse macrophages is essential. It would be supportive that a paper by Song demonstrated that simultaneous transplantation of human liver and HSC achieved the development of hRBC from human HSC in MISTRG mice with the additive genetic deficiency in the fumarylacetoacetate hydrolase gene (Fah-/-) (23). This model strongly enhances human hematopoiesis by human M-CSF, IL-3, GM-CSF, and thrombopoietin (9). In addition, after reconstitution of human liver, the dual chimera mice with human liver had decrease amounts of mouse C3 and mouse Kupffer cells. Hence, this model and ours have some similarities. Indeed, chimeric ratio of hRBC in the PB was close between these two models.

In conclusion, NOG-C3ΔMG2-3 mice were shown to be suitable for producing a long-term hRBC-bearing mouse model. Further studies are needed to identify the molecular mechanisms underlying macrophage-mediated hRBC elimination, for the generation of better mouse models in which hRBCs can survive for an extended period, ideally close to their natural life span, without using Clo-lip or GdCl3.
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Experimental Description Requirements Advantages and Biological Approaches Limitations References
Periodontitis

Model Technical Biological Application and Plausibility
Advantages
Oral gavage/oral  Inoculation of live human bacteria, 1) Anaerobic/capnophilic culture 1) Allows the precise 1) Promotes periodontal inflammation and 1) Not fully effective to induce (7,25,
infection such as Pg, Aa, and/or Fn, viaan  and bacteria-compatble animal  enteric administration  progressive alveolar bone resorption consistent  periodontal lesions. It 33-39)
oral-esophageal-gastric cannula or a  facilties. of bacteria. with a chronic form of periodontiis. generates less alveolar bone
micropipette into the mouse digestive 2) Constant monitoring and 2) It can be performed  2) Allows the bacterial invasion of mice oral loss compared with other
system. standarization of bacteria MOI.  without anesthesia.* tissues and bacteremia during a relatively long ~ models.
* Gut microbiota dysbiosis and There is no consensus regarding period of time (4-8 weeks). 2) Muliple inoculations in a
bacteremia favors chronic low-grade  the ideal concentration or 3) The sustained systemic microbial challenge  long period of time (4-8 weeks)
inflammation similar to periodontitis.  quantity of inoculated bacteria. and low-grade systemic inflammation resembles are needed unti disease
the chronicity of periodontis. development. Increased animal

4) Enables the study of the association between  stress and risk of esophageal
systemic conditions and periodontitis-associated  lesions.

bacterial strains. Depending on the MOI and 3) Effectiveness depends on
bacterial strain, it can also favor gut dysbiosis,  the used bacterial strain and its
joint inflammation, atheroma formation, and virulence.

neurainflammation. 4) Not fully compatible with

immunocompromised mice
strains and humanized mice

models.
Periodontal Localized microinjection of live 1) Anaerobic/capnophilic culture 1) Semi-precise local 1) Promotes periodontal inflammation and 1) Not fully efective to induce (6, 18, 35,
inoculation of human bacteria into mouse vestibular - and bacteria-compatible animal administration of alveolar bone resorption consistent with a chronic - periodontal lesions. It 40-42)
bacteria or palatal mucosa. facilties. bacteria. form of periodontitis. generates less alveolar bone
* Mucosal infection and local 2) Constant monitoring and 2) Enables the study of specific periodontal host-  loss and inflammatory
bacterial challenge induce alocal  standardization of bacteria MOI. bacteria interactions associated to infection, such  response compared with other
immune response capable of 3) Constant anesthesia as PRR-antigen interaction. models, such s ligature.
generating periodontal lesions. supplementation and post- 3) Useful for the study of virulence/immunogenic/  2) Repetitive injection regimen
intervention animal surveilance. pathogenic differences between periodontitis-  (2-3 per week) and mid-long
There is no consensus regarding associated bacteria. experimental period until
the ideal concentration or disease development (20-45
quantity of inoculated bacteria. days).
Oralandanal  Topical administration of a mixture of 1) Anaerobic/capnophiic culture 1) Minimal or no 1) Allows the bacterial invasion of mice oral 1) Unprecise administration of ~ (43-45)
inoculation of 3%CMC and periodontitis-associated and bacteria-compatible animal trauma to the mouse  tissues and bacteremia during a relatively long bacteria.
periodontitis- bacteria, such as Pg, into the mouse  facilties. mucosa. period of time (4-8 weeks). 2) Gut dysbiosis and faecal
associated oral cavity and anus. 2) Constant monitoring and 2) It can be performed 2) Promotes periodontal inflammation and bacteria can be confounding
bacteria * Mice coprophagia promotes standarization of bacteria MOI.  without anesthesia.* alveolar bone resorption consistent with a chronic  factors.
continuous re-infection and form of periodontitis. 3) Consecutive application
establishment of chronic oral 3) The sustained systemic microbial challenge  regimen (8 days) and mid-ong
microbial challenge. and low-grade systemic inflammation resembles  experimental period unti
chronicity of periodontits. disease development (8

