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Editorial on the Research Topic 


Advances in Human Immune System (HIS) Mouse Models for Studying Human Hematopoiesis and Cancer Immunotherapy



Introduction

Gaining knowledge of human physiology and pathophysiology is often hampered by restricted access to human tissues or limited to performing in vitro assays. Furthermore, the development of novel therapeutics for cancer immunotherapy, autoimmune- and inflammatory diseases is tightly restricted by the use of human samples before moving to clinical trials, which is generally slow and costly. Human Immune System (HIS) mice - immunodeficient mice reconstituted with a human immune system – offer the unique opportunity to comprehensively study human hematopoiesis, infectious diseases, autoimmunity, and anti-tumor immunity in vivo. Recent progress in HIS mouse models, in which recipient immunodeficient mice carry several gene mutations or express human cytokines and self-recognition molecules, have improved human hematopoietic stem and progenitor cell (HSPC) engraftment as well as functional immune cell development in primary and secondary lymphoid tissues.

The articles in this Research Topic describe the latest developments in the field and indicate future directions to further improve HIS models and to apply them for more precisely characterizing human hematopoiesis as well as the human immune response against cancer.



Recent Progress in HIS Mouse Models

Human cell lines and organoids have proven to be particularly useful for in vitro high-throughput screens or gain/loss of function library studies in order to identify novel therapeutic targets for human diseases. The advantage of in vivo models is the more faithful recapitulation of human disease. Xenograft models support the development of human disease, the assessment of patient heterogeneity, and the investigation of the human immune system in vivo. They also allow the preclinical testing of novel therapeutic approaches.

In the presented series of articles, we aimed at covering the most recent development in the field of HIS mouse models with a particular focus on the application of immunotherapies. The review by Martinov et al. provides up-to-date information on current mouse models that have a humanized hemato-lymphoid system. The authors discuss the underlying principles of these models and point out outstanding challenges to build the next generation of mice with a human hematopoietic and immune system. Importantly, this review also provides guidance on how to identify humanized mouse models suited for specific research investigations. In another review, Mian et al. focus on humanized mouse models to investigate cancer immunotherapy by first giving an overview of recently developed models. In particular, they discuss challenges related to the development of specific human immune cell types and link the assessment of cancer immunotherapies with specific humanized mouse models for preclinical in vivo testing.



Novel Approaches to Improve Human Hematopoiesis in Mice

Hematopoiesis occurs primarily in the bone marrow, where the hematopoietic stem and progenitor cell (HSPC) undergo expansion and multilineage differentiation. This process is regulated by a specific microenvironment called the hematopoietic stem cell niche. To establish HIS mice, opening the niche by, e.g., sub-lethal irradiation, is required for the stable engraftment of human HSPCs in the physical space. Mice engineered to carry a mutation in the Kit gene allow the engraftment of human HSPCs without irradiation due to the reduced competition of human HSPCs with mouse HSPCs for niche space. Hess et al. investigated the engraftment potential of various hematopoietic stem cell sources in non-irradiated NOD.B6 scid Il2rg-/-KitW41/W41 (NBSGW) mice, which carry a hypomorphic mutation of the KIT gene. They show that the human engraftment level in mice transplanted with mobilized adult peripheral blood stem cells is significantly higher than in mice transplanted with human cord blood or bone marrow. The different HSPC sources also yielded different hematopoietic lineage engraftment patterns. However, the transplanted human cells lost the long-term engraftment potential in vivo. Adigbli et al. also used non-irradiated NBSGW mice, demonstrating engraftment of multiple human lymphoid and myeloid cell lineages after transplantation with CD133+ HSPCs. Moreover, NBSGW mice supported the development of human red blood cells when endogenous mouse macrophages were removed. Combined, the two studies provide useful information on the utility of the NBSGW mouse model for studying human hematopoiesis in vivo.



Novel Tumor-Bearing Mouse Models to Evaluate the Interaction Between Human Tumors and Immune Cells

Immune checkpoint inhibitors (ICI) are widely used in the treatment of solid tumors. However, a preclinical model to evaluate the anti-effect of ICI has not been established yet. In the methods paper published by Marín-Jiménez et al., the authors provide a very detailed description of their extensive experience with testing immunotherapies in human cord blood-derived Balb/c Rag2-/-Il2rg-/-SirpaNOD mice. They investigated the response to ICI in various human solid tumors. Their work demonstrates that patient-derived xenografts are suited to investigate immunotherapies based on T-cell responses and constitutes an important resource for the development of preclinical models. Along these lines, Wunderlich et al. developed a preclinical model for pediatric and adolescents and young adults refractory B lymphoblastic leukemia (B-ALL) using NOD scid Il2rg-/- (NSG)-hSCF/IL3/GM-CSFTg or NOD Rag1-/-Il2rg-/- (NRG)-hSCF/IL3/GM-CSFTg mice. Mice were “pre-engrafted” with human cord blood in order to generate functional effector T-cells. They confirmed the clinical efficacy of blinatumomab and also showed that interestingly the application of pembrolizumab reduced the B-ALL burden. Importantly, mice which were not pre-engrafted with human T-cells were unresponsive to treatment. Finally, they observed a synergistic effect of the combined treatment with blinatumomab and pembrolizumab. The combination led to an increased number of mice which lacked minimal residual disease and to prolonged survival supporting further investigation of this dual immunotherapeutic approach. Similarly, Qiao et al. developed a human tumor cell-line derived xenograft model for non-small cell lung cancer in order to test ICI. For this purpose, human PBMCs were transplanted before the tumor injection. They could show that the lactate dehydrogenase inhibitor oxamate and pembrolizumab act synergistically against tumor cells by increasing the number of CD8+ T-cells that infiltrate the tumor microenvironment.

Volk et al. used a model to mimic Epstein Baar virus (EBV)-associated post-transplant lymphoproliferative disorder (EBV-PTLD) by the infection of fully humanized NRG mice with EBV. They demonstrated that pembrolizumab induced expansion of EBV-positive tumor cells and infiltration of EBV-positive tumor cells into the central nervous system. This result is likely due to the emergence of dysfunctional T cells and may reflect clinical observations with spreading of EBV after ICI treatment.



Immune Cell-Specific Anti-Tumor Responses Using HIS Mouse Models

The technical advances in the generation of humanized mice allow today to specifically investigate human immune cells in vivo. In the mini-review paper by Sun et al., the authors summarize recent advances with HIS mice that carry autologous tumor cells. They specifically focus on BLT humanized mice engrafted with human fetal liver CD34+ cells transduced with a MLL-AF9-GFP retrovirus to assess the response to immunotherapies in human leukemia, in particular anti-CD19 CAR T-cells.

In their original article, Katano et al. report the generation of human IL-15 transgenic NOD/Shi-scid/IL-2Rγnull (NOG) mice, which lack the mouse Fcγ receptor and consequently do not produce antibody-dependent cellular cytotoxicity (ADCC). This allowed the authors to specifically examine the contribution of human NK cell-mediated ADCC to anti-tumor responses. Therefore, this new model may prove useful for the preclinical testing of antibody-based approaches known to induce ADCC.

Maser et al. studied the anti-tumor effect of plasmacytoid dendritic cells (pDCs) in NOG-hIL3/GM-CSFTg mice, which supported the development of human pDCs. In certain tumor models, pDCs were recruited to tumors growing in mice. These intratumoral pDCs were functional as they produced type I interferon (IFN) in response to Toll-like receptor stimulation, which may prove beneficial for promoting NK cell-mediated anti-tumor activity.

Based on the identification of human monocyte-restricted progenitors, Izumi et al. investigated the effect of an anti-CD64 dimeric antibody conjugated with pyrrolobenzodiazepine (dPBD) in vivo in NOG mice. They showed that the anti-CD64-dPBD antibody selectively depleted monocyte progenitors without affecting the mature compartment. This compound also prevented the development of chronic myelomonocytic leukemia in mice, a disease with high therapeutic need. Finally, they extended their work to solid tumors and showed that the anti-CD64-dPBD antibody led to tumor growth regression by eliminating the tumor-associated macrophage population.

The review by Serr et al. summarizes the possible use of HIS mice to investigate and develop immunotherapies based on regulatory T-cells (Tregs). Tregs are known to facilitate tumor growth. The authors propose to use Treg inhibition to enhance anti-tumor responses in personalized humanized mouse models that are reconstituted with the patient’s immune system and tumor cells.

Standard immunodeficient mice weakly support the development of human innate lymphoid cells (ILCs), in particular human NK-cells. Recent progress in the generation of humanized immunodeficient animals, in particular models that produce human IL-15, led to the development of human ILCs in vivo. In the review by Horowitz et al., the authors present humanized mouse models that can be used to study ILCs and potential therapeutic approaches that employ human ILCs against cancer. This review provides an excellent overview about the development of ILC-based cancer immunotherapy.



Unique Applications for Specific Research Questions Using HIS MICE

Flahou et al. review the use of HIS mice in the context of induced pluripotent stem cells (iPSC)-derived therapies for tissue regeneration. Here the authors suggest using humanized mouse models that develop human NK cells to evaluate the immunogenicity and rejection of transplanted iPSCs and their progeny. This could help to develop HLA-engineered iPSC-derived cells for universal clinical use.

Tumor necrosis factor (TNF) is a pro-inflammatory cytokine that controls inflammation. TNF inhibitors have been widely used in the clinic to treat autoimmune or inflammatory diseases. Gogoleva et al. review several humanized mouse models, which express human TNF in order to study human autoimmune diseases and the effect of TNF inhibitors on hematopoiesis in vivo.

Human γ-herpesviruses such as Epstein Barr virus (EBV) and Kaposi sarcoma-associated herpesvirus (KSHV) can induce lymphoproliferative diseases in humans. The immune response against γ-herpesviruses has been largely recapitulated in humanized mouse models. The review article by Münz focuses on the evaluation of immune responses to control pathologies induced by human γ-herpesviruses in humanized mouse models and discusses strategies for developing vaccines.

Furthermore, Yong et al. tested two different immunotherapeutics, including human interleukin-2 (Proleukin) and the anti-CD3 monoclonal antibody OKT3, in a humanized NSG model. Administration of Proleukin to humanized mice resulted in an increase of several pro-inflammatory cytokines and chemokines. Likewise, the use of OKT3 treatment in their model led to T-cell depletion along with an increase in several pro-inflammatory cytokines. This indicates that the presented models can reproduce the effect of these immunotherapeutics observed in patients.



Conclusion

This Research Topic shows the usefulness of HIS mouse models in translational research related to several important human diseases and we are looking forward to future developments in this exciting research area.
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Particular interest to harness the innate immune system for cancer immunotherapy is fueled by limitations of immune checkpoint blockade. Plasmacytoid dendritic cells (pDC) are detected in a variety of solid tumors and correlate with poor clinical outcome. Release of type I interferons in response to toll-like-receptor (TLR)7 and TLR9 activation is the pDC hallmark. Mouse and human pDC differ substantially in their biology concerning surface marker expression and cytokine production. Here, we employed humanized mouse models (HIS) to study pDC function. We performed a comprehensive characterization of transgenic, myeloid-enhanced mouse strains (NOG-EXL and NSG-SGM3) expressing human interleukin-3 (hIL-3) and granulocyte-macrophage colony stimulating factor (GM-CSF) using identical humanization protocols. Only in HIS-NOG-EXL mice sufficient pDC infiltration was detectable. Therefore, we selected this strain for subsequent tumor studies. We analyzed pDC frequency in peripheral blood and tumors by comparing HIS-NOG-EXL with HIS-NOG mice bearing three different ovarian and breast tumors. Despite the substantially increased pDC numbers in peripheral blood of HIS-NOG-EXL mice, we detected TLR7/8 agonist responsive and thus functional pDCs only in certain tumor models independent of the mouse strain employed. However, HIS-NOG-EXL mice showed in general a superior humanization phenotype characterized by reconstitution of different myeloid subsets, NK cells and B cells producing physiologic IgG levels. Hence, we provide first evidence that the tumor milieu but not genetically introduced cytokines defines intratumoral (i.t.) frequencies of the rare pDC subset. This study provides model systems to investigate in vivo pro- and anti-tumoral human pDC functions.

Keywords: humanized mice, myeloid-enhanced mice, plasmacytoid dendritic cells (pDC), cancer immunotherapy, human pDC targeting, TLR agonists


INTRODUCTION

Efforts to harness the innate immune system for cancer therapy have mainly been focused on macrophages and dendritic cells (DCs). Macrophages are attractive to drug developers because of their abundance in the tumor microenvironment (TME) (1), while the rare dendritic cells are able to present tumor antigen and direct T cell responses (2). Human DCs are classified into three subtypes: Classical CD1c+ DCs (cDC2), cross-presenting CD141+ DCs (cDC1) and plasmacytoid CD303+ DCs (pDC) (3–5). Whereas cDC2 cells play an important role in the stimulation of Th2 and Th17 responses against extracellular pathogens, the cDC1 subset takes up dead cells via CLEC9A and is mainly known to cross-present peptides via MHC class 1 to CD8+ T cells (3). The very rare pDCs are capable to produce abundant amounts of all type I interferons in response to stimulation with TLR7 and 9. Hence, they contribute to antiviral immunity (6). While the role of pDCs in chronic viral infections such as HIV or Hepatitis B is well validated (7, 8), their pathogenic role in cancer is less clear. pDCs are detected in a variety of different solid tumors, especially in melanoma, ovarian and breast cancer (5, 9–13). Interestingly, despite their low abundance compared to tumor-associated macrophages (TAMs) or tumor infiltrating lymphocytes, pDC infiltration correlates with poor clinical outcome, likely due to the induction of suppressive immune cells (5, 10–13). However, TLR stimulation of pDCs in vitro results in killing of human tumor cells (14). Treatment of in-transit metastases with the TLR7/8 agonist Imiquimod in one melanoma patient showed clinical benefit through pDC activation (15). Therefore, pDCs represent an attractive therapeutic target as restoring their IFN-I-producing function is expected to not only stimulate other immune cells and directly kill tumor cells, but also to reduce the suppressive function of T regulatory cells (Tregs) (12, 13).

The low numbers of these potent cells has hampered development of pDC-targeting strategies, due to the challenging experimental manipulation. Additionally, mouse and human pDCs differ in their biology (8). Mouse pDCs produce high amounts of IL-12, whereas in humans cDCs are the major source for IL-12. Furthermore, TLR7 and TLR9 co-expression is restricted to human pDCs and B cells (8). Functional human pDCs have been successfully reconstituted in different humanized mouse strains and enabled analysis of pDC functionality in virology, autoimmune diseases and in melanoma (13, 15–18).

However, the generation of mice with a human immune system (HIS) represents a quite complex, multi-step process, where experimental parameters for each step can vary between different labs. Immune deficient mice have to be engrafted with human hematopoietic stem cells that requires a pre-conditioning regimen to delete the mouse hematopoietic stem cells (19). As a consequence, humanization protocols deviate in the use of newborn or adult mice, the source of the human cells [hematopoietic stem cells (HSC), fetal liver cells, or peripheral blood mononuclear cells (PBMC) as donor cells], different injections methods as well as irradiation or chemotherapy for pre-conditioning (20, 21). Also animal housing and diet influencing the microbiota have been reported to impact human engraftment quality and quantity (22–25).

Despite the tedious generation process, humanized mice are regularly used as they offer an in vivo test system to investigate the heterotypic cross-talk between human tumor cells and human immune cells or to evaluate therapeutic candidates that lack mouse cross-reactivity (19, 26). Although most commonly used HIS mouse models such as HIS-BRG, HIS-NOG or HIS-NSG mice were shown to sufficiently reflect human lymphoid (particularly T and B cell) development, they suffer from some critical limitations. These include impaired lymph node (LN) development, minimal antigen-specific IgG antibody production and lack of antigen-specific human T cell responses (27). Consistently, conventional HIS-mice poorly reconstitute human innate immune cells such as myeloid cells and NK cells, which is attributed to the lack of mouse cytokine cross-reactivity for critical cytokines e.g., IL-3, IL-15, GM-CSF, or M-CSF (28). To overcome this hurdle, transgenic mouse strains were designed to express human IL-3 and GM-CSF, referred to as NOG-EXL and NSG-SGM3 mice (29, 30).

Xenografted human tumors can provide a human cytokine milieu that shapes the functional activity as well as the frequency of tumor-associated myeloid cells. Therefore, we investigated the relative contributions of transgenic and tumor-derived cytokines to myeloid cell and, in particular, pDC reconstitution in both myeloid-enhanced and conventional HIS-models. Importantly, we used identical humanization protocols for all mouse strains, even identical stem cell donors that were pre-selected for high stem cell yield and thus sufficient for all 3 strains. Using two different ovarian tumors and one breast cancer patient derived xenograft (PDX), we identified specific tumors that are capable to generate functional, TLR agonist-responsive pDCs, which do not rely on cytokine expression in transgenic mice nor high pDC numbers in the periphery.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were performed according to the national institutes of health guidelines for the care and use of laboratory animals and European Union directives and guidelines and were approved by the local ethics committees (Regierung von Oberbayern, Munich, Germany).



Animal Models

Female NOD.Cg-Prkdcscid Il2rgtm1SugTg(SV40/HTLV-IL3,CSF2)10-7Jic/JicTac transgenic mice (NOG-EXL) and non-transgenic NOD.Cg-Prkdcscid Il2rgtm1Sug/JicTac (NOG) mice were purchased from Taconic bioscience (4–5 weeks). Female NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ (NSG-SGM3) were acquired from the Jackson laboratory at the same age. All mouse strains were kept according to the applicable animal protection law in a specific pathogen free (SPF) area. Mice were closely monitored for body weight and general conditions.



Generation of Humanized Mice

Humanized mice were generated through preconditioning with a chemotherapeutic agent. 15 mg/kg of Busulfan (Busilve®,Pierre Faber) diluted in 0.9% Saline (Braun) was injected intraperitoneally (i.p.). Twenty-four hours later 105 human CD34+ umbilical cord blood-derived HSC (Stem Cell Technologies/Allcells) in 100 μl phosphate-buffered saline (PBS) were transplanted into the mice via intra-venous (i.v.) tail vein injection. Same HSC donors were used and mice were randomized for individual donors.



Tumor Models

The human ovarian carcinoma cell line OVCAR-5 was purchased from the National Cancer Institute (Cat. Nr. 0507676). The cell line SK-OV-3 is an internal cell line, which was tested and authenticated to be SK-OV-3 after a full match with the reference databases of ATCC, JCRB, RIKEN, KCLB, and DSMZ. All cell lines were confirmed to be free of murine pathogens and murine viruses (Biomedical diagnostics, Hannover, Germany). To generate human xenograft tumors 3 × 106 OVCAR-5 or 5 × 106 SK-OV-3 tumor cells were injected in 100 μl PBS into the right flank of isoflurane anesthetized humanized mice. The human breast cancer patient-derived xenograft BC_038, a triple negative breast cancer, was obtained from Oncotest and transplanted into non-humanized NOG mice for three rounds in vivo before use in this study. Tumor fragments were digested with Collagenase D and DNase I (Roche), counted and injected into the mammary fat pad of humanized mice. Tumor growth was monitored twice a week by perpendicular caliper measurement and tumor volume was calculated using the following formula: volume = 0.5 × length2 × width.



TLR Treatment in vivo

TLR9 agonist CpG-A (ODN 2216) and TLR7/8 agonist R848 were purchased from InvivoGen. Agonists were diluted with sterile endotoxin free water. Humanized mice were treated with 35 μg/mouse via i.p. or intra tumoral (i.t.) injection. Mice injected with sterile endotoxin containing water served as control.



Isolation of Human pDCs and in vitro Stimulation

Bone marrow (BM)-derived cells as well as splenocytes from humanized mice were pooled from up to ten individual mice to isolate pDCs using a customized isolation kit according to manufacturer's instructions (Stemcell Technologies). Briefly, cells were incubated with normal rat serum, pDC isolation cocktail, biotin and RapidSpheres™. Subsequently, cells were placed in a magnet from Stemcell technologies and the flow-through was collected. Purity of the enriched, untouched pDCs was usually 70%. Human CD303+ CD123+ cells were used for in vitro stimulation using 0.25 μg/μl of TLR agonists for 3 h followed by supernatant collection for cytokine analysis. Splenocytes from all humanized mouse strains did not contain sufficient numbers of pDC required for functional assays.



Protein Analysis

Cytokine levels in serum and tumor lysates from humanized mice were measured using the Bio-Plex system with Bio-Plex human cytokine 48 or 17-Plex kit as well as single analysis for IFN-α2 according to manufacturer's protocol (Bio-Rad). Chemokine levels in serum and tumor lysates from humanized mice were measured using the Bio-Plex system with human chemokine 40-Plex kit (Bio-Rad). Human and murine FLT3-L were measured by specific ELISA assays (R&D systems).



Immunoassay for Human-Specific IgG Antibodies

IgG antibodies serum levels of humanized mice were determined by immunoassay (31). Briefly, anti-human Fcγ-pan R10Z8E9 was digoxigenylated and subsequently biotinylated MAB anti-human Fcγ-pan R10Z8E9 was bound to streptavidin-coated microtiter plates at a concentration of 0.5 μg/mL. After incubation for 1 h the unbound antibody was removed by washing. Samples and standards were pre-incubated with 0.05 μg/mL of digoxigenylated MAB anti-human Fcγ-pan R10Z8E9 for 1 h. Afterwords, the mixture was added to wells of microtiter plates coated with the biotinylated anti-human IgG antibodies and incubated for 1 h. After washing, a polyclonal anti-digoxigenin-horseradish peroxidase conjugate (Roche, cat. no. 11633716001) was used to detect the bound digoxigenylated MAB anti-human Fcγ-pan R10Z8E9. A dilution of 50 mU was incubated for 1 h. The HRP of the antibody–enzyme conjugates catalyzed the color reaction of ABTS substrate. A Tecan plate reader at 405 nm wavelength measured the signal at 490 nm.



Tissue Preparation, Antibodies and Flow Cytometry

Peripheral blood samples were collected into EDTA-coated tubes from the facial vein using lancets. In brief, 20 μl aliquots of whole blood were first lysed with 1X RBC Lysis-buffer (Invitrogen) and washed with MACS running buffer (Miltenyi), before applying the antibodies. Blood leukocytes were tested for human CD45, CD3, CD33, CD14, CD16, CD56, and CD19 (REAfinity/Miltenyi). Live/dead exclusion was performed by propidium iodide (Miltenyi). Eight-color flow cytometry analyses were performed on Miltenyi MACS Quant 10.

The tumor was cut into small pieces using two scalpels. Additionally, tumor mass was simultaneously homogenized in C-tubes by gentleMACS Dissociator from Miltenyi and incubated with Collagenase D and DNase I (Roche). Tumor, BM and spleen were filtered through a combination of filters (100, 70, and 30 μm; Miltenyi) and lysed before samples were blocked for unspecific binding with mouse and human Fc blocking antibodies (Biolegend/Miltenyi). For intracellular staining, cells were fixed for 20 min and permeabilized (Invitrogen) prior to adding the intracellular antibodies for another 20 min.

Splenocytes, BM and tumor samples were tested in different panels for human CD1c, CD3, CD4, CD8, CD11b, CD11c, CD14, CD16, CD19, CD25, CD33, CD40, CD45, CD45RA, CD56, CD62L, CD66b, CD68, CD69, CD83, CD86, CD123, CD141, CD163, CD204, CD206, CD279, CD303, CLEC9A, FOXP3, HLA-DR, and Nkp46 in 18-color combinations (see also Supplementary Table 1). Live/dead staining was performed with fixable ZOMBIE™ UV dye (BioLegend). Antibodies and isotype controls were obtained from BD Bioscience or BioLegend. Eighteen-color flow cytometry analyses were performed on a BD Fortessa device. FCS files were analyzed by FlowJo (Version 10).



Statistical Analysis

Statistical analyses were performed using Prism 7.0 software (GraphPad Software). Normally distributed data were expressed as mean ± standard error of the means (SEM) unless noted otherwise. Nonparametric data was expressed as median ± interquatile range (IQR) and is indicated in the figure legend as such. The student t-test was used to compare normally distributed two-group data. Ordinary one-way ANOVA with Tukey multiple comparison or Kruskal-Wallis ANOVA with Dunn's multiple comparison were performed, if more than two groups were analyzed. Survival curve analysis was achieved using the log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests. Individual data points are shown if n < 5. Each dot represents an individual mouse or analyzed sample. Statistical tests used are indicated in the figure legends.




RESULTS


Characterization of Humanized NOG and Myeloid Enhanced Mice

To delineate the contribution of transgene and tumor-derived cytokines to DC development in humanized mice, we first performed a detailed characterization of different myeloid enhanced transgenic mouse strains. For humanization NOG, NOG-EXL and SGM3 mice were pretreated with Busulfan and injected i.v. with human CD34+ hematopoietic stem cells (HSCs) at 5–6 weeks of age. Body weight was monitored and humanization status was determined in peripheral blood in 2-week intervals (Figure 1A). Even though all mouse strains were humanized using the same protocol, differences in body weight and survival were observed (Figures 1B,C). HIS-NSG-SGM3 showed significantly increased body weight throughout the study accompanied by decreased overall survival compared to HIS-NOG and HIS-NOG-EXL mice. We detected a high proportion of human CD45+ immune cells in LNs of HIS-NOG-EXL and HIS-NSG-SGM3 (Figure 1D) in contrast to the HIS-NOG control strain. Therefore, we omitted LN analysis from the latter due to the low humanization level <25%. Anatomically, only myeloid enhanced mice showed robust axial LN development with HIS-NOG-EXL mice having the largest LNs (Figure 1E, Supplementary Figure 1A). LN immune cell analysis revealed a large T cell population in the transgenic mice, with CD4+ T cells being the predominant subset with over 50% (Figure 1D).
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FIGURE 1. Differences between identically humanized mouse strains in body weight, survival and immune cell composition. (A) Reconstitution protocol, graphic overview: NOG, NOG-EXL, and NSG-SGM3 (5–6 weeks) were pretreated with Busulfan and injected with human HSCs. Body weight (BW) and peripheral blood was screened biweekly. At termination (week 16), different peripheral organs were analyzed for human leukocytes. (B) BW kinetic: NOG, NOG-EXL, and NSG-SGM3 were monitored from day 0 until termination, n = 18–341, one-way ANOVA, Tukey's multiple comparison test. ****p < 0.0001. (C) Survival curve comparison, log-rank (Mantel-Cox) or Gehan-Breslow-Wilcoxon test provided same statistical results, error bars indicate mean ± SD, n = 20/strain, *p < 0.05. (D) Human leukocyte composition (CD45+) in lymph nodes (LNs) as percentage, n = 6–10, one-way ANOVA, Tukey's multiple comparison test, ****p < 0.0001; Immune cell composition in CD45+ and T cells in CD3+. huNOG was excluded from analysis due to human CD45 levels < 25%. (E) Axial LN amount from all humanized mouse strains analyzed, n = 10/strain. One-way ANOVA, Tukey's multiple comparison test. *p < 0.05. (F) Total human IgG concentration in serum (week 16), n = 10/strain, Kruskal-Wallis ANOVA with Dunn's multiple comparison test, error bars indicate median ± IQR, *p < 0.05; **p < 0.01. (G) Human leukocyte composition in thymus as percentage, n = 6–10, one-way ANOVA, Tukey's multiple comparison test, ****p < 0.0001, Immune cell composition in CD45+ and T cell subsets. (H) Spleen weight in mg (week 16), one-way ANOVA, Tukey's multiple comparison test, n = 17–23. *p < 0.05; ***p < 0.001; ****p < 0.0001.


One limitation of conventional HIS models is the lack of antibody class switch. Remarkably, myeloid-enhanced HIS mice and here in particular HIS-NOG-EXL mice, showed consistently high levels of total human IgG 16 weeks after humanization (Figure 1F). These levels are comparable with the increased IgG levels of NSG-SGM3 BLT compared to NSG mice and mCD47/BALB-HIS mice and even 2-fold higher than in IL-6 knock-in mice or as in specifically developed BRGST mice (27, 32–34). Furthermore, IgG was detectable from week 10 onward albeit at lower concentration (Supplementary Figure 1B).

Thymus size (Supplementary Figure 1C) as well as human CD45+ levels (Figure 1G) were comparable across all strains. Yet again, transgenic mice presented an increased T/B cell ratio. Remarkably, HIS-NOG mice showed a high number of thymic B cells. Since this strain displays in general poor B cell differentiation, manifested in a lack of Ig class switching and absence of serum IgG, we hypothesize that immature B cell precursors may partially accumulate in the thymus.

CD4+ T cell frequencies were comparable, while transgenic strains had higher CD8+ and lower double positive frequency compared to HIS-NOG (Figure 1G). Splenomegaly was observed in both myeloid enhanced mouse strains compared to HIS-NOG (Figure 1H, Supplementary Figure 1D) that matched in size with other immune competent mouse strains. However, hepatosplenomegaly was exclusively detected in HIS-NSG-SGM3 mice (Supplementary Figures 1E,F), confirming published data (35, 36). Together, our data imply that IL-3 and GM-CSF transgene expression favor CD8+ T cell reconstitution and antibody class switch associated with improved LN and thymus development.



Myeloid Enhanced HIS Mice Demonstrate Superior Overall Human Immune Cell Reconstitution

Next, we evaluated the general human immune cell engraftment in peripheral blood of different HIS models by flow cytometry (Supplementary Figure 2A). Whereas, lymphoid and myeloid cell distribution was comparable in blood of HIS-NOG-EXL, B and T cells dominated in HIS-NOG and HIS-NSG-SGM3, respectively (Figure 2A). Amongst the different strains tested, we found that HIS-NOG-EXL mice most closely mimic the human immune cell composition 16 weeks after reconstitution (Figure 2A). The transgene expression led to significantly improved CD33+ myeloid reconstitution particularly in HIS-NOG-EXL mice (Figure 2B, Supplementary Figures 2B,C). Additionally, we observed marked differences in the monocytic lineage between humanized mice and human blood characterized by CD14 and CD16 expression. Classical CD14+CD16− monocytes were present in blood of all HIS strains, intermediate CD14+CD16dim and non-classical CD14−/CD16+ monocytes were barely detectable (Figures 2C,D). Contrary to human blood, where classical monocytes are the dominant population, humanized mice underrepresent this population at the expense of a high frequency of immature CD33+ cells lacking monocyte markers. This phenomenon might be attributed to the missing M-CSF crucial for monocyte/macrophage differentiation (28).


[image: Figure 2]
FIGURE 2. Peripheral blood analysis demonstrates improved human immune cell reconstitution. (A) Human leukocytes composition (CD45+) in peripheral blood (PB) 16 weeks after reconstitution as percentage, n = 28–40. (B) Comparison of human myeloid cells (CD33+) in human leukocytes (CD45+) as percentage from same mice as in A, one-way ANOVA, Tukey's multiple comparison test. *p < 0.05; ***p < 0.0005; ****p < 0.0001, n = 10–39. (C) Human monocyte composition in total CD33+ in PB 16 weeks after reconstitution or in human PBMCs as percentage, n = 5–40. (D) Representative FACS plots for human monocyte populations (CD16+/−/CD14+/− in CD45+) in PB of humanized mice in week 16 or in human PBMCs. (E) Different immune cell populations (CD45+ in single viable; CD19+, CD3+, CD33+, CD56+, and CD14+ in CD45+) in HIS-NOG, HIS-NOG-EXL and HIS-NSG-SGM3 over time (week 8–14), ordinary 2-way ANOVA, *p < 0.05; **p < 0.001; ***p < 0.0005; ****p < 0.0001, n = 28–121.


White blood cell composition in HIS mice is known to change over time (29, 30). Humanization was maintained as HIS-NOG-EXL and HIS-NSG-SGM3 displayed significantly higher overall engraftment levels when compared to HIS-NOG (Figure 2E). In contrast, individual immune cell subsets followed different kinetics. Whereas, CD3+ T cells slightly increased, CD19+ B cells declined over time. Myeloid enhanced HIS mice had higher frequencies of CD56+ NK cells at early time points while only HIS-NOG-EXL mice maintained their NK population. Strikingly, increased frequencies of myeloid cells (CD33+/CD14+) were only observed in HIS-NOG-EXL mice throughout the screening period (Figure 2E). Despite transgene expression for enhanced myeloid reconstitution, HIS-NSG-SGM3 mice displayed decreasing NK-, B and myeloid cell frequencies over time.

Besides cellular immune composition, we were also interested in the human cytokine profile. Both myeloid-enhanced HIS mice showed significantly increased cytokine levels (Figure 3, Supplementary Figure 3). In line with published data (36, 37) we found cytokines/chemokines elevated especially in HIS-NSG-SGM3, such as the pro-inflammatory IL-1β, IL-6, IL-8, TNF-α, IFN-γ, MCP-1, and MIP-1β as well as anti-inflammatory IL-10 (Figure 3). Besides, cytokines and chemokines involved in T cell differentiation, e.g., IL-4, CX3CL1, and CCL17, but also Treg recruitment such as CCL22 were significantly elevated (Figure 3). Moreover, additional proinflammatory molecules showed a trend for upregulation (Supplementary Figure 3). As expected, human GM-CSF serum levels were strongly increased in sera of transgenic mice, in particular of HIS-NSG-SGM3 mice with ~2 ng/ml. Non-humanized mice control sera were used to confirm the specificity of the multiplex assay for human cytokines (data not shown).
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FIGURE 3. Myeloid-enhanced mice show increased inflammatory profile. Human cytokines and chemokines analysis by Bio-Plex in sera of humanized NOG, NOG-EXL and NSG-SGM3 mice, two-tailed unpaired t-test, error bars indicate mean ± SEM, *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001; ns, not significant, n = 4–16.


Collectively, we confirmed an enhanced human myeloid reconstitution in both mouse strains. However, HIS-NOG-EXL outperform HIS-NSG-SGM3 mice in maintaining long-term human myeloid cell reconstitution together with a more physiologic, low inflammatory cytokine profile.



HIS-NOG-EXL Mice Develop DC Subsets in Spleen and Have Functional Human pDCs

Major subsets of myeloid cells undergo terminal differentiation in tissues (38). Following the analysis of immune cell composition in LN and thymus (Figures 1D–H), we subjected spleen and BM samples of the same mice to flow cytometry analysis of human myeloid cells (DCs, macrophages and granulocytes) (Supplementary Figures 4A–C). Contrary to both HIS-NOG strains, HIS-NSG-SGM3 mice showed lower BM humanization, while HIS-NOG-EXL had a high humanization level in spleen (Figures 4A,B). Concomitantly to the increased myeloid cell frequency in transgenic mice, we found increased T and NK cell numbers, while B cells were reduced in both lymphoid organs (Figures 4C,D). Similar to peripheral blood, HIS-NSG-SGM3 exhibited the highest CD3+ T cell frequency in BM and spleen. Notably, increased numbers were not only observed for CD4+ and CD8+, but also Tregs (Supplementary Figures 4D,E), confirming previously published data (29).
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FIGURE 4. HIS-NOG-EXL mice develop functional human pDCs. (A) Human CD45+ in BM, ordinary one-way ANOVA, Tukey's multiple comparison test, *p < 0.05, n = 14–23. (B) Human CD45+ comparison in spleens, one-way ANOVA, Tukey's multiple comparison test, *p < 0.05, n = 20–32. (C) Immune cell composition in CD45+ from BM; (D) or splenocytes. (E) Myeloid cells in CD33+ from BM; (F) from splenocytes. (G) DC subpopulations in HLA-DR+ from BM, (H) from splenocytes. (I) Representative FACS plots of human pDCs (CD303+/CD123+) gated on single, viable, lineage negative, HLA-DR+ in HIS-NOG or HIS-NOG-EXL BM and (J) spleen. (K) Activation marker MFIs (CD83, CD69, CD86), gated on pDCs (CD123+/CD303+) enriched from ten pooled HIS-NOG-EXL BM with TLR7/8 or TLR9, duplicates were performed, one-way ANOVA, Tukey's multiple comparison test. *p < 0.05; **p < 0.001; ***p < 0.0005; ****p < 0.0001, n = 3/condition. (L) IFN-α2 levels in supernatant of TLR-agonist treated or non-treated pDCs enriched from pooled HIS-NOG-EXL BM, measured after 3 h or overnight (ON) stimulation in duplicates. (M) Representative activation marker histograms with (TLR7/8 or TLR9) or without stimulation (media control = med. ctl.) ON, gated on lin−, HLA-DR+, pDC+.


Surprisingly, obvious differences were detected within the myeloid compartment of both transgenic GM-CSF and IL-3 HIS-models. While CD66b−CD68+ myeloid cells were the most abundant subset in BM and spleens of HIS-NOG and HIS-NOG-EXL, CD66b+CD68− granulocytes were enriched in HIS-NSG-SGM3 (Figures 4E,F), which might be attributed to their elevated G-CSF levels (35). Of note, CD66b+CD68+ cells represent a substantial fraction of myeloid cells in BM that is reduced in transgenic HIS mice. We interpret these unusual CD68+/CD66b+ cells as common myeloid progenitors that retain expression of both markers.

Next, we detected all major subsets of human DCs (CLEC9A+ cDC1s, CD1c+ cDC2s, and CD303+ pDCs) in BM and spleens of all HIS-mice independent of the transgene (Figures 4G–J, Supplementary Figure 4F). In general, higher DC frequencies were found in BM compared to spleens with pDCs being the most abundant subset in both organs. Among the three strains, HIS-NOG-EXL exhibited the highest overall DC level. Notably, only in HIS-NSG-SGM3 DC frequencies correlated between BM and periphery.

Further, we tested the functionality of DC subsets in HIS-NOG and HIS-NOG-EXL mice, as they phenotypically resembled human blood-derived cells. Here we focused on the functional characterization of pDCs in HIS-NOG-EXL mice, due to lower immune cell counts in BM of HIS-NOG and the very low frequency of conventional DCs in general. Induced cytokine release upon TLR activation has been conducted before as reliable readout for pDC function (13, 15). Hence, we cultivated isolated pDCs from pooled BM for 3 h or overnight in presence or absence of TLR agonists. TLR7/8 and TLR9 stimulation of pDCs resulted in increased expression of early activation marker CD69, activation marker CD83 and co-stimulatory molecule CD86. Further, pDCs secreted IFN-α2 upon TLR activation (Figures 4K–M). IFN-α2 levels were maintained and resulted in increased concentrations upon overnight incubation (Figure 4L). Thus, human pDCs isolated from a humanized mouse model are not only reconstituted in sufficient numbers, but are also functional.



The Tumor Model Dictates Intratumoral Human Immune Cell Composition

Encouraged by the reasonable numbers of tissue resident pDCs in both NOG strains, we asked whether pDCs could be found in tumors implanted into humanized mice. Hence, two ovarian cancer cell lines and one patient derived breast cancer model were analyzed in parallel in HIS-NOG and HIS-NOG-EXL mice. All tumor models engrafted efficiently into both HIS-NOG strains. SK-OV-3 tumor growth did not differ between the two strains, whereas OVCAR-5 showed a considerably reduced tumor growth in HIS-NOG-EXL (Figure 5A, Supplementary Figure 5A). BC_038 breast tumor growth onset was delayed and at later stages tumor growth accelerated in HIS-NOG-EXL as compared to HIS-NOG (Figure 5A).
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FIGURE 5. The tumor model dictates intratumoral human immune cell composition. (A) Tumor volume [mm3±SEM] in humanized mice injected with different tumor models. 2-way ANOVA, *p < 0.05; **p < 0.001; ****p < 0.0001, error bars indicate median ± 95% CI, n = 27–67. (B) Comparison of human CD45+ in PB of mice inoculated with either SK-OV-3, OVCAR-5 or patient-derived xenograft BC_038, week 20. 2-way ANOVA, error bars indicate median ± IQR. n = 22–26, ns, not significant. (C) Total immune cell infiltrate in different tumor models from HIS-NOG-EXL and HIS-NOG, 2-way ANOVA, HIS-NOG + SK-OV-3 n = 4, HIS-NOG-EXL + SK-OV-3 n = 4, HIS-NOG + OVCAR-5 n = 3, HIS-NOG-EXL + OVCAR-5 n = 6, HIS-NOG + BC_038 n = 8, HIS-NOG-EXL + BC_038 n = 5. (D) Human leukocytes composition (CD45+) in different tumor models in HIS-NOG and HIS-NOG-EXL mice, HIS-NOG + SK-OV-3 n = 4, HIS-NOG + OVCAR-5 n = 7, HIS-NOG + BC_038 n = 4, HIS-NOG-EXL + SK-OV-3 n = 4, HIS-NOG-EXL + OVCAR-5 n = 12, HIS-NOG-EXL + BC_038 n = 5. (E) Pie charts of immune subsets in SK-OV-3, OVCAR-5 or BC_038 tumors, Myeloid cells (CD68/CD66b) in CD33+: HIS-NOG + SK-OV-3 n = 4, HIS-NOG-EXL + SK-OV-3 n = 4, HIS-NOG + OVCAR-5 n = 6, HIS-NOG-EXL + OVCAR-5 n = 12, HIS-NOG + BC_038 n = 3, HIS-NOG-EXL + BC_038 n = 4 and DCs (CD303+/CD123+, CD1c+/CD11c+, CD141+/CLEC9A+) in HLA-DR+: HIS-NOG + SK-OV-3 n = 4, HIS-NOG-EXL + SK-OV-3 n = 4, HIS-NOG + OVCAR-5 n = 7, HIS-NOG-EXL + OVCAR-5 n = 4, HIS-NOG + BC_038 n = 4, HIS-NOG-EXL + BC_038 n = 5.


To elucidate whether tumors can influence the engrafted human immune system, we analyzed blood samples during tumor growth. Human CD45+ immune cell and CD33+ myeloid cell frequencies were maintained in peripheral blood independent of tumor growth, with higher myeloid counts in HIS-NOG-EXL as previously described for non-tumor-bearing mice (Figure 5B, Supplementary Figure 5B). Flow cytometric analysis of the tumor immune infiltrate revealed that SK-OV-3 showed the highest frequency of CD45+ cells in both mouse strains followed by BC_038 and OVCAR-5. Of note, OVCAR-5 tumors retained their sparse human immune cell infiltrate despite the better humanization of HIS-NOG-EXL mice. In contrast, SK-OV-3 and BC_038 tumors had higher immune infiltration in HIS-NOG-EXL mice (Figure 5C). However, the immune cell composition was clearly influenced by the tumor rather than the HIS mouse strain (Figure 5D). While SK-OV-3 tumors had remarkably high NK cell frequencies, BC_038 and OVCAR-5 showed strong T cell infiltration (Figure 5D).

Analogous, also the myeloid subset distribution was rather shaped by the tumor than the HIS-strain. The three tumor models showed infiltration of human CD68+CD66b− TAMs and CD68−CD66b+ granulocytes, but to different degrees. Whereas, in SK-OV-3 human TAMs were enriched, an equal distribution of granulocytes and TAMs was detected in OVCAR-5 and BC_038 with a higher number of CD66b− CD68− immune cells that might account for immature MDSCs. However, OVCAR-5 and BC_038 tumor-bearing HIS-NOG-EXL mice showed higher TAM infiltration compared to HIS-NOG (Figure 5E). A closer analysis of HLA-DR+ myeloid cells revealed presence of human DC subsets in all tumor models albeit at different frequencies (Figure 5E). Human pDCs were primarily detected in OVCAR-5 and BC_038 tumors (Figure 5E, Supplementary Figure 5C).



pDC Infiltration of Tumors Is Associated With the Presence of pDC-Recruiting Chemokines

We were able to detect pDCs in OVCAR-5 and BC_038, but not in SK-OV-3 tumors. Therefore, we investigated the expression of factors that are associated with pDC function and recruitment. hFLT3-L, hGM-CSF and hIL-3 are well known to correlate with pDC survival and differentiation (39–41). In addition, various migratory cues have been identified to direct pDCs from BM into the blood or diseased tissues including tumor-derived CXCL12 (SDF-1), CXCR3 ligands CXCL9/10 and CCR7 ligands CCL19 and CCL21 (6, 9, 42–47).

Hence, we investigated expression levels of these cytokines and chemokines in tumor lysates of humanized mice bearing SK-OV-3, OVCAR-5 and BC_038 tumors. hGM-CSF and hIL-3 transgene expression in NOG-EXL mice had no effect on the inoculated tumors as their levels were comparable between the two mouse strains (Figure 6). However, we detected striking differences among individual tumor models: SK-OV-3 tumors for example expressed significantly higher levels of hGM-CSF (Figure 6). In contrast, the breast cancer PDX BC_038 showed uniquely high human FLT3-L expression. hIL-3 only showed residual levels barely above the detection limit in all tumors and are therefore not shown. OVCAR-5 and BC_038 had in general a more pronounced and diverse pDC recruiting chemokine profile compared to SK-OV-3 tumors comprising the CXCR3 ligands CXCL9 and CXCL10 as well as CCL19 and CXCL12 (Figure 6). Highest CCL21 expression levels were found in BC_038 (Figure 6). These findings suggest that each tumor generates its specific pDC-recruiting and sustaining network of chemokines and cytokines.
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FIGURE 6. Intratumoral analysis of pDC trafficking and survival associated chemokines and cytokines of different tumors in NOG and NOG-EXL mice. (A) Cytokines hFLT-3L, hGM-CSF, and hIL-3 analyzed by Bio-Plex from tumor lysates of humanized mice inoculated with SK-OV-3, OVCAR-5 or BC_038, Kruskal-Wallis ANOVA, error bars indicate median ± IQR, ***p < 0.0005, ****p < 0.0001, error bars indicate median ± IQR, n = 3–19. (B) Chemokines associated with pDC migration hCXCL9, hCXCL10. hCXCL12, hCCL19, and hCCL21 analyzed by Bio-Plex from tumor lysates of humanized mice inoculated with SK-OV-3, OVCAR-5 or BC_038, Kruskal-Wallis ANOVA, error bars indicate median ± IQR, *p < 0.05; **p < 0.01, ***p < 0.0005, ****p < 0.0001, n = 3–19.




Intratumoral Stimulation With TLR7/8 Agonist Results in pDCs Activation and IFN-α2 Release

To further characterize the pDC population in OVCAR-5 and BC_038 we carried out functional analysis of pDCs in these two tumor models transplanted into both NOG strains by injecting the TLR7/8 agonist R848. Notably, tumor-derived pDCs responded to TLR stimulation with upregulation of CD69, CD86, and CD83 after 4 h. Consistently, we also detected increased IFN-α2 secretion in whole tumor lysates (Figure 7). Previous reports demonstrated that TLR7/8 agonist treatment results in secretion of proinflammatory cytokines (13–15, 48–50). Therefore, we profiled other human cytokines in the TME and found elevated levels of IL-6, IL-8, MIP-1β, and TNF-α upon short-term TLR7/8 stimulation (Figure 7). To confirm that cytokine secretion was immune cell dependent, we stimulated OVCAR-5 tumor cells in vitro with TLR7/8 and were not able to detect tumor cell line-derived IFN-α2 (data not shown). We were not able to perform a similar experiment using BC_038, which is a primary patient-derived xenograft without an existing cell line.
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FIGURE 7. TLR7/8 treatment increases intratumoral cytokine release. Human cytokines analyzed by Multiplex from tumor lysates of humanized mice treated i.t. with TLR7/8 or Vehicle for 4 h in OVCAR-5 and BC_038 tumors; Mann Whitney test; error bars indicate median ± IQR, *p < 0.05; **p < 0.001; ****p < 0.0001; n = 4–12.


TLR agonist administration can stimulate dramatic cytokine release in the periphery. Excessive cytokine levels however are also associated with common side effects of immunotherapies. We found that i.t. TLR activation resulted in systemic serum cytokine increase as early as 4 h (Supplementary Figure 6A). For comparison, we injected non-tumor-bearing, humanized mice i.p. with R848 and found relatively higher IFN-α2 levels in serum of both NOG strains compared to i.t injected tumor-bearing mice. This indicates that TLR agonists and the subsequently induced cytokine response are primarily retained within the tumor tissue (Supplementary Figure 6B).




DISCUSSION

Therapeutic targeting of innate immunity holds great promise for the treatment of immune checkpoint blockade resistant cancer patients, because these patients are likely to have malfunctions in the early, innate immunity-regulated steps of mounting an anti-tumoral immune response or harbor an immune suppressive TME. Targeting of pDCs in the TME could potentially reprogram intratumoral immune cells by triggering the release of a broad type I interferon spectrum shown to reduce tumor growth and activate other immune cells such as NK cells (5, 11, 51). TLR7 and TLR9 agonists are able to activate pDCs and are currently at various stages in clinical development as drug or adjuvants (52, 53). Identification of synergistic combination partners, novel biomarkers or alternative pDC-targeting strategies requires preclinical models that provide sufficient and functional human pDCs in a human TME. In our study, we aimed to find a suitable preclinical, tumor-bearing HIS model taking into account the local tumor milieu and the general quality of human hematopoiesis. Furthermore, we assessed whether improved systemic reconstitution of the human immune system would facilitate a more pronounced tumor-associated pDCs infiltrate to allow in vivo functional characterization of this notoriously difficult to study, rare pDCs population.

Despite their limitations, humanized mice are a highly useful and important model system for cancer immunotherapy studies as they provide an in vivo testing opportunity for human therapeutic targets that lack a functional mouse homolog. HIS mice come in many different flavors and diverse immune cell reconstitution levels (21). Classical humanized mice, such as BRG, NOG and NSG mainly develop B and T cells and provide a robust model to study tumor interaction with those lymphoid populations e.g., for checkpoint inhibitor or T cell recruitment studies (21, 26, 28, 54–56). However, they lack proper antigen-specific immune responses and suffer from compromised innate immune cell development due to limited cross-reactivity between human and murine cytokines (21, 26, 34). To overcome the latter obstacle, human cytokines e.g., M-CSF, GM-CSF, IL-3, and SCF were introduced using different methods such as hydrodynamic plasmid injection, daily injections of recombinant FLT3-L, genetic transgene or knock-in replacement (28–30, 51, 57, 58). However, also tumor cells can serve as a rich source of human cytokines. That prompted us to ask whether tumor implantation could further boost human myeloid cell reconstitution in tumors transplanted into next generation humanized mouse strains. Therefore, we first performed a comprehensive characterization of two novel, non-tumor-bearing, myeloid enhanced HIS models (HIS-NOG-EXL and HIS-NSG-SGM3), followed by comparison with tumor-bearing HIS-NOG and HIS-NOG-EXL mice to delineate the contributions of tumor and transgene-derived cytokines to human immune cell reconstitution.

We confirmed higher overall engraftment and increased frequency of myeloid cells in peripheral blood of both transgenic mouse strains as compared to non-transgenic HIS-NOG mice (29, 30). Additionally, HIS-NOG-EXL mice showed increased NK cell reconstitution, while NSG-SGM-3 mice are characterized by rather high Treg frequencies and development of granulocytes. Although NOG-EXL and NSG-SGM3 strains harbor the hGM-CSF transgene, we detected 400-fold higher GM-CSF serum levels in NSG-SGM-3 mice that potentially, together with additionally increased G-CSF, favor granulocyte formation over macrophages and DCs. These unusually high GM-CSF levels in HIS-NSG-SGM3 mice may inhibit pDC survival or egress from bone marrow and explain the absence of peripheral pDCs in this strain despite the reported presence of pDC in bone marrow (29, 39, 59). Notably, the pDC inhibitory effect of GM-CSF seems to be dose-dependent in pDCs cultured in vitro (60, 61). On the other hand, it was shown that GM-CSF and IL-3 are essential for human pDC viability and differentiation (60). As those two cytokines are systemically expressed in both transgenic mouse strains, albeit to different levels, we hypothesize that GM-CSF levels in HIS-NSG-SGM3 exceed a certain threshold and become inhibitory for pDCs, whereas lower GM-CSF levels in HIS-NOG-EXL promote pDC viability and differentiation. NSG-SGM3 mice also had higher peripheral T cell frequencies and IFN-γ level compared to NOG-EXL. Furthermore, additional inflammatory signals such as IL-6, IL-8, IL-16, MCP-1, TNF-α, CX3CL1, were increased in HIS-NSG-SGM3 mice confirming previous reports (36, 37). Furthermore, the Treg recruiting chemokine CCL22 was significantly elevated. Thus, it is tempting to speculate that the high numbers of immunosuppressive Tregs associated with higher IL-10 levels suppress the activated T cell phenotype. Collectively, the observed hepatosplenomegaly and reduced overall survival suggest that human myeloid cells induce a continuous, smoldering inflammation in HIS-NSG-SGM3 (35–37). This assumption is supported by the notion that depletion of myeloid cells using an anti-CD33 antibody ameliorated these symptoms (36). Another major difference lies in the additional transgene encoding stem cell factor (SCF) in SGM-3 mice that may explain some of the observed differences between NOG-EXL and SGM-3 mice.

Furthermore, the different mouse background may also tune differential immune composition of HIS-NSG-SGM3 compared to HIS-NOG-EXL mice. Consistently, DCs were previously reported in higher numbers in BM of HIS-NOG mice compared to NSG mice (62, 63). HIS-NOG-EXL myeloid cell frequencies are substantially below human levels, although these mice show enhanced myelopoiesis and reconstitute even major subsets of DCs at high frequencies in spleens indicating terminal differentiation and successful egress of these cells from BM (64). Accordingly, also CD14+ monocyte count in HIS-NOG-EXL is lower compared to the human situation, while the CD14+CD16+ non-classical monocyte population is almost absent. Notably, we were able to detect TAMs in SK-OV-3 tumors that express M-CSF, the cytokine responsible for macrophage differentiation and survival (28, 65). In contrast, HIS-NOG-EXL mice had low levels of macrophages in spleens and in general a more immature monocyte phenotype in peripheral blood that may be attributed to the lack of M-CSF (28). Importantly, pDC frequencies in blood and lymphoid organs of HIS-NOG-EXL mice are substantially higher compared to humans (66). This fact enables functional studies of the rare pDC population without further manipulation such as ex vivo expansion. The transgene-derived hIL-3 levels that are about 10-fold higher than the transgene-derived hGM-CSF levels (Supplementary Figure 7A), might result in augmented pDC viability in response to activated IL-3R (CD123) signaling.

Based on the important role of pDCs in ovarian and breast cancer, we selected two ovarian cancer cell lines with high and low cytokine producing profile and one breast cancer PDX for detailed human immune analysis in the myeloid enhanced HIS-NOG-EXL as compared to HIS-NOG mice. We compared tumor growth kinetics and found that SK-OV-3 tumor growth is similar in HIS-NOG and HIS-NOG-EXL, whereas OVCAR-5 and BC_038 tumors grew faster or slower in HIS-NOG mice, respectively. GM-CSF and IL-3 are both known to stimulate tumor cell proliferation (67, 68), so their direct effects on tumor growth cannot be excluded. Despite the remarkably altered WBC composition between the different strains, the tumor immune infiltrates were largely comparable between the three different tumor models, albeit striking differences were observed in frequency of individual immune subsets. In contrast to BC_038 and OVCAR-5 tumors, the SK-OV-3 tumor failed to recruit and sustain pDCs.

The molecular mechanism underlying the trafficking of pDCs to the tumor remain largely elusive. Unlike other immune subsets, pDCs can express non-functional chemokine receptors. Under homeostatic conditions pDCs are confined to lymphoid tissues in response to CXCL12 (SDF1)-mediated recruitment via CXCR4 expressed on pDCs (43). However, circulating pDCs express additional chemokine receptors that fail to migrate toward inflammatory stimuli. In pathological tissues pDCs are detectable. Several factors have been described, which may contribute to pDC recruitment into tumors: (i) tumor cells are capable to hijack the CXCL12/CXCR4 axis by producing SDF-1 (9, 46, 69); (ii) pDC maturation in the tumor increases CCR7 or CXCR3 levels and allows these receptors to engage with the migration machinery upon binding to CCL19/CCL21 and CXCL9/CXCL10, respectively (42–44); (iii) Maturation is induced e.g., by extracellular self-DNA bound to HMGB1 protein that prevents its degradation and is recognized by pDCs as TLR ligand (47). High expression levels of CXCL12 were first described in ovarian tumors, later also in various solid tumor entities including breast cancer. CXCL12 was reported to attract pDCs into the tumor environment and to protect them against tumor-induced apoptosis (46, 47, 69, 70). Indeed, BC_038 and OVCAR-5 tumors had higher expression levels of the migratory chemokines CXCL10, CXCL12, and CCL19 (Figure 6) compared to SK-OV-3 and also shared a rather similar cytokine/chemokine profile (Supplementary Figure 7B) and immune cell composition, despite their different origin as PDX and established cancer cell line from a different tumor entity. Moreover, SK-OV-3 tumors expressed strikingly higher GM-CSF levels that may be above the threshold of acquiring pDC-inhibitory function. On the other hand elevated GM-CSF level could benefit SK-OV-3 tumors in shaping their rich TAM-infiltrate along with M-CSF.

Further characterization of tumor-associated pDCs showed upregulation of activation markers and increased IFN-α2 levels upon TLR-agonist treatment. Considering the intratumoral TLR agonist application and the early readout 4 h after agonist injection associated with increased activation marker expression by the pDCs, it is very likely that the observed IFN-α2 increase in tumor lysates originates from pDCs. This is further supported by another study using TLR7/8 agonist stimulated human PBMCs where pDCs were the only producers of IFN-α2 after 4 h of stimulation. Neither T nor B cells responded to TLR treatment while monocytes were strongly activated through the TLR8 agonist and produced TNF-a, IL-6 and IL-1β but not IFN-α2. Furthermore, activated pDCs produced TNF-α and IL-1β (71), confirming findings described in earlier studies (48, 49), which independently showed that pDCs produce not only IFN-α but also TNF-α, IL-6, IL-8, and MIP-1β upon TLR stimulation. The tumor lysate analysis is limited by the lack of analyzing the isolated, pure pDC subset. Purification of sufficient pDC cell numbers from tumors was technically not feasible due to the substantial loss of pDCs during the tumor digestion and immune cell enrichment processes. Therefore, we performed an in vitro assay with TLR7/8 agonist treated tumor cell lines as additional control demonstrating no IFN-α2 release. Regarding the other TLR7/8 agonist-induced cytokines we cannot exclude potential contributions from other immune cells such as monocytes. To unequivocally demonstrate that pDC are the predominant IFN-α source, pDC depleting/blocking studies e.g., with the anti-BDCA-2 monoclonal antibody 15B (72–74) or with the BDCA-2-DTR transgenic mice (75) would be necessary.

Thus, our data clearly indicate that local cytokine production by tumor xenografts have a more significant impact on tumor immune infiltrate than the selected humanized mouse strain. Consequently, different tumor-associated immune subsets can potentially be generated in conventional HIS models by selecting the appropriate tumor model. Instead of investing in expensive mice or developing time-consuming new mouse models, screening of the right tumor cell line or PDX model may present a faster and more efficient way to identify tumor models enriched with human pDCs. In silico criteria for tumor selection may include the presence of GM-CSF, IL-3 and FLT3-L, ligand expression of chemokine receptors CXCR4, CCR7, and CXCR3 and the absence of very high GM-CSF level. For melanoma models presence of BRAFV600E and absence of NRAS mutations may serve as additional predictors for higher tumor-resident pDC probability (76).

In the current report, we describe an acute setting, where we measured the effects of TLR7/8 agonists 4 h after injection. The next step to be addressed in future studies is to evaluate long-term effects of pDC infiltration as well as IFN-α production on tumor growth and other tumor-resident immune cells. Particularly, we expect that the investigation of the cross talk between activated pDCs and T cells is experimentally challenging in HIS mice considering the uncertainties around mouse MHC restriction and how reconstitution of additional human APC would interfere with T cell priming (77).

As an additional and unexpected finding, to our knowledge we here show for the first time that myeloid enhanced mice have significantly elevated serum IgG levels indicating improved B cell maturation and function. This was surprising because B cells of classical humanized mice have impaired class switch resulting in minimal antigen-specific IgG production (27, 34). Our findings are accompanied by improved LN development especially in HIS-NOG-EXL. Unlike mouse models that were specifically designed for improved LN development, the LNs in our animals had mostly T cells instead of B cells. However, further experiments, e.g., immunization assays, are needed for a more elaborate functional B cell characterization. In summary, HIS-NOG-EXL mice outperform HIS-NOG and HIS-NSG-SGM3 mice in terms of humanization quality.

Our study provides a comprehensive head-to-head comparison of two myeloid enhanced HIS strains using identical humanization protocols including stem cell donors. Those next-generation HIS strains proved to be superior in terms of a more diverse human immune system reconstitution. In particular, the HIS-NOG-EXL mice represent a robust mouse model to study human innate immune cells in homeostasis and in tumor context. In our view, HIS-NOG-EXL provide the clinically most relevant HIS model to study e.g., immunomodulatory drugs due to the enhanced myeloid and NK cell reconstitution, elevated IgG levels and the ability to reconstitute major immune subsets in different tumor models. Additionally, the relatively high proportion of human pDCs in this mouse model allows studying this rare cell population in more detail without any further manipulation in the context of high quality humanization. Although advanced transgenic HIS models clearly showed improved innate immune subset reconstitution in the periphery, this advantage was lost in TME. Our experimental setup delivers a fertile ground to expand the knowledge on how tumors regulate molecular circuits in vivo to shape and exploit human immune cells; a knowledge that potentially unravels novel targets for cancer immunotherapy.
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Mice with reconstituted human immune systems can mount cell-mediated immune responses against the human tumor viruses Epstein Barr virus (EBV) and Kaposi sarcoma associated herpesvirus (KSHV). Primarily cytotoxic lymphocytes protect the vast majority of persistently infected carriers of these tumor viruses from the respective malignancies for life. Thus, EBV and KSHV infection can teach us how this potent immune control is induced, what phenotype and functions characterize the protective lymphocyte compartments and if similar immune responses could be induced by vaccination. This review will summarize similarities and differences between EBV and KSHV associated pathologies and their immune control in patients and mice with reconstituted human immune systems. Furthermore, it will high-light which aspects of the near perfect immune control can be modeled in the latter preclinical animal models and discuss their relevance for cancer immunology in general.
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INTRODUCTION ON EBV AND KSHV SPECIFIC IMMUNE CONTROL

The two human γ-herpesviruses Epstein Barr virus (EBV) and Kaposi sarcoma associated herpesvirus (KSHV) are WHO class I carcinogens (1–3). They are associated with lymphomas, Hodgkin’s and Burkitt’s in the case of EBV, and primary effusion lymphoma (PEL), and multicentric Castleman’s disease (MCD) for KSHV (4). Furthermore, EBV causes epithelial cell tumors, like nasopharyngeal and 10% of gastric carcinoma (5), while KSHV is the etiological cause of the endothelial cell derived cancer Kaposi sarcoma (3). Fortunately, these malignancies are rare with incidence rates of less than 1 in 104 individuals, even so more than 95% of the human adult population is persistently infected with EBV, and more than 50% of the Sub-Saharan African population with KSHV (3, 6). However, EBV and KSHV associated lymphomas as well as Kaposi sarcoma develop at increased frequencies after immune suppression, due to for example human immunodeficiency virus (HIV) infection or iatrogenic treatment after transplantation (7, 8). Moreover, primary immunodeficiencies, often caused by individual gene mutations, can predispose for EBV and KSHV associated diseases (9). Interestingly, the affected genes point toward well defined immune compartments that control EBV and KSHV infection and prevent associated malignancies in most virus carriers. Even so EBV and KSHV are closely related γ-herpesviruses, the requirements for their immune control seem to be quite dissimilar. Primary immunodeficiencies that predispose for EBV associated diseases affect the cytotoxic machinery of lymphocytes, including natural killer (NK) and CD8+ T cells (10, 11). In addition, co-stimulatory molecules on these cytotoxic lymphocytes, like CD27, 4-1BB, 2B4, and NKG2D, seem to be required to control EBV. A third group of molecules that are required for EBV specific immune control, are involved in T cell receptor signaling, such as interleukin-2 inducible T cell kinase (ITK), ZAP70, and PI3K. Finally, gene products that support and sustain cytotoxic lymphocyte development and expansions, like MCM4, CTPS1, and XIAP, are required for EBV specific immune control. Surprisingly, type I and II interferons (IFNs) as well as antibody responses are dispensable for the immune control of EBV (11). In contrast, type II IFN signaling with IFN-γ receptor 1 and STAT4 protects from Kaposi sarcoma (9, 12). In addition, OX40 instead of the above mentioned co-stimulatory molecules is required to protect from Kaposi sarcoma (13). Thus, primary immunodeficiencies suggest that cytotoxic lymphocytes keep persistent EBV infection in check, while their cytokine production protects in addition from KSHV. Accordingly, these two pathogens are suitable to challenge human immune systems with their tumorigenic potential and test their robustness in raising cell-mediated immune responses.



VIRUS ASSOCIATED MALIGNANCIES

Such challenges are for example applied to immune compromised mice with reconstituted human immune system components, such as NOD-scid γc–/– that are neonatally injected with human CD34+ hematopoietic progenitor cells (HPCs) and then develop human leucocytes during three to 6 months (humanized mice) (14, 15) (Figure 1). In order, however, to explore the protective capacity of the reconstituted human immune system compartments, at least some of the EBV and KSHV associated pathologies must be recapitulated in these humanized mouse systems. Accordingly, the viral gene expression patterns have been analyzed after EBV infection of humanized mice (16–21). In most of these studies a high dose of infectious viral particles from the B95-8 EBV strain, originally isolated during symptomatic primary infection called infectious mononucleosis (IM), was used. As in secondary lymphoid tissues, including tonsils, of IM patients (22) primarily EBV infected B cells expressing the latency III infection program with six nuclear antigen (EBNA1, 2, 3A-C, and LP), two latent membrane proteins (LMP1,2) as well as non-translated EBER and viral miRNAs, were observed (21). In addition, however, low levels of latency I and II with EBNA1 as the sole or in addition LMP1 and 2 protein expression could be detected (18, 23). Low levels of these lower latencies were also verified by detection of characteristic viral transcripts (21, 24, 25). While latency III is found in naïve B cells of healthy EBV carriers, latency II predominates in germinal center B cells and latency I in homeostatically replicating memory B cells (26, 27). It is unclear if the respective latencies are also in similar B cell differentiation stages in humanized mice. In humans, EBV persists without viral protein expression in circulating memory B cells of so-called latency 0 (28). This latency 0 can also be reached in humanized mice (20). From latency 0 and I EBV switches into lytic replication upon plasma cell differentiation in healthy virus carriers (29). Such reactivation only rarely occurs with the B95-8 EBV virus in humanized mice (30), but other viruses such as the M81 EBV strain are more prone to lytic replication (31, 32). In contrast to these IM-like infections, lower viral doses might mimic asymptomatic primary infection, as it occurs in the vast majority of humans (6), but these have so far not extensively been explored in humanized mice (33). Nevertheless, all EBV infection programs can be found upon usually intraperitoneal inoculation of humanized mice.
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FIGURE 1. Challenging humanized mice with EBV and KSHV infection. Mice with reconstituted human immune system compartments (humanized mice) are generated by injecting human CD34+ HPCs into immune compromised mice, such as the NOD-scid γc– /– mouse strain. After 3 months humanized mice can be infected with EBV with and without KSHV. Persistent infection with these two viruses develops into PEL-like lymphomas after double infection after 4 weeks (wks), EBV lytic replication can be observed after 3 weeks and DLBCL-like lymphomas develop after 5–6 weeks. While the immune control of KSHV in humanized mice still needs to be defined, NK and αβ T cells control lytic EBV replication, and NKT, γδ T and αβ T cells prevent DLBCL-like tumorigenesis by targeting latent EBV infection. This figure was created in part with modified Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 unported license: https://smart.servier.com.


According to the predominance of EBV latency III infection the virus-associated lymphomas that develop in up to one third of infected mice also carry this strongly growth transforming gene expression program akin to some diffuse large B cell lymphomas (DLBCL) and in vitro EBV transformed, B cell derived lymphoblastoid cell lines (LCLs) (2). Burkitt’s and Hodgkin’s lymphomas that carry latency I and II have so far not been reported. DLBCL-like lymphomagenesis can further be increased by infection with an EBV strain that is deficient in the viral tumor suppressor EBNA3B (34). Accordingly, EBNA3B loss has also be found in a subset of DLBCLs in human patients (34, 35). Furthermore, both EBV and KSHV are present in most PELs (36). Of all KSHV associated malignancies PEL cells are also the only one that maintains KSHV in culture (37). Interestingly, KSHV infection only persists in humanized mice upon co-infection with EBV (23, 38). Similarly, both viruses or their monkey orthologues seem to be co-transmitted in both macaques and humans (39, 40). Furthermore, EBV supports KSHV infection of B cells in vitro (41). KSHV and EBV co-infection of humanized mice also allows for the development of PEL-like lymphomas (Figure 1) with characteristics of plasma cell differentiation that have previously been defined for PELs (23, 42). Consistent with lytic EBV replication being associated with plasma cell differentiation (29) both PEL-like tumors in humanized mice and human PELs displayed elevated lytic viral gene products and this lytic EBV replication contributed to enhanced tumor formation in double-infected humanized mice (23). Thus, EBV associated DLBCLs and KSHV as well as EBV positive PELs can be elicited in humanized mice.



IMMUNE CONTROL BY INNATE LEUKOCYTES

The symptomatic primary EBV infection IM is an immunopathology caused by massive expansion of CD8+ T cells that are predominantly directed against lytic EBV antigens (43). This disease is rare in children but can make up 30 to 50% of primary infections in adolescents (6). Therefore, EBV infection at young age seems to trigger a different immune response than later in life. One reason for this altered immune response could be more robust innate immune control of lytic EBV infection in children. Along these lines it has been shown that NK cells protect from lytic EBV infection in humanized mice (19, 44) (Figure 1). In both humanized mice and pediatric IM patients primarily early differentiated CD56dimNKG2A+killer immunolglobulin-like receptor (KIR)– NK cells expand (19, 45–48). While these are the most abundant NK cell subpopulation after birth in humans, they differentiate to CD56dimNKG2A–KIR+ NK cells during the first decade of life (45), possibly rendering adolescents more susceptible to IM. It has been suggested that ligands for the activating NK cell receptors NKG2D and DNAM1 get up-regulated on B cells that undergo lytic EBV reactivation, and that NKG2D and DNAM1 mediate NK cell cytotoxicity against the respective targets (49). Thus, NK cell differentiation could diminish protective NK cell populations during the first decade of life, compromising innate immune control of lytic EBV infection which in turn would trigger the massive expansion of lytic EBV antigen specific CD8+ T cells, causing IM.

However, in addition to NK cells other innate lymphocyte populations might play a role during EBV infection. Along these lines it has been shown that Vγ9Vδ2 T cells that recognize mevalonate metabolism intermediates presented by butyrophilin 2A1 (BTN2A1) prevent EBV associated lymphoproliferative disease in humanized mice (50). Similarly, the transfer of Vγ9Vδ2 T cells inhibited tumor growth in EBV transformed B cell carrying mice (51). Vγ9Vδ2 T cells recognized EBV infected B cells by their T cell receptor and NKG2D as a co-receptor (50). Especially EBV latency I Burkitt’s lymphoma cell lines expanded human Vγ9Vδ2 T cells (52). These lymphoma cell lines displayed the highest levels of mevalonate metabolite presentations on BTN2A1. Interestingly, only around 50% of human individuals could raise these protective Vγ9Vδ2 T cell responses against EBV infected targets (52). These so-called group 1 individuals harbor a high frequency of Vγ9Vδ2 T cells with T cell receptors that utilize JγP segments (53). These Vγ9JγP T cells expanded upon stimulation with Burkitt’s lymphoma cell lines. Thus, Vγ9Vδ2 T cells might protect preferentially against EBV latency I infected B cells.

Finally, there might also be a role for NKT cells that recognize glycolipid presentation on CD1d non-classical MHC class I molecules (54, 55). Adoptive transfer of NKT cells into mice that carried EBV transformed B cells reduced their tumor formation (54). They seemed to recognize freshly EBV infected B cells and EBV latency II infected tumor cells, while CD1d is down-regulated on EBV latency III infected B cells (55). Along these lines, X-linked lymphoproliferative (XLP-1) disease which affects primarily boys due to mutations in the 2B4 adaptor SAP and which confers life-threatening susceptibility to EBV associated pathogenesis, lack NKT cells (56). Thus, NKT cells might also contribute to innate immune control of latently EBV infected B cells, possibly preferentially expressing the latency II program. Humanized mice have contributed to demonstrate immune control by NK, Vγ9Vδ2 T cells, and NKT cells against lytic and latent EBV infected B cells, respectively. Only fully transformed EBV latency III B cells, resembling DLBCLs, do not seem to be efficiently recognized by innate lymphocytes, but these seem to target EBV infected precursors that are required for DLBCL-like tumor development in humanized mice (Figure 1).



CYTOTOXIC T CELL RESPONSES

In contrast to innate lymphocytes, EBV latency III infected B cells that can be also generated in vitro by EBV infection of human B cells, are highly immunogenic for T cells. Indeed, adoptive transfer of LCL stimulated T cell lines into patients with EBV induced post-transplant lymphoproliferative disease (PTLD) was one of the first cellular therapies and was able to cause PTLD regression (57). The EBV antigens EBNA1, LMP1, and LMP2 have proven to be sufficient as T cell targets for such adoptive T cell transfer therapies against EBV associated malignancies (58, 59). Similarly in humanized mice antibody mediated T cell depletion increased EBV viral loads and DLBCL-like lymphomagenesis (16, 60) (Figure 1). While primarily CD8+ T cells seemed to protect from EBV induced lymphomagenesis in humanized mice, antibody depletion, pharmacological inhibition by FK506 or destruction of CD4+ T cells by HIV co-infection also compromised EBV specific immune control in humanized mice (16, 21, 25). Along these lines, late lytic EBV antigen specific CD4+ T cells have been reported to restrict EBV transformed B cell growth in mice (61). Thus, both cytotoxic CD8+ T cells and helper T cell functions seem to be required for adaptive immune control of EBV in humanized mice.

Antibody blocking and recombinant EBV mutant infection experiments have revealed crucial aspects of this T cell mediated immune control of EBV in humanized mice and helped to explain the mechanistic underpinnings of EBV susceptibility in patients with the above mentioned primary immunodeficiencies. Among the co-stimulatory molecules, blocking of 2B4, one of the receptors that depends on SAP for activating signaling and is affected in XLP-1, led to increased EBV loads and lymphomagenesis (62). This 2B4 requirement was mainly on CD8+ T cells because their antibody mediated depletion did not further increase viral titers and tumor formation. In addition, CD8+ T cells with the inhibitory co-receptor PD-1 expanded during IM and in EBV infected humanized mice (33, 63). They included both latent (LMP2) and lytic (BMLF1) EBV antigen specific CD8+ T cells. These PD-1 positive CD8+ T cells carried the highest cytotoxic ability during EBV infection of humanized mice. Furthermore, they expressed CXCR5, Tim-3, KLRG1, and TCF-1 (33) and resembled germinal center homing CD8+ T cells which have previously been described to contain EBV specific CD8+ T cells in human tonsils (64). Interestingly, antibody blocking of PD-1 led to increased EBV viral loads and lymphomagenesis. This was associated with IL-10 production and might therefore represent activation of a regulatory CD4+ T cell population during PD-1 inhibition that compromises EBV specific immune control. Along these lines, at least a subset of patients that undergo PD-1 blockade for tumor treatment and develop neurological side effects, have recently been shown to harbor elevated EBV loads and accumulate EBV infected B cells and EBV reactive CD4+ and CD8+ T cells in their central nervous system (65). In contrast to PD-1 blockade on regulatory CD4+ T cells, humanized mouse models that sustained only T and EBV transformed B cell reconstitution developed exhausted, presumably CD8+ T cell populations and antibody blocking of their PD-1 and CTLA-4 inhibitory receptors restored EBV specific immune control (66). Antibody blocking studies have, therefore, suggested essential roles for PD-1, CTLA-4, and 2B4 during EBV specific immune control in humanized mice.

Additional characteristics of protective EBV specific T cell responses have been revealed by recombinant EBV mutant viruses. In addition to secondary lymphoid tissue homing, CXCR3 dependent T cell homing to inflamed tissues has been found to be critical for immune control of EBV in humanized mice by studying EBNA3B deficiency (34). EBNA3B deficiency which was observed in some patients with DLBCL (34, 35), elicited elevated lymphomagenesis in humanized mice (34). The respective tumors were devoid of T cell infiltrates and EBNA3B deficient LCLs were found to produce less of the CXCR3 stimulating CXCL9 and 10 chemokines. Transgenic CXCL10 expression by EBNA3B deficient LCLs restored their T cell mediated immune control in vivo. In addition, compromised MHC class I antigen presentation by EBV miRNAs limits EBV specific immune control (67). miRNA deficient EBV did not induce any DBLCL-like lymphomas in humanized mice, but tumor formation was restored upon antibody mediated CD8+ T cell depletion. Both latent and at least early lytic CD8+ T cell responses might contribute to CD8+ T cell mediated immune protection against EBV associated lymphomagenesis in humanized mice (18, 30). EBV deficient in the immediate early lytic EBV transactivator BZLF1 was compromised in its ability to cause DLBCL-like lymphomas in humanized mice, KSHV co-infection increased lytic EBV replication and lymphomagenesis, and BMLF1 specific CD8+ T cells were able to transiently control lytic EBV infection after their adoptive transfer (18, 23, 30). These studies define CXCR3 dependent homing, targeting of early lytic EBV antigens and efficient MHC class I antigen presentation as additional characteristics of EBV specific immune control by T cells.

In contrast to CD8+ T cells, CD4+ T cells can, however, also mediate pro-tumorigenic effects. LMP1 deficient EBV required CD4+ T cells for DLBCL-like lymphoma formation in humanized mice (68). Furthermore, CD4+ T cells allowed EBV to access the Burkitt’s and Hodgkin’s lymphoma associated EBV latencies I and II in humanized mice, even so no tumors with these viral gene expression patterns have so far been observed in any humanized mouse model (24). Therefore, both anti- and pro-tumorigenic functions of T cells can be studied during EBV infection of humanized mice, and so far, CXCR3+CXCR5+2B4+CD8+ T cells have emerged as the main protective entity.



VACCINATION

Epstein Barr virus specific immune control is uniquely dependent on cell mediated immunity and cytotoxic lymphocytes, while individuals with deficient antibody responses do not suffer from EBV associated pathologies (9–11). This cytotoxic immune control of EBV can be recapitulated in humanized mice (14). Therefore, humanized mice should be well suited to test EBV specific vaccine candidates and develop vaccines that efficiently prime cytotoxic lymphocytes and are also required to stimulate other anti-tumor immune protection (69). Unfortunately, it has been quite frustrating to identify vaccine candidates that manage to induce such protective T cell responses. Antigen targeting to dendritic cells (DCs), recombinant viral vectors, and virus like particles (VLP) have been explored.

Even so EBNA1 specific T cells have been therapeutically used against PTLD (58) and this antigen is incorporated in many vaccine formulations (70–74), targeting of EBNA1 to DCs and uptake via their DEC-205 receptor has elicited only weak CD4+ T cell responses (75, 76). However, even in regular mice this vaccine formulation was even with a boost by a recombinant adenovirus encoding EBNA1 less efficient in inducing T cell responses than heterologous prime-boost vaccination with EBNA1 encoding adenovirus and modified vaccinia virus Ankara (MVA) (74). In contrast, an EBV derived VLP into which EBNA1 was incorporated as a tegument component elicited protective CD4+ T cell responses against EBV challenge in humanized mice (77). This VLP targets B cells as EBV does, and the abundance of these antigen presenting cells (APCs) in humanized mice could facilitate the priming of sufficient numbers of protective T cells. Similarly, yellow fever virus (YFV) specific vaccination that is based on the attenuated viral strain YFV17D required human DC expansion prior to YFV17D injection to prime significant T cell responses (78). Such expanded APC populations, as exemplified by the high constitutive B cell reconstitution in humanized mice and Flt3L mediated DC expansion might overcome the paucity in secondary lymphoid tissue development that most humanized mouse models suffer from (79). Interestingly, adoptive transfer of DC populations did not only increase these APC populations and allowed for more efficient induction of human cytomegalovirus (HCMV) specific immune responses in humanized mice, but also induced the formation of secondary lymphoid tissues like lymph nodes (80). These structures then did not only facilitate the priming of T cell, but also antibody responses (80). Thus, humanized mice allow for the evaluation of vaccines, but might require expansion of APC populations and secondary lymphoid tissues for them to meet naïve T cells for adaptive cell-mediated and possibly even humoral immune response induction.



CONCLUSION AND OUTLOOK

Humanized mice hold the promise that human immune responses and their modulation by immunotherapies as well as vaccinations can be studied. However, at least humoral immune responses are severely attenuated in these mice and mucosal immune reconstitution is only rudimentary. As a result, only few pathogens have been shown to elicit protective immune responses in humanized mouse systems. As these models get further improved by introduction of human MHC and cytokine genes, as well as additional human organoids (15) immunocompetence will probably increase. However, already with the available models strongly T cell immunogenic pathogens like EBV and KSHV can be characterized for their infection, tumorigenesis, and cell-mediated immune control. Indeed, EBV is the pathogen that most often leads to even pathogenic CD8+ T cell expansions in humans, as in IM, and primary immunodeficiencies as well as therapeutic adoptive T cell transfer suggest that such cytotoxic lymphocyte responses are necessary and sufficient for its immune control (9, 43, 81). This suggests that EBV is well suited to interrogate the immunocompetence of cytotoxic lymphocyte compartments in humanized mice and should be able to reveal improvements of these preclinical in vivo models.

At the same time any manipulation of T cell mediated immune control, like immune checkpoint inhibition, can be assessed for its ability to improve or compromise EBV specific immune control, even if the respective treatments are developed for other tumors than EBV associated malignancies. The influence of these treatments on EBV infection should still be of interest because the vast majority of adult humans (>95%) are persistently infected with EBV (2) and, therefore, any immune modulation of anti-tumor T cell responses will also affect EBV specific immune control in the respective patients, as becomes apparent during immunosuppressive treatment after transplantation, increasing the risk for PTLD (7, 21). Thus, EBV infected humanized mice constitute an interesting preclinical in vivo system to test human immune modulators.

Finally, it remains difficult to construct humanized mice with tumors and long-term engraftment of diverse autologous human immune system components (15). However, the growth transforming ability of EBV allows for the generation of autologous tumor cells that can be genetically manipulated and afterward implanted into humanized mice that have been reconstituted with CD34+ HPCs from the same donor. Therefore, it is one of the few systems that currently allow studying tumor interaction with human immune system components in an autologously xenografted humanized mouse model. All these advantages should allow us to interrogate human immune responses and design vaccines as well as other immunotherapies to elicit them more comprehensively.
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We generated an NOD/Shi-scid-IL2Rγnull (NOG) mouse deficient for the Fcer1g and Fcgr2b genes (NOG-FcγR−/− mice), in which monocytes/macrophages do not express activating (FcγRI, III, and IV) or inhibitory (FcγRIIB) Fcγ receptors. Antibody-dependent cellular cytotoxicity (ADCC) by innate immune cells was strongly reduced in this strain. Thus, while the growth of xenogeneic human tumors engrafted in conventional NOG mice was suppressed by innate cells upon specific antibody treatment, such growth inhibition was abrogated in NOG-FcγR−/− mice. Using this novel strain, we further produced NOG-FcγR−/−-mice expressing human IL-15 (NOG-FcγR−/−-hIL-15 Tg). The mice inherited unique features from each strain, i.e., the long-term sustenance of human natural killer (NK) cells, and the elimination of mouse innate cell-mediated ADCC. As a result, segregation of human NK cell-mediated ADCC from mouse cell-mediated ADCC was possible in the NOG-FcγR−/−-hIL-15 Tg mice. Our results suggest that NOG-FcγR−/−-hIL-15 Tg mice are useful for validating the in vivo function of antibody drug candidates.

Keywords: humanized mice, NK cell, FcγR, ADCC, mouse innate immunity


INTRODUCTION

Antibody-dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells has been considered a critical mechanism in antibody therapy for various malignant diseases, including hematopoietic malignancies and some solid tumors (1). Advances in technology have dramatically accelerated the development of various types of novel antibody (2–4), whereas there are few in vivo animal models to use to validate candidates in terms of pharmacokinetics (5) and pharmacodynamics, as they are directed against human antigens and are often developed in the form of humanized or even human IgG molecules. The absence of target antigens in conventional mouse models has limited the progress of drug discovery. Xenograft models in immune-deficient mice or genetically manipulated mice, which express human antigens (6) as surrogate targets, have been employed as in vivo models. However, they do not always assure faithful extrapolation to human situations, because such models lack human effectors cells, including NK cells or T cells. Thus, innovative experimental animal models are sought to enable the accurate predictions of drug efficacy and effects on human cells and tissues.

Humanized mice, which stably and autonomously maintain human tissues, have attracted significant attention (7–9). Extremely immunodeficient mice, such as NOD/Shi-scid-IL2Rγnull (NOG) (10), NOD/LtSz-scid IL-2Rγnull (NSG) (11), or BALB-RAG2−/−-IL-2Rγ−/− double knockout (BRG) mice (12) or the derivative strain, BRG-human signal-regulatory protein α (SIRPA) (BRGS) (13), are among the best platforms for the reconstitution of human hematopoietic and immune systems, by transplantation of human hematopoietic stem cells (HSCs) or human peripheral blood mononuclear cells (PBMCs). Application of these mice in the evaluation of ADCC has also been attempted (14–16). Our group previously reported that two NOG variant strains, that express either human IL-2 (hIL-2) or human IL-15 (hIL-15); NOG-hIL-2 transgenic (Tg) or NOG-hIL-15 Tg, respectively, are suitable for human NK cell development (17) and/or long-term persistence of human NK cells (18). These human NK cells suppress human tumor growth in vivo by cognate or therapeutic antibody-dependent mechanisms (17, 18). In the course of studies using various therapeutic and research antibodies, however, we have realized that tumor growth is significantly suppressed by antibody treatment alone in some cases, even in the absence of human NK cells. Thus, the capability of antibodies to induce human NK-cell mediated ADCC is often masked by this background effect.

In this study, we established an NOG-FcγR deficient (NOG-FcγR−/−) strain. While administered therapeutic antibody in NOG mice was mainly captured by innate cells, primarily neutrophils and monocytes/macrophages, this did not occur in NOG-FcγR−/− mice. Accordingly, innate cell-mediated ADCC was strongly suppressed in NOG-FcγR−/− mice. Furthermore, we generated an NOG-FcγR−/−-hIL-15 Tg mouse, and demonstrated that specific detection of human NK cell-mediated ADCC was possible, suppressing interference from mouse innate cells.



MATERIALS AND METHODS


Mice

NOG, NOG-hIL-15 Tg [formally NOD.Cg-Prkdcscidil2rgtm1Sug Tg (CMV-IL15)1 Jic/Jic] (18), and NOG-FcγR−/− mice were used in this study. These strains were maintained in the Central Institute for Experimental Animals (CIEA) under specific pathogen-free conditions. To generate NOG-FcγR−/− mice, frozen embryos of NOD.Cg-Fcer1g < tm1Rav> Fcgr2b < tm1Ttk> were obtained from RIKEN BRC (RBRC02330, Tsukuba, Japan) (19). The mice were backcrossed with NOG mice to introduce the scid mutation and the IL-2Rγc targeted allele (20). NOG-hIL-15 Tg and NOG-FcγR−/− mice were crossed to produce NOG-FcγR−/−-hIL-15 Tg mice. All experiments were performed in accordance with institutional guidelines (14038, 17025, 20044), which were approved by the Animal Experimentation Committee of CIEA.



Reagents

Antibodies for flow cytometric analyses were as follows.

For staining mouse cells, anti-FcεRIα-fluorescent isothiocyanate (FITC; clone, Mar-1), anti-CD64 (FcγRI)-Phycoerythrin (PE; X54-5/7.1), anti-F4/80-PE (BM8), anti-CD16/32 (FcγRIII/II)-PE/Cyanine 7 (Cy7; 93), anti-Gr-1-Allophycocyanin (APC; RB6-8C5), and anti-CD45- APC/Cy7 (30-F11) were from Biolegend (San Diego, CA). For human NK cell staining, anti-CD45-Brilliant Violet (BV) 510 (HI30), anti-CD3-BV421 (UCHT1), anti-CD56-AlexaFluor700 (HCD56), anti-CD56-PE/Cy7 (HCD56), anti-CD16-BV605 (3G8), and anti-CD335 (NKp46)-PE (9E2) were from Biolegend. Anti-CD19-BUV395 (SJ25C1), anti-CD14-APC/Cy7 (HCD14), and anti-CD314 (NKG2D)-APC (1D11) were from BD Biosciences (San Jose, CA). For detecting human IgG captured by mouse cells, anti-human IgG-FITC (G18-145, BD Biosciences) was used.