4) Enables the study of the association between  weeks).
systemic affections and periodontitis-associated  4) Not fully compatible with

bacterial strains. immunocompromised mice
strains and humanized mice
models.
Periodontal Local microinjection of known 1) Skilled operator. 1) It does notneed 1) Promotes periodontal inflammation and 1) Repetitive injection regimen (18, 46-50)
inoculation of  bacterial components, derived or not 2) Constant anesthesia bacterial culture' o alveolar bone resorption consistent with an (2-3 per week)
isolated bacterial  from periodontitis-associated supplementation and post- their inoculation. acute/aggresive form of periodontits. 2) It does not emulate bacteria-
antigens bacteria, such as LPS. The intervention animal surveilance.  2) Compatible with ) Induces low-grade systemic inflammation (n  host interaction, essential
inoculation is carried out into mouse  There is no consensus regarding  immunocompromised  the case of LPS) when applied for at least 2 during periodontitis.
vestibular or palatal mucosa the ideal concentration or mice strains and weeks. It can provoke cortical lesions,
* Bacterial antigens directly elicit the  quantity of inoculated bacterial  humanized mice neuroinflammation, and arthritc lesions.
mouse immune response. antigen for the model. models. 3) Enables the study of the specifc interaction of
PAMPs with the host immune response.
Chemically- TNBS and/or DSS are orally 1) Experiment can last between 7 1) It does notneed 1) Promotes periodontal inflammation and 1) It does not emulate bacteria- (51, 52)
induced delivered weekly and/or biweekly. 10 18 weeks, with weekly or anesthesia nor progressive alveolar bone resorption consistent  host interaction, essential
periodontitis « DDS targets the innate immune biweekly interventions. bacterial culture. with a chronic form of periodontitis. during periodontitis.
response by undermining the 2) Compatible with 2) Induces low-grade systemic infiammation, 2) Not full effective to induce
epithelial barrier and inducing ROS immunocompromised  including colon and ver lesions. periodontal lesions. It
production. TNBS induces a T-cell mice strains and 3) Allows the study of the association between  generates less alveolar bone
mediated response. humanized mice gut mucosal and oral mucosal inflammation. loss compared with other
models. models, such as ligature.
Ligature-induced ~ Placement of a retentive ligature, 1) Highly skilled operator, with 1) Compatible with 1) Promotes acute periodontal inflammation and 1) Risk of mechanical trauma if (20, 23, 29,
periodontitis usually sik, around or at the optional magnification devices.  immunocompromised  rapid alveolar bone resorption resembling an not performed by calibrated  32-35, 53,
interproximal spaces of the mouse  2) Most models use sik sutures  mice and humanized  acute/aggresive form of periodontits. operator. 54)
tooth. around maxillary second molars,  mice models. 2) Compatible with the current oral dysbiosis- 2) Animals need to be
* Accumulation of bacterial biomass  though there is no consensus  2) Minimal traumato  associated periodontitis pathogenesis paradigm.  constantly checked for ligature
favors the development of a dysbiotic regarding the place or width/  the mouse mucosa. 3) Induces low-grade systemic inflammation, also ~position.
microbiota capable of inducing a length of the ligature or the need  3) Allows the. compatible with periodontitis definition. 3) No sustained bone loss after
local mucosal immune response and  of its renewal. collection of mouse  4) Alows the study of local immune response  prolonged periods of time,
periodontal lesions. gingival crevicular  against inespecific bacterial challenge and unless combined with bacteria
fuid. alveolar bone regeneration after ligature removal.  inoculation or gavage; thus,
5) When combined with oral gavage or not resembiing periodontitis