Anti-HER2 antibody (Trastuzumab, Herceptin®) and anti-CD20 antibody (Rituximab, Rituxan®) were purchased from Chugai (Tokyo, Japan). Anti-CCR4 antibody (Mogamulizumab, Poteligeo®) was from Kyowa-Kirin (Tokyo, Japan).



Flow Cytometry

Spleen cells were prepared by smashing the tissues between two glass slides and filtration over nylon mesh. Red blood cells (RBCs) were lysed with RBC lysing solution (Pharm Lyse; BD Biosciences). After washing, the cell pellet was resuspended in PBS containing 0.1% bovine serum albumin (BSA). Bone marrow (BM) cells were recovered by flushing femurs with PBS + 0.5% BSA. After debris removal over nylon mesh and centrifugation, the pellets were resuspended in 1 mL PBS + 0.1% BSA. Thus, prepared single mononuclear cell suspensions were stained with the indicated antibodies in fluorescence-activated cell sorting (FACS) buffer (PBS containng 0.1% BSA and 0.05% NaN3) for 30 min at 4°C in the dark. After washing in FACS buffer, cells were resuspended in FACS buffer containing propidium iodide (PI) and subsequently subjected to multicolor flow cytometric analyses on a FACSCanto or Fortessa instrument (BD Biosciences). The data were analyzed using FACSDiva software (ver. 6.0.4 or 8.0.3; BD Biosciences) or FlowJoTM (ver10; BD Biosciences).



Quantification of Immunoglobulin by Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of human IgG or mouse IgG in the plasma of mice injected with therapeutic or control antibodies, respectively, were determined using ELISA kits from Bethyl Laboratories (Human IgG or Mouse IgG ELISA Quantitation Sets, Montgomery, TX) according to the manufacturer's protocol. Peripheral blood (PB) was collected at the indicated time points from the retro-orbital venous plexus after anesthetization of mice with isoflurane. The plasma was recovered by centrifugation (400 g × 10 min) and subjected to ELISA.

To determine the levels of human IL-15 or mouse IL-15 in mouse plasma, we used a LEGEND MAXTM Human IL-15 ELISA kit (Biolegend) or mouse IL-15 DuoSet® ELISA (R&D systems, Inc., Minneapolis, MN), respectively.



Cell Culture

Daudi (CD20+ Burkitt lymphoma) and 4–1ST (HER-2+ gastric cancer) (21, 22) cell lines were used in this study. Daudi cells were cultured in complete RPMI-1640 medium (Gibco, Grand Island, NY, USA) with 10% FCS and antibiotics (penicillin-streptomycin, Gibco). The 4–1ST cells were maintained by serial transplantation in NOG mice, i.e., a 2–3 mm3 piece of tumor was excised from an established tumor by razor blade and inoculated into the flank of a new recipient mouse under anesthesia.

Human NK cells were expanded using BINKIT® (Biotherapy Institute of Japan inc., Tokyo, Japan), according to the manufacturer's instructions. Briefly, 25 mL peripheral blood was collected from donors after obtaining informed consent. Total PBMCs were separated over a density gradient, using LymphoprepTM (Alere Technologies AS, Oslo, Norway) and subsequent washing. We used BINKIT to culture 8.5 × 107 PBMC (containing about 2.5 × 107 NK cells). After 15 days expansion, cultured NK cells were purified by negative sorting, using a human CD56+ NK cell isolation kit and magnetic cell separation (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). The degree of amplification of NK cells was about 18-fold. The expanded cells were frozen in Cell Banker1® (Takara, Shiga, Japan) and cryopreserved in a LN2 tank. For in vivo transplantation, thawed NK cells were further purified by eliminating human CD3+ T cells (EasySepTM Human CD3 positive selection kit II, STEMCELLTM technologies, Vancouver, Canada). Typical purity after sorting was more than 99%, and the cells included CD56+ CD16+ NKp46+ NKG2D+, with few CD3+ human T cells (Supplementary Figure 1).



In vivo Tumor Transplantation Model

NOG-FcγR+/− and NOG-FcγR−/− mice were inoculated subcutaneously in the flank with 4–1ST cells as mentioned above. Antibody treatment was begun at 7 days post inoculation. Anti-HER2 antibody (Trastuzumab, 50 μg) was injected i.p. twice per week for 2 weeks. Tumor size was measured every week using a caliper and calculated using the following formula: tumor volume (mm3) = 1/2 × length (mm) × [width (mm)]2.

For experiments using Daudi cells and anti-CD20 antibody (Rituximab), mice were transplanted with 1.5 × 106 Daudi cells via tail vein (day 0) and injected i.p. with 50 μg Rituximab once per week over 3 weeks. In some experiments, in vitro expanded NK cells (5 × 106) were transplanted twice, on days 3 and 10. The engraftment of Daudi cells was monitored every week by flowcytometry of peripheral blood samples.



Immunohistochemistry and Pathological Examination

Kidneys from Daudi-bearing mice were fixed in 10% neutralized formalin (Mildform, FUJIFILM Wako Pure Chemical, Osaka, Japan). Formalin-fixed tissues were embedded in paraffin and analyzed by either hematoxylin-eosin staining (H&E) or immunohistochemistry. Staining of sections with mouse monoclonal anti-human CD20 (clone L26, Leica Microsystems, Tokyo, Japan) was performed on a fully automated BOND-MAX system (Leica Biosystems, Mount Waverley, VIC, Australia). The images of two or four independent cross-sections from one kidney were captured by a Nanozoomer S60 (Hamamatsu Photonics, Hamamatsu, Japan) and the degree of Daudi dissemination in the kidney was quantified using Image J.



Statistics

The statistical significance was determined by Prism software (ver.7, GraphPad Prism, San Diego, CA).




RESULTS AND DISCUSSION


Establishment of NOG-FcγR-/- Mice

NOG mice and NOD-FcγR−/− mice were crossed to introduce the defective mutations in both alleles of the scid, IL-2rg, Fcer1g, and Fcgr2b loci. FcεRIγ (FcR common γ) is the common subunit for FcγRI, III, and IV, and its deficiency leads to the absence of expression of FcγRI, III, and IV (23, 24). Due to the additional absence of FcγRIIB, NOG-FcγR −/− mice had no expression of any mouse FcγR. Indeed, flow cytometric analyses of spleen cells and PB confirmed the absence of mouse FcγRI (CD64), FcγRIII/II (CD16/32), and FcεRIα in the mononuclear cells of NOG-FcγR−/− mice, while those present in NOG or NOG-FcγR+/− mice (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Absence of FcγR in leukocytes of NOG-FcγR−/− mice. (A) Spleen cells from NOG, NOG-FcγR+/−, and NOG-FcγR−/− mice were stained with the indicated antibodies and analyzed by flow cytometry. Representative FACS histograms for mouse FcγRI (CD64), FcγRIII/II (CD16/32), and FcεRIα. Solid line for NOG, dotted line for NOG-FcγR+/− and filled histogram for NOG-FcγR−/− mice. (B) The frequencies of FcR-positive cells among total mononuclear cells are plotted for NOG (n = 4), NOG-FcγR+/− (n = 8), and NOG-FcγR−/− mice (n = 11). (C) Failure of mouse monocytes from NOG-FcγR−/− mice to capture human IgG. Trastuzumab (100 μg anti-HER-2 human IgG) was injected i.p. into NOG-FcγR+/− and NOG-FcγR−/− mice. Mononuclear cells prepared from peripheral blood (PB) 3 days after administration were stained with anti-human IgG, together with anti-mouse CD45 and CD16/32 antibodies for gating. Representative FACS plots are from three independent experiments. (D) Frequencies of mouse Gr-1+ neutrophils and F4/80+ macrophage/monocytes in peripheral blood (PB) and spleen. Means ± SDs are shown for NOG mice (n = 7 for PB and n = 4 for spleen) and NOG-FcγR−/− mice (n = 7 for PB and n = 4 for spleen). Asterisks indicate the statistical significance by one-way ANOVA (*p < 0.001).


To establish that there was functional FcγR deficiency, we administered 100 μg Trastuzumab (anti-HER-2 antibody, human IgG1) into NOG-FcγR+/− and NOG-FcγR−/− mice by intraperitoneal injection. Analyses of PB 3 days after injection showed that a significant amount of human IgG was present on the surface of about 15% of mouse CD45+ cells in NOG-FcγR+/− mice, and that these consisted of about 75% mouse neutrophils and 25% mouse macrophages/monocytes. In contrast, such human IgG was not detected in NOG-FcγR−/− mice (Figure 1C), although the composition of mouse neutrophils and macrophages/monocytes was not different between the two strains (Figure 1D). This suggests that Trastuzumab was captured by FcγR on mouse phagocytic cells, including neutrophils and monocytes/macrophages.

We also measured the half-life of human IgG in NOG-FcγR−/− mice, as a recent report demonstrated that Fc-FcγR interaction is a determinant for the rapid clearance of antibody in NOG or NSG (25). Doses (100 μg) of Rituximab (anti-CD20, human IgG1), Trastuzumab, or Mogamulizumab (anti-CCR4, human IgG1) were injected i.p. and levels of human IgG were monitored over 4 weeks. A plateau level of human IgG was maintained for 1 week, but rapidly decreased over the following week and became undetectable after about 2 weeks after injection. The rapid clearance of human IgG was not different between NOG-FcγR+/− and NOG-FcγR−/− mice. This result markedly contrasts with the long-term circulation of mouse IgG1 (MOPC-21) in PB, which persisted beyond 12 weeks (Supplementary Figure 2). Hence, our results demonstrate that mouse FcγR molecules are not involved in the pharmacokinetics of human IgG antibody. Another Fc receptor, neonatal FcR (FcRn), may be more relevant to the maintenance of human IgG proteins in mice (5, 26, 27).



Antibody-Dependent Cytotoxic Effects of Innate Cells in NOG Mice

Attempts to detect human NK-cell specific ADCC activity have often been confounded by regression of tumors after antibody treatment. For example, in our study, when a gastric cancer-derived HER-2+ cell line, 4–1ST, was inoculated into NOG mice and subsequently treated with Trastuzumab, tumor growth was strongly suppressed (Figure 2A). Interestingly, the inhibition of 4–1ST tumor growth was totally abrogated in NOG-FcγR−/− mice (Figure 2A, Supplementary Table 1, Supplementary Figure 3). In another model, when we intravenously transplanted the CD20+ Daudi Burkitt lymphoma cell line in NOG- FcγR+/− mice, Rituximab treatment alone strongly suppressed swelling in kidneys, where Daudi preferentially accumulates and forms colonies (Figures 2B,C). In contrast, the degree of the suppression of Daudi growth by Rituximab treatment in NOG-FcγR−/− mice was reduced to about 30–40% of the level in NOG- FcγR+/− mice (Figure 2C, Supplementary Table 2). This was also confirmed by immunohistochemistry using anti-CD20 antibody (data not shown). These results suggest that innate cells in mice, which include macrophages and neutrophils, actively killed human tumor cells by antibody-dependent mechanisms through the mouse FcγR molecules, and that NOG-FcγR−/− mice were useful for eliminating these endogenous effects.
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FIGURE 2. Abrogation of mouse innate cell mediated antibody dependent cytotoxicity in NOG-FcγR−/− mice. (A) NOG-FcγR+/− or NOG-FcγR−/− mice were subcutaneously transplanted with a 2–3mm3 piece of 4–1ST tumor on day 0, and administered 50 μg Trastuzumab or saline by i.p. injection twice per week over 2 weeks starting from day 7. The tumor volume from individual mice is plotted with the average. NOG-FcγR+/− (n = 11 or 14 for saline- or Trastuzumab-treated mice, respectively) or NOG-FcγR−/− mice (n = 10 or 12 for saline- or Trastuzumab-treated, respectively); bars represent SD. Cumulative data from three independent experiments are shown. Asterisks indicate statistical significance by a repeated measure ANOVA with Sidak's multiple comparison test (*p < 0.0001, All the raw data, statistics, and plots of tumor sizes in each experiment are available in Supplementary Table 1). (B) NOG-FcγR+/− or NOG-FcγR−/− mice received 1.5 × 106 Daudi cells intravenously, and 50 μg Rituximab or saline was injected i.p. on days 7, 14, and 21. The image shows representative kidneys resected from the indicated mice at day 23. (C) Plots of kidney weight from individual mice with mean ± SD for the indicated groups: normal NOG (n = 3), NOG-FcγR−/− mice (n = 8), Daudi-engrafted NOG-FcγR+/− (n = 9 or 8 for saline- or Rituximab-treated mice, respectively from two independent experiments), and Daudi-engrafted NOG-FcγR−/− mice (n = 16 or 14 for saline- or Rituximab-treated mice from four or three independent experiments, respectively). Asterisks indicate statistical significance by two-way ANOVA with Sidak's multiple comparison test (*p < 0.0001, All the raw data and statistics are available in Supplementary Table 2).




Specific Detection of Human NK-Cell Mediated ADCC in NOG-FcγR-/--hIL-15 Tg Mice

Previously, our group established NOG-hIL-2 Tg and NOG-hIL-15 Tg strains, which supported the development of human NK cells and the long-term persistence of human NK cells, respectively. These models are useful for examining the capacity of antibody drugs to activate human NK cells to induce ADCC. However, our results suggest that this ADCC involves two types of effector cells, human NK cells and mouse innate phagocytic cells. To segregate these two components, we generated NOG-FcγR−/−-hIL-15 Tg mice. The level of human IL-15 in NOG-FcγR−/−-hIL-15 Tg mice was comparable to that in NOG-hIL-15 Tg mice, and the period of persistence of human NK cells was not different between these strains (Supplementary Figure 4).

Next, we examined whether human NK-cell mediated ADCC was specifically detected in the new strain. Mice were inoculated with Daudi cells and subsequently subjected to three different therapeutic protocols: human NK cells, Rituximab, or a combination of the two (Figure 3A). When we used NOG or NOG-FcγR−/− mice, transferred human NK cells were rapidly lost, and we could not detect protective effects in any of the mice (data not shown). When we compared NOG-hIL-15 Tg and NOG-FcγR−/−-hIL-15 Tg mice, transfer of human NK cells alone did not induce tumor suppression in either strain, as shown by increases of kidney weight (Figure 3B). As in NOG mice, Rituximab treatment strongly inhibited kidney swelling in NOG-hIL-15 Tg mice, and this inhibition was evident irrespective of the presence of human NK cells (Figure 3B, left). In contrast, in NOG-FcγR−/−-hIL-15 Tg mice, the combined therapy of human NK cells and Rituximab induced significant reductions in kidney weight compared to saline -treated or NK-cell transferred group. Rituximab-treated mice showed intermediate reduction in kidney weight and there was no statistical significance between this group and the combined therapy group (Figure 3B, right, Supplementary Table 3, Supplementary Figure 5). Immunohistochemical analyses also gave the consistent results (Figures 3C,D, Supplementary Table 4, Supplementary Figure 6). It was interesting, however, the image analysis of the multiple sections from immunohistochemistry demonstrated that the mice with combined therapy showed further enhanced suppression of Daudi when compared to the rituximab-treatment group, suggesting that human NK cells killed Daudi cells through ADCC (Figures 3C,D).
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FIGURE 3. Specific detection of human NK cell-mediated ADCC in NOG-FcγR−/−-hIL-15 Tg mice. (A) Schema of experiments. NOG-hIL-15 Tg and NOG-FcγR−/−-hIL-15 Tg male mice received 1.5 × 106 Daudi cells i.v., followed by 5 × 106 in vitro expanded human NK cells at days 3 and 10. Rituximab (50 μg) was administered once per week over 3 weeks, starting at day 3; mice were analyzed at days 27 and 29. (B) Prevention of kidney swelling in NOG-FcγR−/−-hIL-15 Tg mice treated with combined therapy. Kidney weights from individual NOG-hIL-15 Tg (left) or NOG-FcγR−/−-hIL-15 Tg (right) mice are plotted with the mean ± SD in each mouse group. The NOG-hIL-15 Tg group consisted of five saline-treated, six NK-treated, six Rituximab-treated, six combined therapy-treated mice. For NOG-FcγR−/−-hIL-15 Tg, seven saline-treated, seven NK-treated, eight Rituximab-treated, eight combined therapy-treated mice. (C) Immunohistochemistry of kidneys from Daudi bearing mice in (B). Tumors in kidney were detected using anti-CD20 antibody. Representative images are shown. (D) Quantification of Daudi dissemination by image analyses. (E) Prevention of BM destruction in NOG-FcγR−/−-hIL-15 Tg mice with combined therapy. The absolute numbers of mouse CD45+ cells in BM from individual mice are plotted with means and SDs. Cumulative results from two independent experiments are shown. Asterisks indicate the statistical significance by two-way ANOVA with Tukey's multiple comparisons test (*p < 0.005, **p < 0.001, ***p < 0.0001, All the raw data and statistics are available in Supplementary Tables 3, 4).


Bone marrow (BM) analyses also demonstrated that combined therapy was effective for preventing otherwise devastating BM destruction by Daudi cells. In NOG mice, Daudi cells cause a severe reduction of mouse CD45+ cells in BM by unknown mechanisms (data not shown). In NOG-hIL-15 Tg mice, Rituximab treatment rescued mouse CD45+ cells, irrespective of NK-cell transplantation, and mice without treatment or mice who received human NK cell transfer alone showed severe reductions in mouse CD45+ cells (Figure 3E). On the other hand, in NOG-FcγR−/−-hIL-15 Tg mice, only the group that received combined therapy avoided the destruction of BM (Figure 3E). These results suggest that specific detection of human NK cell-mediated ADCC is possible in this novel mouse strain.

Along with advances in antibody technology, the development of animal models providing “a proof of concept” for drug candidates has been urgently needed. In this study, we used Rituximab and Trastuzumab, which are specific for human CD20 and HER-2, respectively. We found that NOG-FcγR−/− mice protected tumor cells from mouse innate cell-mediated cytotoxicity after antibody treatment. It is important to note that such cytotoxicity by innate cells in mice would affect various combinations of antibody and target cells, and that the degree of cytotoxicity is often difficult to predict for in vivo settings. For example, when we previously used an L428 cell line and anti-CCR4 antibody (Mogamulizumab), we found modest influences on cell growth (17). In addition, our previous report showed that HER-2-positive NCI-N87 was resistant to Trastuzumab treatment (18) in contrast to 4–1ST in this study. Furthermore, it was demonstrated that the growth of CD20+ Raji cells was not affected by Rituximab in human SIRPA and IL-15 knock-in (SRG-15) mice (16), while another group demonstrated that Raji cells were partially suppressed by Rituximab in NSG mice (28). Those differences in the biological consequences of treatments indicate that sensitivity to antibody drugs is partly determined by the features of immunological interactions between cancer cells and mouse innate cells. In the presence of antibody drugs, resistant cells like NCI-N87 and Raji may avoid mouse innate immunity by some mechanisms such as providing inhibitory signals, absence of stimulatory molecules, or expressing protective molecules, whereas susceptible tumor cell lines like 4–1ST or Daudi may strongly activate mouse innate cells through various molecules including FcγR. Interestingly, the degree of dependency on FcγR was different between 4–1ST and Daudi. The killing of 4–1ST was almost totally dependent on FcγR. In contrast, the partial suppression of Daudi by Rituximab in NOG-FcγR−/−-hIL-15 Tg mice suggests that some FcγR-independent killing mechanisms function in this combination. Although the amount of hIL-15 in NOG-hIL-15Tg mice was much higher than that of the level of endogenous mIL-15 (Supplementary Figure 7), it is not likely that the abundant hIL-15 activates such FcγR-independent mechanisms in mouse innate cells because of the absence of IL-2Rγ in NOG mice to transduce the cytokine signal. One possibility is complement-dependent cytotoxicity (CDC) (29, 30). Although activation of the complement system is incomplete in NOG mice due to a nonsense mutation in the C5 gene (31), other factors like the C3 fragments may mediate the partial elimination of Daudi cells. It was also suggested that the resistance of Raji cells to Rituximab was due to the modest level of CD20 and high levels of CD55 or CD59, both complement regulatory proteins (32). CD59, especially, might prevent the formation of C5-mediated membrane attack complex in SRG-15 mice. Disruption of the C3 or C1q genes in NOG-FcγR−/−-hIL-15 Tg mice will clarify the involvement of the complement pathway in the FcγR-independent mechanisms in the future and the development of NOG- FcγR−/−/C3−/−-, and NOG- FcγR−/−/C1q−/−-double deficient NOG mice is underway. Those models will be useful for evaluating ADCC in a wide variety of cancer cell lines and patient-derived cell lines (PDX).

Activation of mouse innate cells through FcγR may also be a problem in the development of novel forms of antibody with dual specificity, called bispecific antibodies (BsAbs). BsAbs include molecules with many types of architecture, with or without Fc portions (33), and are expected to have a broad range of functions, such as engaging two different cells or crosslinking different molecules on the surface of a single cell. When BsAbs have an Fc portion with binding capacity for mouse FcRs, the targeted cells could be affected by FcγR-expressing innate cells in mice, and validation of function could be compromised. It is rational to expect that NOG-FcγR−/− mice could improve such situations.

A mouse strain that expresses human FcγRs and lacks all mouse FcγRs has been reported to be useful for antibody development (34, 35). In this strain, human IgG is captured by human FcγRs on mouse cells and activates pharmacodynamic pathways in a way similar to that in humans, although the effector cells are mice. Our NOG-FcγR−/− mice should be able to provide another complementary model, when combined with NOG-hGM-CSF/IL-3 (36) or NOG-hIL-6 Tg mice (37). Because those models can induce development of human myeloid cells from human hematopoietic stem (HSC) cells, human HSC-transplanted NOG-FcγR−/−-hGM-CSF/IL-3 Tg or NOG-FcγR−/−-hIL-6 Tg mice would reconstitute a wide variety of human FcγR-expressing myeloid cells, together with human lymphocytes, in the absence of mouse FcγRs. The biological function of human IgG drugs could be better examined in these models than in mouse FcγR-competent models.

Finally, antibodies for human target molecules are still often produced in mice for research purposes. Such mouse IgG is easily captured by mouse FcγR molecules and activates mouse phagocytes. In this context, our NOG-FcγR−/− mice would also be useful for small-scale pilot studies to obtain proofs of concept for academic research.
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Mouse models are the most commonly used in vivo system for biomedical research, in which immune-related diseases and therapies can be investigated in syngeneic and immunologically intact hosts. However, because there are significant differences between rodent and human, most findings from conventional mouse models cannot be applied to humans. The humanized mouse with a functional human immune system, also referred to as human immune system (HIS) mouse, is the only model available to date for in vivo studies in real-time of human immune function under physiological and pathological conditions. HIS mice with human tumor xenografts are considered an emerging and promising in vivo model for modeling human cancer immunotherapy. In this review, we briefly discuss the protocols to construct HIS mice and elaborate their pros and cons. Particular attention is given to HIS mouse models with human tumor that is autologous or genetically identical to the human immune system, which are discussed with examples of their usefulness in modeling human cancer immunotherapies.
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Introduction

Human immune system (HIS) mice have been highly instrumental for in vivo studies of human immune function and immune disorders. The HIS mouse was the first model that made it possible to study human immune responses in real time in vivo under physiologic or pathogenic conditions, such as HIV pathogenesis (1), human xeno-immune responses (2), complex interplay between hypercholesterolemia and human adaptive immunity (3), and intrathymic selections of human T cells (4). HIS mice, conjunct with tissue chimeras (i.e., with organ repopulation by human parenchymal cells), were found highly valuable in elucidating immunopathology of human-tropic viral infections, such as hepatitis B and hepatitis C viruses (5, 6) and respiratory viruses (7). HIS mice were also increasingly used in the studies of human cancer immunology and immunotherapy. However, most of the models used in these studies were either immunocompromised or involving allogeneic and/or xenogeneic immune responses, making the host immune environment different from that of patients. Thus, there is an urgent and unmet need for a preclinical mouse model mimicking the patients, in which both the immunity and the tumor are of human origin and genetically identical. In this review, we first briefly overview the development and evolution of HIS mouse protocols, then discuss progress to date in creating HIS mice with autologous or genetically identical human tumors.



Brief Review of HIS Mouse Construction

There has been a long-standing effort to create and optimize HIS mouse models. While different HIS mouse construction protocols have been reported, all involve transplantation of human hematopoietic and/or lymphoid cells (e.g., peripheral blood lymphocytes (PBLs), bone marrow cells, cord blood cells, or fetal liver hematopoietic cells) into immunodeficient mice. Current HIS mouse models are in general derived from three HIS mouse models reported in the late 1980s. Mosier and colleagues reported in 1988 that injection of human PBLs into C.B-17 severe combined immunodeficiency (SCID) mice resulted in durable reconstitution with human T cells, B cells and monocytes/macrophages, providing a useful model for the study of human immune function (known as hu-PBL-SCID mouse) (8). During the same period, McCune and colleagues reported another HIS mouse model (referred to as SCID-hu mouse by the authors), in which human immune reconstitution was achieved in C.B-17 SCID mice by transplantation of fetal thymus, liver and lymph node (9). Subsequently, using bg/nu/xid mice Kamel-Reid and Dick found that transplantation of human hematopoietic stem/progenitor cells (HSCs/HPCs) into immunodeficient mice could achieve human HSC/HPC engraftment and differentiation, offering an additional HIS mouse model (referred to as chimeric human/immune-deficient (HID) mice by the authors) (10). However, this HID model or similarly created HIS mouse models (i.e., constructed by human HSCs/HPCs of different sources) were not very useful for the study of human immunity due to poor T cell function until better immunodeficient mouse strains became available (see discussion below), and was further improved by using newborn immunodeficient mice as the recipients (11, 12). Despite these improvements, human T cells developing in the xenogeneic mouse thymus were increasingly reported to be functionally abnormal, likely caused by poor HLA-restricted antigen recognition (13–15).

The hu-PBL-SCID model is simple, but it needs to be cautious when using this model because of the potential of infused human T cells to induce xenogeneic graft-versus-host disease (GVHD) that may confound assessment of human immunity and result in human effector T cell anergy (16). Although there are apparent differences between xenogeneic and allogeneic GVHD, the hu-PBL-SCID model was found useful in the study of human GVHD pathogenesis (17). Xenogeneic GVHD was effectively prevented in the human fetal thymus/liver (Thy/Liv)-grafted SCID-hu model, in which the majority of human T cells developed de novo in the murine host and therefore, those reactive to mouse antigens were purged during the negative selection process (9). However, we found that, due to the lack of sufficient repopulation with human dendritic cells (DCs) and B cells, the SCID-hu mice were inefficient in mounting antigen-specific immune responses in vivo (18). To solve this problem, we developed a new protocol in which HIS mice were made by combined transplantation of human fetal thymus (under renal capsule) and CD34+ HSCs/HPCs (i.v.) (18, 19). The resultant HIS mice showed reconstitution with human T cells, B cells and DCs, and acquired the ability to mediate robust antigen-specific immune responses in vivo and reject pig xenografts (19–22). These human Thy/HSC-grafted HIS mice were also found able to mediate anti-viral responses and were termed BLT mice in some other studies (23, 24). A disadvantage of the Thy/HSC-based HIS mouse model is the need to use fetal tissues. Therefore, increasing efforts are currently undertaken to optimize the potential of animal thymi to support human thymopoiesis. However, until such animal becomes available, the Thy/HSC HIS mouse model will likely still be instrumental.

Regardless of which protocol is used to construct HIS mice, magnificent improvements in engraftment and function of human hematopoietic and lymphoid cells were made by using more sophisticated immunodeficient mouse strains, such as nonobese diabetic/LtSz-scid/scid (NOD/SCID) (25) and NOD-scid IL2Rγnull (NSG) (26) mice. C.B-17 SCID mice, which were most commonly used in HIS mouse construction before the availability of NOD/SCID mice, have high complement activity that mediates antibody-independent rejection of xenogeneic cells (27). CD47 is ligand of SIRPα, an inhibitory receptor on macrophages and DCs, and its engagement with SIRPα inhibits phagocytosis and endocytosis (28, 29). In a xenogeneic transplant setting, the inability of donor CD47 to interact with the recipient SIRPα is an important mechanism triggering donor cell rejection by macrophages (30, 31). NOD/SCID mice lack hemolytic complement, and express signal regulatory protein (SIRP)α capable of cross-reacting with human CD47 (32). In addition, substantial effort was made to improve the engraftment, differentiation, survival, and function of human hematopoietic and lymphoid cells in immunodeficient mice by introducing human cytokines. The MISTRG mouse is a good example, in which human M-CSF, GM-CSF/IL-3, and TPO genes are knocked into their respective mouse loci (33). HIS mice made with MISTRG mice showed markedly improved development and function of human innate immune cells than those made with NSG mice (33). However, it is worth mention that HIS mice carrying transgenes of human immunostimulatory cytokines under a constitutive promoter, e.g., the SGM3-NSG mice expressing human SCF, GM-CSF, and IL-3, are prone to develop fatal disease characterized by activation and widespread tissue infiltration of human T cells and macrophages, and show significant elevation in human proinflammatory cytokines including IL-6, IL-18, IFN-γ, and TNF-α (34, 35). The vigorous proinflammatory responses would likely confound the evaluation of interested immune functions in these HIS mice, such as cytokine storm or cytokine release syndrome induced by immunotherapies (36).



Construction of HIS Mice With Autologous Tumor

There has been an emerging effort in developing human tumor-bearing HIS mouse models. Both human tumor cell derived xenograft (CDX; immunodeficient mice grafted with human cancer cell line cells) and patient-derived xenograft (PDX; immunodeficient mice grafted with patient cancer cells) models were widely and successfully used in understanding oncogenesis and testing anti-cancer drugs (37), these models, however, were not useful in the study of cancer immunology or immunotherapy due to the lack of human immune system. A conceivable approach to solve this problem is to construct human tumor-bearing HIS mouse models, in which both the tumor cells and the immune system are of human origin, which permit assessment of tumor-associated immune responses and immunotherapies. However, a notable limitation of such human tumor-bearing HIS mouse models is that the tumor cells are allogeneic to human immune system, so anti-tumor immune responses are expected to be largely driven by allogenicity rather than tumorigenicity. Although co-transplantation of tumor cells with immune cells (e.g., PBMCs) from the same patient may resolve this issue, this model will also suffer the same problem as the hu-PBL-SCID model discussed above (i.e., xenogeneic GVHD and human effector T cell anergy).


HIS Mice With Autologous Human Leukemia

An ideal approach to resolving allogenicity would be to construct HIS mice with autologous tumor. Recently, we developed a HIS mouse model with spontaneous autologous leukemia and validated its usefulness in exploring anti-human leukemia immunotherapies. In this model, we transplanted sublethally-irradiated NSG mice with human fetal thymus and fetal liver CD34+ cells that were virally transduced with a mixed-lineage leukemia (MLL) fusion gene MLL-AF9 (Figure 1A) (38). It has been shown that MLL-AF9 expression drives the development of acute leukemia that resembles several clinical hallmarks of MLL leukemias (39). The NSG mice grafted with Thy/MLL-AF9-HSC appeared normal and showed a gradual increase in the levels of human PBMCs, including T cells, B cells and myeloid cells for about 3 to 4 months, then became progressively ill with a sharp increase in MLL-AF9-expressing HSC-derived CD19+ cells in blood. Autopsy revealed splenomegaly, enlarged lymph nodes, and hepatomegaly in all moribund mice. Histology demonstrated massive leukemic cell infiltration in bone marrow, spleen, lung, liver, and kidney. The MLL-AF9-expressing HSC-derived leukemic cells exhibited a high nucleus/cytoplasm ratio with a B-ALL phenotype, i.e., CD19+CD10+CD20-sIgMlow/-sIgDlow/-CD44hiMHC-I+MHC-IIhi and negative for other lineage markers, i.e., CD33-CD15low/-CD14-CD11b-CD3-CD4-CD8-CD56-. The study demonstrated that the Thy/MLL-AF9-HSC HIS mice not only develop human lymphohematopoietic cells, but also autologous B-ALL, offering a model to study human leukemia immunopathology and anti-leukemia immunotherapy in an autologous setting.




Figure 1 | Construction of leukemic HIS mice with human immune system and leukemia derived from genetically identical HSCs/HPCs. (A) Schematic showing preparation of HIS mice with spontaneous development of B-ALL autologous to the human immune system. (B). Schematic of leukemic HIS mouse construction by injection of autologous B-ALL [made as described in (A)] into preestablished HIS mice. FL, fetal liver; FLC, fetal liver cell; FT, fetal thymus; TBI, total body irradiation.



B-ALL cells developed in MLL-AF9-HSC-grafted HIS mice are transplantable in immunodeficient mice and in HIS mice with an established autologous human immune system (i.e., HIS mice made with human Thy/HSC from the same fetus from which CD34+ cells were used to develop the B-ALL) (38). However, rejection was seen when the B-ALL cells were transplanted in HIS mice with an allogeneic immune system. Adoptive transfer of cryopreserved B-ALL cells in pre-established HIS mice with an autologous immune system would present a much simpler model than spontaneous leukemia model described above (Figure 1B).



HIS Mice With Autologous Human Solid Tumor

This model may also possibly be applied to set up HIS mice bearing autologous solid tumor. Although there has been no report of successful construction of autologous human solid tumor-bearing HIS mice, the feasibility of developing such HIS mouse models is supported by progress in understanding oncogenic changes causing tumorigenic transformation of normal cells. Previous studies were successful in inducing melanocytic transformation by engineering normal melanocytes to express a combination of specific mutations found in human melanoma, and the engineered human melanocytes could develop into melanocytic tumor in immunodeficient mice (40). Other studies identified combinations of oncogenic mutants that may drive tumorigenic transformation of human lung epithelial cells (41, 42). These studies suggested the possibility of establishing tumorigenic cells from normal fetal tissue cells. Successful generation of tumorigenic cells from fetal tissue cells would make it possible to construct HIS mice bearing autologous solid tumors by injecting the tumor cells into autologous HIS mice (i.e., HIS mice made with human Thy/HSC from the fetus from which parenchymal tissue cells are engineered for tumorigenesis). The feasibility of this approach is supported by a previous study, in which HIS mice were successfully used to assess the immunogenicity of autologous human induced pluripotent stem (iPS) cells (i.e., iPS cells reprogramed from fetal liver fibroblasts of the same fetus used for constructing HIS mice) (43).



Personalized HIS Mice With Patient-Specific Immunity and Tumor

HIS mouse models were also used to study human immune function in a personalized manner, in which immunodeficient mice were grafted with patient-derived CD34+ bone marrow cells along with partially HLA allele-matched fetal thymic tissue (44). In this model, although human T cells were more “naïve” than those of the adult CD34+ cell donors, the immune recognition mimicked that of the adult donor, offering a model for individualized analysis of human immune function (44, 45). Furthermore, while the fetal thymus used was partially HLA-matched to the patient, human T cells developing in personalized HIS mice showed specific “self” tolerance (i.e., tolerance to the CD34+ cell donor patient). Combining this personalized HIS mouse with PDX model would provide a means of constructing patient-specific tumor-bearing HIS mice, in which both the tumor (leukemia or solid tumor) and immune system are derived from the same patient (Figure 2). Such a patient-specific tumor-bearing HIS mouse model should be highly valuable in personalized therapies.




Figure 2 | Construction of personalized HIS mice with patient-specific immunity and cancer. Personalized HIS mice are constructed by transplantation of CD34+ bone marrow cells (i.v.) from a patient bearing leukemia (Left) or solid tumor (Right) along with HLA allele-matched fetal thymic tissue (under renal capsule). The HIS mice will be followed for human immune reconstitution by flow cytometric analysis of blood cells and inoculated with the leukemic or solid tumor cells from the same patient when human immune reconstitution is confirmed. FT, fetal thymus; TBI, total body irradiation.






Modeling Anti-Leukemia Immunotherapy in HIS Mice With Autologous B-All


Anti-Leukemic Responses Induced by Recipient Leukocyte Infusion

Following allogeneic hematopoietic cell transplantation (allo-HCT), donor T cells mediate beneficial graft-vs.-tumor (GVT) effects. However, allogeneic donor T cells also attack recipient normal tissues, resulting in GVHD. It has been reported that, in patients receiving nonmyeloablative allo-HCT, some of the patients who rejected donor grafts unexpectedly showed sustained remissions, suggesting an anti-donor alloresponse-associated antitumor activity (46). In support of this possibility, studies in mice found that administration of recipient leukocyte infusion (RLI) to mixed allogeneic chimeras results in rejection of donor hematopoietic chimerism and significant anti-host leukemia responses (47). RLI is apparently less effective than alloreactive donor T cells in killing recipient leukemia (48), but it does not induce GVHD, offering a potentially safe treatment for use in combination with other immunostimulatory therapies.

We have tested the potential of lymphopenia to enhance antitumor effects of RLI in leukemic HIS mice (Figure 1) (38). Lymphopenia is common in patients with leukemia who receive allo-HCT (49, 50), which is a factor that triggers GVHD (51, 52) but also promotes antitumor responses (53, 54). In this study, mixed chimeric (MC) HIS mice were established by transplantation of human Thy along with a mixture of ‘recipient’ (genetically identical to the Thy graft) and allogeneic ‘donor’ CD34+ HSCs, and lymphopenia was made by treatment with anti-huCD3-immunotoxin. Spleen cells from HIS mice made by transplantation of ‘recipient’ Thy/CD34+ cells were used as the RLI cells, which were autologous to the ‘recipient’ and allogeneic to the ‘donor’ origin of the MC HIS mice. Using this model, it was found that, in a human immune system, RLI was significantly more effective in inducing antitumor responses in lymphopenic than non-lymphopenic recipients, and that the antitumor response was associated with rejection of donor hematopoietic chimerism (38). The findings suggested that RLI offers a potentially safer clinical treatment option for leukemic patients who have profound lymphopenia.



CD19-Targeted CAR T Cell Therapy

Recently, we made use of these leukemic HIS mice to model adoptive immunotherapy using human T cells that were genetically engineered to express anti-CD19 chimeric antigen receptors (CARs). CD19-targeted CAR T cell therapy has achieved promising results in patients with B-cell malignancies (55–57). However, despite the impressive response rates, many patients showed relapse or severe adverse reaction after anti-CD19 CAR T cell therapy (58, 59). Although memory CAR T cells were detected in patients (60), our understanding of these memory T cells, including their differentiation, function, self-renewal, and survival factors/signaling, remains limited. In addition, it remains largely unknown about the mechanisms responsible for the toxicities associated with anti-CD19 CAR T cell therapy, such as cytokine-release syndrome (CRS), which can be severe or even fatal (61). Thus, there is an urgent need to develop a preclinical model, which can be used to understand relapse and toxicity associated with human CAR T cell therapy, and to test the efficacy of new CAR T cells. Immunodeficient mice grafted with human B-ALL (PDX models) were found useful in testing CD19-targeted human CAR T cell therapy (62), but these models are either lacking host immunity or involving allo- and/or xeno-immune responses. Because the leukemic HIS mouse model described above has a functional human immune system and genetically-matched (autologous) primary B-ALL, this model was used to model CD19-targeted CAR T cell therapy (63). Another unique feature of this model is that the anti-CD19 CAR-expressing human T cells are also genetically-identical (autologous) to the human components (both normal and malignant human cells) and tolerant to mouse antigens of the HIS mice, and therefore do not mediate alloresponses against human or xenoresponses against mouse antigens. In leukemic HIS mice receiving CAR T cell therapy, the kinetics and levels of anti-CD19 CAR T cells in the peripheral blood were similar to those in patients (60). In agreement with clinical studies (55, 56), the frequency of CAR T cells in blood showed an inverse correlation with B-ALL burden but a positive correlation with survival times in CAR T cell-treated leukemic HIS mice. Moreover, this model was also found useful in characterizing cytokine profiles and regulatory T (Treg) cell generation and function following CAR T cell therapy. These observations provide a proof-of-principle that this leukemic HIS mouse model has the potential to be used to evaluate human CAR T cell therapy and help design new CARs with enhanced antitumor activity.




Concluding Remarks

Apparently, the HIS mouse is not identical to a human host. However, there is strong experimental evidence for the value and feasibility of using HIS mice to study human immunity, including antigen-specific T cell and antibody responses (18–23, 64, 65). Thus, HIS mice with autologous tumors, either leukemia or solid tumor, would provide a highly valuable preclinical model for in vivo studies of human cancer immunology and immunotherapy.
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Advancements in science enable researchers to constantly innovate and create novel biologics. However, the use of non-human animal models during the development of biologics impedes identification of precise in vivo interactions between the human immune system and treatments. Due to lack of this understanding, adverse effects are frequently observed in healthy volunteers and patients exposed to potential biologics during clinical trials. In this study, we evaluated and compared the effects of known immunotoxic biologics, Proleukin®/IL-2 and OKT3 in humanized mice (reconstituted with human fetal cells) to published clinical outcomes. We demonstrated that humanized mice were able to recapitulate in vivo pathological changes and human-specific immune responses, such as elevated cytokine levels and modulated lymphocytes and myeloid subsets. Given the high similarities of immunological side effects observed between humanized mice and clinical studies, this model could be used to assess immunotoxicity of biologics at a pre-clinical stage, without placing research participants and/or patients at risk.
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Introduction

The pharmaceutical industry is constantly developing new biologics; however, accurate pre-clinical evaluation of human immune responses to biologics is an existing challenge (1, 2). The immune system is a complex biological system which can be affected by biologics that have an ability to alter immune-mediated activities and are major immunotoxic risk factors to humans (3, 4). Even though many aspects of the human immune system are found to be species-specific (5) and most antibody-based biologics are designed for human targets (6), non-human animal models are often used to evaluate if biologics may cause immunological toxicity at a pre-clinical stage (7, 8). Due to evolutionary divergence in the immune systems between humans and animals, it is common that pre-clinical studies fail to identify exact immunological side effects of biologics, making it difficult to extrapolate conclusions from experimental data, therefore slowing or halting the translation of treatments (9, 10). For example, cell expression marker CD28 is only expressed on 80% of CD4+ and 50% of CD8+ T cells in humans but on 100% of CD4+ and CD8+ T cells in mice (11). In addition to this, human-specific CD3, upregulation of HLA-DR on activated T cells, production of IL-8 and Toll-like receptor 10 (TLR10) are not found in non-humanized mice (12). Due to these differences, it is common that animal models are refractory to an array of biologics that are human-specific. Therefore, to expand the existing range of treatments available and minimize the test of biologics with severe immunological side effects on humans, it is paramount to utilize animal models with high human-specificity (13, 14). The aim of this study is to investigate if mice reconstituted with a human immune system can be used as a platform for screening immunotoxicity and recapitulating mechanisms of the human immune responses to biologics such as, Proleukin®/IL-2 and OKT3.

An example of a biologic that causes severe immunological side effects in clinical patients is Proleukin®/IL-2. Proleukin®/IL-2 is a form of recombinant IL-2 used for the treatment of cancers such as, malignant melanoma and metastatic renal cell carcinoma (15, 16). IL-2 mediated toxicity is triggered by the direct binding of IL-2 to endothelial cells expressing IL-2 (17) and via the stimulation of IL-2 receptor-positive effector immune cells which releases vasoactive factors (18–20). IL-2 has a great propensity to induce adverse effects which includes “cytokine storm”, capillary leak syndrome and breathing difficulties (21, 22) which limits the widespread use of Proleukin®/IL-2 therapy in clinics. These toxic effects require some patients to turn to alternative therapies including the use of IL-2 variants (17, 23, 24) that circumvent CD25 binding or completely withdraw from therapy after a limited number of treatment cycles even though Proleukin®/IL-2 is capable of inducing long-term clinical remission at a low cost (25, 26).

Another biologic known to trigger severe immunological side effects in clinics is OKT3. Utilizing hybridoma technology, OKT3 was engineered to target CD3 receptor, a membrane protein on the surface of circulating T cells (27, 28). During the initial stage, OKT3 activates T cells but subsequently promotes activated T cells to undergo apoptosis (29, 30). Due to the activation of T cells, a common side effect observed post-administration of OKT3 is the induction of a cytokine storm, which results in systemic release of inflammatory cytokines, predominantly interferon-γ (IFN-γ) and tumor necrosis factor alpha (TNF-α), which may cause a variety of adverse clinical conditions including, organ failure and pulmonary edema (31–33). Even though pre-clinical tests were conducted in vitro on human lymphocytes and in vivo on animal models, these studies failed to precisely identify the full spectrum of immunological side effects caused by a range of biologics (34–39).



Methods


Fetal Liver Processing and Cell Isolation

Human fetal liver (FL) samples, male and female, 16–23 weeks of age were obtained from Kandang Kerbau Women’s and Children’s Hospital (KKH) with informed and written consent from patients. SingHealth and National Health Care Group Research Ethics Committees Singapore specifically approved this study (CIRB Ref: 2012/064/B), and all experimental procedures were conducted in accordance to the protocol. FLs were processed and digested with collagenase VI (2 mg/ml in Dulbecco’s modified Eagle’s medium (DMEM)) (Thermo Fisher Scientific, USA) for 15 min at 37°C with constant rotation. Digested tissue was passed through a 100 µm mesh to obtain single-cell suspension and isolated for human CD34+ cells with a CD34-positive selection kit (STEMCELL Technologies, USA), according to the manufacturer’s instructions. The purity of the CD34+ cells was 90–99% as determined by flow cytometry.



Mice

NOD-SCID IL2Rγ−/− (NSG) mice (Stock #005557) were obtained from the Jackson Laboratory and bred in the animal facility at A*STAR, Biological Resource Centre (BRC). Neonate mice were sub-lethally irradiated (100 rads) within 72 h of birth and infused with human CD34+ fetal liver hematopoietic stem/progenitor cells (HSPCs) via intra-hepatic injection [96]. At 12-weeks post-transplantation, flow cytometry was used to determine human immune cell reconstitution levels in the peripheral blood of mice. A random mix of 13–15-week-old male and female mice were used in this study. Different donors were used for Proleukin®/IL-2 (n = 3) and OKT3 (n = 3) experiments. The International Animal Care and Use Committee (IACUC), A*STAR specifically approved this study with the protocol number (BRC #151034). All animal experimental procedures were conducted in accordance to the protocol.



Proleukin®/IL-2 and OKT3 Treatment

Proleukin®/IL-2 (Aldesleukin, Prometheus Laboratories Inc., USA) and OKT3 (Biolegend, USA) were procured. Dosage as per clinical scenarios, humanized mice were administered intravenously (IV) with either saline (n = 5), Proleukin®/IL-2 (600,000 IU) once daily for 5 days (n = 10) or a single dose of OKT3 (1 mg) injected only once (n = 9).



Sample Preparation for Flow Cytometry

To detect intracellular cytokines and chemokines by flow cytometry, mice administered with Proleukin®/IL-2 and saline-treated control groups of the same experiment were injected with 0.25 mg of BFA (Sigma-Aldrich, USA) at the endpoint of the experiment (144 h) and sacrificed 6 h later. Submandibular blood collection was carried out in EDTA tubes (Greiner Bio-One, Austria), and red blood cells (RBCs) were lysed using RBC lysis buffer (Life Technologies, USA) prior to flow cytometry staining. Spleen and lymph nodes were digested in a mixture of collagenase IV (GIBCO, UK), DNase I (Sigma Aldrich, USA) and meshed through a 70 µm filter (Thermo Fisher Scientific, USA) in DMEM medium (Thermo Fisher Scientific, USA). When necessary, cell suspensions were subjected to red blood cell lysis (GIBCO, UK). The single-cell suspension was washed and re-suspended in media supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, USA).



Flow Cytometry

Single cell suspensions from spleen or blood (PBMCs) were stained with LIVE/DEAD fixable blue dead cell stain kit (Life Technologies, USA) for 30 min at 4°C and washed in PBS containing 0.2% BSA and 0.05% sodium azide. For staining of surface markers, the cells were incubated first with primary antibodies, CD45.1 (A20; Biolegend, USA), CD3 (UCHT1; BD Biosciences, USA), CD4 (RPA-T4; BD Biosciences, USA), CD8 (SK1; Biolegend, USA), CD11c (3.9; Biolegend, USA), CD16 (3G8; BD Biosciences, USA), CD19 (HIB19; Biolegend, USA), CD25 (2A3; BD Biosciences, USA), CD39 (TU66; BD Biosciences, USA), CD45 (HI30; BD Biosciences, USA), CD45RA (HI100; BD Biosciences, USA), CD56 (NCAM 16.2; BD Biosciences, USA), CD123 (7G3; BD Biosciences, USA), CD127/IL-7α (A019D5; Biolegend, USA), CD197/CCR7 (3D12; BD Biosciences, USA), CD278/ICOS (DX29; BD Biosciences, USA), CD279/PD-1 (MIH4; BD Biosciences, USA) and HLA-DR (G46-6; BD Biosciences, USA), CD3 (17A2; Biolegend, USA), CD4 (V4; BD Biosciences, USA), CD8a (53-6.7; Biolegend, USA), CD11b (M1/70; Biolegend, USA), CD11c (HL3; BD Biosciences, USA), CD25 (PC61; Biolegend, USA), CD19 (SJ25C1; Biolegend, USA), CD24 (M1/69; Biolegend, USA), CD44 (IM7; BD Biosciences, USA), CD49b (HMα2; Biolegend, USA), CD62L (MEL-14; BD Biosciences, USA), CD69 (H1.2F3; Biolegend, USA), CD127 (A7R34; Biolegend, USA), CD206 (068C2; Biolegend, USA), CD278 (DX29; BD Biosciences, USA), CD335 (29A1.4; Biolegend, USA), FOXP3 (MF23; BD Biosciences, USA), Ly6C (HK1.4; Biolegend, USA), Ly6G (1A8; BD Biosciences, USA), NK 1.1 (PK136; BD Biosciences, USA), and NKG2D (CX5; Biolegend, USA) in 100 μl of FACS buffer for 30 min at 4°C. For staining of intracellular proteins (including transcription factors, cytokines and chemokines), FACS buffer supplemented with 10 μg/ml of BFA was used. The cells were stained with LIVE/DEAD fixable blue dead cell stain kit (Life Technologies, USA), primary antibodies and then fixed and permeabilized using the Fixation/Permeabilization staining kit (BD Cytofix/Cytoperm™; BD Biosciences, USA) as per manufacturer’s protocol. Staining was performed for 30 min at room temperature in the dark with the following antibodies, FOXP3 (206D; Biolegend, USA), IFN-γ (4S.B3; Biolegend, USA) and IL-10 (JES3-9D7; Biolegend, USA). Absolute count of cells in peripheral blood was determined using CountBright™ Absolute Counting Beads (ThermoFisher Scientific, USA). Data was acquired using a LSR II flow cytometer (BD Biosciences, USA) with FACSDiva software and analyzed using the Flowjo software version 10 (Treestar, USA).



Cytokine and Chemokine Protein Quantification

A premixed LEGENDplex™ Human Inflammation Panel (13-plex) (Biolegend, USA) was used to measure plasma cytokine and chemokine levels. The 13 cytokines and chemokines assayed simultaneously include IL-1β, IFN-α, IFN-γ, TNF-α, MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. Samples, reagents, and immunoassay procedures were prepared and performed according to the manufacturer’s instructions. Data was acquired using a LSR II flow cytometer (BD Biosciences, USA) with FACSDiva software, and analysis was performed using LEGENDplex™ Data Analysis software (Biolegend, USA) based on standard curves plotted through a five-parameter logistic curve setting. Mice treated with Proleukin®/IL-2 had levels of IL-1β, IFN-α, TNF-α and IL-6 below detection limit and were excluded from subsequent analysis. For mice treated with OKT3, levels of IL-1β and IFN-α were below detection limit and excluded from analysis.



T Cell Activation and ELISA

Mice were administered with a single dose of OKT3 and sacrificed 5 days later. EasySep™ PE Positive Selection Kit (Stem Cell Technologies, Vancouver, BC), CD4 PE (OKT4, Biolegend, USA) and CD8 PE (OKT4, Biolegend, USA) antibodies were used to isolate CD4+ and CD8+ T cells from blood (PBMCs) as per manufacturer’s instructions. Activation of CD4+ and CD8+ T cells was carried out with human T Cell Activation/Expansion Kit (Miltenyi, Germany) as per manufacturer’s instructions. After T cell stimulation, supernatant in the culture was harvested and analyzed with IFN-γ (Biolegend, USA) and TNF-α (Biolegend, USA) ELISA kits.



Quantitative RT-PCR

RNA isolation was performed with RNeasy Mini and Micro kits (Qiagen, USA). Reverse transcription was performed using the iScript cDNA Synthesis Kit (Bio-Rad, USA) according to manufacturer’s specifications. All values were normalized with β-actin as an endogenous control. Data were analyzed with the comparative CT method in which gene expression is calculated as 2−ΔΔCT, where Delta Ct = (Ct gene of interest − Ct β-actin internal control). The primer sequences used are listed in Supplementary Table 1.



Histology

Mouse organs were collected, fixed with 10% formalin and embedded in paraffin for processing into sections. Formalin-fixed paraffin sections (5 μm) were dewaxed by melting for 30 min at 65°C, cleared in xylene twice for 5 min, and rehydrated in water–ethanol solutions containing decreasing percentages of ethanol. To determine tissue morphology, sections were stained with hematoxylin–eosin (Gill 2 Hematoxylin and Eosin Y alcoholic; Thermo Sandon, UK) following standard procedures. For Immunohistochemistry, mouse organs were subjected to heat-mediated antigen retrieval with sodium citrate (pH6), incubated with anti-human CD45 (Abcam, UK) and stained with SuperPicture 3rd Gen IHC Detection Kit (Life Technologies, USA) according to the manufacturer’s instructions. Sections were imaged and analyzed under an Olympus BX-61 microscope (Olympus, Japan).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software Inc., USA). The correlation strength between the variables was assessed using the Spearman’s rank correlation coefficient. Pairwise comparison was performed using two-tailed Mann–Whitney U test/two-way Analysis of variance (ANOVA), p value less than 0.05 is considered statistically significant.




Results


Proleukin®/IL-2 Triggers an Inflammatory Response in Humanized Mice

To assess in vivo immunotoxic effects of Proleukin®/IL-2, humanized mice were administered with Proleukin®/IL-2 (600,000 IU/mouse) once daily for 5 days (40, 41). Peripheral blood mononuclear cells (PBMCs) were collected from the mice at 0 hours (h), 1 h after first administration and 72 h. At 144 h (endpoint), the mice were sacrifice and their PBMCs and organs were harvested for analysis (Figure 1A). Histological analysis showed that the lungs, liver, and kidneys of Proleukin®/IL-2-treated humanized mice developed massive immune cell infiltrations (Figure 1B).




Figure 1 | Humanized mice exhibit inflammatory responses when administered with Proleukin®/IL-2. (A) Adult humanized mice were bled at 0 h to obtain peripheral blood mononuclear cells (PBMCs) and plasma for baseline analysis (n = 15). Each mouse was injected with 600,000 IU of Proleukin®/IL-2 daily for 5 days (n = 10). Mice were bled at 1 h after Proleukin®/IL-2 administration, at 72 h before day 3 administration of Proleukin®/IL-2 and sacrificed at 144 h to collect organs, PBMCs and plasma for analysis. (B) Histological analysis of organs from both saline treated (n = 5) and Proleukin®/IL-2 treated (n = 10) humanized mice. Paraffin slides from indicated organs were processed and stained with H&E or anti-human CD45 antibody. Representative images are shown. Scale bar applies to all panels. (C) Weight of lungs from saline (n = 5) and Proleukin®/IL-2- (n = 10) treated humanized mice. Each symbol represents one mouse and the horizontal line indicates the mean value. (D) Human-specific cytokine and chemokine release of IFN-γ, IL-10, IL-12p70, IL-17A, IL-18, IL-23, IL-33, MCP-1, and IL-8 were measured in the plasma of humanized mice administered with saline (n = 5) or Proleukin®/IL-2 (n = 10). Each symbol represents one mouse and the horizontal line indicates the mean value. Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.



A life-threatening side effect of prescribing Proleukin®/IL-2 to patients is the development of pulmonary edema (23, 42–44). This condition is commonly attributed to pulmonary capillary permeability, which causes fluid build-up and an increase in hydrostatic pressure within a patient’s lung, in turn affecting air exchange leading to eventual death. To assess if humanized mice treated with Proleukin®/IL-2 experienced similar conditions to humans, we weighed the lungs at endpoint and observed that the lung weight of treated humanized mice were significantly heavier than that of saline-treated control mice (Figure 1C).

Administration of Proleukin®/IL-2 to patients usually results in “cytokine storm”, which is the release of cytokines at high levels, leading to many clinical symptoms (22, 45). To identify if humanized mice would respond by producing cytokine storms as akin to human subjects, we evaluated human cytokine and chemokine levels within the plasma of these mice at 0 h, 1 h after the first administration, 72 h, and at 144 h after the last administration of Proleukin®/IL-2. Similar to the clinical scenario (16), Proleukin®/IL-2 treatment in humanized mice induced an elevation of major chemokines and pro-inflammatory cytokines such as, IFN-γ, IL-12p70, IL-17A, IL-18, IL-23, IL-33, as well as an immunosuppressive cytokine, IL-10 at 144 h post-Proleukin®/IL-2 treatment but not at earlier time points (Figure 1D).



Multiple Immune Cell Subsets Expand Drastically During Proleukin®/IL-2 Treatment

We performed a comprehensive multiparameter flow cytometry evaluation on PBMCs, spleen, and lymph nodes (Supplementary Figure 1) of humanized mice, at 0 and at 144 h (endpoint) after Proleukin®/IL-2, utilizing markers that covered both lymphoid (Supplementary Figure 2) and myeloid (Supplementary Figures 3A–C) cell subsets.

In clinical settings, ICOS+ regulatory T cells (CD4+CD25+FOXP3+ICOS+ Tregs) have been identified as a potential predicative biomarker to determine if a patient would be responsive to Proleukin®/IL-2 treatment (16). It has been reported that patients who produce high levels of ICOS+ Tregs during Proleukin®/IL-2 administration have an increased chance of responding to treatment (16). As shown in humanized mice, immunosuppressive cytokine IL-10 was produced in addition to chemokines and pro-inflammatory cytokines. Therefore, the frequency and phenotypes of human ICOS+ Tregs in Proleukin®/IL-2-treated humanized mice were analyzed.

Consistent to cytokine and chemokine levels in the plasma, there were minimal changes in the levels of immune cell subsets in PBMCs from 0 to 72 h, with most significant changes observed at 144 h. Spearman’s rank correlation coefficient revealed significantly positive correlation between the levels of CD45+ cells to the release of cytokines such as IFN-γ (r = 0.940, p < 0.001) and IL-10 (r = 0.903, p > 0.001) (Supplementary Figure 3D). Among the human immune cell subsets analyzed, CD4+ T cells, CD8+ T cells and ICOS+ Tregs expanded robustly, in terms of percentage relative to total live human leukocytes and absolute cell counts within PBMCs (Figures 2A, B) and spleen (Figures 2D, E) of humanized mice treated with Proleukin®/IL-2. There was also a significant increase in CD56+ natural killer (NK) cells within both PBMCs (Figure 2C) and spleen (Figure 2F) of Proleukin®/IL-2-treated humanized mice. Similar to clinical settings CD14+ monocytes and CD19+ B cells decreased in both PBMCs (Figure 2C) and splenocytes (Figure 2F) post-Proleukin®/IL-2 therapy (16).




Figure 2 | Proleukin®/IL-2 triggers expansion of human immune cell subsets. (A) Mean frequency of PBMCs and absolute count over human CD45+ cells ± SEM. Immunophenotypic analysis of (B) CD4+ T cells, CD8+ T cells, ICOS+ Treg, (C) NK cells, monocytes and B cell subsets within peripheral blood mononuclear cells (PBMCs) of saline (n = 5) and Proleukin®/IL-2 recipient mice (n = 10). (D) Mean frequency and absolute cell count of splenocytes are based on total human CD45+ cells ± SEM. Immune profile analysis of (E) CD4+ T cells, CD8+ T cells, ICOS+ Treg, (F) NK cells, monocytes and B cell subsets in splenocytes of saline (n = 5) and Proleukin®/IL-2 recipient mice (n = 10). Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.



To compare our findings in humanized mice to wild type mice, we administered C57BL/6 mice with the same dose of Proleukin®/IL-2 and observed that there was an increase in percentage of CD4+ T cells, CD8+ T cells, ICOS+ Tregs, activation of CD4+ and CD8+ T cells (by CD69+ upregulation) in PBMCs (Supplementary Figure 4A) and spleen (Supplementary Figure 4B) of these mice. While absolute cell counts of CD4+ T cells, CD8+ T cells, ICOS+ Tregs, monocytes, NK cells, B cells, and activation of CD4+ and CD8+ T cells (by CD69+ upregulation) increased in PBMCs (Supplementary Figure 4A), there was an increase in absolute cell counts of CD4+ T cells, CD8+ T cells, ICOS+ Tregs, monocytes, NK cells, B cells in the spleen (Supplementary Figure 4B). Even though C57BL/6 could also respond to Proleukin®/IL-2 with immune cell expansion and activation (by upregulation of CD69), it lacked human-specific responses for example, the expression of MHC-II on activated T cells. This study strongly supports that humanized mice can more accurately recapitulate clinical responses and should be used to reduce the total number of animals utilized for research and clinical trials.



Proleukin®/IL-2 Activates T Cells Toward Terminally Differentiated Phenotype

As T cells expanded in response to Proleukin®/IL-2, we further investigated the immunophenotype of both CD4+ and CD8+ T cells. After Proleukin®/IL-2 administration, both CD4+ (Figure 3A) and CD8+ T cells (Figure 3B) lost characteristics of Naïve (N; CD45RA+CCR7+) and effector memory (EM; CD45RA−CCR7−) phenotypes. Instead, T cells with effector memory RA (TEMRA; CD45RA+CCR7−) increased. We examined the activation status of CD4+ and CD8+ T cells by analyzing the expression of HLA-DR, a molecule upregulated upon human T cell activation not usually observed in mice. Proleukin®/IL-2 treatment activated CD4+ and CD8+ T cells to upregulate HLA-DR expression in both PBMCs and spleen (Figure 3C). To detect intracellular cytokines, mice were injected with Brefeldin A (BFA). Upon activation, both CD4+ and CD8+ T cells had a greater number of IFN-γ producing cells as compared to monocytes and NK cells (Figure 3D). Together with absolute cell numbers, the cytokine production data confirmed that T cells were the main effector cells for the immunotoxicity induced by Proleukin®/IL-2.




Figure 3 | Proleukin®/IL-2 activates T cells toward memory phenotypes. (A, B) Immunophenotypic analysis of both CD4 and CD8 subsets of Naïve (N; CD45RA+CCR7+), central memory (CM; CD45RA–CCR7+), effector memory (EM; CD45RA−CCR7−) and effector memory RA (TEMRA; CD45RA+CCR7−) in PBMCs at 0 and 144 h of mice administered with Proleukin®/IL-2 (n = 10). Mean frequency of (A, top panel) CD4+ T cells and (A, bottom panel) absolute count over total human CD45+ cells ± SEM. Mean frequency of (B, top panel) CD8+ T cells and (B, bottom panel) absolute count of human CD45+ cells ± SEM. (C) Percentage of CD4+HLA-DR+ and CD8+HLA-DR+ cells in the (C, top panel) PBMCs and (C, bottom panel) spleen of saline (n = 5) and Proleukin®/IL-2-treated mice (n = 10) at 144 h. (D) Percentage of IFN-γ was measured within T cells in (D, top panel) PBMCs and (D, bottom panel) spleen at 144 h of saline (n = 5) and Proleukin®/IL-2-treated mice (n = 10), injected with BFA. Two-way ANOVA/Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.





ICOS+ Tregs Have Phenotypic Characteristics of Tregs

In published clinical studies, FOXP3 expression has been associated in T cells with a regulatory or suppressive phenotype (46, 47). In some situations, a transient expression of FOXP3 at low levels can occur when effector, non-Treg CD4+ cells are activated (48, 49). Prior to Proleukin®/IL-2 treatment, Tregs were ICOS−;, however, after Proleukin®/IL-2 therapy, ICOS+ Tregs increased drastically. Therefore, we investigated if these cells had immunosuppressive and regulatory phenotypic characteristics of Tregs seen in patients and were not merely non-Treg CD4+FOXP3+ T cells with an ICOS activation marker (16).

First, in accordance with previous studies (50–54), we observed the staining of CD25 and FOXP3 on ICOS+ and ICOS− cells. Cells which were ICOS+ had a higher intensity staining of CD25 and FOXP3 than ICOS− cells (Supplementary Figure 2). Second, ICOS+ Tregs expressed low levels of CD127/IL-7α in both PBMCs and spleen of humanized mice (Figure 4A). Third, we observed the expression of programmed cell death protein 1 (PD-1) and found that ICOS+ Tregs had a higher level of PD-1 than ICOS− Tregs in both PBMCs and spleen of humanized mice (Figure 4B). Fourth, studies have linked highly suppressive Tregs to CD39 ectonucleotidase expression (55–57). In our experiment, we observed that ICOS+ Tregs were CD39+ while non-Tregs were CD39−, which was similar in both PBMCs and spleen of humanized mice (Figure 4C). Fifth, at 144 h post Proleukin®/IL-2 treatment, mice had heightened expression of FOXP3 and demethylation of Treg-specific-demethylated region (TSDR), suggesting activation of Tregs (Figure 4D). Lastly, it has been demonstrated that suppressive ICOS+ Tregs are able to secrete high levels of IL-10 and low levels of IFN-γ in response to stimulation. In agreement with published findings (16, 58), the intracellular cytokine staining revealed that ICOS+ cells produced high levels of IL-10 (Figure 4E) but did not produce IFN-γ at 144 h post-Proleukin®/IL-2 stimulation in both PBMCs (Supplementary Figure 2B) and spleen (Supplementary Figure 2C) of humanized mice. These results indicate that expanded ICOS+ Tregs in humanized mice treated with Proleukin®/IL-2 treatment display phenotypic attributes of Tregs similar to clinical scenarios (16).




Figure 4 | Tregs from mice administered with Proleukin®/IL-2 display highly immunosuppressive phenotypes. (A–C) In saline treated (n = 5) mice, Tregs were ICOS−. ICOS was upregulated on Tregs upon Proleukin®/IL-2 treatment (n = 10) (Supplementary Figure 2B). Mean fluorescence intensity (MFI) in PBMCs and splenocytes, illustrating the expression of (A) CD127, (B) PD-1 and (C) CD39 on ICOS+ and ICOS− Tregs in saline treated mice and ICOS+ and ICOS− Tregs in Proleukin®/IL-2-treated mice at 144 h was shown. (D) Transcript expression of FOXP3 and demethylation of Tregs 144 h post saline (n = 5) and IL-2 treatment (n = 10). (E) Mean fluorescence intensity (MFI) in PBMCs and splenocytes, illustrating the production of IL-10 by ICOS+ Treg after IL-2 administration. Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.





OKT3 Induces Immunotoxic Effects in Humanized Mice

Besides cytokine treatments such as Proleukin®/IL-2, antibody therapy can also induce Immunotoxicity (31, 59). To determine whether humanized mice were able to recapitulate antibody-mediated immunotoxicity in humans, we evaluated a T cell receptor (TCR) triggering antibody, OKT3 (anti-CD3) in humanized mice. Humanized mice were analyzed at 0 h to obtain baseline levels of cytokines, chemokines, and immune cell subsets. As per clinical practice, in contrast to Proleukin®/IL-2 treatment which usually requires a longer duration of treatment to observe side effects, OKT3-mediated immunotoxicity occurs within a shorter time frame (60, 61). Mice were analyzed at 1 h post-administration of OKT3, 24 h, and sacrificed 96 h later (Figure 5A). Human chemokine and cytokine analysis in plasma showed that human chemokines and pro-inflammatory cytokines, such as IFN-γ, TNF-α, IL-6, IL-8, MCP-1, IL-17A, IL-18, IL-23, IL-33 and an immunosuppressive cytokine IL-10, started to elevate at 1 h post-OKT3 treatment (Figure 5B) with some cytokines and chemokines, IFN-γ, IL-8, IL-6, MCP-1 and IL-10 reaching its peak at 24 h. Most of the cytokines and chemokines returned to baseline levels by 96 h post-OKT3 treatment. Spearman’s rank correlation coefficient revealed that there was a significant positive correlation between CD45+ cell levels and cytokines including IFN-γ (r = 0.950, p < 0.001) and IL-10 (r = 0.933, p < 0.001) production (Supplementary Figure 5C). These results demonstrated that similar to clinical data, cytokine storm induced by immunotoxic antibody can be reproduced in humanized mice.




Figure 5 | Humanized mice administered with OKT3 exhibit heightened cytokine and chemokine production. (A) Adult humanized mice were bled at 0 h to obtain PBMCs and plasma for baseline analysis (n = 9). Each mouse was injected with 1 mg of OKT3 only once, bled at 1 h after OKT3 administration, 24 h and sacrificed at 96 h (endpoint). Organs, PBMCs, and plasma were collected, processed, and analyzed. (B) Human-specific cytokine and chemokine release of IFN-γ, TNF-α, IL-6, IL-8, IL-10, IL-12p70, MCP-1, IL-17A, IL-18, IL-23, and IL-33 were measured in the plasma of humanized mice administered with OKT3 (n = 9). Each symbol represents one mouse and the horizontal line indicates the mean value. Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.



We further examined the effects of OKT3 stimulation on the regulation of immune cell subsets such as, CD4+ T cells, CD8+ T cells, NK cells, monocytes, and B cells (Supplementary Figure 5) within PBMCs (Figures 6A, B) and splenocytes (Supplementary Figure 6) of humanized mice. In addition, as it has been reported that upregulation of ICOS is greatly dependent on TCR activation (62), the involvement of CD4+ICOS+ T cells was also analyzed. At 24 h post-OKT3 treatment, humanized mice had drastically reduced frequencies and absolute numbers of CD4+ and CD8+ T cells due to the depletion effects of OKT3 antibody to CD3 T cells. However, the frequencies and number of CD4+ and CD8+ T cells recovered to baseline levels by 96H post-treatment, and there was an increase in CD4+ICOS+ T cells at 24 to 96 h post-OKT3 administration (Figure 6A). Treatment of humanized mice with OKT3 did not result in changes to the actual cell counts of NK cells and monocytes (Figure 6B).




Figure 6 | Changes in immune cell subsets upon administration of OKT3. (A) Immunophenotypic analysis of CD4+ T cells, CD8+ T cells and CD4+ICOS+ T cell subsets within the PBMCs of OKT3 recipient mice (n = 9). (A, left panel) Mean frequency and (A, right panel) absolute count of CD4+ T cells, CD8+ T cells and CD4+ICOS+ T cells of total human CD45+ cells ± SEM. (B) Immune profile analysis of NK cells, monocytes and B cell subsets within the PBMCs of mice administered with OKT3. (B, left panel) Mean frequency and (B, right panel) absolute count of NK cells, monocytes, and B cells over total human CD45+ cells ± SEM. Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.



To evaluate the functionality of T cells in pre-treated (0 h) and post-treated OKT3 (96 h) mice, we isolated CD4+ and CD8+ T cells and stimulated them with a T cell activation/expansion kit. Post-activation, the supernatant of CD4+ and CD8+ stimulated T cells was harvested and tested for the presence of IFN-γ and TNF-α via ELISA. Even though levels of IFN-γ and TNF-α were slightly lower in 96 h CD4+ and CD8+ T cells as compared to 0 h, the production of cytokines suggest that T cells that returned to the blood after OKT3 treatment were functional (Figure 7A). Although T cell numbers recovered 96 h post-OKT3 treatment, the composition of T cell subsets had changed significantly. Both CD4+ T cells (Figure 7B) and CD8+ T cells (Figure 7C) developed distinctive terminally differentiated phenotypes where percentages and absolute numbers of N, CM, and EM cells decreased while TEMRA cells were significantly elevated. These results from humanized mice correlate to published studies on patient responses (16, 27, 28, 63).




Figure 7 | Humanized mice treated with OKT3 have functional T cells and express altered CD4 and CD8 differentiation profiles. (A) T cells were stimulated with human T Cell Activation/Expansion Kit and levels of human IFN-γ and TNF-α were measured by ELISA (n = 2). (B, C) Immunophenotypic analysis of both CD4 and CD8 subsets of Naïve (N; CD45RA+CCR7+), central memory (CM; CD45RA-CCR7+), effector memory (EM; CD45RA−CCR7−) and effector memory RA (TEMRA; CD45RA+CCR7−) in PBMCs at 0H and 96H of mice administered with OKT3 (n = 9). (B, top panel) Mean frequency of CD4+ T cells and (B, bottom panel) absolute count based on total human CD45+ cells ± SEM. (C, top panel) Mean frequency of CD8+ T cells and (C, bottom panel) absolute count over total human CD45+ cells ± SEM. Two-way ANOVA/Two-tailed Mann–Whitney U test; (*p < 0.05, **p < 0.01, ***p < 0.001). Data are from a single experiment; one independent experiment was performed.






Discussion

A pivotal reason for inferior success rates of biologics evaluated during clinical development may be due to conventional application of in vitro tests and non-human animal models used to evaluate biologics specific for human targets during pre-clinical development (9, 10). Currently, the most suitable species for preclinical safety assessment of biologics are non-human primates (NHPs); however, the use of these animals raise critical ethical and economic issues including heighten level of sentience, scarcity, and high costs (35). In addition, analysis of NHPs demonstrated differences in biological systems particularly that of the immune system, resulting in inconsistent correlation of possible immunotoxic side effects when tested with biologics designed with human-specific targets (5, 7, 64). For example, the use of cynomolgus and rhesus monkeys to screen for side effects of TGN1412 showed extremely different safety and efficacy profiles as compared to humans due to their dissimilarities in CD28 sequence and molecule (38, 64–66). Shortcomings in these assessments, suggest that the selection of a cost-effective, validated, predictive animal model, containing human-specific cells will add substantial value in identifying in vivo human-specific clinical toxicity, particularly for biologics with novel mechanisms of action, therefore allowing accurate safety assessment, determination of exact dose and timing of administration to patients (5, 8, 67).

In published studies, research teams constructed different humanized mice by using a myriad of immunodeficient mouse strains, reconstituted with human PBMCs, cord blood or fetal liver. Some of these humanized mice have been applied as a platform to test plasmids, antibodies and biologics (68–75). For example, Li et al. tested IL-2 plasmid and CD3 antibody in human immune system (HIS) mice [generated in BALB/cR-ag2−/− Il2r-γ−/− SIRPANOD (BRGS) hosts] reconstituted with fetal liver CD34+ cells (75). Different from published work, we utilized one of the most well-studied and accessible immunodeficient mouse strain, NSG. To prevent unwanted side effects that have been reported with the use of PBMCs, we reconstituted mice with human fetal liver stem cells and recapitulated clinical scenarios closely by using the exact clinical drug, dose and administration method to evaluate the effects of Proleukin®/IL-2 in humanized mice (40).

In this study, we have shown that mice reconstituted with a human immune system, more accurately recapitulated human immune responses to immunotoxic biologics. Humanized mice treated with Proleukin®/IL-2 for 5 consecutive days at a dose of 600,000 IU demonstrated an increase in total lung weight, immune cell infiltration into organs, elevated levels of chemokines and pro-inflammatory cytokines, IFN-γ, IL-12p70, IL-17A, IL-18, IL-23 and IL-33 and an immunosuppressive cytokine, IL-10 (15, 76). Additionally, percentages and absolute numbers of CD4+ T cells, CD8+ T cells, ICOS+ Tregs and NK cells were upregulated, while levels of monocytes and B cells decreased (15, 21, 26, 76). To further validate this model, we administered an anti-CD3 antibody—OKT3—to humanized mice and observed that massive amounts of chemokines and pro-inflammatory cytokines, IFN-γ, TNF-α, IL-6, IL-8, MCP-1, IL-17A, IL-18, IL-23, and IL-33 were secreted predominantly at 1 h post-treatment (77, 78). At 96 h, levels of T cells gradually recovered; this phenomenon could be due to a homeostatic mechanism to maintain constant T cell numbers in the circulation known as lymphopenia-induced proliferation (LIP) (79). Interestingly, in addition to inflammatory responses, which were considered to be the main cause of immunotoxicity, immunosuppressive responses, such as the expansion of ICOS+ Treg cells and production of immunosuppressive cytokine, IL-10, occurred concurrently. These results suggest that immunotoxicity may be a competitive dynamic process between inflammation and immunosuppression (80). Besides the effort on reducing inflammation (44), development of strategies to enhance immunosuppression may provide new options to the treatments of an array of conditions and diseases (81, 82). Most importantly, our results are in concordance with that of published clinical studies (16), therefore enabling the use of humanized mice as a pre-clinical platform to determine human-specific biologic mechanisms of action.

Despite the advantages and significant findings from using humanized mice, limitations in this work include firstly, the measurement of lung total weight which could have been further optimized by analyzing lung wet weight so as to differentiate between intrapulmonary cellular infiltrates and lung edema (17). Secondly, TNF-α was not upregulated in Proleukin®/IL-2-treated humanized mice (18–20). Possible reasons for this observation could be that our current model relies on the transplantation of HSPCs which do not give rise to endothelial cells of human-origin. Endothelial cells together with IL-2 receptor-positive immune cells are essential for the release of vasoactive factors such as TNF-α (18–20). In addition, our model requires further optimization to improve levels of human cell engraftment and functionality of immune subsets such as myeloid cells, which are crucial for TNF-α production but are relatively low in the current model (83). In recent years, humanized mouse strains such as NSG-SGM3, HuNOG-EXL, and MISTRG mice have been created with improved human immune cell reconstitution (84). However, despite the increase of reconstitution in these mice, drawbacks include the need for matched donors to create thymus, liver, and hematopoietic stem cell engrafted mice (NSG-SGM3, HuNOG-EXL), human immune cell reconstitution that lasts not more than 5 months (NSG-SGM3), anemia and short lifespan after human cell engraftment (HuNOG-EXL, MISTRG), undetermined long-term effects of irradiation tolerance and incidences of lymphoma (NSG-SGM3, HuNOG-EXL, MISTRG) and impaired innate immune cells including macrophages and dendritic cells (NSG-SGM3, HuNOG-EXL, MISTRG) (85–88). To improve current versions of humanized mice, murine cells should be completely depleted to allow an increase in human cell reconstitution which can be supplemented by hydrodynamically boosting mice with high affinity cytokines (e.g. IL-1β, IL-2, IL-7, and GM-CSF) to induce immune cell differentiation, maturation and function (83, 89, 90). Overcoming obstacles and improving humanized mice would undoubtedly provide exciting opportunities for the scientific community to evaluate novel therapeutics including biologics that would greatly benefit society.

Outcomes for specific therapeutic developments are largely dependent on selected animal models which allow the validation of therapeutic mechanisms and prediction of clinical efficacy (5, 91). When properly designed and carried out, animal models can contribute essential information to our knowledge of biology and medicine, including the discovery and development of new therapies (1, 2). However, due to the evolutionary gap between species, existing animal models are unable to fully recapitulate human biological responses, particularly that of the immune system (5). Advantages of utilizing humanized mice are its ability to more accurately mimic and reproduce human-specific responses (92, 93) for example, allowing the test of biologics specific to human CD3, production of human cytokine, IL-8 and the expression of HLA-DR on activated T cells, as demonstrated in this study. Therefore, in addition to current in vitro and in vivo pre-clinical tests, we advocate the use of humanized mice as a key for successful and safe clinical translation, so as to develop, optimize, validate, and create treatments.

In summary, humanized mice are small, easy to manipulate, cost-effective and robust platform that recapitulates the immune responses of human subjects. Because of the similarities in cellular and molecular mechanisms between humanized mice and humans (13, 84, 94), it unquestionably provides valuable data on the clinical performance of treatments, allowing researchers to learn human immunological mechanisms or be alerted of potential adverse effects of therapeutics before testing them on human subjects, therefore enabling the translation of a plethora of treatments which will benefit patients.
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NBSGW mice are highly immunodeficient and carry a hypomorphic mutation in the c-kit gene, providing a host environment that supports robust human hematopoietic expansion without pre-conditioning. These mice thus provide a model to investigate human hematopoietic engraftment in the absence of conditioning-associated damage. We compared transplantation of human CD34+ HSPCs purified from three different sources: umbilical cord blood, adult bone marrow, and adult G-CSF mobilized peripheral blood. HSPCs from mobilized peripheral blood were significantly more efficient (as a function of starting HSPC dose) than either cord blood or bone marrow HSPCs at generating high levels of human chimerism in the murine blood and bone marrow by 12 weeks post-transplantation. While T cells do not develop in this model due to thymic atrophy, all three HSPC sources generated a human compartment that included B lymphocytic, myeloid, and granulocytic lineages. However, the proportions of these lineages varied significantly according to HSPC source. Mobilized blood HSPCs produced a strikingly higher proportion of granulocyte lineage cells (~35% as compared to ~5%), whereas bone marrow HSPC output was dominated by B lymphocytic cells, and cord blood HSPC output was enriched for myeloid lineages. Following transplantation, all three HSPC sources showed a shift in the CD34+ subset towards CD45RA+ progenitors along with a complete loss of the CD45RA-CD49f+ long-term HSC subpopulation, suggesting this model promotes mainly short-term HSC activity. Mice transplanted with cord blood HSPCs maintained a diversified human immune compartment for at least 36 weeks after the primary transplant, although mice given adult bone marrow HSPCs had lost diversity and contained only myeloid cells by this time point. Finally, to assess the impact of non-HSPCs on transplantation outcome, we also tested mice transplanted with total or T cell-depleted adult bone marrow mononuclear cells. Total bone marrow mononuclear cell transplants produced significantly lower human chimerism compared to purified HSPCs, and T-depletion rescued B cell levels but not other lineages. Together these results reveal marked differences in engraftment efficiency and lineage commitment according to HSPC source and suggest that T cells and other non-HSPC populations affect lineage output even in the absence of conditioning-associated inflammation.
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Introduction

Hematopoietic stem cell transplantation (HSCT) using autologous or allogeneic graft tissue sources is a potentially curative treatment for patients with malignant and non-malignant blood diseases. However, the clinical value of HSCT remains limited by its high potential for complications, including graft-vs-host-disease (GVHD), delayed immune reconstitution, and graft failure (1, 2). Recovery of neutrophil and platelet populations is a key indicator of engraftment success that usually occurs between 14 and 25 days post-transplant, with delays beyond this window increasing the chances of mortality due to infection (3, 4). Furthermore, the late reconstitution of other immune lineages, which can also demonstrate substantial variability, may carry long-term consequences for patient health, including influencing the likelihood of disease relapse (1–4). Factors that impact the capacity of human hematopoietic stem and progenitor cells (HSPCs) to engraft and differentiate, and the resulting dynamics of human hematopoietic reconstitution remain poorly understood, underscoring the need for new research strategies.

Xenogeneic models involving transplantation of human cells into animal hosts have the potential to shed new light on hematopoietic cell-intrinsic and -extrinsic factors that influence engraftment results and may thus provide an important path towards improving clinical outcomes (5–7). A key advance in this area was the development of immunodeficient mouse strains (e.g. NSG) that are highly permissive for engraftment of human hematopoietic cells because they lack adaptive lymphocytes due to a mutation that abrogates antigen receptor recombination (Prkdcscid) and are also deficient in innate lymphocytes due to the deletion of a key cytokine receptor gene (γc or CD132) (6, 7). Further genetic modification of these strains has led to a variety of new options for modeling human hematopoietic engraftment. For example, mouse strains containing human knock-in gene replacements for key hematopoietic factors have recently been developed. These include NSG-SGM3 mice that have a triple knock-in of human stem cell factor (SCF), granulocyte–macrophage colony-stimulating-factor (GM-CSF) and interleukin-3 (IL-3), and MISTRG mice that contain human macrophage colony-stimulating-factor (M-CSF), GM-CSF, IL-3, thrombopoietin, and signal regulatory protein alpha (SIRPα) (8–10). Both strains have been shown to support high levels of multi-lineage human hematopoietic engraftment with superior representation of myeloid lineages and the MISTRG mouse also appears to sustain long-term hematopoietic progenitors (10). However, for efficient engraftment of human HSPCs in these strains it is necessary to administer pre-transplant conditioning (e.g. γ-irradiation).

Pre-transplant conditioning induces a variety of different inflammatory pathways and produces damage that may alter bone marrow microenvironment in ways that are still not fully understood (11). While pre-transplant conditioning is routinely used in clinical settings, there is substantial variation in the specifics of the regimens used, and the nature of the conditioning regimen is known to influence both the recovery of the immune compartment and the risk of GVHD (1–4). Myeloablative conditioning is associated with the fastest engraftment, though this is balanced by an increased probability of GVHD (1, 2, 12). Non-myeloablative and reduced intensity conditioning are less damaging and are associated with lower rates of GVHD, but show higher rates of delayed or failed engraftment (12). Thus, model systems that allow for analysis of transplantation outcomes in the absence of host conditioning may help to shed light on damage-independent factors that influence engraftment success. To this end, mouse strains containing mutations in the c-kit (SCF receptor or CD117) protein are particularly valuable, as they have been shown to support either murine or human HSPC engraftment in the absence of pre-conditioning (13–20).

An additional important factor influencing both hematopoietic recovery and GVHD is the source of tissue used for transplantation. The most common graft tissues used for clinical transplantation protocols are G-CSF mobilized peripheral blood (MB), bone marrow (BM), and umbilical cord blood (CB), in that order (21, 22). While the incidence of GVHD and times to immune recovery vary according to the source of graft tissue (3, 4), it remains unclear how these outcomes are impacted by intrinsic differences in the HSPCs found in different types of human graft tissue or by non-HSPC populations that are co-transplanted as part of these grafts. In this study, we sought to compare engraftment outcomes resulting from transplantation of human HSPCs isolated from BM, MB, or CB and to assess the impact of lineage-committed cells on hematopoietic reconstitution. Since the inflammatory status of the host environment may significantly affect the functions of both HSPCs and differentiated cells, to avoid conditioning-associated damage we used NBSGW mice, in which a hypomorphic mutation in the c-kit gene (KitW41J) has been crossed into the highly immunodeficient NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl) strain (13–20). Remarkably, while prior studies have demonstrated improved human myeloid engraftment in these or related c-kit mutated mice (13–20), the comparison performed here demonstrates that the NBSGW strain supports marked differences in human granulocytic, B lymphocytic, and myeloid lineage output depending on the HSPC source and points to an unexpected impact on B cell engraftment levels when T lymphocytes are present within graft tissue.



Methods


Isolation of Primary Human HSPCs

All work involving human cells was performed under UW Minimal Risk IRB protocols 2018-0304 (JG), 2016-0298 (PH), and 2017-0870 (JG). Human BM and MB tssues were collected from the remnants of left-over bags and filters used for clinical HSCT procedures at the University of Wisconsin-Madison. CB samples were acquired either from the University of Colorado’s ClinImmune Labs cord blood bank or the Medical College of Wisconsin’s tissue bank. Mononuclear cells were isolated by ficoll density-gradient centrifugation (1,100×g for 15 min with 0 brake) to remove red blood cells (RBCs), neutrophils, and other non-leukocytes. Where indicated, T cells were depleted using StemCell Technologies RosetteSep T cell-depletion kit (catalog #15661), and HSPCs were isolated using StemCell Technologies EasySep Human CD34 positive selection kit II (catalog #17856), which first depletes lineage positive cells, then positively selects CD34+ cells. The resulting cell population was typically >90% CD34+, with the remaining cells all lineage negative. Prior to transplantation, cells were counted, washed, and resuspended in phosphate buffered saline (PBS).



Transplantation Into NBSGW Mice

All animal work was completed in accordance with UW-Madison IACUC protocol M005199. NBSGW immunodeficient mice (NOD.CG-KitW-41JTyr+PrkdcscidIL2rgtm1Wjl/ThomJ) were initially purchased from Jackson Laboratories, then bred and maintained in a specific pathogen free facility using aseptic housing. Experiments were performed using both male and female mice (equal numbers of each sex); results are not stratified according to sex, since no significant differences in results were observed between the sexes. All mice were between the ages of 6–10 weeks at the time of transplantation. Human cells suspended in a volume of 150 µl of PBS were injected retro-orbitally while the mice were under isoflurane anesthesia. Blood draws were performed at indicated time points by retro-orbital bleeding, using heparin coated capillary tubes with the mouse under isoflurane anesthesia. At the experiment endpoint, mice were euthanized by CO2, and tissues collected for analysis. Bone marrow was prepared by flushing tissue from the inside of the femur and tibia of the left leg. Mice were monitored for signs of GVHD (weight loss ≥5% of maximum body weight) by weekly weighing as described previously (23). Mice characterized as experiencing GVHD were removed from the analysis.