periodontal inoculation, it can be useful for the  chronicty.
study of virulence/immunogenic/pathogenic
difierences between periodontiis-associated

bacteria.

Calvaria Suboutaneous inoculation of 1) Anaerobic/capnophiic culture 1) Semi-precise local 1) Promotes acute subcutaneous inflammation 1) Abscess formation does not  (55-58)
inoculation of  periodontitis-associated bacteria, and bacteria-compatible animal  administration of and rapid alveolar bone resorption, resembling an - resemble a periodontits lesion.
periodontitis- mostly Pg, at the skull midiine facilities. bacteria. acute/aggresive form of infectionvinflammation- 2) Not fully compatible with
associated between the ears and eyes, 2) Constant monitoring and 2) Does not require a  induced bone resorption. immunocompromised mice
bacteria « The injection induces the formation  standarization of bacteria MOL.  skilled operator. 2) Allows the study of the immunogenic and strains and humanized mice

of an abscess, acute local There is no consensus regarding pathogenic potential of bacteria. modes.

inflammation, and adjacent bone the ideal concentration or

resorption. quantity of inoculated bacteria.

A, Aggregatibacter actinomycetemcomitans; CMC, carboxymethyl celliose; DSS, dextrane sulte sodium; Fn, Fusobacterium nucleatum; LPS, lipopolysaccharide; MO, multiplicity of infection; PAMPS, pathogen-associated moleculer
pattes; Pg, Porphyromonas gingivalis; PRR, pattem recognition receptor; ROS, reactive oxygen species; TNBS, 2,4,6-Trinitrobenzene sulfonic acid.

“The use of isofluorane anesthesia is recommended in some pubications to reduce the provoked stress and the incidence of esophageal lesions during oral gavage.

1Same authiors would prefar 1o exdract bacteriaf companents. such as LPS. from their own bacteria culiures.
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Humanized Description Requirements Advantages and Biological Approaches Limitations ~ References

Mice Model of its use in
Advantages Biological Application and periodontitis
Plausibility studies
Human Inoculation and Preconditioning with a 1) The easiest and most 1) Effector and memory T lymphocytes 1) Short (78-84)
peripheral engraftment of sublethal dose of cost-efficient method for  are the main human cell populations experimental
blood PBMCs, via iradiation faciitates  mice humanization. present in this model. Method of choice  window, due to
lymphocytes  intravenous, human cell 2) Abundance of human  for the analysis of CD3* T lymphocytes.  rapid onset of
(hu-PBL) intraperitoneal, engraftment PBMCs available for mice e T lymphocytes, particularly Th17 GvHD (4 to 8
model. intrafemoral, (Optional). engraftment. lymphocytes, have a vital role during weeks).
intracardiac, or 3) Fast human cell oral mucosal immune surveillance and 2)GvHD is
intrahepatic injection. engraftment kinetics. periodontitis immune response, by faster if
Human cells are producing IL-17A, chemoattracting preconditioning
observed in mice blood neutrophils, and promoting RANKL irradiation is
within days and up to 4 upregulation. performed.
to 6 weeks after their 3) Low
inoculation. engraftment of
primary immune
response cells.
Human stem  Inoculation and Preconditioning with a 1) Allows the 1) Allows the engraftment of human 1) Limited No study.
cells (hu- engraftment of CD34"  sublethal dose of humanization of adult and  erythrocytes, platelets, T lymphocytes, engraftment of
HSC) model. HSCs obtained from irradiation allows the ~ newborn mice. NK cells, dendritic cells, monocytes/ B lymphocytes,
bone marrow, cord depletion of mouse 2) Mouse strains with macrophages, and granulocytes. and if it occurs,
blood, or fetal liver, via  HSCs and facilitates mutations in receptor c-  ® The granulocyte (neutrophil)/Th17 they are
intravenous, human HSCs Kit or transgenic lymphocyte axis is vital during oral generally non-
intrafemoral, engraftment expression of SCF allow  mucosal immune surveillance and functional.
intracardiac, or (Conditional to mouse  the successful periodontitis immune response. 2) Impaired
intrahepatic injection.  strain). engraftment of human * Monocyte/macrophage immune cell
HSCs without the subpopulations, including subsets M1 differentiation
necessity of and M2, have a role in pro-inflammatory  due to lack of
preconditioning cytokine production and inflammation thymic HLA.
irradiation. resolution/healing during periodontitis.

* Dendritic cells are the major antigen-
presenting cells during periodontitis.
* NK cells have a role during periodontal

inflammation.

Human bone  Surgical transplantation  Preconditioning with a 1) Development of a 1) Allows the engraftment of human 1) High No study.
marrow/fetal  of human fetal liver and - sublethal dose of robust mucosal human T lymphocytes, B lymphocytes, incidence of
iver/thymus  thymus fragments irradiation allows the immune system. monocytes, macrophages, and GVHD, that
(BLT) model. under the kidney depletion of mouse 2) Promotes an dendritic cells. limits the time

capsule of mice, HSCs and facilitates  enhanced reconstitution  2) Very useful for the study of human window for

followed by an human HSCs of secondary lymphoid T lymphocytes, due to the fact that experimentation.

intravenous injection of ~ engraftment organs. these cells maturate in the transplanted

human HSCs. (Necessary). 3) Reconstitution of autologous thymic tissues.

lymph nodes allows the * The development of a robust human-

constant repopulation of  like mucosal immune system could be

human immune cells. compatible to emulate an intricate
network of human-like periodontal
immune responses, with a constant
expansion and activation of resident and
infiltrating immune cells, similar to
human periodontitis lesions.

GvHD, xenogeneic graft-versus-host-disease; HLA, human leukocyte antigen; PBMCs, peripheral blood mononuclear cells; SCF, stem cell factor; NK, natural killer.
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Humanized Mouse Model
Current Genoration Models
HSCOKO/BRG

HSCNOG

HSCNSG
HSCNRG.

NSGBLT

Next Generation Models.

HSC.DRAG"
HSC.ORAGA"

HSC.BROST
HSC BROSAZDR"

NSGW-NeoThy

HSCNOG-EXL

HSC NSGS/NSG-SGM3.

HSC-SRG-15

HSCNSG-15

HSCMITRG
HSCMSTRG

Human immune cell reconstitution

PB: CD45+ ympiocytes, CDA T cals, CDB+ T cals
BM: CDIS hmphocyles, matu and immature 8 osls
LT: CD45+ hmphocytes, CD3» T cals, CDA4s T cols, CDB T cols, T reguatory cols, mature and immatueo 8 cols

PB: CD45:+ ympocytes, G0+ T cal, immature B cols
BM: CDS: ympocytes, imature B cels
LT: GD45+ hmphacytes, CDAs T csls, CDB+ T cols,immature B ool

PB: 003+ T cols, immature 8 cols.
BM: CD5:+ hmphocytes, mature and immature B ool immatueo NK cols
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Name Virus strains Position Sequence  Score (%)
Z1 ZIKV-shared 16 MLKRGVARV 25
J1 SA14 16 MLKRGLPRV 1.5
Z2 ZIKV-shared 283 LLIAPAYSI 0.7
J2 SA14 287 LLVAPAYSF 24
Z3 ZIKV-shared 741/745* SLFGGMSWF 4.9
J3 SA14 745 TLFGGMSWI 1.4
Z4 MR766 1218 HLALVAAFK 3.8
J4 SA14 1222 HLALIAVFK 3.9
z4 SPH2015/SZWIV01 1222 HLALIAAFK 3.5
Z5 ZIKV-shared 1404/1408* GLLIVSYVV 0.5
J5 SA14 1410 GLMAVSYVV 0.2
Z6 ZIKV-shared 1538/1542* VMQEGVFHT 1.7
J6 SA14 1544 VMYENVFHT 0.8