For analysis of engraftment following secondary transplantation, primary transplants were first performed on four mice using a dose of 2.5E6 purified HSPCs. After 12 weeks, bone marrow (both femurs) from these four mice was pooled and purified by density gradient centrifugation (Ficoll) to remove non-leukocytes. Four naïve mice were then transplanted with 3E7 pooled bone marrow cells. Flow cytometric analysis of the pooled MNC used for the secondary transplant showed that ~2.5E6 HSPC of the injected cells were human cells expressing CD34.



Flow Cytometry

Singe cell suspensions were blocked in PBS with 10% human serum and stained for flow cytometry using fluorophore-conjugated antibodies purchased from BioLegend: CD3 (OKT3), CD10 (HI10A), CD19 (HIB19), CD33 (HIM3-4), CD34 (8G12), CD38 (HIT2), mCD45.1 (A20), CD45RA (HI100), CD56 (HCD56), CD66b (610F5), CD123 (6H6), and PanHLA (w6/32). All samples were analyzed on a BD LSRII flow cytometer equipped with three lasers (nine filter channels), quantified using Precision Count Beads (BioLegend) and analyzed using FlowJo V10.5.



Immunofluorescence of Murine Bone Tissue

Following CO2 euthanasia, mice were immediately perfused with PBS, followed by 4% paraformaldehyde (PFA). Femurs were removed and immersion fixed in 4% paraformaldehyde (PFA) for 24 h at 4°C. Femurs were then decalcified in 20% EDTA for 4 days at room temperature. Femurs were rinsed, dehydrated, and embedded in paraffin. Paraffin blocks were sectioned 5 µm thick and mounted on glass slides. Sections were de-paraffinized, rehydrated to PBS, and heated in citric acid buffer (10 mM sodium citrate, 0.05% tween-20, pH 6.0) for antigen retrieval. Sections were blocked in PBS with 0.5% Triton X-100 and 2% normal donkey serum for 1 h at room temperature. Sections were then incubated at 4°C overnight with Leukocyte Common Antigen (LCA) Cocktail (Biocare Medical, Pacheco, CA) diluted at 1:100 in the diluent solution supplied by the manufacturer. Sections were rinsed in PBS and incubated in 1:400 diluted secondary antibody (Cy3-conjugated anti mouse IgG, Jackson ImmunoResearch Laboratories, West Grove, PA) in block solution for 1 h at room temperature. Following PBS rinse, sections were stained with 4′,6-diamidino-2-phenylindole (DAPI). Slides were imaged using a Nikon A1R+ confocal microscope (Nikon, Tokyo, Japan).



Statistics

Replicate mice were transplanted in each experiment using the indicated graft sources and doses, and results from like conditions of independent experiments were aggregated for statistical analyses. Data were analyzed for significance using a two-tailed, unpaired, non-parametric t-test (Mann–Whitney analysis). Symbols on plots represent results from individual mice (or individual graft samples in Figure 1), and bars or lines show the means. Data sets from analyses of cell number are plotted using a logarithmic scale with geometric means shown, while analyses of cell frequencies (percentages) are plotted using a linear scale with bars or lines showing the arithmetic means.




Figure 1 | Composition of human HSPC populations varies among graft sources. Flow cytometric analysis of HSPC populations in primary graft tissues. (A) Representative plots of panHLA-class-I+ human cells from umbilical cord blood (CB), bone marrow (BM), and G-CSF mobilized peripheral blood (MB), showing the percentage of CD34+ cells (red box) in each graft. (B) Aggregated results showing percentage of CD34+ cells detected in individual graft samples. Symbols show results from individual samples of CB (blue), BM (red), or MB (green) tissue, with bars representing the arithmetic means. (C) Representative plots showing flow cytometric staining of CD34+ cells for CD38. (D, E) Aggregated results showing the percentage of cells in the CD38+ (D) or CD38− (E) gates. (F) Representative plots showing flow cytometric staining of CD34+CD38− cells for CD45RA and CD49f. (G–I) Aggregated results showing the percentage of CD34+CD38− cells corresponding to uncommitted progenitors (CD45RA+CD49f−, G), multipotent progenitors (CD45RA−CD49f−, H), and long-term HSCs (CD45RA−CD49f+, I). *p < 0.05; **p < 0.01; ***p < 0.001.






Results


Characterization of Human HSPCs From Different Graft Sources

The three commonly used HSCT graft tissues (CB, BM, and MB) all contain CD34+ HSPCs capable of re-populating hosts but are collected from different physiological niches (umbilical cord/placental blood, bone marrow interstitial space, and peripheral blood, respectively). Additionally, donors of MB grafts undergo pre-treatment with G-CSF, which may be associated with changes to HSPC function in addition to inducing migration of HSPCs from the bone marrow into the blood, while CB grafts are from less developmentally mature donors and are exposed to factors associated with pregnancy (24–26). Therefore, HSPCs in these three graft tissues are expected to differ in multiple ways. We performed flow cytometric analysis to gain an initial assessment of HSPCs from these three tissue types. Similar to previous findings, our analysis revealed that on average the percent of CD34+ cells was lowest in MB graft tissue, while BM had the highest average, and cord blood samples were highly variable yielding an intermediate average (Figures 1A, B) (23). We performed flow cytometric analysis using a previously published gating strategy to further identify the CD38+ committed progenitors and CD38− uncommitted progenitor populations within the CD34+ pool (Figures 1C–E) (27, 28). We observed that CB grafts had the highest percentage of uncommitted progenitors followed by MB and BM, respectively (Figures 1D, E). We further divided the CD38− population into long-term HSC (CD45RA−, CD49f+), MPP (CD45RA−, CD49f−) and an uncommitted progenitor (CD45RA+, CD49f−) population. From this analysis, CB grafts had the highest percentage of long-term HSCs, while the MPP population was dominant in BM, and MB showed enrichment for the uncommitted progenitor population (Figures 1F–I). These results are consistent with clinical data showing that a lower absolute number of CB-CD34+ cells is required for engraftment, but hematopoietic recovery takes longer than for grafts of other tissue sources, presumably because CB grafts contain fewer differentiated progenitors (3, 4, 29, 30).



Human Cell Chimerism Is Established in Murine Bone Marrow and Peripheral Tissues

To confirm successful engraftment of human immune cells in this model, we performed flow cytometric analyses to test them in bone marrow and peripheral tissues. Human cells were detectable at 12 weeks post-engraftment in the bone marrow and also in all other murine tissues tested, including spleen, blood, small intestine, and uterus (Figures 2A–F). The abundance of human cells at these sites appeared dependent on the dose of HSPCs used for engraftment (Figure 2F). The bone marrow typically showed the highest levels of human chimerism as a percentage of the total cells within the murine tissue (Figure 2F). To further characterize the bone marrow engraftment, we performed immunofluorescence staining on sections of whole femur (Figure 2G). Femur of an engrafted mouse showed abundant cells staining positively for human CD45 that were distributed throughout the bone and appeared most concentrated near endosteal areas (Figure 2G, right side), and analysis of similarly prepared femur from an unengrafted mouse indicated that non-specifically stained cells were rare (Figure 2G, left side). Together, these results strongly support that non-conditioned NBSGW mice are productively engrafted following transplantation of purified human HSPCs.




Figure 2 | Transplantation of HSPCs is associated with colonization of bone marrow and peripheral tissues by human cells. Bone marrow and peripheral tissues (spleen, blood, small intestine, and uterus) were collected at 12 weeks post-transplantation from mice given varying doses of BM-HSPCs (1E5, 5E5, 2.5E6). (A–E) Representative plots showing flow cytometric staining of human cells (red oval gates) in a mouse transplanted with 2.5E6 BM-HSPCs. (F) Aggregated data showing percentages of human cells within the total (human CD45+ + murine CD45+) hematopoietic compartment from the indicated tissues of mice engrafted with the indicated BM-HSPC doses. Symbols show results from individual mice, bars represent the arithmetic means. (G) Cells expressing human CD45 were detected by immunofluorescence of whole bone tissue collected at 12 weeks post-transplant from a mouse given 2.5E6 CB-HSPCs (right side), compared to a negative control unengrafted mouse (left side). Staining of human CD45 is shown in red; blue color shows staining of cell nuclei by DAPI.





Efficiency of Engraftment According to HSPC Source

To investigate hematopoietic output of HSPCs from the three different graft sources, we transplanted titrated doses of lineage-negative CD34+ cells from each type of graft tissue into NBSGW mice, and after 12 weeks we assessed the total number of human cells in one femur (Figure 3A) or in the spleen (Figure 3B). Dose response curves appeared similar for murine bone marrow and spleen transplanted with CB- and BM-HSPCs (Figures 3A, B). Remarkably, MB-HSPCs generated one to three orders of magnitude more total human cells in these murine tissues as a function of starting HSPC dose (Figures 3A, B). We also assessed the number of human cells present in 100 μl murine blood, at 3 week intervals following transplantation (Figure 3C). This analysis demonstrated that mice transplanted with MB-HSPCs reached significantly higher levels of human chimerism within 9 weeks. Thus, compared to CB- or BM-HSPCs, MB-HSPCs engrafted more efficiently at low doses and also produced more rapid peripheral reconstitution in this model.




Figure 3 | Human hematopoietic output is dependent on HSPC dose. The relative abundance and kinetics of human HSPC expansion in NBSGW mice was determined for each graft source. (A) Total number of human cells in the bone marrow collected from one leg (femur + tibia) at 12 weeks post-transplantation according to the starting HSPC dose. Symbols show individual mice that received HSPCs isolated from CB (blue), BM (red), or MB (green), with lines indicating geometric means. (B) Total number of human cells in the murine spleens at 12 weeks post-transplantation. (C) Total number of human cells in 100 μl of murine peripheral blood, collected at the indicated times post-transplantation. Results are from transplantation of 5E5 HSPCs. *p < 0.05; **p < 0.01; ***p < 0.001.





HSPC Source Influences Lineage Output

We next characterized the composition of the human compartments generated within mice transplanted with the three sources of HSPCs. Flow cytometric analysis of the murine bone marrow at 12 weeks after transplantation showed a heterogeneous population of human cells that we further identified as B lymphocytic [CD19+, CD38high, CD10+ (not shown)], neutrophilic (CD11b+, CD66b+), myeloid cells consisting of monocytic (CD33+, CD14+) and dendritic (CD33+, CD1c+) cells, and a progenitor population that was low/intermediate for CD33 and positive for CD123 (Figures 4A–C). T cells (i.e. CD3+) were not detected following transplantation of any of the types of HSPCs, which is mostly likely a consequence of thymic atrophy in these mice.




Figure 4 | Source of human HSPCs influences hematopoietic output. The lineage output resulting from transplantation of CB-, BM-, or MB-HSPCs was examined by flow cytometry of murine bone marrow after 12 weeks. (A–C) Representative plots showing flow cytometric analysis of human cells (panHLA-I+, murine CD45−) in the bone marrow of NBSGW mice given 5E5 HSPCs. (A) Identification of B lymphocytic cells (CD19+, CD38high). (B) Identification of neutrophilic cells (CD11b+, CD66b+). (C) Identification of myeloid lineage cells (CD33+ gate in top row), that are comprised of monocytic cells (CD14+ gate in bottom row) and DCs (CD1c+ gate in bottom row). Additionally, a progenitor population that is thought to give rise to plasmacytoid DCs and other cells is present (CD33−CD123+ gate in top row). (D–I) Plots showing the percent of each population within the human compartment of mice given the indicated sources of HSPCs. Symbols show results from individual mice, bars represent the arithmetic means. *p < 0.05; **p < 0.01; ***p < 0.001.



Strikingly, the composition of the human compartment in the murine bone marrow at 12 weeks showed marked differences according to the source of HSPC transplanted. The human immune compartment of mice transplanted with BM-HSPCs was dominated by B lineage cells (~60%), whereas B lymphocytic cells comprised only about 30–40% of the human immune compartment of mice transplanted with CB- and MB-HSPCs (Figure 4D). Mice transplanted with MB-HSPCs showed a dramatic enrichment for neutrophilic lineage cells (~35%), whereas neutrophilic cells comprised only about 5% of the human compartment in mice that received BM- or CB-HSPCs (Figure 4E). Finally, mice that received CB-HSPCs showed an approximate twofold and threefold enrichment for CD33+ and CD123+ lineages respectively compared to mice transplanted with BM- or MB-HSPCs (Figures 4F, G). The percentage of monocytic cells ranged from about 5% in mice that received BM- or MB-HSPCs to about 10% in mice transplanted with CB-HSPCs (Figure 4H), while the percentage of CD1c+ DCs (~3%) did not show significant differences according to HSPC source (Figure 4I).



HSPC Population Shifts Towards Progenitor Phenotypes Following Transplantation

We next evaluated the characteristics of the CD34+ HSPC population in the bone marrow of transplanted mice (Figure 5A). Regardless of the source of HSPCs, the percentage of human cells expressing CD34 was significantly expanded at 12 weeks post-transplantation compared to the starting graft tissue (Figure 5B). We performed the same sequential gating strategy used to characterize the CD34+ subset of the starting grafts (Figure 1). Compared to the respective starting grafts, the percentage of committed progenitors (CD38+) was markedly increased for CB-, but somewhat decreased after transplantation of BM- and MB-HSPCs (Figures 5C–E). Strikingly, for all HSPC sources, the CD38− population showed a dramatic shift towards uncommitted progenitors (CD45+CD49f−) and away from MPPs (CD45−CD49f−) and long-term HSCs (CD45−CD49f+) (Figures 5F–I). Indeed, we did not detect any human cells bearing a long-term HSC phenotype in the bone marrow from any of the mice analyzed, and even cells bearing an MPP phenotype appeared extremely rare (Figures 5F–I).




Figure 5 | Shift towards short-term HSPC phenotype after transplantation. Flow cytometric analysis was performed to assess the composition of the CD34+ HSPC population within the human compartment in the murine bone marrow at 12 weeks post-transplantation. (A) Representative flow cytometry plots showing identification of human CD34+ population. (B) Plot showing percentage of CD34+ cells detected in bone marrow of mice transplanted with the indicated sources of HSPCs compared to the frequency of total CD34+ cells in the starting graft tissue (Input). (C) Representative plots showing flow cytometric staining of human CD34+ cells in murine bone marrow for CD38. (D, E) Percentage of cells in the CD38+ (D) or CD38− (E) gates after transplantation compared to the starting graft (Input). (F) Representative plots showing flow cytometric staining of human CD34+CD38− cells in the murine bone marrow for CD45RA and CD49f. (G–I) Percentage of CD34+CD38− cells corresponding to uncommitted progenitor (CD45RA+CD49f−, G), multipotent progenitor (CD45RA−CD49f−, H), and long-term HSC (CD45RA-CD49f+, I) gates after transplantation compared to the starting graft (Input). Symbols show results from individual mice; bars represent the arithmetic means. *p < 0.05; **p < 0.01; ***p < 0.001.



Since prior studies have established that the transition from HSC to MPP to uncommitted progenitors occurs as a step-wise process, with each population capable of repopulating itself as well as giving rise to more committed populations (27, 28), the absence of HSC and MPP populations in the murine bone marrow after 12 weeks suggested that the NBSGW host promotes short-term hematopoietic activity with little stem cell self-renewal. To investigate further, we evaluated the duration of engraftment in mice transplanted with CB- or BM-HSPCs. In both cases, human chimerism was maintained in peripheral blood for at least 36 weeks post-transplantation (Figures 6A, D), but the total number of human cells in the bone marrow declined by about 10-fold (Figures 6B, E). In mice transplanted with CB-HSPCs, the human compartment in the murine bone marrow shifted over time towards increased representation of B lymphocytes and myeloid lineages and reduced frequency of progenitors (Figure 6B). In contrast, mice transplanted with BM-HSPCs underwent a dramatic loss of lineage diversity and by 36 weeks post-transplantation the human compartment in the murine bone marrow was comprised almost exclusively of CD33+ myeloid cells (Figure 6E). To directly evaluate the capacity for self renewal, we performed a serial transfer of murine bone marrow from mice transplanted with CB- or BM-HSPCs into naïve NBSGW mice. Bone marrow was collected at 12 weeks post-transplantation from four mice given CB- or BM-HSPCs, pooled and subjected to density gradient centrifugation to isolate mononuclear cells, then split into equal doses and transplanted into four naive mice. Murine bone marrow was harvested for analysis at 12 weeks after the secondary transplant. For mice given either CB- or BM-HSPCs, the number of human cells in the murine bone marrow was about 2 logs lower than the primary transplant, and the human compartment was almost exclusively comprised of CD33+ myeloid cells (Figures 6C, F). Together, these results suggest the NBSGW strain promotes short-term hematopoietic activity of transplanted human HSPCs.




Figure 6 | Transplantation of CB-HSPCs produces a longer duration of multi-lineage engraftment than BM-HSPCs. Analyses were performed to evaluate the duration of the multi-lineage expansion produced by the initial HSPC transplantation as well as the ability of engrafted HSPC to re-populate a naïve host. (A) Blood draws were performed every 3 weeks on NBSGW given 2.5E6 CB-HSPCs until week 12 after which they were performed every 12 weeks until 36 weeks. (B) Bar graph showing the total number of human cells in the bone marrow collected from one leg (femur + tibia) as determined by flow cytometry in mice 12 or 36 weeks post-transplant. The lineage composition of the human cells is shown as a pie graph. (C) Bone marrow collected from four mice initially transplanted with 2.5E6 CB-HSPCs was combined and subjected to density gradient centrifugation, then 3E7 mononuclear cells was transplanted into each of four naïve NBSGW mice. The number of transplanted HSPCs was approximately 2.5E6/mouse. The plot shows total number of human cells in the bone marrow collected from one leg (femur + tibia) at 12 weeks after primary vs. secondary transplant. Pie chart shows lineage composition at 12 weeks after secondary transplant. (D–F) Results from similar analysis using BM-HSPCs. Symbols show results from individual mice, and lines or bars show the geometric means. *p < 0.05; **p < 0.01.





Impact of Non-HSPCs in Graft Tissue

Most clinical HSCT protocols are performed using graft tissues that contain a wide variety of immune cells, including a substantial proportion of mature T lymphocytes (29, 30). To determine how the presence of such donor-derived immune cells in graft tissue affects hematopoietic outcomes, we transplanted NBSGW mice with either isolated human BM-HSPCs, total BM mononuclear cells (MNC), or T cell-depleted MNC. Compared to transplantation of isolated BM-HSPCs, transplantation of total MNCs containing the same number of HSPCs led to approximately 2 logs lower levels of human chimerism in the murine bone marrow after 12 weeks (Figure 7A). However, transplantation of T cell-depleted MNCs resulted in human chimerism levels approaching those of mice that received isolated BM-HSPCs (Figure 7A). Since mice that showed evidence of GVHD were excluded from these analyses, this suggested that the presence of donor-derived T cells adversely affects hematopoietic output independently of GVHD pathology. Remarkably, further analysis revealed that mice receiving T-depleted MNCs showed recovery of B lymphocytic cell numbers, but that other lineages and HSPC numbers remained reduced, similar to mice that received total MNCs (Figures 7B–F). Thus, the presence of donor-derived T cells appeared to selectively reduce the hematopoietic output of B lineage cells, while other donor-derived cells adversely affected the production of myeloid, neutrophilic, and progenitor populations.




Figure 7 | Impact of other donor-derived cells on hematopoietic output. To determine how graft composition alters hematopoietic potential and lineage commitment, transplantation of isolated BM-HSPC (blue) was compared to total bone marrow mononuclear cells (MNC, red), or T cell-depleted MNC (green). For all conditions, the grafts contained 5E5 HSPCs. (A) Plot showing total number of human cells in the bone marrow collected from one leg (femur + tibia) at 12 weeks post-transplantation. (B–F) Plots showing the total number of human cells of the indicated lineages for each graft condition. Symbols show results from individual mice, and bars show the geometric means. *p < 0.05.






Discussion

In this study, we used the NBSGW mouse strain as a model system to investigate hematopoietic output by human HSPCs. Consistent with results from prior studies that transplanted human HSPCs into immunodeficient mice bearing hypomorphic c-kit mutations (13–20), we found that a complex multi-lineage human immune compartment was generated that included B lymphocytic, neutrophilic, and multiple myeloid lineage populations. However, whereas prior studies have highlighted that Kit-mutant mice support enhanced engraftment of human myeloid cells (13–15, 17–20), our analysis revealed marked differences in the composition and duration of the human immune compartment depending on the source of the HSPCs. Of particular interest, we found that transplantation of HSPCs purified from G-CSF mobilized blood led to the generation of abundant human neutrophilic lineage cells, whereas HSPCs from the bone marrow favored B lymphocytic reconstitution, and HSPCs from the umbilical cord blood led to more durable B lymphocytic engraftment. Thus, our findings suggest that while the host environment of NBSGW mice is favorable for human myelopoiesis, it also does not overridingly skew hematopoietic output toward myeloid lineages and thus allows for distinct programs of human HSPC differentiation.

Prior human HSPC engraftment studies using irradiated immunodeficient mice with wild-type c-kit led to the production of a human immune compartment dominated by B cells, with comparatively low representation of myeloid lineages and little or no evidence of granulocytic lineage development (31–33). This B lymphocytic lineage bias was thought to be due to the abundance of murine IL-7, which promotes lymphopoiesis and is cross-reactive between mouse and humans (34), while murine IL-3 and GM-CSF do not appear to efficiently promote human myelopoiesis. To address this limitation, the NSG-SGM3 and MISTRG next-generation immunodeficient mouse strains were designed to support myeloid development by providing human GM-CSF and IL-3 through gene knock-in technology (8–10). While these mouse strains do support human myeloid development exceptionally well, it is not clear whether they may skew HSPCs towards myelopoiesis and thus may mask the impact on hematopoiesis of other biological features of HSPCs or of accessory cell populations. Thus, immunodeficient Kit-mutant mouse strains provide an important alternative, since the presence of hypofunctional c-kit in the endogenous murine cells and the cross-reactivity of murine SCF apparently provide a sufficient advantage to transplanted human HSPCs so that they can successfully engraft, while also supporting varied differentiation outputs.

Another important factor is that pre-transplant conditioning is not required for human hematopoietic engraftment in Kit-mutant strains, such as NBSGW. Eliminating pre-conditioning removes the influx of DAMPs, alarmins, and other inflammatory signals that could alter survival of the donor HSPCs or affect lineage differentiation and that are now known to promote the development of GVHD (3, 4, 23). Additionally, eliminating pre-conditioning leaves mesenchymal and endothelial cells undamaged, which is likely to promote hematopoietic reconstitution as it has recently been shown that HSPCs reside in specific pockets within bone marrow tissue, where they are surrounded by mesenchymal and endothelial cells that secrete cytokines important for HSPC survival and differentiation (11). Indeed, recognition of the adverse impact of pre-transplant conditioning has led to increasing interest in the use of reduced intensity conditioning or alternative protocols for clinical HSCT. For example, it has recently been shown that depleting endogenous murine HSPCs by administering an antibody-bead conjugate against CD117, allows for the survival and differentiation of human HSPCs in non-conditioned NSG mice (35, 36). With this approach now entering phase-I clinical trials, murine models that provide an HSPC-deficient host environment will likely become increasingly useful tools for further research.

A highly novel observation from this study is the efficient engraftment and abundant neutrophilic population generated by transplantation of MB-HSPCs (Figures 4B, E). Clinical reports have shown that patients given MB grafts tend to achieve neutrophil and platelet reconstitution faster than those receiving either BM or CB grafts (3, 4). The robust granulocytic differentiation we observed is most likely due to the prior systemic G-CSF treatment of mobilized blood donors, since G-CSF is known to induce granulopoiesis as well as mobilizing HSPCs to leave the bone marrow (25, 26). One possibility is that G-CSF treatment preferentially mobilizes HSPCs that are already committed towards granulocytic lineage differentiation. However, our analysis of the HSPC population in MB graft tissue revealed a higher frequency of CD38− uncommitted progenitors than BM (Figures 1E–H), suggesting that the granulocytic differentiation bias of MB-HSPCs may be due to changes prior to lineage commitment. It will thus be of great interest to determine in future studies whether exposure to G-CSF alters the composition or programming of uncommitted HSPCs or instead results in selective mobilization of specific HSPC populations from the bone marrow (37). Additionally, we observed that the percentage of long-term HSCs (CD45RA-/CD49f+) was significantly lower in MB than BM (Figure 1I). Thus, an additional important question not addressed by our study is whether the enhanced early hematopoietic output and granulopoiesis of MB-HSPCs is accompanied by a shorter duration of engraftment in NBSGW compared to clinical transplantation protocols are typically performed using grafts that contain an abundance of lineage-committed cell types in addition to HSPCs, we also investigated the impact of such cells on hematopoietic output in our model. Prior studies have established adverse effects from the presence of T cells within graft tissues that occur even in the absence of GVHD (23, 38, 39). This may be due to low levels of IFN-γ production, since this cytokine has been shown to have bi-specific activity on HSPCs. Acute IFN-γ exposure has been shown to induce both myelopoiesis and granulopoiesis in response to an infection, but chronic IFN-γ exposure has been shown to cause HSPC arrest through the binding and occlusion of the HSPC pro-survival factor thrombopoietin (TPO) to its cognate receptor c-MPL (40, 41). Surprisingly, we found that removing donor-derived T cells from total MNC grafts resulted in a selective enhancement of B cell numbers, but did not significantly improve the output for other populations (Figure 7). This suggests that T cells may inhibit B cell engraftment, but other cells found within the MNCs may suppress the differentiation of other populations. Alternatively, T cells may override the B cell promoting effects of another population found in the MNCs. Consistent with this possibility, it has recently been shown that B lymphocytes may engage in a feed-back loop that promotes B cell development via a GABAergic pathway (42). Thus, a key area of future investigation will be to determine the mechanisms involved in the impact of non-HSPCs on hematopoietic output.

Lastly, it is important to acknowledge that a limitation of our study is that we did not address the functionality of the human immune lineages produced in these models. In particular, it will be important to determine whether the neutrophilic cells observed in the bone marrow develop into fully mature and functional human neutrophils, and whether these exit to the periphery. Nevertheless, this study demonstrates the potential for using NBSGW mice engrafted with human MB-HSPCs to study aspects of human granulopoiesis in vivo. Similarly, we show the utility of the NBSGW strain as a tool to investigate differences within HSPC populations from different human graft tissues, which remains an understudied aspect of the many variables that influence immune reconstitution following allogeneic HSCT.
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Post-transplant lymphoproliferative disorder (PTLD) is one of the most common malignancies after solid organ or allogeneic stem cell transplantation. Most PTLD cases are B cell neoplasias carrying Epstein-Barr virus (EBV). A therapeutic approach is reduction of immunosuppression to allow T cells to develop and combat EBV. If this is not effective, approaches include immunotherapies such as monoclonal antibodies targeting CD20 and adoptive T cells. Immune checkpoint inhibition (ICI) to treat EBV+ PTLD was not established clinically due to the risks of organ rejection and graft-versus-host disease. Previously, blockade of the programmed death receptor (PD)-1 by a monoclonal antibody (mAb) during ex vivo infection of mononuclear cells with the EBV/M81+ strain showed lower xenografted lymphoma development in mice. Subsequently, fully humanized mice infected with the EBV/B95-8 strain and treated in vivo with a PD-1 blocking mAb showed aggravation of PTLD and lymphoma development. Here, we evaluated vis-a-vis in fully humanized mice after EBV/B95-8 or EBV/M81 infections the effects of a clinically used PD-1 blocker. Fifteen to 17 weeks after human CD34+ stem cell transplantation, Nod.Rag.Gamma mice were infected with two types of EBV laboratory strains expressing firefly luciferase. Dynamic optical imaging analyses showed systemic EBV infections and this triggered vigorous human CD8+ T cell expansion. Pembrolizumab administered from 2 to 5 weeks post-infections significantly aggravated EBV systemic spread and, for the M81 model, significantly increased the mortality of mice. ICI promoted Ki67+CD30+CD20+EBER+PD-L1+ PTLD with central nervous system (CNS) involvement, mirroring EBV+ CNS PTLD in humans. PD-1 blockade was associated with lower frequencies of circulating T cells in blood and with a profound collapse of CD4+ T cells in lymphatic tissues. Mice treated with pembrolizumab showed an escalation of exhausted T cells expressing TIM-3, and LAG-3 in tissues, higher levels of several human cytokines in plasma and high densities of FoxP3+ regulatory CD4+ and CD8+ T cells in the tumor microenvironment. We conclude that PD-1 blockade during acute EBV infections driving strong CD8+ T cell priming decompensates T cell development towards immunosuppression. Given the variety of preclinical models available, our models conferred a cautionary note indicating that PD-1 blockade aggravated the progression of EBV+ PTLD.




Keywords: humanized mice, immuno-oncology, Epstein-Barr Virus (EBV), immune checkpoint inhibition (ICI), post-transplant lymphoproliferative disease (PTLD), lymphoma, PD-1, pembrolizumab



Introduction

EBV is an oncogenic γ-herpesvirus associated with around 2% of all human cancers such as hematologic and epithelial malignancies (1). After the primary infection, EBV lytic reactivations are immunologically controlled, but the virus is not cleared. The life-long EBV maintenance in the host does not always lead to cellular transformations, but dysfunctional immunity can predispose opportunistic flares of EBV reactivations and eventually lead to EBV+ infectious mononucleosis (IM), lymphoproliferative diseases (LPD), or malignancies (2). Thus, novel immunotherapeutic options are being developed and tested for treatment of EBV infections and/or EBV-associated malignancies. For example, immune checkpoint inhibition (ICI) with monoclonal antibodies (mAbs) became a major breakthrough immunotherapy for cancer treatment over the past decade and showed to be effective against several types of tumors. Currently, several mAbs blocking the programmed death receptor protein (PD)-1 or its ligand PD-L1 have been approved or are in clinical development against several types of cancer (3, 4). ICI has demonstrated impressive high response rates as salvage therapy in relapsed/refractory (R/R) classical Hodgkin lymphoma (cHL) (5), the most common cancer among young people. Incidentally, EBV contributes to the chronic inflammatory microenvironment of a subset of cHL with high expression of PD-L1. Indeed, the interaction of PD-L1 with PD-1 on inflammatory T cells constitutes one of the major immune escape mechanisms in cHL, associated with development of dysfunctional and tolerogenic T cell responses (5). The preclinical observation of PD-L1 overexpression in cHL led to the evaluation of ICI administration in several clinical trials and the subsequent clinical approval of nivolumab, a mAb blocking PD-1, for cHL therapy (6). In 2017, The U.S. Food and Drug Administration also granted approval to pembrolizumab (KEYTRUDA®), another PD-1 blocking mAb, for the treatment of adult and pediatric patients with refractory cHL.

Another important clinical scenario is the EBV-associated post-transplant lymphoproliferative disorder (PTLD), a severe complication occurring in immunocompromised hosts after allogeneic hematopoietic stem cell transplantation (allo-HCT) or solid organ transplantation (SOT). The diagnostic of PTLD categories proposed by World Health Organization (WHO) are early lesions, polymorphic PTLD, monomorphic PTLD, and also cHL (7). Diffuse large B-cell lymphoma (DLBCL) accounts for the majority of the cases of PTLD. Development of aggressive EBV+ DLBCL has been associated with both latent and lytic viral cycles (8). The EBV+ DLBCL subtype is amonomorphic B cell lymphoma positive for EBV-encoded small RNAs (EBER) and characteristically expressing pan-B-cell markers (CD19, CD20, and occasionally CD30) with an EBV latency pattern type III in which all latency genes are expressed [for an expert review see (9)]. A small number of lytic infected cells can be found in tumors and show expression of lytic transcripts (such as BZLF1 and gp350) (8). A biomarker for these malignancies is the frequently detectable high expression of PD-L1 (CD274 and also known as B7-H1) in EBV+ PTLD, cHL, and DLBCL (10–12). PD-L1 induction in EBV+ malignancies occurs via AP-1 and JAK/STAT pathways (10) and also through the cooperation of EBV-LMP-1 and IFN-γ signaling (13). For EBV+ DLBCL, the PD-L1 positive tumors express high levels of indoleamine 2,3-dioxygenase (IDO), indicating a tolerogenic tumor microenvironment (TME) (11). Furthermore, EBV+ DLBCL presents with a distinct tolerogenic TME than EBV− DLBCL, characterized by elevated expression of immune checkpoints [PD‐L1, PD‐L2, lymphocyte activation gene 3 (LAG-3) and T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3)] and high levels of immunosuppressive M2‐type macrophages (12). Thirty to 40% of DLBCL patients show primary resistance or early relapse after standard therapy and there is no standard treatment approach specifically for aggressive EBV+ DLBCL (9).

The standard of care for PTLD/DLBCL is first a reduction in immunosuppression, that needs to be adjusted to the clinical situation, e.g. potential risks for transplant rejection or graft-versus-host disease (GvHD) (2). Additionally, treatment with rituximab, a mAb that targets the CD20+ malignant cells, produces response rates of about 65% (14). Clinical trials in specialized centers demonstrated that adoptive administration of third party or donor-derived or T cells specific for EBV could effectively restore virus-specific immunity and confer protection in 60 to 90% of transplant recipients with a PTLD (15). In addition to these measures, use of ICI could be a promising approach to treat EBV+ PTLD (10). Nonetheless, since the immunity of patients after transplantations is not in the normal homeostatic steady state, the clinical use of ICI against PTLD demands careful preclinical testing, particularly due to the associated risks of graft rejection and graft-versus host disease (GvHD).

EBV strictly infects human cells and therefore special in vivo models are required for preclinical testing of therapies targeting an EBV+ malignancy or immunopathology. During the last decade, mice reconstituted with the human immune system (“HIS mice”) became the state-of-the art in vivo models to test human-specific therapies against several human infections, malignancies, immunological and metabolic diseases (16–18). Infection of HIS mice with different EBV strains recapitulated several hallmarks of PTLD and lymphoma development and, concurrently, allowed studies of the human T cell inflammatory immune responses (19–22). The EBV/B95-8 strain was originally isolated from a patient with infectious mononucleosis and was later modified into the engineered B95-8/GFP strain, produced in the laboratory with the bac-mid technology. B95-8/GFP promotes a high B cell transformation rate and B-cell lymphoma growth (23). We have previously shown that, a few weeks after infection of HIS mice with B95-8/GFP, a dramatic expansion of CD8+ T cells expressing the inhibitory receptors PD-1, LAG-3, and TIM-3 followed (24, 25). Another strain, EBV/M81, was originally isolated from a patient with nasopharyngeal carcinoma (26). The M81/GFP engineered laboratory derivative induces potent lytic replication in B cells both in vitro and in humanized mice also leading to development of tumors (23).

Previously, therapeutic effects of PD-1 blockade in a xenograft mouse model of M81/GFP+ lymphoma were reported (27) (Table 1). Mononuclear cells obtained from cord blood (CB) were infected in vitro with the M81/GFP strain and then injected i.p. into Nod.Scid.Gamma (NSG) mice. Tumors resembling diffuse large B cells lymphoma (DLBCL) developed 3–5 weeks after in spleen. Pre-treatment of the cells with mAbs in vitro, i.e., prior to administration into the mice, significantly lowered the development of EBV+ tumors, particularly when anti-PD-1 and anti-CTLA-4 mAbs were combined (27). More recently, the Münz laboratory showed that fully humanized mice infected with B95-8/GFP and afterwards treated with a PD-1 blocking mAb showed significant increase in EBV viral load and tumor development (25) (Table 1). The interpretation of these results was that the disruption of the PD-1/PD-L1 axis during the T cell priming phase abrogated functionality of CD8+ CTLs, required to keep EBV infection and tumor development under control (25).


Table 1 | Summary of experimental approaches and conclusions from three different animal studies evaluating in vivo the effects of PD-1 blockade on EBV infection and tumor development.



In view of these opposite results, we sought to clarify these discrepancies in fully humanized mice comparing head-to-head the two EBV strains used for infection models (Table 1). NOD.Rag.Gamma (NRG) HIS mice were infected either with EBV/B95-8/fLuc or EBV/M81/fLuc and dynamic non-invasive monitoring of viral spread and post-mortem immunological and histological analyses were performed as previously reported (24, 28). We show a dose-dependent effect of pembrolizumab augmenting the EBV systemic dissemination, lymphomagenesis, and increasing mortality. Remarkably, pembrolizumab treatment promoted EBV spread into the central nervous system (CNS) recapitulating CNS-PTLD. These severe effects of PD-1 blockade were associated with a decompensation of the systemic and intra-tumoral pattern of CD4+ T cells and accumulation of cytokines and FoxP3+ T cells. Thus, although PD-1 blockade may be a favorable therapeutic option against some EBV+ tumors, these models show that it can aggravate the EBV infections in the context of PTLD, promoting hyper-progressive disease (HPD), morbidity, and mortality.



Material and Methods


Generation of Humanized NRG Mice

Collection of CB was performed at the Department of Gynecology and Obstetrics (Hannover Medical School) and obtained according to study protocols approved by the Ethics Committee of the Hannover Medical School and after informed consent obtained from the mothers. Human CD34+ hematopoietic cells were isolated from CB after two rounds of positive selection using immune magnetic beads (Direct CD34 Progenitor Cell Isolation Kit, human, MACS Miltenyi Biotec, Bergisch Gladbach, Germany) as described (24, 28–30). All experiments involving mice were approved by the Lower Saxony Office for Consumer Protection and Food Safety–LAVES (permit number: 16/2222) and performed in accordance with the German animal welfare act and the EU-directive 2010/63. Breeding pairs of   (NRG) mice were obtained from the Jackson Laboratory (JAX; Bar Harbor, USA) and bred under pathogen-free conditions. Prior to HCT, 5–6 weeks-old mice were sublethally irradiated (450 cGy) using a [137Cs] column irradiator (Gammacell 3000 Elan; Best Theratronics, Ottawa, Canada). Four hours after irradiation, 2.0 × 105 CD34+ cells were injected through the tail vein. Body weight and occurrence of GvHD were monitored weekly after HCT. For the sake of reproducibility, we used preferentially female NRG mice because they show more consistent and stable human immune reconstitution and immune responses >15 weeks after HCT (29). Further, CD34+ HSC units were pretested in a couple of transplanted NRG mice and only those resulting in 20% or higher frequencies of human CD45+ cells in mouse blood at 10–15 weeks post-HCT were used for experiments with EBV infections. These parameters were extensively optimized for preclinical testing of vaccines and chimeric antigen receptor (CAR) T cell therapies (28, 30–33).



EBV Infections and Treatment of Humanized Mice With Pembrolizumab

Stable human hematopoietic engraftment was confirmed in peripheral blood at 15–17 weeks after HCT, and at this point mice were infected with the B95-8/fLuc (24) or with the M81/fLuc strain (28, 34). The engineered B95-8/fLuc strain expresses the reporter gene firefly luciferase downstream of the viral Epstein-Barr nuclear antigen 2 (EBNA2) (24), while the EBV/M81/fLuc strain expresses fLuc under the control of an inserted CMV immediately early (IE)1 promoter sequence (34). EBV titers were defined as green Raji units (GRU) after infection of Raji cells with serial dilutions of the virus stocks. The percentage of GFP+ cells was analyzed by flow cytometry 3 days later and the viral titers were calculated by the following formula: “total number of Raji cells infected” × “percentage of GFP+ cells”/”volume of the virus stock used.” After pilot experiments to evaluate the relationship between the viral dose and reproducible bioluminescent signals detectable at 2 weeks post infection (wpi), the viral doses diluted in 100 µl PBS were established: 105 GRU for EBV/B95-8/fLuc and 106 GRU for EBV/M81/fLuc (Table 1). Using these viral doses, we have reported that most of the infected HIS mice survive for more than 8 wpi with some mice showing progressive disease while others are able to control the tumor development with stable disease (24, 28). Euthanasia was performed at the endpoint 8 wpi for collection of biopsies or earlier if symptoms of distress due to tumor development or weight loss were detected. At 2 wpi, mice were randomized based on their bioluminescence signal between PBS control, pembrolizumab high dose (HD) and pembrolizumab low dose (LD). Pembrolizumab (MSD; Kenilworth; USA) was diluted in PBS for administration as a low dose (LD: First administration 3.33 mg/kg at 2 wpi; 1.7 mg/kg every other week applied six times) or as a high dose (HD: First administration 10 mg/kg at 2 wpi; 5 mg/kg every other week applied six times). As treatment controls PBS or human pooled immunoglobulin (KIOVIG, a clinically used pooled polyclonal IgG product obtained from human donors) were injected intraperitoneally every week after 2 wpi.



Flow Cytometry Analysis of Blood and Lymphatic Tissues

Peripheral blood (BL) obtained at different time-points and tissues obtained from humanized mice at the endpoint [lymph node (LN), spleen (SPL), bone marrow (BM), thymus (Thy)] were processed as previously described (24, 29, 30). For BL and SPL, a hypotonic solution (0.83% ammonium chloride/20 mM HEPES, pH 7.2, for 5 min at room temperature) was used to remove erythrocytes. Flow cytometry acquisitions were performed with fresh or cryopreserved/thawed cells after immune staining (see antibodies used in Table S10). After washing of unbound antibodies, cells were acquired with an LSR II cytometer (BD bioscience) or Cytoflex cytometer (Beckman Coulter). Data was analyzed with FlowJo (LLC, USA).



Dynamic Bioluminescence Imaging (BLI) Analysis

Viral infection and spread in the mice were monitored by expression of luciferase in tissues infected with EBV/B95-8/fLuc or with EBV/M81/fLuc. Dynamic BLI analyses were performed with the IVIS SpectrumCT apparatus (PerkinElmer, Waltham, MA, USA). Before imaging, mice were anesthetized using isoflurane. Mice were imaged 5 min after luciferin administration [2.5 mg D-luciferin potassium salt intraperitoneally (SYNCHEM, ELK Grove Village, IL, USA) reconstituted in 100 µl PBS]. Data was analyzed using the Living Image Software (PerkinElmer, Waltham, MA, USA).



Quantification of Epstein–Barr Virus by Real-Time Quantitative PCR

DNA was isolated from tissues using the DNeasy Blood&Tissue Kit (QIAGEN, Venlo, Netherlands) following the manufacturer´s protocol. In order to detect EBV DNA, a quantitative PCR (qPCR) was performed by amplifying a fragment of the BALF5 gene using following primers: 5´-CTTTGGCGCGGATCCTC-3´ (forward) and 5´-AGTCCTTCTTGGCTAGTCTGTTGAC-3´ (reverse). Detection of the amplification was performed with the following Taqman probe: 5´-Fam-CATCAAGAAGCTGCTGGCGGCC-Tamra-3´. EBV copy number was normalized per µg of isolated DNA. The Taqman PCR assays were run in duplicates on the StepOnePlusTM Real-time system (Applied Biosystems, Life Technologies, Darmstadt, Germany). Data was analyzed using the StepOnePlusTM software (Applied Biosystems, Life Technologies, Version 2.3).



Cytokine Analysis in Mouse Plasma

Cytokine concentrations in plasma samples were determined using the LEDGENDplex™ Human Inflammation Panel 1 Multi-Analyte Flow Assay (BioLegend, San Diego, USA), which allowed for the simultaneous detection of IFN-α, IFN-γ, IL-1β, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, IL-33, MCP-1, and TNF-α. The assay was performed according to the manufacturer’s instructions. Briefly, undiluted samples and standards were incubated with antibody-coated premixed beads overnight at 4°C followed by incubation with detection antibody for 1 h at room temperature and streptavidin-PE for 30 min at room temperature. Samples were read on a BD FACSCanto™ Flow Cytometer (BD Biosciences, Heidelberg, Germany) and analyzed with the LEGENDplex v8.0 Software (BioLegend, San Diego, USA).



Histopathology, Immunohistochemistry, and Image Analysis

Three-µm-thick tissue sections were cut from formalin-fixed, paraffin-embedded (FFPE) tissue blocks containing mouse SPL and LI. Staining was performed according to standard protocols for Giemsa. Immunohistochemistry analyses were performed using the Benchmark Ultra automated instrument (Ventana/Roche Tissue Diagnostics, Mannheim, Germany). Following antibodies were used for tissue staining: Ki67 (clone RM9106-S1; ThermoScientific), CD20 (clone M0755; Dako), CD30 (Ber-H2; Dako), CD3 (clone M7254; Dako), programmed cell death ligand 1 (PD-L1; clone 22C3; Dako), CD8 (clone C8/144B; Dako, Copenhagen, Denmark), CD4 (clone SP35; Zytomed Systems, Berlin, Germany), PD-1 (MRQ-22; Medac Diagnostika, Wedel, Germany), FoxP3 (cat. number 560046; BD) (vendor information available in Table S10). For antibody binding detection, the 3,3-diaminobenzidine based UltraView reagent was used according to the manufacturer’s recommendations. EBER-1 detection was performed by an in situ hybridization method (EBER 1 DNP Probe, Ventana/Roche Tissue Diagnostics) and the automated Benchmark Ultra instrument. Whole Slide Scans were produced using an Aperio AT2 scanner (Leica Biosystems), images were taken using the ImageScope software, and trained pathologists evaluated staining results.



Quantitative Multispectral Immunohistochemistry

Three-µm-thick FFPE tissue slides were deparaffinized and antigen retrieval was performed according to “Opal Multiplex IHC Assay Development Guide” instructions. Blocking was done using Protein Block Serum-free (Dako) solution before each staining cycle. Staining panel was designed to include primary antibodies against human CD4, CD8, FoxP3 (or CD30 for brain tissue staining), CD20, and Ki67. Secondary HRP Labelled Polymer mouse/rabbit (Dako EnVision+ System- HRP Labelled Polymer) antibodies were applied after washing step and maintained for 10 min at room temperature, followed by 10 min incubation with tyramide fluorophores (Opal 520, Opal 570, Opal 620, Opal 650 or Opal 690, Akoya) used for signal amplification. DAPI (Akoya) was used for nuclear staining and Fluoromount-G mounting medium (ThermoScientific) was applied to cover slides before imaging. Whole slide tissue scanning was done at 40× magnification using the “Vectra Polaris” (Akoya) platform. Spectral libraries were generated using single stained scans of tonsil tissue for each marker and images deconvolution was done with the inForm Advanced Image Analysis software (inForm v2.4.8; Akoya). Several representative spleen and liver images were used to train pre-designed machine learning algorithms within inForm software to define tissue classes (tumor, parenchyma, and blank area), adjust cell segmentation settings, and phenotype cells. All the settings from the training images were applied for batch analysis of scanned images.



Statistical Analyses

Log-rank (Mantel-Cox) test was used to compare survival curves. Fisher’s exact test was applied to compare the number of macroscopically visible tumors between treatment groups. Unpaired Welch’s t test was used to calculate statistical significance for kinetics of immune reconstitution, EBV and T cell levels in tissues. Mann-Whitney t test was used for analyses of cytokines concentrations. P < 0.05 was considered statistically significant. Log-transformation of absolute numbers was done for BLI, RT-qPCR, PD1/CD4, and PD1/CD8 MFI, and cell count results, to compare the distribution of measurements within different groups; we also tested the equality of one-dimensional probability distributions using a two-sample Kolmogorov-Smirnov (KS) test. The KS statistic (D), defined as the maximal vertical distance between the empirical cumulative distributions between the groups, and significance level (p-value) were calculated and used as two criteria for finding biomarkers with significant difference between experimental groups. The biomarkers with high KS statistics and low p-value are reported. Statistical analyses were performed using GraphPad Prism v7 software (GraphPad Software Inc., La Jolla, CA, USA). KS test was performed using the statistical computing software R (version 3.4.3).



Data Analyses

Quantitative imaging analyses of data tables exported from inForm 2.4.8. (Akoya) were performed using “R” packages “Phenoptr” and “PhenoptrReports” (Kent S Johnson (2019). phenoptr: inForm Helper Functions. R package version 0.2.3.). Analyses were performed using Rstudio (Rstudio v1.1.456). See also: https://www.r-project.org/foundation/. The readout protocols combined results for “Cell absolute counts,” “Cell percentages,” “Cell densities,” and “Counts within” following manufacturer’s instructions (Phenoptics™, Akoya).




Results


PD-1 Blockade in Fully Humanized Mice Promoted Epstein–Barr Virus Spread, Tumor Development, and Mortality

Pembrolizumab administration (“Pembro”) or the control treatment (“CTR”, PBS or KIOVIG) were initiated at 2 wpi, after a baseline BLI measurement was performed in order to allocate mice in comparable treatment arms (Figure 1A). The pembrolizumab low and high dose were previously determined in studies of humanized mice challenged with breast cancer and treated with the drug (35). EBV-infected mice were monitored for clinical signs of disease and euthanized based on humane endpoint criteria. BLI analyses were performed serially until 8 wpi. All B95-8/fLuc-infected mice treated with ICI survived until the end of the experiments (Figure 1B). In contrast, several mice infected with M81/fLuc and ICI-treated died prematurely and could not be analyzed or were euthanized (3/6 mice in the LD and in 6/6 in the HD cohort (survival of CTR vs HD, P < 0.01) (Figure 1C, Table S1). Mice infected with B95-8/fLuc treated with pembrolizumab or PBS showed comparable body weights (Figure 1D), while mice infected with M81/fLuc treated with HD pembrolizumab showed weight loss compared with the other arms (Figure 1E). For control infected mice, tumors typically developed in the spleen, while most ICI-treated mice showed multiple tumors located in different organs, such as liver, lung, and kidney (Figures 1F, G). At the baseline analyses before ICI treatment (2 wpi), EBV infection levels assessed by BLI analyses were comparable, and over time showed dynamic changes in intensities and bio-distribution. Remarkably, the BLI signals in the ICI-treated animals increased dramatically after 6–8 wpi indicating higher EBV dissemination (8 wpi: B95-8: CTR vs Pembro, P < 0.0001; M81: CTR vs Pembro, P = 0.1387) (Figures 1H, I, J, L, Table 2, Table S2). The EBV copy numbers in SPL and BM were higher in ICI-treated mice infected with B95-8/fLuc (Figure 1K, Table 2, Table S3, P = 0.199 and P = 0.111, respectively) or with M81/fLuc than in controls (Figure 1M, Table 2, Table S3, P < 0.05). In summary, pembrolizumab administration caused higher viral spread, viral load, tumor development for both EBV infection models. The M81/fLuc lytic model showed the highest severity leading to early mortality occurrences.




Figure 1 | Humanized mice infected with EBV/fLuc and treated with pembrolizumab show high mortality associated with increased EBV spread and tumor development. (A) Scheme of the experiments. 2 × 105 human CD34+ cord blood (CB) purified hematopoietic stem cells (HSCs) were used for hematopoietic stem cell transplantation (HCT) of sub-lethally irradiated NRG mice. Fifteen to 17 weeks after HCT, the long-term human immune reconstitution in blood (huCD45+) was confirmed. At this point, mice were infected i.v., with the preferentially latent EBV B95-8/fLuc strain (105 GRU) or with the lytic EBV M81/fLuc strain (106 GRU). Two independent experiments using HSCs from two different CB donors were performed for each EBV model. At 2 weeks post-infections (wpi), bioluminescence imaging (BLI) analyses were performed to determine the baseline of EBV infection level and to randomize the mice among three cohorts: (i) injected i.p. with phosphate-buffered saline (PBS, corresponding to the control group, CTR), (ii) injected i.p. a low dose (LD: First administration 3.33 mg/kg at 2 wpi; 1.7 mg/kg every other week applied six times), or with (iii) a high dose (HD: First administration 10 mg/kg at 2 wpi; 5 mg/kg every other week applied six times). Mice were monitored for disease severity every 2–3 days and body weights were measured weekly. Scores of disease severity or loss of 20% of body weight were used as termination criteria. Optical imaging analyses and analyses of human immune reconstitution in peripheral blood collections were performed longitudinally (2, 4, 6, 8 wpi). The experimental endpoint was eight weeks post-infections. The following data was acquired for terminal analyses: % survival, occurrence of weight loss, occurrence of tumors, EBV load, histopathology, characterization of T cells in blood and tissues, human cytokine profile in plasma. (B, C) Survival curves for humanized mice infected with the B95-8/fLuc strain (B) or with the M81/fLuc strain (C). A log-rank test (Mantel-Cox) was applied to evaluate the differences in survival. Cohorts: CTR (gray line), LD (blue line); HD (red line). (D, E) Measurements of body weight relative to the baseline weights on the day of EBV infection. Mice infected with B95-8/fLuc strain (D) or M81/fLuc strain (E). Cohorts: CTR (grea line), LD (blue line); HD (red line). (F, G) Numbers of macroscopically detectable tumors in mice infected with B95-8/fLuc (F) or with M81/fLuc (G). Cohorts: CTR (gray dots), LD (blue dots); HD (red dots). (H, I) BLI pictures generated sequentially from week 2 to 8 after EBV infection performed in duplicate experiments for each EBV model and treatment. Pictures were taken of left body side of mice infected with B95-8/fLuc (H) or with M81/fLuc (I). Bioluminescence signal intensities (photons/sec) are depicted by the color bars on the right side. Black boxes depict dead mice. (J–L) Quantification of EBV spread by BLI for the B95-8/fLuc (J) or M81/fLuc (L) strain. Total Flux corresponds to the radiance (photons/sec) in each pixel summed over the regions of interest (ROI) area containing the whole left side of the body. The dots represent quantifications at 2, 4, 6, 8 wpi for each mouse in CTR (open circles) or in pembrolizumab treatment cohorts (filled triangles, LD and HD were combined). (K–M) Quantification of EBV spread by RT-qPCR. EBV copies per µg DNA were quantified in spleen (SPL) and bone marrow (BM) of mice infected with B95-8/fLuc (K) or with M81/fLuc (M). The dots represent quantifications for each mouse in CTR (open circles, PBS and KIOVIG controls combined) or in pembrolizumab treatment cohort (filled triangles, LD and HD were combined). Results of measurements were log-transformed and statistical analyses were performed using unpaired t test with Welch’s correction. Standard deviation is indicated. Statistical significances are indicated with *P < 0.05, ****P < 0.0001.




Table 2 | Summary of EBV spread (by BLI and PCR) and immunologic effects (by FACS, cytokine measurement of plasma and histopathology analyses by multiplex immunohistochemistry) observed after PD-1 blockade.





PD-1 Blockade Promotes Development of Larger Epstein–Barr Virus+ PD-L1+ Tumor Masses With Lower Densities of Tumor-Infiltrating Lymphocytes

Next, we dissected the effects of pembrolizumab at the tissue level and analyzed the histological signatures of the tumor formation. Post-mortem BLI analyses of explanted SPL and LI showed high levels of bioluminescence signals in ICI-treated mice (Figures 2A, B). Histopathological analyses confirmed numerous EBV+ lymphoid neoplastic lesions with a blast-like phenotype and a CD20+ and partially CD30+ immunophenotype of different size and cellular composition. The lesions ranged from relatively small, diffusely infiltrating or sheet-like tumor formations, often observed in perivascular localization (Figures 2C–F, left panels, arrows), to confluent lesions and massive compact tumor masses (Figures 2C–F, right panels, see areas marked with asterisks). In LI, large coherent tumor formations were almost exclusively observed in pembrolizumab treatment groups, while in control animals tumors tended to be smaller and only rarely confluent. In ICI-treated mice, large, partially necrotic tumor masses in SPL (Figures 2C–E, left panel) and LI (Figures 2C–E, right panels) were consistently present. The neoplastic partially CD30+ and CD20+ cells were associated with a dense CD3+ T-lymphocytic infiltrate (Figures 2E, F). Immune subtyping revealed that this T cell infiltrate was mainly composed of CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ T helper cells (Th) (Figures 2G, H). Brisk T cell infiltrates were predominantly observed in small, presumably early-stage perivascular lesions (Figures 2C–H, arrows), where fewer neoplastic cells expressing EBER were present in relation to the overall amount of cells, and at the margins of coherent tumor masses. In contrast, the center of larger tumor formations (Figures 2C–H, see areas marked with asterisks) showed relatively fewer T cells, particularly fewer CD4+ Th cells, if compared to tumor margins and smaller perivascular tumor cell groups (Figures 2G, H). The tumor areas corresponded to proliferative activity: Ki67+ cells with morphological features indicative of neoplastic lymphoproliferation were more prominent in tissues of ICI-treated mice and tumor formations were associated with higher expression of PD-L1 (Figures 2I, J). Altogether, these descriptive analyses indicated that infiltrating T lymphocytes were more pronounced, and potentially more active, in early stages of tumor invasion and at the invasive edges, but less prominent in the center of the large tumor masses observed in ICI-treated mice, a pattern resembling “immune excluded” tumors (36).




Figure 2 | Analyses of explanted spleen and liver showed increased EBV/fLuc spread, inflammation, and neoplasia after pembrolizumab treatment. (A, B) Bioluminescence imaging analyses performed with explanted spleen and liver from representative B95-8/fLuc (A) or from representative M81/fLuc-infected mice (B). Tissues from representative non-treated control (CTR) mice are shown. Bioluminescence signal intensities (photons/sec) are depicted by the color bars on the right side. (C–J) Histopathological analyses of spleen (C–I) and liver (D–J) of representative mice infected with EBV/B95-8/fLuc and non-treated (CTR, left side) or treated with pembrolizumab (Pembro, right side). (C, D) Giemsa, EBER: In both organs, the perivascular spread of EBV/B95-8/fLuc infected neoplastic cells is observed. More disseminated infection and larger tumors were observed in pembrolizumab-treated than in control mice. Stars indicate perivascular angiocentric neoplastic growth. (E, F) CD30, CD20/CD3 duplex: The CD30- and CD20-expressing tumors and perivascular infiltrates resemble human B-cell neoplasia, corresponding to diffuse large B-cell lymphoma, and are surrounded or invaded by variable amounts of tumor-infiltrating CD3+ lymphocytes (TILs). (G, H) CD8, CD4: Early perivascular lesions display a largely balanced CD4/CD8 ratio. In the center of tumor bulk mass, the balance is shifted towards CD8+ cytotoxic T lymphocytes (CTLs). (I, J) Ki67, PD-L1: proliferating cells observed at a higher density in tumor areas, which also correlates with PD-L1 expression. Digital whole slides scanned at 40×; black bars correspond to 600 µm (full image) and 100 µm (inserts).





PD-1 Blockade Promotes Epstein–Barr Virus Spread into the Central Nervous System

Brains explanted of ICI-treated mice showed detectable BLI signals, but this was not the case for brains of control mice (Figures 3A, B). Histopathology confirmed presence of EBER+ cells in brains of infected mice. In two cases of the ICI-treated group, both from the B95-8 model, three distinctive patterns of local CNS manifestations of EBER+ LPD were observed with blast-like morphological appearance (Figures 3C, D): (i) Intra- or perivascular spread: single tumor cells were found within the lumen of small, mostly capillary blood vessels (Figure 3C, blue and white inserts, brown arrows) and close to the vessel walls in small veins (Figure 3D, blue inserts, brown arrows), resembling patterns observed in brain manifestations of human PTLD (Figure 3E, Case 01 and 02); (ii) Meningeal spread: coherent sheets of tumor cells forming a meningeal infiltration at the brain surface (Figures 3C, D) and resembling neoplastic meningitis in corresponding human diseases, e.g., EBV+ PTLD (Figure 3E, Case 03); (iii) Diffuse brain infiltration: diffusely infiltrating tumor cells formed a partially perivascular tumor mass, mixed with pre-existing brain tissue (Figure 3C, red insert), corresponding to the characteristic patterns of human (primary) CNS lymphoma and/or monomorphic PTLD (Figure 3E, Case 01 and 03). In addition to these patterns, there was also diffuse involvement of the choroid plexus in treated mice. In contrast, the control animals showed only occasionally single EBER+ cells associated with blood vessels but no meningeal or intraparenchymal involvement and no positive cells in the choroid plexus (Figure 3F). The morphological phenotype of the EBER+ tumor cells corresponded to the extracerebral manifestations (Figures 3G–J, top panels), as well as the immune phenotype with inconsistent CD30 expression, CD20 positivity, and high Ki67+ proliferative activity (Figures 3G–J, middle panels). EBNA2 and LMP1 staining indicated latently-infected EBV+ cell population (Figures 3G–J lower panels). In-depth analysis of the tumor spread to the CNS by multiplex-immunohistochemistry confirmed the B cell lineage of the blast-like tumor cells, the high proliferative activity, the partial expression of CD30, and a scarce bystanding infiltration with some CD4+ and CD8+ lymphocytes, the latter frequently co-expressing the proliferation marker Ki67 (Figure 3K).




Figure 3 | Pembrolizumab treatment is associated with spread of EBV/fLuc to the central nervous system. (A, B) Bioluminescence images showing representative EBV signal patterns in brains from mice infected with B95-8/fLuc (A) or with M81/fLuc (B) and treated with pembrolizumab (Pembro; most severely affected animals shown in each group), compared with non-treated controls (CTR). The bioluminescence signal intensities (photons/sec) are depicted by the color bar on the right side. (C, D) In-situ hybridization for detection of Epstein-Barr encoded RNA (EBER)-1 in brains of mice infected with B95-8/fLuc and treated with pembrolizumab. Observed patterns include invasion of tumor cells into the plexus choroideus (white inserts), as well as into periventricular brain parenchyma (red insert) and meningeal tumor spread (blue inserts). The green arrows indicate single tumor cells associated with blood vessels. (E) Comparison with three representative examples of human EBV-positive monomorphic transplantation-associated B-PTLD, with clinical manifestation as primary CNS lymphoma (PCNSL) revealed similar patterns of intraparenchymal (Case 01), perivascular (Case 02), and massive angiocentric/diffuse growth with meningeal spread (Case 03). (F) Control animals did not show any involvement of the plexus choroideus or periventricular brain areas. Only single EBER-positive cells in intravascular localization were detected (green arrows). (G–J) The immunophenotype of the neoplastic cells invading the brain of ICI-treated mice corresponded to the phenotype of the peripheral neoplastic population with variable CD30+, and constant CD20+ expression. The majority of neoplastic cells expressed EBNA2 but not LMP1 and were actively proliferating (CD20+/Ki67+). (G–H) and (I–J) Analyses of duplicate mice infected with B95-8/fLuc  and M81/fLuc and treated with pembrolizumab, respectively. (K) Multiplexed image of two mouse brains from B95-8/fLuc infection model after pembrolizumab treatment confirmed co-localization of neoplastic cells (CD20+, white; CD30+, magenta) and T lymphocytes (CD8+ yellow; CD4+, green). Lymphocytes were actively proliferating (Ki67+, red), particularly CD8 (blue arrows). DAPI (blue) is used to mark cell nucleus. Bars correspond to 200 µm (full image) and 50 µm (inserts).





PD-1 Blockade Results in Lower Frequencies of Circulating Cytotoxic T Lymphocytes and Th Cells and Reduced Detection of PD-1 on T Cells

Longitudinal analyses of blood samples were performed to monitor the frequencies of circulating human T cells (see Figure S1A for the flow cytometry gating strategy). The frequencies of huCD45+ hematopoietic cells at the time of EBV infections were comparable for both models (B95-8/fLuc: mean 26.4%; M81/fLuc: mean 33.7%). Relative to controls, the frequency of blood huCD45+ cells was significantly reduced for mice infected with M81/fLuc and treated with ICI (M81 model 7–8 wpi: CTR vs Pembro, P = 0.0017; Figures S2A, B; see Tables S4, 5 for descriptive data). Consistent with our previous observations after EBV/B95-8 infection (24), significant increase in CD3+ frequencies in blood (Figures 4A, B, Tables S4, 5) and significant decrease in frequencies of CD19+ B cells were observed from 4 to 8 wpi (Figures S2C, D, Tables S4, 5). ICI treated mice at 6–8 wpi, however, showed lower frequencies of CD3+, CD8+, and CD4+ T cells compared with controls (Figures 4A–D, G, H; Tables S4, 5). We have observed that T cells pre-treated with pembrolizumab for 30 min in vitro, washed and then stained with the fluorochrome-labeled monoclonal anti-PD-1 antibody (clone EH12.2H7) showed a drastic reduction on the detectable PD-1 (Figure S2E). The most likely explanation is that the epitope is bound by pembrolizumab and this blocks the antibody used for immune staining of T cells, resulting in epitope “masking.” This “masking” effect was confirmed by measurement of the mean fluorescence intensity (MFI) of PD-1 analyses of T cells from 3 to 4 wpi, i.e. 2 weeks after initiation of therapy (Figures 4E, F, I, J; Figure S1A; Table 2, Tables S4, 5). For both models, this PD-1 masking effect was consistently more pronounced for CD4+ (CTR vs Pembro, P < 0.01 to P < 0.0001) compared to CD8+ T cells.




Figure 4 | Reduced frequencies of human T lymphocytes in peripheral blood and increased concentrations of human cytokines in plasma after PD-1 blockade during active EBV infections. Peripheral blood was collected on the day prior to EBV infection (time-point 0) and 2 weeks post-infections (wpi), as baseline values for randomization (shaded graphs). Non-treated control mice (CTR, open circles) and pembrolizumab treated cohorts are shown (filled triangles; low-dose and high-dose treatments were merged for the analyses, each dot represents a mouse analyzed at the corresponding time point). After initiation of pembrolizumab treatment, peripheral blood was collected at 3–4, 5–6, and 8 wpi. The different EBV infection models (B95-8/fLuc; left panels and M81/fLuc; right panels) were analyzed separately regarding lymphocytes and cytokines and then the data was merged for power analyses and identification of markers associated with response. (A–J) Flow cytometry analyses of peripheral blood lymphocytes. (A, B) Frequencies (%) of human CD45+/CD3+ lymphocytes were reduced after pembrolizumab treatment. (C, D) Frequencies (%) of human CD45+/CD8+ lymphocytes were reduced after pembrolizumab treatment. (E, F) Mean fluorescence intensities (MFI) of PD-1 detected on the surface of CD8+ T cells were reduced after pembrolizumab treatment. (G, H) Frequencies (%) of human CD45+/CD4+ lymphocytes were reduced after pembrolizumab treatment. (I, J) MFI of PD-1 detected on the surface of CD4+ T cells were significantly reduced after pembrolizumab treatment. Statistical analyses for flow cytometry data was performed using unpaired t test with Welch’s correction. Standard deviation is indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (K, L) Concentration human cytokines (pg/ml) at 8 wpi showing elevation for several cytokines in plasma of mice infected B95-8/fLuc (K) or M81/fLuc (L) treated with pembrolizumab. Mann-Whitney t test was used to compare the control and treatment groups. Standard deviation is indicated. *P < 0.05, **P < 0.01. # indicates parameters with some values being beyond the lower limit of detection (LOD), LOD was used for these samples to analyze the differences. (M) Global analysis for power analyses and identification of T cell and cytokine patterns at 8 wpi. The datasets from the B95-8/fLuc and M81/fLuc infection models were merged. Kolmogorov-Smirnov-Test (KS test; D > 0.3, P < 0.05) is depicted for flow cytometry and cytokine datasets showing markers with significant difference between control (CTR, red) and pembrolizumab treatment (Pembro, blue). P-values determined for each biomarker are indicated below the box plots. The top biomarkers associated with pembrolizumab treatment were: Reduced %CD3/CD45 (P = 0.0003), reduced %CD4/CD45 (P = 0.0182), reduced MFI of PD-1 expression on CD4+ cells (P = 0.0001), increased IL-10 (P = 0.0086) and IFN-α (P = 0.0090) levels in plasma.





PD-1 Blockade Results in Increased Levels of Several Human Cytokines in Plasma of Epstein–Barr Virus Infected Mice

Plasma was collected at the endpoint for analyses of human cytokines in the circulation. The levels of both pro-inflammatory (IL-6, IL-8, IFN-α, IFN-γ, MCP-1, and TNF-α) and immune-suppressive (IL-10) cytokines were elevated in ICI-treated mice (Figures 4K, L, Figures S2F, G, Table 2, Table S6). Treatment of EBV-M81/fLuc-infected mice with KIOVIG did not affect the immune reconstitution profile nor cytokine levels and, therefore, these immune-modulations were only seen in mice after EBV infection and PD-1 blockade (Figures S2H–J). Administration of pembrolizumab alone, in absence of EBV did not have a comparable effect with either treated or untreated groups (Figures S2H–J).



Biomarkers Identified in Blood and Plasma After Immune Checkpoint Inhibition Treatment

The datasets of both EBV-models were merged for the identification of concordant biomarkers defining a response to pembrolizumab treatment (Figure 4M). Overall, in comparison with control mice, ICI-treated mice showed significant: (i) lower frequencies of CD3+/CD45+ and CD4+/CD45+ T cells, (ii) lower MFI of PD-1 detectable on CD4+ cells; (iii) elevated levels of IL-10 and IFN-α. In summary, PD-1 blockade applied during an active EBV infection resulted in lower detection of PD-1high circulating lymphocytes (particularly for CD4+ T cells) and in a profound modulation of the cytokine levels in plasma.



PD-1 Blockade Promotes a Quantitative Loss of CD4+ T Cells in Lymphatic Tissues

The immune composition of total human T cell counts in lymphatic tissues (SPL, LN, BM, and Thy) was performed to characterize the immunologic effects of ICI on CD8+ and CD4+ T cells in further detail (Figure 5, see Tables S7, 8 for descriptive data). For the B95-8/fLuc model, ICI treatment promoted a modest expansion of the CD8+ T cell compartment in lymphatic tissues (Figure 5A), whereas for the M81/fLuc model a significant reduction was seen (Figure 5B, P < 0.05). The CD8+ T cells from ICI-treated mice were PD-1Low, recapitulating the epitope masking effect (Figures 5C, D). Numbers of CD4+ T cells were reduced compared to control in BM of ICI-treated mice for both EBV models (P < 0.05), as well as in the SPL of M81 model (P < 0.01) (Figures 5E, F). For the mice surviving until the endpoint analyses, PD-1 masking of CD4+ T cells was more pronounced in lymphatic tissues of mice infected with B95-8 than infected with M81 (P < 0.05 to P < 0.0001, Figures 5G, H; Tables S7, 8). Overall, the MFIs measured for PD-1 in CD4+ T cells were significantly reduced in ICI-treated mice compared to controls, although this varied for different tissues (P < 0.05 to P < 0.0001, Figures 5G, H; Tables S7, 8).




Figure 5 | The absolute numbers of human T lymphocytes in lymphatic tissues increased for the B95-8/fLuc model and decreased for the M81/fLuc model after PD-1 blockade. The absolute numbers of viable lymphocytes recovered from spleen (SPL), lymph nodes (LN), bone marrow (BM), and thymus (Thy) were counted and, after flow cytometry analyses, the absolute numbers of each lineage was calculated. Non-treated control mice (CTR, open circles) and pembrolizumab-treated cohorts are shown (filled triangles; low-dose and high-dose treatments were merged for the analyses; each dot represents a mouse analyzed at the terminal time point). Only mice surviving until the terminal analyses at 8 wpi were included in the terminal flow cytometry analyses. (A, B, E, F). Quantified total lymphocyte numbers (# cells) calculated for CD8+ T cells (A, B) and CD4+ T cells (E, F) for each organ. Note the increased numbers of lymphocytes for the B95-8/fLuc models and the decreased numbers for the M81/fLuc models for the pembrolizumab-treated mice. (C, D, G, H) Mean fluorescence intensity (MFI) for PD-1 detection for CD8+ T cells (C, D) and CD4+ T cells (G, H) showing overall significantly reduced PD-1 detection after pembrolizumab treatment for both models. Unpaired t test with Welch’s correction was used to compare treatment groups. *P < 0.05, **P < 0.01, ****P < 0.0001. Standard deviation is indicated. (I) Global power analyses and biomarker identification. The flow cytometry datasets of spleen of B95-8/fLuc and M81/fLuc models were merged. Kolmogorov-Smirnov Test (KS test; D > 0.65, P < 0.05) is depicted. The biomarkers identified with significant differences between control (CTR, open circles) and pembrolizumab treatment (Pembro, filled triangles) were: Lower SPL % CD4/CD45 (P = 0.0008); lower BM #CD4/CD45 (P = 0.0319); lower MFI for PD-1 in CD4+ cells (P < 0.0001); lower MFI for PD-1 in CD8+ cells (P = 0.0003). P-values determined for each marker are indicated below the graphs.





Biomarkers Identified in Lymphatic Tissues After Immune Checkpoint Inhibition Treatment

The datasets of tissue analyses of both EBV-models were merged for identification of biomarkers of response to pembrolizumab, showing: (i) lower frequencies and lower absolute numbers of CD4+/CD45+ in SPL (P = 0.0008) and BM (P = 0.0319) and (ii) lower MFI of PD-1 detection on CD4+ cells (P < 0.0001) and CD8+ T cells (P = 0.0003) (Figure 5I). In summary, pembrolizumab treatment after EBV infection consistently lowered the numbers of PD-1+CD4+ T cells in lymphatic tissues.



PD-1 Blockade Promotes T Cell Exhaustion and High Frequencies of Regulatory T Cells in Spleen

Splenocytes were analyzed to identify markers of immune exhaustion. TIM-3 analyses were included because TIM-3 cooperates with PD-1 in T cell dysfunction in chronic viral infections and PD-1+/TIM-3+ CD8+ T cells express high levels of IL-10 (37). For both CD8+ and CD4+ T cell sub-populations, treated mice showed higher frequencies of TIM-3+ cells (Figures 6A–D; Tables S7, 8; see the gating strategy in Figure S1B). Higher frequencies of cells expressing TIM-3 were observed for PD-1high cells, indicating that T cells evading or not masked with pembrolizumab were more exhausted. In another panel, LAG-3 was analyzed in conjunction with the activation marker CD69 (Figures 6E–H; Tables S7, 8, see gating strategy in Figure S1C). LAG-3 is another checkpoint receptor that defines a potent regulatory T cell subset that occurs more frequently in cancer patients and is expanded at tumor sites (38). The frequencies of CD8+ and CD4+ T cells positive for both CD69 and LAG-3 were moderately increased for treated mice infected with B95-8/fLuc, while significantly increased for M81/fLuc infected and ICI-treated mice (Figures 6E–H). Altogether, these results indicated that the PD-1 blockade after EBV infection magnified T cell exhaustion. As complementary analyses, the presence of CD25+/FoxP3+/CD4+ regulatory T cells (Tregs) in spleen was determined. A modest increase of Tregs proportion in CD4 cells was observed for the B95-8/fLuc-infected treated mice relative to controls (Figures 6I, J, Tables S7), while the Tregs were significantly amplified in mice infected with M81/fLuc after ICI treatment (Figures 6K, L, Table S8, for gating strategy see Figure S1D). Therefore, both exhaustion of CD4+ and CD8+ T cells and higher frequencies of Tregs were promoted by PD-1 blockade after EBV-infection, and this signature was even more noticeable for the M81/fLuc lytic model.




Figure 6 | The frequencies of T cells expressing TIM-3 or LAG-3 exhaustion markers or a regulatory T cell immunophenotype increased after pembrolizumab treatment. Frequencies of marker-positive lymphocytes recovered from spleen (SPL) comparing non-treated control mice (CTR, open circles) and pembrolizumab-treated cohorts are shown (filled triangles; low-dose and high-dose treatments were merged for the analyses). Only mice surviving until the terminal analyses at 8 wpi were included in the terminal flow cytometry analyses. (A–D) Frequencies (%) of TIM-3+ in CD45+/CD8+ (A, B) and of TIM-3+ in CD45+/CD4+ (C, D) T cells are shown. PD-1+ (left side) or PD-1− (right side) CD8 or CD4 subpopulations were analyzed separately. Higher proportion of TIM-3+ cells was observed more clearly for PD1+ T cells for both models. (E–H) Frequencies (%) of LAG-3+ in CD45+/CD8+ (E, F) and LAG-3+ in CD45+/CD4+ (G, H) T cells are shown. CD69+ (left side) or CD69- (right side) CD8 or CD4 subpopulations were analyzed separately. Significantly higher proportion of LAG-3+ T cells were observed for activated CD69+ T cells for mice infected with M81/EBV/fLuc and treated with pembrolizumab. (I–L) Frequencies (%) of CD25+/FoxP3+/CD45+ regulatory (I, K) and CD45RA-/CD25+/FoxP3+/CD45+ activated regulatory T cells (J, L) detected within the human CD4+ cells for B95-8 (I, J) and M81 model (K, L). Pembrolizumab treatment was associated with higher proportion of regulatory T cells for both models. Unpaired Welch’s t test was used to compare treatment groups. *P < 0.05. Standard deviation is indicated.





PD-1 Blockade Is Associated With Increased Densities of CD4+/FoxP3+ T Cells Within Tumors

The tumor immune microenvironment was assessed using a multiplexed immunohistochemistry approach. The cell densities and distance metrics within the tumor or parenchyma areas using tissues obtained from B95-8/fLuc-infected mice were analyzed (Figures 7A–C, representative example of immune cell phenotyping in a liver tumor and adjacent parenchyma by co-staining for DAPI, CD20, CD8, CD4, the proliferation marker Ki67, and the Treg marker FoxP3; for corresponding analyses in spleen tissue see Figure S3A). The density of proliferating CD4+ T cells showed an overall modest reduction for ICI-treated mice compared with controls, however, this did not occur for CD8+ T cells (Figures 7D, E, liver; Figures S3C, D, spleen; Table S9). Further, higher densities of CD4+/FoxP3+ T cells, were observed within the tumor area (Figure 7F, liver; Figure S3E, spleen). CD8+/FoxP3+ T cells, another subset of immunosuppressive cells, were also present in liver parenchyma of ICI-treated, but not in the control group (Figure 7G, liver; Figure S3F, spleen). The analysis of distance metrics between different T cell subtypes in liver tissues (Figure 7C, liver; for spleen see Figure S3B) showed that the average presence of CD4+/FoxP3+ Tregs in up to 200 µm radius around any single FoxP3- T cell (both CD4+/FoxP3− or CD8+/FoxP3−) was higher in the pembrolizumab-treated group than in controls (P < 0.05, Figures 7H, I, liver; Table 2, Table S9), suggesting that immune regulatory T cells with CD4+/FoxP3+ and CD8+/FoxP3+ phenotypes were enriched. This was observed in the immediate microenvironment of T-effector and helper cells of ICI-treated mice with more advanced tumors indicating a higher chance of direct cell-to-cell interactions, potentially associated with immune suppression and aggravation of EBV spread upon PD-1 blockade.




Figure 7 | Lower overall infiltration of CD4+ T cells but higher density and chance of intercellular interactions of regulatory T cells in tumors of mice infected with EBV/B95-8/fLuc and treated with pembrolizumab. (A) Representative example of a multiplexed immunohistochemical (mIHC) staining of liver tissue of a B95-8/fLuc-infected and pembrolizumab-treated humanized mouse followed by multispectral image (MSI) analysis/color deconvolution into six channels representing CD20+ (white), Ki67+ (magenta), CD4+ (green), CD8+ (yellow), FoxP3+ (red), and DAPI (blue) markers. (B) Tissue segmentation between the perivascular tumor mass (red) and the non-neoplastic parenchyma (green). Expectedly, the tumor area corresponds with high density of proliferating CD20+ blast-like cells (A, B). (C) Comprehensive distance mapping between FoxP3+ (red dots) and FoxP3- T-cells (cyan dots). (D) The tumor areas of treated animals (black triangles, n = 11) showed fewer CD4+ T cells than controls (open circles, n = 3). (E) The parenchyma area is characterized by a prominent population of proliferating CD8+ cells, with a trend towards higher densities in treated animals (not significant). (F) Densities of proliferating Ki67+CD4+ Treg cells in the parenchyma or in the tumor tissue, with an increase of tumor-infiltrating FoxP3+/CD4+ Treg cells in the pembrolizumab-treated group (not significant), (G) that was also observed for parenchyma FoxP3+/CD8+ Treg cells (not significant). (H) Distance metrics between FoxP3+/CD4+ Tregs or (I) FoxP3+/CD8+ Tregs revealing significantly increased average number of FoxP3+/CD4+ within a radius of 200 µm around any single CD4+ or CD8+ T cells residing in the tumor area for pembrolizumab-treated (black triangles) mice compared with control (open circles) mice. Unpaired t test with Welch’s correction was applied to calculate statistical significance. Standard deviation is indicated. *P < 0.05.






Discussion

Several human malignancies are initiated by viral oncogenesis, such as EBV, human papillomavirus (HPV), hepatitis B virus (HBV), and hepatitis C virus (HCV). Currently, there are several ongoing clinical trials of ICIs to combat virus-associated cancers (39). For example, pembrolizumab is currently being tested for the treatment of EBV+ nasopharyngeal carcinoma (NPC), EBV+ Non-Hodgkin’s disease, EBV+ NK/T cell lymphoma, EBV+ gastric cancer, HPV+ cervical cancer, and HPV+ head and neck squamous cell carcinoma (39). One potential risk to be evaluated is that viral immune evasion mechanisms may develop to counteract the human immune responses affecting the mode of action of ICI. On the other hand, a substantial amount of cancer patients treated with ICI occasionally show HPD, but the etiological reasons (such as for example action of underlying infections) are not yet fully understood (40–42). To avoid HPD or to mitigate its risks, the causes and early predictors associated with this phenomenon require investigation. The tumor burden, level of immune infiltration in the tumor, quality of immune responses, immune biomarkers, and existence immunomodulatory PD-1 positive lymphocytes have all been associated with HPD (43–47). Wong et al. reported a case series of four patients with advanced hepatocellular carcinoma with chronic HBV infections treated with ICIs and demonstrating rapid radiological progression and HPD (48). A recent review summarizing the results on the safety and efficacy of ICI in HBV/HCV-infected advanced cancer patients concluded that it was safe and effective, but warned about the reactivation of hepatitis virus in some cases (49). Currently, there is no clear relationship embracing ICI, cancer, chronic infections, irAEs, and HPD. Recently, it was shown in a mouse model and in patients with tuberculosis that PD-1 blockade mounted rampant CD4+ T helper type 1 (Th1) responses driving lethal disseminated tuberculosis (50). In another alarming report, metastatic melanoma patient suffered fatal encephalitis after PD-1 blockade therapy with pembrolizumab. The affected brain tissue contained lymphocytes infected with EBV with a concurrent infiltration of memory cytotoxic CD4+ and CD8+ T cells reactive against EBV (51). Therefore, as these clinical case reports are summing up, there is a significant need to examine pre-clinically the potency and potential side effects of ICIs affecting virus-related malignancies.

There were previously two discordant reports in the literature concerning the effects of PD-1 blockade tested pre-clinically in mouse models for the treatment of EBV-related PTLD and DLBCL (Table 1). Corroborating our results, Münz and colleagues showed that fully humanized mice infected with the B95-8 strain and treated with a PD-1 blocking mAb developed rampant EBV spread and inflammatory reactions (25) (Table 1). Here, we showed that these results could be reproduced with pembrolizumab and for both the B95-8 (preferentially latent) and M81 (preferentially lytic) EBV infection models. Therefore, we suggest that PD-1 blocking in the setting of a primary infection and T cell priming can lead to uncontrolled and widespread EBV infections and development of neoplasias (PTLD and DLBCL-like tumors). Incidentally, pembrolizumab treatment affected even more drastically mice infected with M81, resulting in significantly accelerated and increased death rates. One aspect that has to be acknowledged in respect to the fully humanized mouse models of EBV infection presented by Chatterjee et al. (25) and by this current work is that their immune reconstitution at the time of infection was biased towards a high abundance of B cells (>50%) relative to T cells (<30%). These high levels of B cells, which are not seen in humans after transplantation, may have predisposed a more aggressive PTLD development in the mice. Taking this bias in consideration, we may be overestimating the substantial detrimental immunomodulatory effects caused by pembrolizumab.

Of note, there is a clear discrepancy between our results and those of Kenney and collaborators who observed lower tumor burden after PD-1 blockade when using the M81 viral strain in a not fully humanized model (27) (Table 1). The most straightforward explanation for the different results is that they pre-treated the mature B and T cell mixture in vitro with the PD-1 and CTLA-4 blocking mAbs and then administered the cells into the mice. Therefore, this ex vivo pre-treatment per se may have stimulated the adoptively transferred human T cells to become more xeno-reactive in the mice and to expand more strongly than the co-administered infected B cells. The activated and expanded T cells could eventually kill or inhibit the outgrowth of EBV-infected malignant B cells in vivo. This xenograft model was carried on only for 4 weeks, as the adoptively transferred human T cells can strongly react against mouse tissues and eventually result into lethal xeno-GvHD. This adoptive transfer mouse model strongly deviates from PTLD in humans, since after HCT the adoptively transferred T cells from the donor are at least partially matched through the major histocompatibility complexes (MHCs) to the recipient and there is also donor-derived thymopoiesis.

On the other hand, in fully humanized mouse models reported by Chatterjee and by this current work, the human T cells undergo an endogenous development (18, 25). The hematopoietic progenitors home in the bone marrow, travel through the thymus for positive and negative selection of functional non self-reactive T cell receptors (TCRs). TCR restriction is mediated by the MHC of the mouse and of the HSC donor. The developed human TCR+/CD4+ T cells and in lower frequencies TCR+/CD8+ T cells, eventually home in the lymphatic tissues and organs. Upon vaccination of fully humanized mice, the naïve human T cells show typical signs of priming, and change their immunophenotype from naïve to memory subtypes (29). Functional human B cells binding to viral antigens also develop in humanized mice with full maturation after class switch (30). Thus, these HIS models reflect homeostatic modulations and are multidimensional, as T cells with diverse functions and at several stages of differentiation co-exist in different tissues. From the preclinical perspective, it is indeed more challenging to perform studies in fully humanized mice, but these complexities reflect intrinsic mechanisms that may be missed in in vitro or in simpler xenograft models.

Primarily, the main mechanistic prospect of ICI is the release of inhibited CD8+ memory TILs through the blockade of the PD-1/PD-L1 axis in order to revert their functionality (3, 43). Nonetheless, less is reported about the blockade of the PD-1/PD-L1 axis during the priming and expansion phase of naïve CD8+ T cells, which occurs in humans and mice with acute infections, such as lytic EBV infections (24, 25). Indeed, it has previously been shown that downregulation of PD-1 expression prevented T cell proliferation by accelerating a T cell early differentiation (52).

The significant amplification of several human cytokines that we observed in the plasma of M81-infected mice after PD-1 blockade (IL-10, IL-33, IFN-α, IL-12p70, and IL-1β) revealed the ignition of a profound inflammatory response. The spread of viral infection systemically and the remarkable infiltration of EBV+ PTLD into the CNS indicated a defaulted TIL response. This worrisome finding suggested that the aggravated infection and/or inflammation could potentially weaken the blood-brain-barrier. Of note, we observed that LAG-3 was strongly upregulated on CD8+ and CD4+ T cells after PD-1 blockade. Therefore, it is possible that the viral immune escape maneuvered the T cell exhaustion through upregulation of other suppressive receptors, like LAG-3.

In addition, our data also underscored bystander effects involving the participation of CD4+PD-1+ T cells. Their collapse and/or conversion into dysfunctional exhausted cells or Tregs likely contributed to viral escape and to irAEs. The role of Tregs seemed to be particularly critical within the tumor microenvironment on the initial stages of tumor development. Although we have not yet identified an EBV-specific molecular and immunologic mechanism by which PD-1 blockade may have affected the CD4+ Tregs function, some correlations exist with neoplasias caused by EBV. For example, in vitro studies showed that EBV latency III–transformed B cells promoted expansion of autologous FoxP3+ CD39high PD-1+ CTLA-4+ Helios+ GITR+ LAG-3+ CD4 Tregs (53). Another study showed that homing of Tregs in EBV+ HL tumor microenvironment is significantly increased around EBV-infected cell nests (54). Tregs also effectively populate EBV+ gastric carcinoma tumors and express PD-1 (55). In EBV+ NPC, EBNA-1-and LMP2-specific CD8+ CTL responses can be suppressed in vitro by Tregs and their depletion with a recombinant fusion protein (Ontak) reverted this immune suppression (56). Therefore, Treg depletion combined with PD-1 blockade could be eventually tested, with the caveat that persistent CD25 immune depletion can lead to immune deficiency. Future studies are needed to clarify the participation of Tregs in EBV+ HPD.