ZIKV (all strains) and 1812/1816/1
Z17 JEV-shared 818+ FMTATPPGT 3.1
Z8 ZIKV-shared 1856/1860* KTVWFVPSV 1.8
J8 1862 KTVWFVASV 21
29 ZIKV-shared 2229/2233* LLLVVLIPE 24
J9 SA14 2236 LLMVVLIPE 22
Z10 ZIKV-shared 2294/2298* SMDIDLRPA 3.3
J10 SA14 2303 SMALDLRPA 3
ZIKV (all strains) and 2774/2778/2

Z/J11 JEV-shared 786 NLGSGTRAV 1.1
212 MR766 2836 SLVNGVVRL 1.9
J12 SA14 2848 SLVNGVVKL 21

z12 SPH2015/SZWIV01 2840 SLINGVVRL 1.1
Z13 ZIKV-shared 2990/2994* AIWYMWLGA 3.9
J13 SA14 3002 AIWFMWLGA 4
214 ZIKV-shared 2993/2997* YMWLGARFL 0.4
J14 SA14 3005 FMWLGARYL 0.3
Z15 ZIKV-shared 3008/3012* FLNEDHWMG 3.3
J15 SA14 3020 FLNEDHWLS 1.8
ZIKV (all strains) and 3291/3295/3
Z/J16 JEV-shared 305 RLMANAICS 22
Jiz17 MR766/SA14 3292/3306 LMANAICSA 1.5
z17r SPH2015/SZWIV01 3296 LMANAICSS 6.8
218 MR766 3322 MTTEDMLMV 3
J18 SA14 3336 MTTEDMLQV 3.6
Z18 SPH2015/SZWIV01 3326 MTTEDMLVV 3.4
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Types

HBV-Trimera

uPA-SCID

FRG KO

TK-NOG

HIL

AFC8

A2/NSG/Fas

uPA-NOG

FRGN

HIS-HUHEP

FRGS

Advantages

* Firstimmunodeficient mouse model transplanted with ex vivo

human liver tissues isolated from HBV* patients

Hepatect and reverse transcriptase inhibitors reduced vireria

invivo

First transgenic mouse model to repopulate human
hepatocytes in diseased livers of mouse recipients
Exhibited high levels of HBV repiication

Good pre-cinical model for anti-viral applications
Mouse hepatic injury can be controlled with NTBC cycling
Immunodeficient background to permit better human
hepatocyte engraftments

Robust expansion of mature human hepatocytes (mg/mi
hALB levels)

Exhibited high levels of viremia and persistent HBV'
Suitable for studying HBV life cycle

Good pre-cinical model for anti-viral applications

Immunodeficient background which requires non-toxic drug
GOV to destroy mouse hepatocytes in order to accommodate

human ones

Exhibited high levels of viremia

Mainly used for drug screening purposes

Human immune liver mice generated by transplantation of
CD34* HSCs derived from fetal liver

Exhibited functional human T cell responses toward HCV/HBV

and developed liver pathogenesis
Identification of anti-GM-CSF therapy against HB\V-induced
Iiver fibrosis

First dual humanized mouse model established with functional
hurman immune system and up to 30% humanized mouse liver
Generated by co-transplantation of CD34* HSCs and hepatic

progenitors from same donor

Exhibited functional human T cell responses toward HCV and

developed liver inflammation

Transgenic mouse model expressing HLA-A2 to study
antigen-specific T cell responses to HBV

Generated by co-transplantation of CD34*+ HSCs and hepatic

progenitors from same donor

Murine Jo2 induced mouse liver damage

Mice displayed long term viral persistence

Mice developed HBV-induced liver fibrosis, infiltration of T
lymphocytes and high accumulation of macrophages
UPA expression on NOG mouse strain has longer ifespan
compared to SCID background