Remarkably, we also noticed a conspicuous presence of CD8+/FoxP3+ cells in tumors, endorsing that TILs can be subverted to immunosuppressive Tregs. Incidentally, CD25+CD8+FoxP3+ Tregs were previously described as cells showing rapid expansion in blood and tissues of rhesus macaques during the acute phase of simian immune deficiency (SIV) infection (57). CD8+ Tregs were also observed in humans infected with the human immune deficiency virus and expressed low levels of granzyme B and perforin, suggesting that they did not possess killing potential but were related to immune suppressor functions (57). Thus, development of virus-induced CD8+ Tregs during acute infection may be a mechanism to curb the primary immune response so that the pathogen can take hold. Nonetheless, variability of PD-1+ T cell populations emerging in different infections has been shown, pointing to diverse mechanisms inducing suppressive T cell types. For example, for acute influenza A virus infection, mainly central memory CD8+ T cells with a PD-1+2B4+CXCR5+ phenotype thrive after viral clearance (58). In contrast, CD8+ T cells with these characteristics were completely absent in viremic HIV infected individuals (58).

Concluding, our study endorsed preclinical (25) and clinical observations (51) regarding the interaction of EBV infection with PD-1 blockade in sparking EBV spread. One novel mechanistic insight provided is the possible role of immunosuppressive PD1+CD4+ Tregs cells. One limitation of our current studies was that a single agent, pembrolizumab, was tested for ICI and in a single treatment schedule. It is possible that other ICIs or treatments at different doses or time points may give different results. For instance, blocking PD-L1 on the tumor side may produce less immunosuppressive effects on T cell effects primed against EBV+ PTLD or DLBCL. Additional studies in humanized mice using ICI drugs in the preclinical testing pipeline can provide predictive information for very critical decisions that clinicians will eventually have to make, i.e., to opt for single or combinations of targets for treatment of EBV+ tumors. From the translational perspective, as clinical trials against different malignancies exploring the use of ICI in combination with chemotherapy, rituximab, or small drugs against EBV+ malignancies are emerging, it would be recommendable to first evaluate if the patients have active EBV infections and second to monitor the patients for possible EBV reactivations. Therefore, these findings warrant careful preclinical assessment of the EBV status in patients in order to minimize the side effects and improve the outcomes for patients treated with PD-1 blockade to avoid irAEs and HPD. Noteworthy, this report illustrates discordant interpretations of preclinical results (Table 1), advocating for a transparent reporting of the methodological approaches used towards the “Minimal Information for Standardization of Humanized Mice” (MISHUM) so that the field can further evolve (18).
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Immunotherapy has established itself as a promising tool for cancer treatment. There are many challenges that remain including lack of targets and some patients across various cancers who have not shown robust clinical response. One of the major problems that have hindered the progress in the field is the dearth of appropriate mouse models that can reliably recapitulate the complexity of human immune-microenvironment as well as the malignancy itself. Immunodeficient mice reconstituted with human immune cells offer a unique opportunity to comprehensively evaluate immunotherapeutic strategies. These immunosuppressed and genetically modified mice, with some overexpressing human growth factors, have improved human hematopoietic engraftment as well as created more functional immune cell development in primary and secondary lymphoid tissues in these mice. In addition, several new approaches to modify or to add human niche elements to further humanize these immunodeficient mice have allowed a more precise characterization of human hematopoiesis. These important refinements have opened the possibility to evaluate not only human immune responses to different tumor cells but also to investigate how malignant cells interact with their niche and most importantly to test immunotherapies in a more preclinically relevant setting, which can ultimately lead to better success of these drugs in clinical trials.
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Brief History of Human Hematopoiesis

HSCs are rare (one in 106 bone marrow cells) undifferentiated multipotent stem cells with the ability to perpetuate themselves for indefinite time through self-renewal. These HSCs differentiate to all the downstream mature blood cell lineages that control the homeostasis balance, immune function, and response to infections. Since the pioneering work of Till and McCulloch in the early 1960s, the understanding of HSCs has progressed enormously from observational to functional studies. The regenerative potential of HSCs was further established with the development of various clonal repopulation assays pioneered by Becker et al. (1), McCulloch et al. (2, 3), Moore and Metcalf (4, 5), Griffin and Löwenberg (6) and Dicke et al. (7). Even though our understanding of hematopoiesis largely comes from the mouse system, our ability to characterize human HSCs has improved. Since the discovery of a ligand for L-selectin (namely CD34) by Civin et al. (8), that for decades became the cornerstone, cell surface marker for enriching human HSCs, is still being used alongside newly well-established antigens (such as CD38, CD45RA, CD90, and CD49f) (9–15). However, the concept of SCID-repopulating cell (SRC) assay by Dick and colleagues was the game changing idea that enabled to accurately measure the primitive HSC populations using NOD/SCID mice (16, 17). Altogether, thanks to the use of robust in vivo and in vitro clonal assays, xenotransplantation as well as refined sorting strategies using cell surface antigens, significant insights toward understanding the human hematopoietic hierarchy have been made. Today it is well established that human HSCs are present within the CD34+CD38−CD90+CD45RA−CD49f+ fraction of the hematopoietic compartment, with an SRC frequency of one in 10 cells (15). There is also emerging evidence suggesting the existence of some HSCs within the CD34- faction of the human bone marrow cells, however the frequency of these HSCs is low (18–21).



A Brief Note on the Development and Refinement of Immunodeficient Mouse Models to Study Human Hematopoiesis

Gaining knowledge of human physiology and pathophysiology has been often hampered by restricted access to human tissues or limited to performing in vitro assays. Over the last few decades, advances made from inbred wild-type to more state-of-the-art genetically engineered humanized strains have enabled researchers to gain novel insights into the complex biological underpinnings of human hematopoiesis. The development of humanized mouse models started with the identification of the severe combined immunodeficient (Scid; mutation in Prkdcscid) mice that lacked B and T cells (22). These mice were shown to allow human T and B cell reconstitution (23). However, the SCID mouse model has limited usage due to the spontaneous generation of mouse T and B cells during aging (also known as leakiness) and high levels of host NK cell activity, that limits the engraftment of human cells. Further attempts to modify the SCID mouse model were made to increase the human hematopoietic cell engraftment which eventually led to the development of the non-obese diabetic-SCID (NOD-SCID) mice. This hybrid model was developed by backcrossing the SCID mice onto the non-obese diabetic (NOD) mouse background, which resulted in immunological multi-dysfunction, including defective NK cell activity and complement-dependent hemolytic activity (24). The NOD background is supportive of human cells due to a specific mutation in Sirpa that confers high affinity to human CD47, resulting in host macrophage tolerance to human cells (25). These NOD-Scid mice supported high levels of human cell engraftment compared to other non-NOD derived immunodeficient mice. However, the use of this hybrid NOD-SCID mice remained limited due to relatively short life span (median survival = 257 days) as well as the residual activity of NK cell and some of the other innate components (26, 27) of the immune system, thereby impeding the engraftment of the human cells. These mice also have a propensity to developing thymic lymphomas with age, similar to SCID mice.

The next revolution in the development of advanced immunodeficient mice occurred with the backcrossing of NOD-Scid mice with either truncated (NOG) or deleted (NSG) interleukin-2 receptor (IL-2R) common γ chain. Both of these models have deficiency in the IL-2R γ-chain that leads to the multiple defects in the innate as well as the adaptive immune system and prevents NK cell development (28–30). In addition, the lack of the IL-2Rγc activity limits the spontaneous development of thymoma, therefore allowing for long-term human cell engraftment experiments (median survival >89 weeks) (31). Although NOD-Scid, NOG, and NSG mice are the three most commonly used models for xenotransplantation, there are also other strains that have been developed over the years. For example, Rag-deficient mice that lack the expression of functional Rag1 or Rag2 proteins cannot perform somatic recombination of the T cell receptor (TCR) and immunoglobulin (Ig) genes, and the absence of either of these genes results in T and B cell deficiency. Mice that carry either the Rag1 or Rag2 mutations have very similar phenotypes and are also commonly used nowadays (BALB/c-Rag2−/−Il2rγ−/− or BRG and the NOD-Rag1−/−Il2rγ−/− or NRG mice). Despite these improvements, all of the hybrid Il2rγ–/– mice strains still require conditioning with either sublethal radiation or with a myeloablative agent such as bulsulfan prior to cell injection of low number of human cells for optimal engraftment. Further detailed reviews on the historical development of the different mouse models have been extensively covered elsewhere (32–34). Instead, we will critically discuss the recent advancements and pitfalls concerning the development of the different human blood cells in these mice, particularly focusing on their use to investigate cancer immunotherapies (Figure 1). Nevertheless, a brief description of such models described here is summarized in Table 1.




Figure 1 | Schematic representation of Immunodeficient mouse models and humanization strategies used to establish preclinical models. Tumor tissues from cancer patients are either injected (for hematological cancers) or implanted subcutaneously or orthotopically into immunodeficient mice with or without humanization. Scaffold implantation approach has also be used for hematological cancers in mice. Immunodeficient mouse models are either used for understanding the normal hematopoiesis or pathophysiology of the cancer tissues and for testing theurapeutic strategies. There are varying degrees of benefits for using different immunodeficient mouse models as depecited in the panel (+/−). IT, Immunotherapy, GVHD, Graft vs host disease, I.V., Intravenous route, BM, bone marrow, HSPC, hematopoietic stem and progenitor cells. Illustration was created with Biorender.com.




Table 1 | Summary of the immunodeficient mouse strains developed over the last few decades described in this review.






Improved Erythropoiesis and Megakaryopoiesis in Current Immunodeficient Mouse Models

Despite the successes seen over the last few decades in improving immunodeficient mouse models, significant challenges still remain. For example, NSG mice only allow low human myeloid cell development with high proportion of immature B cells (56, 57) with minimal production of antigen-specific IgG class antibodies (58) and very reduced production of erythrocytes (59). In fact, human cells that have proven most difficult to generate in these immunodeficient mice have been the erythrocytic and megakaryocytic lineages in which their de novo production from human hematopoietic stem and progenitor cells (HSPCs) normally peaks at 5–7 weeks following the xenotransplantation. This skewing in the lineage development of human cells could be multifactorial. The insufficient cross-reactivity of mouse cytokines to human cells may explain, at least in part, the poor development of these cell lineages. Certainly, humanized mice do not allow an efficient production of human megakaryocyte erythroid progenitors (MEPs). However, this deficiency is not corrected in Rag2−/−Il2ry−/− mice expressing human thrombopoietin (TPO). Interestingly, this mouse strain generated increased levels of human cell engraftment, as well as higher multilineage differentiation of HSCs, with an increased ratio of myelomonocytic versus lymphoid cells (38). In addition, injection of plasmid DNA-encoding human erythropoietin (EPO) and IL-3 was found to modestly improve human red blood cell (RBC) reconstitution in NSG mice that were engrafted with CD34+ HSPCs (60). It is worth to note that phagocytosis of human RBCs and platelets by murine macrophages has been shown to play a larger role in the elimination of such human cells. This could explain the absence of these cell types in the peripheral blood of the humanized mice. Interestingly, human late-stage immature erythroid cells (CD235a+CD45− nucleated normoblasts) are normally detected in the mouse BM; however, as these cells reach their maturity to form RBC, they are efficiently eliminated by murine macrophages (59, 61). As previously mentioned, NOD SIRPα is capable of cross-reacting with human CD47, suggesting that the rejection of human RBCs in humanized mice is unlikely to be induced by the inability of human CD47 to interact with the recipient SIRPα. Indeed, it was demonstrated that the rejection rates of human RBCs were significantly higher than CD47 knockout mouse RBCs, indicating that the rejection of human RBCs in immunodeficient mice is mainly induced by CD47-SIRPα independent mechanisms, such as xenoantigens present on human RBCs that can activate host macrophages (62, 63). Interestingly, intravenous injection of liposome-encapsulated clodronate into mice was shown to deplete recipient macrophages, resulting in robust, albeit transient, generation of both human RBCs and platelets (59, 61).

The recent generation of NSGW41 (with partial deficiency in Kit function) mice (Table 1) has definitely helped to improve human erythropoiesis and platelet formation in murine microenvironment (55, 64). Furthermore, human thrombopoiesis was observed in these mice following xenotransplantation, with increased proportions of human mature thrombocytes and erythroblasts in the murine BM. In addition, the morphology and composition of de novo generated human erythroblasts were found to be similar to that observed in the human BM. The most likely mechanism resulting in enhanced BM erythropoiesis in kit mutant mice is the cell intrinsic impairment of erythropoiesis in these mice (65). Interestingly, human erythro- and megakaryopoiesis were also found to be enhanced in an another recently developed immunodeficient mouse model (namely MISTRG mice), following the xenotransplantation of human HSPCs (66). The authors of this work postulated that the expression of human cytokines from the endogenous murine loci (replacing murine encoding cytokines), by providing a more physiologic expression of human cytokines, synergistically promotes a more competitive human hematopoiesis including the efficient development of human RBCs and platelets (66).



Immune Innate Cell Differentiation Outputs Are Much Needed

In a healthy human adult individual, myeloid cells comprise ~55–70% of all leukocytes both in the peripheral blood and BM. As discussed earlier, the current common immunodeficient mouse models poorly recapitulate the normal myelopoiesis that is observed in human hematopoietic tissues, particularly the human macrophages that are poorly generated in mice. Cytokines play a key role not only in the maintenance of human HSCs but also in their differentiation to mature myeloid progeny. One of the main reasons responsible for poor human myelopoiesis in mice could be the evolutionary divergence between human and mouse cytokines, that are species-specific (i.e., the mouse cytokines do not function in human cells). Early attempts were made to resolve these limitations which included the direct delivery of human cytokines (recombinant cytokines or plasmids encoding for cytokines) into the immunodeficient mice (60, 67, 68). However, these methods are expensive and not suitable for long-term experiments. Further quest for a “better” humanized mouse model led to the development of transgenic mice that are generated by overexpression of human cytokine-encoding genes under the control of a strong constitutive promoter. The NOD-SCID-SGM3 and NSG-SGM3 mouse strains (see Table 1) that overexpress SCF, GM-CSF, and IL-3 under the cytomegalovirus (CMV) promoter have been shown to increase the level of human myeloid cells upon engraftment with human HSPCs (43, 69). The latter mouse strain was also found to facilitate a more rapid reconstitution of T cells, with improved B cell differentiation and increased levels of NK cells as compared to the parental NSG strain. However, the supra-physiological levels of these cytokines in these mice were shown to almost abolish the human platelets that are normally detected in NSG mice at a low level, and more importantly cause exhaustion of the engrafted human HSCs (69). A closely related strain such as NOG-IL3/CSF2 (NOG-EXL) mice that overexpresses human IL-3 and GM-CSF, was also shown to have increased levels of human myeloid cells, in particular basophils, mast cells, and myeloid derived dendritic cells (DCs). However, this mouse strain appears to preserve the human HSPCs (44). It is unclear why this mouse strain does not seem to exhaust the human HSPCs. One of the reasons for such a behavior could be the level of the transgene expression that is driven by different promoters in these models (i.e. SRα instead of the CMV promoter) (44). However, BRG mice with human IL3 and CSF2 knock-in genes (BRG-IL3/CSF2) were found to have no significant increase in human T, B, and NK cells as well as human HSPCs, CD34+CD33+ myeloid progenitors, total CD33+ myeloid cells, CD14+ monocytes/macrophages and CD66+ granulocytes in the bone marrow, blood, and spleen of these mice (36). However, BRG-IL3/CSF2 mice were shown to support the development and replacement of human alveolar marcophages (36). This may suggest that additional factors other than only the lack of cross-reactivity of the cytokines between the species, are also important for generating robust human myelopoiesis in hematopoietic tissues in mice. In another model, a transgenic NOG mouse was generated using human IL6 cDNA under the control of the CMV promoter (NOG-IL6). These mice generated significant levels of CD14+HLA-DRlo/neg human monocytic myeloid derived suppressor cells, following HSPC xenotransplantation. In addition, infiltration of human CD163+ tumor-associated macrophages was evidently detected in a head and neck squamous cell carcinoma engrafted model (45).To specifically increase macrophage development, human macrophage colony stimulating factor (M-CSF; NSG-CSF1) gene was overexpressed in NSG mice (50), which when crossed with NSG-SGM3 mice, led to the generation of NSG-SGM3-CSF1 (QUAD) mice. Interestingly, these mice showed increased human myeloid and mature macrophage development when engrafted with human HSPCs (33). In order to further refine the expression of these critical cytokines, Rongvaux and colleagues used 129×BALB/c-Rag2−/−Il2rγ−/− mice to knock-in human IL3, CSF2, TPO (MITRG) and in addition SIRPA (MISTRG mice; see Table 1) in these mice. These mice allowed a robust development of human myelopoiesis and showed a strong human innate immune response to viral and bacterial infections. The authors also observed a functional human NK cell development that could be attributed to the production of IL-15 by the human monocytes developed in these mice (41). However, these mice eventually developed severe anemia as a result of the high human cell engraftment, which resulted in shorter lifespan of these mice. This was due to the destruction of mouse RBCs as a result of the enhanced human myeloid cell function (41).

Another innate immune cell population that displays suboptimal development in immunodeficient mice are the NK cells. Early effort to boost NK cell formation was demonstrated when BRG mice engrafted with human HSPCs were injected with recombinant IL-15/IL-15-receptor complexes that induced extensive NK cell proliferation and differentiation. This resulted in accumulation of CD16+KIR+ NK cells in these mice (70). This study led to the generation of NOG-IL15 mice (see Table 1). The high levels of circulating IL-15 cytokines in these mice were shown to support the survival of human peripheral blood-derived NK cells (46). Interestingly, human SIRPA and IL15 knock-in RAG (SRG-IL15) mice have more physiological levels of IL-15 but upon poly I:C stimulation these mice can express high levels of IL-15, resulting in an efficient functional human NK cells that can mediate antibody-dependent cellular cytotoxicity (40). Furthermore, compared to the all above innate immune cells, human CD123+ plasmacytoid and myeloid CD11c+ DCs are efficiently developed in most immunodeficient mouse models (71) even in NOD-Scid mice (72) without the requirement of exogenous human cytokines or the use of additional human transgene expression. Nevertheless, administration of recombinant FLT3-L was demonstrated to induce HSPC differentiation towards fully functional human CD141+ and CD1c+ DCs (73). As CD141+ DCs are endowed with the capacity to cross-present viral antigens after their uptake of necrotic virus-infected cells, produce high levels of IL-12, and induce Th1 responses, CD1c+ DCs, on the other hand, play a key role in driving adaptive immune responses to extracellular pathogens, owing to their capacity to promote Th2 and Th17 responses. Both DC fractions can serve important bridges for the elaboration of more complex human immune response studies in these immunodeficient mice.



Can Human B Cells Fully Develop in Mice?

Recent efforts to further enhance human immune system development and function in humanized mouse models have focused on improving specific innate immune cell lineages. An early study using mice with partial immunodeficiency has shown incomplete human B cell development, with large proportion of engrafted B cells having an immature (CD10+) and B1-type phenotype (CD5+) (74). Subsequent reports that used NSG mice demonstrated improved B cell function including class switching in which the VH‐DH‐JH composition was seen to be similar to the mice engrafted with cord blood cells. In these mice, the production of IgM, IgA, and IgG antibodies were also observed (75, 76). The general view in the field appears to be that B cell maturation in human HSPC engrafted mice increases with time, reaching up to 60% of the B cells having a mature phenotype (CD20+CD10−) after 24 weeks (57). Human de novo B cells isolated from NSG mice have also been shown to undergo somatic hypermutation (77). In fact, several studies have observed the production of antigen-specific human IgM and IgG antibodies in humanized mice in response to infection or immunization with varied degrees of responses (74, 78–80). Some of these humanized mice generated functional neutralizing antibodies in a model of Dengue virus infection (79). Furthermore, these mice have also been used to test the selection process of human autoreactive B cells. Indeed, Lang and colleagues used BRG mice that express a synthetic self-antigen specific constant region of human Igκ and demonstrated that developing human autoreactive (κ+) B cells undergo central tolerance by both receptor editing as well as clonal deletion (81). Other studies have supported this notion of autoreactive human B cell development, therefore confirming the intact central B cell tolerance in immunodeficient mice (82, 83). Therefore, humanized mouse models could also be used to elucidate some aspects of the molecular mechanisms of autoimmunity.

To further enhance class switching and somatic hypermutation, Flavell and colleagues generated immunodeficient Rag2−/−Il2rγ−/− mice in which IL6 was integrated into its orthologous mouse locus (39). These RGSKI-IL6 mice expressing human IL-6 not only allowed the improvement of thymopoiesis and peripheral T cell reconstitution but also showed significant increase in total IgG and antigen-specific IgG levels. The authors of this work also observed higher frequencies of memory and IgG producing B cells. Interestingly, once these mice were challenged with ovalbumin (OVA), the OVA-specific antibodies displayed high frequency of somatic mutations (39). This mouse model then led to the development of the MISTRG6 mice, that enabled further improvement of B cell development. Consequently, MISTRG6 mouse model was used to investigate the entire spectrum of human plasma cell neoplasia (42). Recently, IL-6 transgenic strain was created on the NSG background using human IL6 BAC (NSG-IL6) (33). These NSG-IL6 mice engrafted with human HSPCs displayed increased levels of CD3+ and Th17 T cells compared to NSG mice. In addition, higher plasma levels of IgM and IgG were observed in these mice (33). In summary, human IL6-expressing immunodeficient mice could be a useful tool to evaluate the elicitation of antigen-specific antibody responses.



Human Thymopoiesis: A Proper T Selection With Human Leukocyte Antigen-Restricted Immune Responses in Mice?

Human conventional T cells’ response relies on the ability of their TCRs to recognize a specific peptide (and subsequently bind) in the context of an MHC molecule that is solely expressed in the thymus during their initial developmental phase. To examine human immune responses in immunodeficient mice, leukocytes can be engrafted by intravenous or intraperitoneal injection of human peripheral blood mononuclear cells (PBMCs) into mice. This model is less laborious and time consuming compared to the de novo generation of leukocytes through BM xenotransplantation using HSPCs. Although human leukocytes, in particular T cells, can be found circulating in the murine peripheral blood within days following the injection; however, this process can lead to a rapid xenogeneic graft versus host disease (GvHD) (84, 85). One of the major drawbacks of this system includes the limited T cell repertoire and prevalence of uncontrolled B cell activation with the production of human xenoreactive antibodies (86, 87). However, some of these concerns can be circumvented by using new mouse strains that are for the major histocompatibility complex (MHC) class I/II [such as, NSG-B2Mnull and NSG-(KbDb)null(IAnull) mice]. Injection of human PBMCs into these strains enables long-term engraftment of human CD4+ and CD8+ T cells without causing acute GvHD (49, 51). Alternatively, xenogeneic GvHD in immunodeficient mice can be eliminated by a more classical approach that enables the reconstitution of human immune system including T cells through the transplantation of HSPCs. This method enables the generation of human T cells that can be detected in murine thymus at around 12 weeks, depending upon the level of human cell engraftment in the mouse BM. However, this process can be accelerated when human HSPC transplantation is performed in new-born mouse (88–90), that perhaps occurs as a result of a faster seeding of primitive precursors in the mouse thymus. On the other hand, adult NSG-SGM3 mice also have improved T cell development (69). The exact mechanism and the particular changes responsible for this improved lymphopoiesis remain unknown. It is worth to note that this process still requires an extended developmental time, but interestingly different human T cell populations and diverse T cell receptor variable beta chain (TCR Vβ) repertoire can be generated in these mice (89, 91, 92). However, one of the caveats in human T cell development in humanized NSG murine microenvironment is that Th1, Th2, and Th17 cells were found at very low levels (51, 93), although the quantification of these cells was performed following an in vitro stimulation.

Development of human T cells in NOD-Scid and Rag-deficient derived mice undergoes maturation as well as selection via recognition of mouse MHC molecules expressed by thymus mouse epithelial cells and DCs. As these human T cells are educated and restricted solely to murine MHC, therefore they are not suitable for studies investigating T cell responses with human antigen presenting cells (APCs), which express human MHC receptors. To acquire the immune sensitivities with high diversity for human cells, education of T cells must be performed by the human MHC molecules in a murine environment. This major issue was addressed by transplanting human HSPCs isolated from human fetal liver into NOD-Scid mice that were implanted with human liver and thymus (under the mouse kidney capsule) from the same fetus (BLT model). This BLT model demonstrated that human T cells developed in the human thymus (implanted in mouse) were human Human Leukocyte antigen and generated immune response, with development of a mucosal system similar to humans (94–96). Despite these advantages, this model is still time consuming and technically difficult, and mice can still develop xenogeneic GvHD (97). In a recent development, NSG-HLA-A2/HHD mice expressing human HLA class I showed the development of virus-specific HLA-A2-restricted human T cell responses to Dengue virus infection (79). In a subsequent study, this mouse model generated functionally HLA-restricted cytotoxic T cells against Epstein–Barr virus (EBV) virus, therefore suggesting that the recognition and education of human HLA can take place in NSG mouse with a functional thymus. Furthermore, interferon gamma (IFNγ)-producing human T cells against multiple EBV HLA-A2 epitopes were observed showing similar patterns of reactivity to that detected in human infections, including the development of CD8+CD45RO+ memory T cells (51). These two reports described that HLA expressed in murine thymus allows human T cells to be positively selected and in fact these cells can induce HLA-restricted immune responses in murine environment. There are other HLA-transgenic immunodeficient mice that have recently been established, such as NSG mice expressing HLA-A*0201 and A*2402. This study showed that human cytotoxic T cells upon stimulation with Wilms’ tumor 1 (WT1) peptide in in vitro conditions, produced IFNγ and cytotoxic activity against leukemic cells in an antigen-specific and HLA-restricted manner (52). In another report, NSG‐HLA‐A2/DR1 mice were used to study human antiviral adaptive responses during hepatotropic virus infection (98). It was reported that these mice allowed the engraftment of functional human Th1, Th2, and Th17 T cells, and some of these T cells were polyfunctional effector cells (CD62L− CCR7-HLA‐DR+). Interestingly, these cells secreted a variety of cytokines such as IFNγ, tumor necrosis factor alpha (TNFα), IL-4 and IL-17 (98). The HLA‐DR4 single knock‐in mice (DRAG mice; NRG-HLA-A2-DR4; see Table 1) offer further improved polyfunctionality and antigen specificity of effector CD8+ cells over the HLA‐A2 NSG mice (99). Interestingly, these mice were also shown to allow the generation of high levels of CD4+CXCR5+PD1+ T follicular helper cells that were efficiently disseminated into the gut‐associated lymphoid tissues (100). Therefore, HLA class I and II transgenic NSG mouse models may serve as a preclinical tool to develop effective immunotherapy against human malignancies.



Is More Humanization of Immunodeficient Models Needed?

Even though the above mentioned immunodeficient mouse models have been useful, they still present various challenges. One of the biggest caveats is cross-species differences that exist between the engrafted human cells and mouse microenvironment (including immune-microenvironment) they reside in, and how this may influence various environmental clues that mediate cell–cell interactions, hematopoietic cell homing, survival, and expansion, among others. Recently, integration of biomaterials with immunodeficient mouse models has enabled researchers to generate a more physiological human microenvironment namely ‘humanized ectopic scaffold niche’, that provides architectural support for cell attachment and subsequent human BM-like tissue development. These humanized scaffold-based approaches can potentially enable the researchers to closely mimic the multicellular aspects of the human bone in a mouse model (101–104). This approach can provide an important tool to potentially generate patient-specific human microenvironment including endothelium in immunodeficient mice that can be used to unravel not only the role of human tumor microenvironments, disease pathology but can potentially be used to gather physiological response to various immunotherapies.



Profiling of Cancer Immunotherapies in Mouse Models With Human Immuno-Microenvironment

Immunotherapies are considered to be the cornerstone of current therapeutic strategies against cancer, along with surgery, radiation, cytotoxic chemotherapy, and targeted drug therapy (105). Current strategies of immunotherapies are summarized in Figure 2. Intrinsic therapeutic modulation of the adaptive and innate components of the human immune system to enhance recognition that subsequently leads to improved response against tumors is widely adopted strategy in the clinical fight targeting different types of cancers. There are more than 3,000 types of cancer immunotherapies either in development or currently assessed in clinical trials, that include antibody-based immunotherapy, oncolytic virus therapy, cytokine therapy, cellular therapy (CAR-T, CAR-NK, TCR-T and DC-based), cancer vaccines and the combination of immunotherapy that targets multiple immune components (106). Although, these therapies focused on unleashing the immune system are considered a breakthrough; however, durable clinical responses only occur in a subset of patients. Furthermore, the development of novel therapeutics is tightly restricted by the use of human samples before moving to clinical trials, which is generally slow and costly. Therefore, considerable scientific resources are still needed in preclinical research to identify novel and improved approaches to cancer cell‐specific immune response as well as testing of therapeutic strategies. Over the last half century, syngeneic mouse tumor models were the major in vivo systems used for understanding cancer immunology and associated immunotherapies. However, the paradigm shifted with the dramatic advances in our understanding of the interactions between tumor development and the immune microenvironment. Furthermore, immunotherapies such as immunomodulatory agents do not always react with mouse molecules due to cross species barriers. Together all these factors led to the increased humanization of immunodeficient mouse models in which both the human immune cells and human tumors are cohabiting with each other. However, these models are quite complex, and the fact that obtaining human immune cells as well as the malignant cells from the same patient still remains difficult, researchers are currently using HLA mismatched cord blood derived HSPCs or healthy donor derived PBMCs for humanization along with patient derived tumor cells or cancer cell lines (Figure 1). Even with these caveats, the use of these humanized models has emerged as an invaluable tool in providing a system not only to study normal human immune system interactions with the malignant cellular components but have also accelerated the development of the cancer immunotherapies. These preclinical model systems have enabled to better predict the clinical outcomes of immunotherapy regimens before moving to clinical trials.




Figure 2 | Current immunotherapeutic strategies in cancers. Cancer immunotherapies target the patients own immune system by restoring and stimulating various immune components that ultimately had the potential to inhibit cancer growth and/or eradicate cancer. The various types of immunotherapies that are currently being used in the clinic or are under development include antibody-based immunotherapy, oncolytic virus therapy, cytokine therapy, cellular therapy, cancer vaccines. These therapies are also being used as combination therapies that target multiple immune components or with other established therapeutic options such as chemotherapy.





First Generation Humanized Mouse Models

To date, one of the most popular immunodeficient mouse models used in the field of cancer biology as well as immuno-oncology is the NSG mice. These models have enabled the generation of patient derived xenografts (PDXs) particularly in hematological malignancies where they have played an instrumental role in the identification and understanding of leukemia initiating cells (101, 107) (Figure 1). Furthermore, these humanized mouse models have enabled personalized tests on the sensitivity and specificity of the tumors to many therapeutic regimens. Among various cellular immunotherapies, anti-CD19 directed CAR-T cells that were shown to eliminate the CD19+ B cell leukemia in NSG PDX model, resulted in prolonged survival of these mice, and this data set the basis for the first clinical trial and later on, approval of the first CAR T cell products by the FDA (108). In a recent development focusing on cellular therapies that could pave the way for off-the shelf cellular therapies, Li and colleagues used NSG mice to demonstrate the feasibility of using the next generation iPSC-derived CAR-NK cells as a treatment option for mesothelin-over expressing ovarian tumors (109). Monoclonal antibody (92R) tested in NSG mice to target T cell acute lymphoblastic leukemia cells strongly inhibited tumor growth via binding to the C-C chemokine receptor type 9 (CCR9) N-terminal domain. This leukemia killing response was observed in a model with compromised NK and complement activities, suggesting that other mechanisms (such as phagocytosis or apoptosis) might also be playing a role in tumor destruction (110).

One of the major drawbacks of these PDXs established in NSG model is the lack of immunosurveillance by the host. Considerable efforts that led to the generation of NSG-PBMC models have been used widely to study single and combination therapies. For example, IgG-based BCMA-T cell bispecific antibody (EM801) targeting B cell maturation antigen (BCMA) induced myeloma cell death by autologous T cells (111). Anti-tumor activity of ICBs (nivolumab, pembrolizumab, atezolizumab, cetuximab, and urelumab) was also observed in the PBMC-humanized mouse models (112–114). Interestingly, the differences in tumor growth were not significantly different between mono- and combination therapies; however, the humanized model was suitable to develop mechanistic studies that supported this combination in the subsequent clinical studies (113). This initial experience represented the first proof of concept report to demonstrate that immunotherapy combination strategies can be modeled in preclinical settings involving humanized mouse models. On the other hand, multiple DC-based vaccine tested in NSG-PBMC mouse model enabled assessment of melanoma antigen recognized by T cells-1 (MART-1)-specific immune responses and suppressive functions on melanoma cells (115). Although the ease of generating these mice allows for their use in tumor-bearing PDXs, challenges arise with regard to the onset of xenogeneic robust GvHD, which occurs concomitant with T cell expansion (116, 117). The limited window of time (approximately 2–3 weeks) for taking observation could enable the investigations into T cell-mediated anti-tumor mechanisms; however, the use of NSG or NOG MHC knockout mice or alternatively xenotransplantation of purified CD8+ T cells may enable long-term immune response studies (49, 118, 119). Using ICB-based (PD-1) immunotherapy in these mouse models, specific CD8+ T cell population was identified that produced anti-tumor effect in an HLA restricted manner without needing to worry about xenogeneic GvHD (120).

HSPC-engrafted human immune system (HIS) models provide powerful tools for long-term studies and are increasingly being used for understanding T cell-mediated immunotherapy mechanisms. The caveat of this HSPC-HIS (NSG and NOG) model is the biased differentiation of HSPCs towards the lymphoid lineage, with the limited development of myeloid cells. However, despite this limitation, HSPC-HIS mice have successfully provided a model system to study T cell-dependent immunotherapy mechanisms (such as blocking PD-1, CTLA-4 alone or in combination with oncolytic viruses) and benefit from long experimental time scales (121–123). In cord blood derived HSPC-generated humanized mouse model, PD-1 blocking (using nivolumab) inhibited the growth of MDAMB-231 tumor cells and CRC172 tumor cells by enhancing anti-tumor T cell response, increasing GrB+ or IFNγ+ CD8+ cells in tumors and reducing frequency of Treg and myeloid cells. However, combination of histone deacetylase (HDAC) inhibitors OKI-179 and nivolumab further inhibited cancer cell growth, therefore indicating that HDAC inhibitors could improve anti-tumor immune responses in cancers (124). In another study, a combination of anti-CD278 mAb and cyclophosphamide controlled the growth of breast cancer in NSG humanized mice. Administration of a neutralizing anti-CD278 mAb reduced human Treg proportions and numbers and improved CD4+ T cell proliferation therefore highlighting the crucial implication of innate immunity in treatment efficacy, opening new perspectives for the treatment of breast cancer (125). In another study, transplantation of allogeneic but HLA partially matched donor HSPCs and tumor cells (non‐small cell lung cancer, sarcoma, bladder cancer, and triple‐negative breast cancer) in NSG mice demonstrated significant tumor growth delay following pembrolizumab (anti‐PD‐1) therapy (121). In a different approach, Haworth and colleagues reconstituted NSG mice with human HSPCs that lead to the generation of matured human CD3+ T cells, which can be isolated, genetically modified and then reinfused into the same mice (89). It is worth to note that no clinical symptoms of GvHD were observed in these mice, and therefore this model might represent a better system for long term evaluation of cellular immunotherapies such as CAR-T cells.



Second Generation Humanized Mouse Models

Until recently, the development of more balanced humanization by improving the differentiation and survival of various human immune cell populations has been a major goal; the function of these human immune cells in murine system was overlooked. These issues have led to the development of so called “second generation” immunodeficient models that express human transgenes. These models (e.g. NSG-SGM3, NOG-EXL, NSG HLA-A2 and MISTRG) not only allow more myeloid and NK cell development apart from lymphoid reconstitution, but also enable the function of engrafted human immune cells thus, improving the utility and translatability of these models in immunotherapy related studies (Figure 1). NOG-IL2 transgenic mice were able to overcome the previous problems and recapitulated the clinical responses of patient-derived TILs (126). In a preclinical model using HSPC transplanted humanized BRGS mice, Capasso and colleagues established breast cancer and colon cancer PDXs, and showed strong suppressive function of PD-1 blockade that resulted in tumor growth inhibition with increased CD8 IFNγ+ tumor infiltrating T cells (124). Transgenic mice that express the human HLA-A2 allele, commonly detected in the Caucasian population, were developed to study immunologic interactions between human T cells and tumor cells (51, 127). Studies investigating the antigen-specific HLA-restricted response against Epstein–Barr virus (EBV)-associated tumors, found CD8+ (and CD4+) effector-to-target ratio-dependent cytotoxicity against EBV-infected lymphomas (128). The humanized transgenic NSG-SGM3 mice have shown enhanced human Treg cell differentiation, and these Treg cells were functional and were able to suppress the proliferation of T cells in PDX generated from HSPCs (93). Notably, similar data of T cell suppression by Tregs was reported in PDX models for autoimmune conditions such as aplastic anemia (129).

MISTRG mice that have recently been developed show robust differentiation of human innate as well as adaptive immune cells and have been used to study acute myeloid leukemia and diffuse large B-cell lymphoma (41, 130). Interestingly, human macrophages generated in MISTRG infiltrated a human tumor xenograft in a manner resembling that observed in tumors obtained from patients (41). Therefore, these MISTRG mice recapitulate the role of macrophages in tumor development and fulfil a critical need for models that enable study of the interaction between human tumors and human innate immune microenvironment. The major advantage of these humanized systems is the ability to observe the immune surveillance against human cancer tissues. However, one caveat of these models is that the reconstituted human immune system lacks physiological maturity due to the absence of human thymus tissue. To address these concerns, BLT mouse model developed, harbors an almost intact functional human immune system therefore providing a powerful tool to study cancer immunotherapy (131). In a recent study, implantation of human lung tissue into NSG mice pre-humanized with BM/liver/thymus resulted in robust antigen-specific humoral and T cell responses against cytomegalovirus infection (132). In a different study, Jin and colleagues developed an autologous NSG BLT-based model with a fully competent human immune system. Following the humanization, mice were transplanted with edited fetal HSPCs that recapitulated human B-ALL like disease. This model system was used to test autologous anti-CD19-CAR T cells. This preclinical model, though complex in its generation, was highly adapted to evaluate human CAR T cell efficacy, resistance and toxicity (133). These second-generation humanization strategies provide a promising tool for understanding the tumor immune microenvironment interactions and enable greater translational potential and expanded opportunities for therapeutic evaluation. However, BLT mice do require human fetal tissues which are difficult to source especially if needed in large quantities. However, surplus neonatal tissue can be a good viable alternative that can be used for mouse humanization (134).



Future Developments

Although immunodeficient mouse models along with increased humanization have been instrumental in gaining understanding of the cancer biology and develop various targeted immunotherapies, these models do have limitations that need to be addressed to create more appropriate model system that will fulfil the need of current and future research. There is an urgent need to develop new strategies that will enable us to further the humanization of these mice, particularly focusing on the development of comprehensive and functional human immune system. One of the ways to improve on the current sub-optimal development of human immune cells is to further characterize and identify the cytokines as well as growth factors that do not cross react between mouse and human. It is also important to identify and integrate novel approaches that would enable autologous experiments, where malignant tissues and immune cells from the same individual are used, that would provide more accurate understanding of disease progression, tumor-immune interactions and efficacy of personalized therapeutic options. Improving the humanization of these mice will also enable us to shed more light on the basic tumor immunology, particularly the roles of the immunosuppressive tumor immune-microenvironment and tumor neoantigens that often shape the development of cancer and influence therapeutic efficacy. Altogether, having an appropriate humanized preclinical model will enable speedier assessment of the efficacy and safety of novel therapeutic approaches and will ultimately provide a faster bench to beside transition.
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Immunodeficient mice engrafted with a functional human immune system [Human immune system (HIS) mice] have paved the way to major advances for personalized medicine and translation of immune-based therapies. One prerequisite for advancing personalized medicine is modeling the immune system of individuals or disease groups in a preclinical setting. HIS mice engrafted with peripheral blood mononuclear cells have provided fundamental insights in underlying mechanisms guiding immune activation vs. regulation in several diseases including cancer. However, the development of Graft-vs.-host disease restrains relevant long-term studies in HIS mice. Alternatively, engraftment with hematopoietic stem cells (HSCs) enables mimicking different disease stages, however, low frequencies of HSCs in peripheral blood of adults impede engraftment efficacy. One possibility to overcome those limitations is the use of patient-derived induced pluripotent stem cells (iPSCs) reprogrammed into HSCs, a challenging process which has recently seen major advances. Personalized HIS mice bridge research in mice and human diseases thereby facilitating the translation of immunomodulatory therapies. Regulatory T cells (Tregs) are important mediators of immune suppression and thereby contribute to tumor immune evasion, which has made them a central target for cancer immunotherapies. Importantly, studying Tregs in the human immune system in vivo in HIS mice will help to determine requirements for efficient Treg-targeting. In this review article, we discuss advances on personalized HIS models using reprogrammed iPSCs and review the use of HIS mice to study requirements for efficient targeting of human Tregs for personalized cancer immunotherapies.
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INTRODUCTION

With the discovery of checkpoint inhibitors and more recently, the use of chimeric antigen-receptor T cells, immunotherapies have taken center stage in oncology. The common goal for cancer immunotherapies is to boost the immune system to attack and destroy cancerous cells. The gold-standard for pre-clinical testing of cancer therapies has long been the use of xenograft models, where human cancer cell lines are engrafted into immunodeficient hosts. However, both development and evaluation of immunotherapies requires the presence of a functional immune system closely mirroring the immune reaction in the human disease. Immunodeficient mice engrafted with a functional human immune system [human immune system (HIS) mice] have opened up new ways of evaluating immunotherapies directly in vivo in a pre-clinical setting. One main obstacle remaining in cancer therapy is intra-tumor heterogeneity. The use of personalized medicine offers a promising approach to tackle this major hurdle and HIS mice engrafted with patient-derived hematopoietic cells are an important tool for the development of personalized medicine.



HUMAN IMMUNE SYSTEM MOUSE MODELS FOR IMMUNOTHERAPIES

Since the discovery that severe combined immunodeficiency (Prkcdscid or SCID) mice, engrafted with human hematopoietic stem cells (HSCs) or human peripheral blood mononuclear cells (PBMCs), can develop a human immune system (1), researchers are constantly working on improving xenoengraftment in such HIS mice to study human diseases. Advancements have been made especially regarding background strain, immunodeficiency mutation as well as engraftment method and material, thereby considerably improving engraftment efficacy (2). For example, mice on the NOD background present with the highest engraftment efficacy due to a polymorphism in the gene Sirpa, encoding the signal regulatory protein alpha (Sirpa) that shows enhanced interaction with human CD47 on hematopoietic cells, thereby preventing their phagocytosis by macrophages (3).

Moreover, to overcome human T cell xeno-reactivity directed against murine MHC molecules, strains of immunodeficient mice lacking murine MHC class I and class II were developed (4, 5). We have used murine MHC class II deficient NOD-scid IL2Rgammanull (NSG)-HLA-DQ8 transgenic mice engrafted with fresh human cord blood (CB) HSCs and demonstrated a high engraftment efficacy in peripheral blood of these animals (6). Importantly, we identified autoreactive disease-relevant insulin-specific CD4+T cells, indicating positive selection on HLA-DQ8 molecules in the thymus of humanized mice (6). The development of T cells with a TCR repertoire recapitulating that of the human donor is essential to analyze T cell responses, also in the setting of cancer immunotherapy. In this regard, in a mouse model for prostate adenocarcinoma, tumor-infiltrating regulatory T cells (Tregs) showed a significant enrichment for distinct TCR specificities targeting an antigen present in healthy pancreatic tissue and not specific to the tumor (7). Therefore, the use of HIS mice with transgenic expression of human HLA molecules will be important to permit for accurate representation of TCR repertoires to study T cell responses to the tumor.

In order to study tumor related immune responses in the human immune system in vivo, HIS mice engrafted with cell line-derived (CDX), or patient-derived xenografted tumors (PDXs) have been established (8, 9). Importantly, MART1-TCR-transgenic T cells from humanized mice reconstituted with fetal thymic tissue and human HSCs were able to mount efficient HLA/antigen-dependent anti-melanoma immune responses also after transfer into tumor-bearing recipients (10). Among others, especially the potent checkpoint inhibition with anti-PD1 humanized antibodies has been tested in HIS mice bearing various types of tumors (8, 9, 11), highlighting the value of PDX engrafted HIS models for cancer immunotherapies.