Iradiation was replaced with treosulfan for HSC engraftment
Generated with HLA-mismatched HSCs and mature human

hepatocytes from different donors

UPA-NOG mice displayed hemato-lymphoid reconstitution
and expansion of human hepatocytes

No signs of GVHD

Quicker complete liver humanization than FRG KO mice
Larger ltter size & body weight compared to FRG KO mice
Iradiiation was replaced with busuifan

Generated with HLA-mismatched HSCs and mature human

hepatocytes from different donors

Displayed hemato-lymphoid reconstitution and expansion of

human hepatocytes
No signs of GVHD

Generated with HLA-mismatched HSCs and mature human

hepatocytes from different donors

Displayed hemato-lymphoid reconstitution and expansion of

human hepatocytes

No signs of GVHD

Exhibited high levels of viremia and persistent HBV
Nucleoside analogs reduced viral titers and restored naive
human immune profiles

Human hepatocyte-like cells ("HLCs) derived from hIPSCs can
differentiate and expand in FRGS mice (~40% liver chimerism)

Human bone mesenchymal stem cells (NBMSCs) can
differentiate and expand in FRGS mice with ~58.7% liver

chimerism in addition to multiple human immune cell lineages

Exhibited high levels of viremia and persistent HBV
HBV-infected hBMSC-FRGS mice developed chronic
inflammation, liver fibrosis and cirrhosis

Limitations

* Low viremia
* Absence of HBY persistence
* Very short lived functional human hepatocytes

« Constitutive liver toxicity resulted in high mortality
« Poor breeding capacity
* Unpredictable mouse colonies

* Absence of HBV-induced human immune responses
* Absence of iver pathogenesis

+ Poor breeding capacity
* Male mice are infertle. Requires genotyping for pups
* Absence of HBV-induced human immune responses
* Absence of iver pathogenesis

* Very low human hepatocyte reconstitution
* Low viremia

« Hepatic progenitors did not fully diferentiate into mature
human hepatocytes
* Yet to be demonstrated in a HBV infection setting

« Hepatic progenitors did not fully differentiate into mature
human hepatocytes
« Persistent HBV but with low viral titers

* Yet to be demonstrated in a viral infection setting

* Yet to be demonstrated in a viral infection setting

« Detection of antigen-specific T cell responses
was absent
o Liver fiorosis and development of HCC was absent

* Development of HCC was absent
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Mouse strains

Characteristics

NSG mice

- Stran nomenclture: NOD.Cg-Pric~12rg™"

+The I12g targeted mutation s @ complete null,IL-2Ry s not
expressed and thus cannot bind cytokines, leading to many.
Innate-mmune defects.

Cells Phenatype: No mature T and B cells, N cells absent,
radiaion sensitv.

+Advaniages: Long lifespan, futher reduction ininnate immunity,
higher level of engraftment of human cells,develop functional
human immune system (HIS)

~Disadvantages: Lack appropriate MHC molecules for Fell

e fevel o Tcelldependent

selection in the mouse thymus,vai
antibody responses.

Strin nomenclature: NODSH.C-Pridc27g>

+The IL:2Ry chain lacks the ntracytoplasmic domain tis
expressed and will bind cytokines but will ot signal

~Cells Phenotype: Smlar to NSG mice.

+ Advaniages: Develop functional HIS.

“Disadvantages: Atypical antigen-specific 196 producton, NOG
mice support lower levels of HSC engraftment in bone martow
than do NSG mice.

- Stran nomenclature: BALB/c-Rag2™1l2rg or Rag 2" ™ 12rg"™"™
+Generated on @ mixed BALB/c x 129 Rag2nullbackground; 121gis
complete nul 50 L-2Ry s not expressed and thus cannot bind
eytokines.
+They are radiation resistant,
 Cells Phenotype: Smilar 1o NSG mice.
+Aduartaqes Develop functional HIS, have a lowest rate of GYHD.
disease development than NSG mice.

Jsadvantages: Reduced T and B cell evelopment compared to
NOG and NSG mice
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