HIS MICE AS PRECLINICAL MODEL FOR THE TREATMENT OF CANCER

Despite the therapeutic advances indicated above, some hurdles remain which hinder efficient and safe implementation of cancer immunotherapies to the patient. During disease progression, genomic instability leads to genetic variations within tumor cells resulting in various distinct populations of cancer cells (12). This intra-tumor heterogeneity is a major obstacle for the success of efficient immunotherapies since it fosters resistance to therapy and leads to highly variable treatment outcomes thereby calling for personalized strategies.

The potential of personalized HIS mouse models for the analysis of patient specific immune responses was demonstrated in a PDX-bearing HIS mouse model based on NSG mice engrafted with autologous tumor-infiltrating T cells and tumor cells from the same patient. Importantly, the autologous T cell transfer was successful in eradicating tumors only in mice generated with material from patients that show a positive autologous cell transfer response in the clinic (13).

To investigate complex immune responses more closely in a preclinical personalized setting, the engraftment of HIS mice with autologous hematopoietic cells and tumor cells from the same patient is required. This can be achieved by engraftment with patient-derived PBMCs. However, such mice are not useful for long-term studies as they can develop severe Graft-vs.-Host-Disease (GvHD) within few weeks upon engraftment. Alternatives for long-term studies are the engraftment with patient-derived HSCs or HSCs originating from fetal liver or CB. Here, engraftment with patient-derived HSCs allows for positive selection of T and B cells based on murine antigens in the thymus and bone marrow, therefore limiting GvHD reactions and further enabling MHC compatibility with the autologous tumor tissue. One drawback of HSC engraftment, however, are low frequencies of HSCs in the peripheral blood of adults without mobilization, which impede an effective reconstitution of the human immune system in HIS mice. Of note, in 2006, a group led by Shinya Yamanaka generated pluripotent stem cells from adult cells. The discovery of these induced pluripotent stem cells (iPSCs) has thenceforward substantially revolutionized the field of translational research and personalized medicine (14) and enabled an unlimited source for the derivation of HSCs (15, 16).



NEXT GENERATION HIS MOUSE MODELS USING IPSC-DERIVED HSC FOR PERSONALIZED MEDICINE

The discovery that iPSCs are able to self-renew and differentiate into any cell type by introducing the reprogramming factors Oct4, Sox2, cMyc, and Klf4 (14, 17) has enabled the development of novel therapeutic strategies in personalized and regenerative medicine. Noteworthy, iPSCs can be derived from different sources of somatic cells, thereby evading the limitations of using primary, patient-derived disease affected cells for e.g., disease modeling (18) (Figure 1).
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FIGURE 1. HIS mouse models for personalized Treg-based cancer immunotherapies. Immunodeficient mice engrafted with human PBMC-derived HSCs develop a functional human immune system. These HIS mice are valuable tools for various areas of medical research, including preclinical trials, regenerative medicine, transplant rejection research, and immunotherapies. In the field of immunotherapies, next-generation HIS mouse models enable the development and testing of novel immune targeting strategies, aiming at Treg inhibition to boost the immune reaction against the tumor, in a human immune system in vivo.


Yet, de novo generation of functional HSCs from iPSCs for efficient in vivo engraftment and multi-lineage potential remains challenging due to the complex nature of hematopoietic ontogeny (19). Recently, methods for the generation of self-renewing hematopoietic stem and progenitor cells with multi-lineage potential after engraftment into immunodeficient hosts have been developed. Although analysis was largely limited to the bone marrow, T and B cells, as well as myeloid cells were also detected in spleen, thymus and peripheral blood, showing a diverse TCR repertoire and functional antibody responses (16, 20). These initial studies highlight the potential use for the generation of HIS mice with iPSC-derived HSCs (20). Furthermore, hPSCs generated from iPSCs from patients with Diamond-Blackfan anemia (DBA) were used to enable a new therapeutic pathway for the treatment of DBA (21) and immunodeficient mice reconstituted with patient-derived iPSCs were used to develop a drug-testing system for chronic myelomonocytic leukemia (22). Even though still low in number, such studies highlight the vast opportunities and potential therapeutic applications that are offered by iPSC technology, which have to be further explored and improved for future investigations.

Personalized HIS mice reconstituted with tumor cells and autologous patient-derived hematopoietic cells from the same donor are especially important, since they will help to mirror the immunological tumor microenvironment. Importantly, the tumor microenvironment contains immunosuppressive immune subsets [reviewed in (23)], including Tregs that promote tumor immune evasion and hence impede effective antitumor immune responses [reviewed in (24)].



TARGETING TREGS FOR CANCER IMMUNOTHERAPIES IN HIS MICE

Tregs are a specialized suppressive subtype of CD4+T cells that controls the immune response in the periphery and prevents adverse immune reactions and autoimmunity (25). They are characterized by the high expression of the high-affinity interleukin-2 receptor alpha-chain (CD25) and the expression of the transcription factor Foxp3, which is the master regulator of their phenotype and function (26–28). Mutations in the Foxp3 gene lead to defects in Treg development and function as illustrated by severe multiorgan autoimmunity in patients with the Immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome (29) and mice with Scurfy mutations (30). While defects in Treg function and reduced frequencies are associated with autoimmune disorders, increased Treg infiltration into solid tumors and the resulting suppression of effector immune cells are associated with poor prognosis in several types of cancer (31–35). Accordingly, the manipulation of Tregs has gained interest in the field of cancer immunotherapy. However, many aspects of Treg-mediated immune suppression in tumors remain to be determined. Importantly, HIS mice reconstituted with CB HSCs or PBMCs display comparable frequencies of Tregs in various tissues as non-humanized mice (6, 11, 36–40), making them a suitable tool to study human Tregs in vivo in a preclinical model (Figure 1). Notably, the development of immune cells in NSG mice is skewed to the lymphoid lineage, with cells of the myeloid lineage being under represented, due to limited cross-reactivity of murine cytokines with human hematopoietic cells [reviewed in (41)]. Therefore, novel humanized mouse strains such as NSG-SGM3 mice (42) and others (43) that transgenically express human cytokines and thereby support myeloid cell development have been developed. Importantly, it was demonstrated that NSG-SGM3 mice further support the development of Foxp3+Tregs (44), thereby highlighting the importance of considering different HIS mouse models as basis for pre-clinical studies.

It is now established, that Tregs take residence in various tissues, where they express tissue specific signature genes and exert key non-canonical functions (45–49). Notably, a tissue specific signature has been likewise identified for tumor-infiltrating Tregs. Importantly, the investigation of gene expression of Tregs isolated from breast cancer, colorectal cancer, non-small cell lung cancer and hepatocellular carcinoma in comparison to Tregs from adjacent healthy tissue or peripheral blood identified a tumor-specific Treg gene expression signature (50–52). Some of these signature genes (e.g., CTLA4, GITR, CCR4) are likewise present on peripheral Tregs, whereas their expression is increased in tumor-infiltrating Tregs. Other tumor-specific Treg signature genes (e.g., CCR8, FCRL3, IL1R2) are exclusively expressed on tumor-infiltrating Tregs and absent in their peripheral counterparts. However, the functional consequence of this gene signature in tumor-infiltrating Tregs remains to be determined.

Checkpoint inhibitors have taken center stage in cancer immunotherapy research, since they block signaling through immune inhibitory molecules, especially programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA4) (53, 54). Many tumors promote immune evasion by expression of PD-L1, a ligand for PD-1, which is in turn expressed on activated T cells. The engagement of PD-1 by PD-L1 is highly immunosuppressive and leads to T cell anergy and apoptosis. Accordingly, blocking PD-1/PD-L1 signaling has shown great efficacy in various cancers, however in a large proportion of patients PD-1/PD-L1 blockade shows limited success, highlighting the importance of understanding underlying mechanisms of checkpoint inhibitor blockade as well as defining biomarkers to predict treatment success (39). In addition to effector T cells, PD-1 is likewise expressed on Tregs and multiple studies indicate, that PD-1 blockade can increase Treg proliferation and suppression, which could account for the differences in treatment outcome (53). In this regard, the ratio of PD-1+CD8+T cells/PD-1+Tregs in the tumor microenvironment can predict the efficacy of PD-1 blocking therapy (39). While PD-1 blockade has been studied extensively in HIS mice, only few studies investigated the specific effect on Tregs. In line with highly variable treatment outcomes in patients, two studies did not observe changes in tumor-infiltrating Treg frequencies (11, 38), while one study using a combination of anti-PD-1 antibody and CD137 antibody therapies reported an increase in CD8/Treg ratio in tumors of HIS mice xenotransplanted with gastric carcinoma and engrafted with autologous PBMCs from the same donor (55). These studies highlight the strength of personalized HIS mice using xenotransplanted tumors and autologous immune cells for the assessment of treatment outcome.

The identification of tumor-related Treg signature genes is an important step toward more specific targeting of tumor Tregs without affecting the peripheral Treg pool which could potentially lead to autoimmune reactions. CTLA4 mediated tolerization of antigen-presenting cells is an important mechanism of suppression by Tregs. Importantly, CTLA4 blockade has been studied extensively as checkpoint inhibitor in cancer immunotherapy, since CTLA4 is often upregulated by tumor cells for immune evasion (54). However, the anti-tumor effects of anti-CTLA4 treatment largely rely on the antibody-dependent cellular cytotoxicity (ADCC) mediated depletion of tumor-infiltrating Tregs (56, 57). Here, HIS mice offer an important advantage over classical non-humanized mouse models in the pre-clinical assessment of depleting antibodies. ADCC relies on the interaction of the human IgG Fc region on depleting antibodies with human immune cells and can therefore be studied accurately only in the presence of these cells (58, 59). Anti-CTLA4 antibodies were used to successfully deplete Tregs in fetal liver engrafted HIS mice treated with low-dose IL2 to demonstrate that critical side effects and toxicity of high-dose IL2 treatment are largely dependent on the depletion of Tregs (40). This study highlights the usefulness of HIS mice to study not only treatment efficacy, but also critical side effects of cancer immunotherapy.

Like CTLA4 the chemokine receptor type 4 (CCR4), albeit being expressed on peripheral Tregs, is further upregulated on tumor-infiltrating Tregs, while additionally being expressed on different types of cancer cells. To test anti-CCR4 treatment in a pre-clinical setting, a humanized mouse model for lymphoma based on CCR4+ lymphoma bearing NOG mice reconstituted with human PBMCs was used (60). The treatment with an anti-CCR4 antibody induced robust ADCC leading to reduced tumor mass, accompanied by decreased Treg frequencies in the tumor (60). The latter finding suggests that anti-CCR4 treatment might be more generally applicable also to CCR4-negative tumors, by targeting tumor-infiltrating Tregs. Accordingly, a Phase Ia clinical trial demonstrated efficient Treg depletion by an anti-CCR4 antibody in patients with CCR4-negative solid tumors resulting in stable disease in half of the patients 12 weeks after treatment start (61). However, CCR4 is likewise expressed on peripheral Tregs, albeit at lower levels, leading to the simultaneous depletion of peripheral Tregs by anti-CCR4 treatment. Tumor cells and cells in the tumor microenvironment secrete high amounts of CCL22, a ligand for CCR4, in various cancers (32, 62, 63). Therefore, small molecule CCR4 antagonists might be a safer alternative to block Treg migration to the tumor microenvironment without Treg depletion.

An alternative to Treg depletion is the manipulation of their functional properties. In this regard, glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR) has been studied extensively as a target for cancer immunotherapies. GITR is a coreceptor, which is expressed at low levels on naïve CD4 and CD8 T cells and is upregulated upon activation with Foxp3+Tregs harboring the highest levels of GITR (64, 65). Importantly, targeting GITR for cancer immunotherapy became of interest with the discovery that an agonist anti-GITR antibody could break self-tolerance in mice by making effector T cells resistant to Treg suppression (66). Accordingly, anti-GITR antibody treatment could induce strong anti-tumor immunity in mice (67–69). While these studies demonstrated that the anti-GITR antibody acts mainly by enhancing effector T cell frequencies through avoidance of Treg mediated suppression, the exact mechanism remains unclear. In addition to rendering effector T cells resistant to Treg mediated suppression, agonist anti-GITR treatment was suggested to likewise enhance the effector T cell: Treg ratio in the tumor (67, 70). This change was attributed to the agonist anti-GITR antibody rendering Tregs unstable, causing them to lose Foxp3 expression (67), or to Treg depletion (70) in different studies. In NSG mice reconstituted with human hCD34+HSCs and grafted with melanoma tumors the treatment increased the effector T cell: Treg ratio in the spleen and the tumor, while remaining tumor-infiltrating Tregs showed reduced expression of activation markers such as ICOS (70). Overall, although the treatment was not able to clear the tumor completely, treated mice exhibited significantly reduced tumor growth (70). The exact mechanisms leading to the enhanced effector T cell: Treg ratio in this particular study remain to be defined. The loss of activation markers such as ICOS observed in the anti-GITR study in HIS mice could indicate that, in addition to Treg depletion, remaining Tregs are rendered phenotypically unstable by the treatment.

Destabilization of Tregs is a promising approach for Treg-based immunotherapy and mechanisms of Treg destabilization have been studied in the setting of autoimmune diseases. Treg stability is mainly mediated by epigenetic mechanisms, most importantly the demethylation of the conserved non-coding sequence 2 (CNS2) in the Foxp3 locus (71). We were able to show that microRNA (miRNA) 142-3p contributes to Treg instability during progression of Type 1 Diabetes (T1D) by targeting TET2, a molecule that can actively demethylate DNA (37, 72, 73). MiRNAs are small non-coding RNAs that can sequence-specifically inhibit their target mRNAs, thereby regulating complex cellular states, such as T cell activation, which makes them important targets for immunotherapy (74). Importantly, miRNA modulation has been studied extensively in the setting of autoimmunity and infection. Accordingly, a miR122 inhibitor is currently being tested in clinical trials for hepatitis C virus (HCV) infections, highlighting the feasibility of targeting miRNAs for immune modulation in human diseases (75). Regarding miRNA modulation for Treg targeting, we used NSG mice reconstituted with PBMCs and were able to demonstrate that the blockade of miRNAs that impact Treg induction or stability in vivo enhances human Treg frequencies both in the periphery and in the pancreas (36, 37, 76). Lessons learned from the autoimmune setting could be used for cancer immunotherapy. Enhancing the function of these miRNAs using miRNA mimics could induce immune responses against cancer cells by reducing Treg-mediated suppression mechanisms. Importantly, miRNAs that induce autoimmunity when overexpressed in lymphocytes, can still have tumor-promoting properties because of their expression in other cell types (e.g., miR17~92 cluster) (77, 78). Therefore, the implementation of miRNA modulation for immune targeting in cancer therapy relies on the development of targeted approaches that allow the modulation of these miRNAs specifically in immune cells or even specific subsets. Importantly, miRNA delivery systems are currently intensively studied [reviewed in (79)], as miRNA instability and degradation still hinder the development of a successful system. To improve the delivery of miRNAs in a preclinical setting that also enables the testing of drug safety and efficiency, HIS mouse models offer a suitable platform prior the translation to humans.



OUTLOOK AND CONCLUSIONS

The perpetual improvements of HIS mouse models have enabled the design of personalized immunotherapies for various diseases including cancer and the evaluation of their efficacy prior to the translation to the human setting. Using patient-specific HIS mice will enable us to better understand the heterogeneity of immune responses and advance the development of novel personalized immunotherapies for the treatment of cancer. Even though still in its infancy, the use of iPSC-derived HSCs for engraftment could be an important step toward personalized HIS models.

Additionally, the immunosuppressive tumor microenvironment influences antitumor responses and the efficiency of cancer immunotherapies. Targeting Tregs has therefore become an important tool in cancer immunotherapy and has been studied extensively in murine models. In order to target Tregs most efficiently in human diseases the development of novel models depicting the immune reaction of the human disease is pivotal. HIS mouse models offer the opportunity to study the interaction of human immune cells, including Tregs, with human tumors directly in vivo.

Overall, current advances in establishing a “truly” humanized mouse model for the development of immunotherapies and drug delivery systems will guide personalized medicine approaches further to the translation to the clinic.
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Since the late 1980s, mice have been repopulated with human hematopoietic cells to study the fundamental biology of human hematopoiesis and immunity, as well as a broad range of human diseases in vivo. Multiple mouse recipient strains have been developed and protocols optimized to efficiently generate these “humanized” mice. Here, we review three guiding principles that have been applied to the development of the currently available models: (1) establishing tolerance of the mouse host for the human graft; (2) opening hematopoietic niches so that they can be occupied by human cells; and (3) providing necessary support for human hematopoiesis. We then discuss four remaining challenges: (1) human hematopoietic lineages that poorly develop in mice; (2) limited antigen-specific adaptive immunity; (3) absent tolerance of the human immune system for its mouse host; and (4) sub-functional interactions between human immune effectors and target mouse tissues. While major advances are still needed, the current models can already be used to answer specific, clinically-relevant questions and hopefully inform the development of new, life-saving therapies.
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INTRODUCTION

Biomedical research aims to provide a platform for the development and testing of new therapies that can reduce human suffering and deaths. In vitro studies using human cells or organoids are useful, but animal models can better elucidate the fundamental principles of complex biological processes in mammals. In particular, laboratory mice are often the model organism of choice, as their small size and short generation time enable extensive genetic engineering and invasive experimentation. Many fundamental characteristics of hematopoietic and immune systems are shared across mice and humans. However, with 91 million years of divergent evolution, differences exist and results from murine studies cannot always be directly translated into clinical applications, driving the development of experimental murine platforms that faithfully model human physiology and diseases. Specifically, mice can be transplanted with a human hemato-lymphoid system (1). Such “humanized mice” (Box 1) have been increasingly used since the late 1980s, and have contributed to major breakthroughs in several research fields, including human hematopoiesis (2), hematologic malignancies (3), and immunity to human-tropic pathogens (4, 5). Successful generation of humanized mice requires: (i) a source of human donor hematopoietic cells, (ii) an effective transplantation protocol, and (iii) an appropriate recipient mouse strain.


Box 1. What is a humanized mouse?

The Wikipedia definition of a humanized mouse is “a mouse carrying functioning human genes, cells, tissues, and/or organs.” This review focuses on mice transplanted with human hematopoietic cells, colloquially referred to as “humanized mice” (6, 7). When used to study immune responses, such mice are better designated as “human(ized) immune system” (HIS) mice (5, 8, 9). However, not all hematopoietic cells contribute to the immune response, and “human(ized) hemato-lymphoid system” (HHLS) mice is a more encompassing term, particularly when human CD34+ HSPCs are transplanted (1, 10, 11).

Many models combine multiple characteristics listed in the definition of humanized mice. In addition to human hematopoietic cell transplantation, diverse human tissues or tumors can be co-transplanted and the genome of the recipient mouse can be engineered to contain human genes.


Human peripheral blood mononuclear cells (PBMCs) can be used as a source of hematopoietic cells for transplantation, but their engraftment favors T cell maintenance, resulting in an incomplete human immune system (7, 12). In contrast, hematopoietic stem and progenitor cells (HSPCs), enriched in the CD34+ cell fraction, give rise to all human hematopoietic lineages upon transplantation in mice (7, 13). Human CD34+ HSPCs can be obtained from different sources. Fetal CD34+ cells, abundant in the liver, very efficiently engraft and undergo multilineage differentiation upon transplantation in mice, but ethical concerns limit access to fetal tissues (14). Other sources of CD34+ cells, such as cord blood, bone marrow (BM) or peripheral blood following granulocyte colony-stimulating factor (G-CSF) mobilization, are more accessible with fewer ethical concerns. However, their stemness declines with the age of the donor (15, 16), resulting in lower engraftment potential (17, 18). Of note, donor cells can be obtained from patients affected by diverse hematopoietic diseases, thereby providing small animal models of human diseases including genetic immune disorders or hematological malignancies (3, 19).

Human hematopoietic cells can be transplanted by systemic intravenous delivery or by orthotopic injection into a site of primary hematopoiesis. In adult mice, hematopoietic cells can be implanted in the BM niche by intrafemoral injection (20). Intrahepatic injection has also become a common route of CD34+ cell implantation in newborn mice; the liver is a site of primary hematopoiesis during embryonic life and continues to be for several days after birth, until the hematopoietic niche is established in the BM and the mouse host naturally supports the expansion and multilineage differentiation of the hematopoietic system (21) (Figure 1).


[image: Figure 1]
FIGURE 1. Protocols commonly used for the generation of humanized mice.


The array of recipient mice for hematopoietic humanization has expanded over the past few decades, with advances in mouse genome engineering. This review focuses on these developments, highlighting the genetic engineering of the host, as well as the co-transplantation of human tissues to support human hematopoiesis. We first discuss three guiding principles that have been employed for the development of the currently available recipient mice (Figure 2): (i) preventing rejection of the human graft by the mouse immune system, (ii) opening the niche to make it accessible to human hematopoietic cells, and (iii) supporting human hematopoiesis in the mouse. We then consider how these principles are being applied to the development of newer mouse strains, aiming to resolve four remaining major challenges: (i) the development and function of missing human hematopoietic lineages, (ii) efficient and durable antigen-specific adaptive immunity, (iii) tolerance of the engrafted human immune system for the mouse host and (iv) functional cross-reactivity between the human graft and target tissues.
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FIGURE 2. Fundamental principles of mouse humanization and remaining challenges.




PRINCIPLE #1: PREVENTING REJECTION OF THE HUMAN GRAFT

The field of humanized mice was launched in the late 1980s, a few years after the discovery of mice with severe combined immunodeficiency (SCID). Prkdcscid (protein kinase, DNA activated, catalytic polypeptide; severe combined immunodeficiency) is a spontaneous mutation identified in a colony of C.B-17 mice (22). The functional inactivation of the PRKDC enzyme in SCID mice leads to defective DNA repair and repair-dependent somatic V(D)J recombination of B and T cell receptor-encoding genes (23). As a result, lymphocyte development is arrested at an early stage and mature B and T lymphocytes are absent in SCID mice. Taking advantage of the severe immunodeficiency of these animals, several groups successfully transplanted human PBMCs (12), human BM cells (24), human fetal tissues (25) or human HSPCs (26) in SCID (12, 25, 26) or equivalent recipient mice (24). Coinciding with the early years of the HIV-1/AIDS epidemic, these pioneering models provided a much-needed tool for in vivo studies of HIV-1 infection (27–29). Recipient mouse strains have since undergone numerous iterative improvements, and this historical perspective has been comprehensively reviewed previously [e.g., (6)]. The most notable modifications include further preventing rejection of the human graft, through the elimination of endogenous natural killer (NK) cells and the induction of phagocytic tolerance, as discussed below.

NK cells are lymphoid cells that eliminate cells lacking major histocompatibility complex class I (MHC-I) molecules (30). Engrafted human cells express human MHC-I molecules that are not recognized by mouse NK cells. Therefore, depletion of mouse NK cells is essential, to prevent them from recognizing and eliminating the graft as “missing self.” The interleukin-2 receptor γ chain (IL-2Rγ, encoded by Il2rg) is shared by multiple cytokines of the IL-2 family, including IL-15 that is essential for NK cell development (31). Consequently, Il2rg deficiency eliminates host NK cells and improves human hematopoietic cell engraftment in immunodeficient recipient mice (21, 32–35).

Transplanted human cells are also rejected through phagocytosis by mouse cells, such as monocytes and macrophages. Because phagocytes are essential for normal development and physiology, they cannot be easily depleted genetically without affecting mouse health and survival (36, 37). An alternative strategy is to alter their functional properties, by inducing phagocytic tolerance through the signal regulatory protein alpha (SIRPα) and CD47 axis (38). The polymorphic Sirpa gene in the non-obese diabetic (NOD) mouse strain encodes a variant of the SIRPα receptor that cross-reacts with the human CD47 ligand. As a result, human cells transplanted in NOD mice can engage the CD47/SIRPα “don't eat me” signal and are protected from phagocytosis by mouse macrophages (39). Consequently, backcrossing the scid mutation, and later the Il2rg deficiency, onto the NOD background significantly increased the efficiency of human cell transplantation (33–35, 40, 41). The resulting strains, NOD SCID Il2rg−/− (NOG and NSG), became very popular as they combine T, B and NK cell deficiencies with SIRPα-mediated phagocytic tolerance (33–35), but multiple other strains are functionally equivalent. These different strains abrogate V(D)J recombination [Prkdcscid mutation (12, 25), or deletion of recombination activating gene (RAG)-1 or RAG-2 (21, 32, 42)] and IL-2Rγ [Il2rg gene deletion or truncation (21, 32–35)]. SIRPα/CD47-dependent cross-species tolerance can be achieved by expressing the mouse SirpaNOD variant (43, 44) or human SIRPA (45–47), or by employing a Cd47 deficiency that produces tolerance by an unknown mechanism (48, 49). These strains are on diverse genetic backgrounds (NOD, BALB/c, C57BL/6), and are known by distinct acronyms, listed in Table 1. Upon transplantation of human CD34+ HSPCs, all of these strains support the differentiation of high levels of human CD45+ cells, reaching about 80% engraftment in the BM and 50% in the periphery. However, immune cell differentiation is disproportionately skewed toward the B and T lymphoid lineages (33, 35, 45). Human myelo-monocytic and NK cells are present only at low frequencies (50, 51), and human circulating red blood cells and platelets are barely detectable (52, 53). Investigators should carefully select the background strain they use, based on their research question, as the specific strain can impact the outcome of experiments. For example, SCID mice are highly susceptible to DNA damage; therefore RAG-deficient mice are the preferred recipient strain when testing chemo- and radiotherapies (42, 54). For studies involving complement-dependent cytotoxicity, the C57BL/6 or BALB/c backgrounds should be preferred, since NOD mice lack hemolytic complement C5 (41, 44).


Table 1. List of immunodeficient mice used as recipients for transplantation of human hemato-lymphoid system.
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PRINCIPLE #2: OPENING THE NICHE

Hematopoiesis is a complex and tightly regulated process during which hematopoietic progenitors undergo expansion and multilineage differentiation (2, 13). This process occurs primarily in the BM that uniquely provides supporting factors, such as cytokines at local physiological concentrations, and also provides a distinct microenvironment for developing cells (55). Accessibility of the transplanted human CD34+ HSPCs to this niche is required for efficient engraftment in the mouse host. Reducing cellularity in the mouse BM creates the needed physical space, described as “opening the niche.” Traditional protocols rely on irradiation as a preconditioning regimen (56–60), typically achieved using sub-lethal X-ray or 137Cs irradiation to kill most hematopoietic cells while limiting toxicity. When no irradiator is available, alternative pre-conditioning protocols can be used, such as the myeloablative drug busulfan (61–63).

Recently, the requirement for radiation preconditioning has been alleviated with recipient mice engineered to have a less populated BM niche, thereby achieving a form of “genetic preconditioning.” An example is provided by the KitW41 mutation, in an NSG-derived mouse strain known as NSGW41 (64) (Table 2). The receptor tyrosine kinase Kit (also known as c-Kit or CD117, encoded by the Kit gene) is the receptor for the cytokine stem cell factor (or SCF, also known as steel factor or Kit ligand). SCF increases HSPC retention in the BM niche by increasing their adhesion to neighboring stromal cells and proteins in the extracellular matrix (75). The KitW41 allelic variant encodes a protein with partially impaired kinase activity (76–78), producing functionally defective hematopoietic stem cells in KitW41/W41 mutant mice. In addition, because SCF is conserved between species [over 82% amino acid identity between mouse and human (1)], mouse SCF cross-reacts on the corresponding human Kit receptor. Consequently, when transplanted into NSGW41 mice, human HSPCs find a partially open BM niche and effectively compete for SCF against the mouse HSPCs that express the impaired Kit receptor. The impact of the KitW41/W41 mutation on mouse humanization is threefold: human CD34+ HSPCs efficiently engraft without radiation preconditioning; even without radiation, engraftment levels in NSGW41 are higher than in irradiated NSG recipients; and better maintenance of functional human HSPCs favors their multilineage differentiation, including into the erythro-megakaryocytic lineage (64, 79).


Table 2. List of genetically engineered mice, in the order discussed in this review.
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Other genes can be inactivated to open the BM niche. Thpo encodes the cytokine, thrombopoietin, which is essential for the maintenance of quiescent and self-renewing HSPCs (80–83). Mouse Thpo gene inactivation reduces frequencies of mouse HSPCs, thereby opening the niche for transplanted human HSPCs (65). The concept of genetic preconditioning also applies to non-HSPC cell types, and to niches other than the BM. Fms-like tyrosine kinase 3 (Flt-3) ligand is essential to the differentiation of dendritic cells (DCs) (84–87), while granulocyte-macrophage colony stimulating factor (GM-CSF) is required for the maturation of lung alveolar macrophages (AM) (88–90). Genetic inactivation of Flt3 (encoding the receptor for Flt-3 ligand) or of Csf2 (encoding GM-CSF) eliminates mouse DCs or AMs, respectively, thereby opening the niche for the development of the corresponding human cell lineages (66, 67). In these three cases (Thpo, Ftl3, or Csf2 gene deficiencies), the elimination of mouse cell populations was supplemented with provision of the corresponding human cytokines (65–67), as discussed next.



PRINCIPLE #3: SUPPORTING THE DEVELOPMENT OF ENGRAFTED HUMAN CELLS

The spatial microenvironment of the BM niche includes diverse cell types, including endothelial cells and mesenchymal stromal/stem cells (MSCs) that are known to release cytokines, signaling mediators and growth factors, such as SCF, IL-3, IL-6, THPO, and GM-CSF (91–93). These molecules are important for the maintenance of human HSPCs and their differentiation into all hematopoietic and immune cell lineages (1, 2). Some of the cytokines supporting hematopoiesis are poorly conserved (e.g., 29% amino acid identity between human and mouse IL-3) and do not cross-react from mouse to human, while others are highly conserved and largely cross-reactive (e.g., SCF) (1). However, even when amino acid identity is high, cross-reactivity of cytokines is not always complete in local microenvironments at physiological concentrations. To account for this incomplete cross-reactivity, various protocols were developed to promote the differentiation of a more complete human immune system upon human CD34+ cell transplantation in mice.


Exogenous Cytokine Administration

The simplest method of supplying graft-supporting factors is the repeated injection of recombinant human cytokines. This approach was used in an early-generation SCID model and the injection of cytokines, including human SCF, IL-3, and GM-CSF, supported enhanced engraftment levels of human BM cells as well as their myeloid differentiation (26). Because human NK cell differentiation is limited in mice, humanized BRG mice were treated with recombinant human IL-15 coupled to IL-15Rα, which is an essential growth factor for NK cell development and homeostasis. This treatment resulted in a significant increase in the differentiation and homeostasis of human NK cells in mice transplanted with human CD34+ cells (94).

A second cytokine delivery approach relies on hydrodynamic injection of a human cytokine-encoding DNA plasmid, resulting in the in vivo “transfection” of hepatocytes. In turn, hepatocytes produce high levels of the encoded cytokine and release it into the circulation for up to 5 days (95, 96). This method was used to demonstrate that human cytokines, such as GM-CSF and M-CSF, support myeloid differentiation of human CD34+ cells in NSG mice, while IL-15 and Flt-3 ligand supported NK cell differentiation (96, 97).

The administration of human cytokines can be combined with genetic opening of the niche. In BRGF mice, which lack the Flt3 gene, injection of human recombinant Flt-3 ligand boosts the development of human dendritic cells, in the absence of mouse dendritic cells (66).

Recombinant cytokine injection and hydrodynamic plasmid delivery are easy to implement, irrespective of the recipient mouse and protocol of human cell transplantation used. However, they both result in transient, systemic and generally supra-physiological cytokine expression.



Genetic Engineering of Human Cytokine Expression

To circumvent the requirement for repeated cytokine administrations, the genome of the recipient mouse can be engineered to express human cytokines (Table 2). The initial method relied on transgenic overexpression of a human cytokine-encoding cDNA, under the control of a strong promoter. Such transgenic mice are still in use, based on NSG or similar genetic backgrounds. However, results obtained with these mice need to be interpreted cautiously as the systemic overexpression of human cytokines frequently results in non-physiological hematopoiesis. For example, the transgenic pCMV promoter-driven overexpression of human SCF, GM-CSF, and IL-3 results in the mobilization of CD34+ HSPCs in the NSG-SGM3 mouse and the loss of their functional properties (68). As a consequence, although high-level human hematopoietic engraftment is achieved in NSG-SGM3 mice, hematopoietic progenitors lose their stemness and long-term hematopoiesis is deficient, as demonstrated by their inability to serially engraft (18, 69). Nevertheless, transgenic overexpression of cytokines can support the development of specific cell lineages and provide useful models to study those cells. In NSG-SGM3, the overexpression of human SCF results in the development of abundant and functional human mast cells, which are effective in models of passive cutaneous and systemic anaphylaxis (98). Similarly, human IL-15 overexpression in NOG mice supports the maintenance and function of human NK cells isolated from human peripheral blood (99, 100). Such models can provide useful experimental systems to evaluate the effect of candidate drugs on specific human immune cell populations.

More physiological expression of human cytokines can be achieved by bacterial artificial chromosome (referred to as “BAC”) transgenesis, inserting an entire human gene, including its regulatory elements, into the mouse genome. This method has been used to express human IL-6 and human IL-7 in NSG mice (101, 102). In another strategy, the mouse gene can be eliminated and corresponding human gene inserted in its place, including introns and exons from the start to the stop codon (Figure 3A) (103). This knock-in strategy has been used for a number of cytokine-encoding genes, including Csf1, Csf2, Il3, Il6, Il15, and Thpo (46, 65, 67, 72, 104). A slightly different approach was used for replacement of the Il7, Il15, and Tnfsf13b genes, through insertion of a human cDNA in frame with the start codon of the corresponding mouse gene, followed by a poly-adenylation signal (Figure 3B) (101, 105).
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FIGURE 3. Methods of knock-in gene humanization by (A) gene replacement or (B) cDNA insertion.


Because of its role in supporting NK cell development, human IL-15 is highly featured in the humanized mouse literature, and it has been delivered to recipient mice by each of the methods described above (46, 94, 96, 99, 101). Since these approaches have been reported by different groups, their direct comparison and the evaluation of respective merits and limitations are difficult. However, the SRG-15 recipient mouse stands out as a definitive solution to the limited development of human NK cells in humanized mice, owing to its simplicity of use (no cytokine administration is needed), the physiological expression of the cytokine by knock-in gene replacement, the comprehensive phenotypic comparison to human peripheral blood cells and rigorous functional in vivo characterization (46).

In addition to expressing a human cytokine, knock-in gene replacement abrogates expression of the corresponding mouse cytokine (Figure 3). If the human cytokine is not fully cross-reactive, this can result in the absence of the cytokine-dependent mouse cell population and niche opening (103). This is best illustrated in the case of GM-CSF (encoded by Csf2/CSF2), where only 56% of amino acids are shared between human and mouse (1, 67). In mice with homozygous humanization of the Csf2 locus, the absence of mouse GM-CSF induces alveolar macrophage deficiency in the lung and a resulting pathology described as pulmonary alveolar proteinosis (67), recapitulating the phenotype of Csf2 knockout mice (88–90). Upon human CD34+ cell transplantation, human GM-CSF supports the development of human alveolar macrophages and partial rescue of the proteinosis pathology (67).

Importantly, because hematopoiesis is a stepwise process in which stem cells gradually differentiate toward more committed progenitors and multiple lineages of mature cells (1, 2), humanization of several cytokines is required to support the maintenance and multilineage differentiation of human HSPCs. This is exemplified in the MISTRG mouse in which M-CSF, IL-3, GM-CSF and THPO are humanized by knock-in replacement, on the SRG genetic background (17, 71). Niche opening and four human cytokines synergize to support the engraftment of human CD34+ cells without radiation preconditioning (17, 18). The long-term maintenance of functional HSPCs is demonstrated by their serial transplantation for up to four generations of MISTRG recipients (18). These mice also support multilineage differentiation of human B, T and dendritic cells (similarly to NSG mice) as well as different subsets of functional myelo-monocytic cells in lymphoid and non-lymphoid tissues (17, 18). The myelo-monocytic cells themselves express human IL-15/IL-15Rα, which in turn supports the development and function of human NK cells (17). Overall, MISTRG mice emphasize the benefits of combining multiple strategies for the provision of human cytokines in the development of improved recipient mice by: niche opening by elimination of the corresponding mouse cytokines; physiological expression of each cytokine; synergy between multiple cytokines; and, indirectly, cross-support between different human immune cell lineages.



Co-transplantation of Supporting Human Cells or Tissues

Although providing specific cytokines can be effective, it would be a long and arduous journey to humanize the entire spectrum of hematopoiesis-supporting cytokines (and possibly other required factors). Therefore, co-transplantation of supporting human cells or tissues, naturally found in the BM niche or in other primary lymphoid organs, can be used to provide all required factors and more fully recapitulate human hematopoietic development and homeostasis.

A well-established protocol of such co-transplantation is the BM, liver, thymus (BLT) humanized mouse model (106, 107). BLT mice are generated by co-transplanting human fetal liver and thymus under the murine renal capsule in preconditioned adult immunodeficient mice, before injecting syngeneic CD34+ HSPCs intravenously. The liver and thymus implants form a liver-thymus organoid that contains stromal microenvironments and provides cytokines at local physiological concentrations, requisite for the differentiation of functional B, T, and NK cells, dendritic cells and monocytes/macrophages, as well as long-term maintenance of human hematopoiesis and lymphopoiesis (106–108). Because human T cells develop in the context of thymic epithelial cells, the human thymus organoid contains significantly higher absolute numbers of thymocytes, compared to mouse thymus (109) and a repertoire of immunocompetent human leukocyte antigen (HLA) class I- and class II-restricted T lymphocytes is selected (106, 107, 110). The immune cell distribution in BLT humanized mice is well-described for both primary and secondary lymphoid organs, including BM, human and mouse thymus, intestines (lamina propria), mesenteric lymph nodes, vaginal tissues, liver and lungs (106, 107, 109, 111–113). Although the BLT protocol was first described using the NOD-SCID background (106, 107), this technique can be applied to any recipient mouse, and has been used successfully in NSG (109, 113), NSG-SGM3 (98), and B6RG-CD47 (48) mice. Thus, investigators can use the BLT protocol to enhance human T cell development in a mouse strain with immune characteristics that are appropriate for their study.

Intravenous or intrafemoral co-transplantation of human BM-derived MSCs along with CD34+ cord blood cells is another strategy to improve engraftment of CD34+ and CD45+ cells in immunodeficient mice (114–117). Overall, co-transplantation of the BM-derived MSCs into humanized mice can improve human HSPC maintenance and expansion, and improve reconstitution of the human hemato-lymphoid system in humanized mice. Furthermore, recent studies have used genetically engineered MSCs to deliver additional human factors to support human hematopoiesis, or to facilitate the expansion and maintenance of HSPCs to allow serial transplantation and generation of larger quantities of humanized mice (118, 119).

Recent studies have used human bone organoid (ossicles) as a method to add human BM microenvironment for engrafted HSPCs to occupy (120, 121). Ossicles are often generated by seeding 3D polymer scaffolds with human BM-derived MSCs. These are then implanted subcutaneously into NSG mice and become colonized with subsequently injected human HSPCs, enabling their expansion and differentiation (122–128). Humanized ossicles contain increased human immature and mature hematopoietic cells as compared to the bones of host mice implanted with only human CD34+ cells, indicating homing of HSPCs (122, 128). Additionally, self-renewing HSPCs from humanized ossicles can reconstitute hematopoiesis in secondary recipient mice, demonstrating maintenance of their functional properties (129). Most importantly, high engraftment levels of hCD45+ cells were measured in the blood, spleen and mouse bone (130, 131). High numbers of human erythroid lineage cells and robust differentiation of mature myeloid cells were also detected (132).

With the development of MISTRG and MISTRG6 mouse strains that express essential human cytokines, and protocols for co-transplantation of human fetal bone chips or ossicles, major progress has been made in transplanting patient-derived hematologic malignancies into humanized BM niches. Samples from patients with myelodysplastic syndromes, myeloproliferative neoplasms, low risk acute myeloid leukemia, diffuse large B cell lymphoma or multiple myeloma have been successfully engrafted, using diverse recipient mice and protocols (72, 123, 125, 133–136).




FUTURE CHALLENGE #1: THE MISSING LINEAGES

Provision of specific human cytokines significantly improved the development, homeostasis and function of human NK cells and myelo-monocytic cells in humanized mice. But several lineages remain defective. For example, human neutrophils are generally present in the BM of humanized mice, but their frequency is negligible in the periphery (50). Cytokine overexpression in NSG-SGM3 mice increases the frequency of granulocytic CD33+ cells in the BM and the periphery (18, 69, 70), but these cells display the morphology and cell surface phenotype of immature cells (18). Human cytokine knock-in MISTRG mice also do not have improved mature neutrophil numbers in the periphery (17, 18). Therefore, the differentiation, egress, maturation and/or survival of human neutrophils likely requires additional factors.

Human red blood cells (RBCs) and platelets are probably the most challenging hematopoietic cells to develop in mice. They illustrate that additional strategies, beyond the provision of human cytokines, will likely be needed to support the complete spectrum of human hematopoietic lineages in mice. In the BM of humanized NSG mice, human erythroid (CD235a+) and megakaryocytic (CD41+CD61+) progenitors are extremely rare. Their frequency is increased by at least an order of magnitude in NSGW41 and MISTRG recipient mice but surprisingly, overexpression of human erythropoietin (EPO) did not further improve human erythropoiesis (79, 133). The increase in genetically preconditioned mice is likely due to the better competition of human progenitors against mouse progenitors in the open hematopoietic niche, and/or support from knocked-in human factors. However, erythropoiesis is arrested at an immature (CD71+ CD235a+) stage. As a result, few mature CD71−CD235a+ human reticulocytes are detectable in the BM and human RBCs rarely exceed 1% in peripheral blood (79).

Several lines of evidence demonstrate that this deficiency is due to a developmental defect as well as impaired survival. Indeed, human RBCs are highly susceptible to destruction in mice. Expression of human SIRPα in BRG mice, or depletion of macrophages by clodronate treatment in NOD SCID mice, extends the lifespan of adoptively transferred human RBCs (45). However, in both cases, the half-life of human RBCs does not exceed ~16 h, which is much shorter than the 10–20-days half-life of mouse RBCs in similar transfer experiments (137). Accordingly, clodronate treatment results in significant but transient and incomplete increase in human RBCs and platelets in mice humanized by CD34+ cell transplantation (52, 53, 79). In those conditions, injection of the human cytokines, IL-3 and EPO, promotes an increase in peripheral RBC counts (52). But, because clodronate targets both mouse and human cells, the treatment results in a humanized mouse entirely lacking human phagocytic cells, which limits the applicability of the model for studies of human immunity.

Therefore, the entire panel of mechanisms limiting the half-life of human RBCs and platelets in mice will need to be identified and resolved. In addition, the adequate combination of human cytokines will have to be provided, to enable the mice to live with primarily human platelets and RBCs. Such a model would be highly useful for studying diseases caused by pathogens with exclusive tropism for human RBCs [e.g., malaria caused by Plasmodium falciparum (138)] or diseases in which platelets contribute to pathogenesis [e.g., dengue fever, autoimmune thrombocytopenia (139, 140)]. In the meantime, current models (such as MISTRG) have already demonstrated their utility for modeling the early BM stages of human erythropoiesis and thrombopoiesis, as well as for studying drug responses in pathologies, including myelodysplastic syndromes and myeloproliferative neoplasms (133, 134).



FUTURE CHALLENGE #2: ADAPTIVE IMMUNITY

As a result of advances discussed above, we now have humanized mice in which both cellular and humoral adaptive immune responses can be elicited. However, these responses are largely modest in magnitude, quality and duration, as outlined below.


Antigen-Specific Adaptive Immunity

Humanized mice generated by transplantation of CD34+ cells, or following the BLT protocol, can mount antigen-specific adaptive immune responses (21, 107, 141, 142). Evidence of protective immunity, capable of controlling pathogen replication and resulting disease, was provided in the context of Epstein-Barr virus (EBV), dengue virus (DENV), and human immunodeficiency virus-1 (HIV-1) infection. Indeed, in CD34+-humanized NSG mice, antibody-mediated depletion of T cells led to the development of EBV-associated tumors, suggesting that T cell-mediated immunity can control EBV infection in this setting (143). Robust CD4+ and CD8+ T cell responses were also detected after DENV and HIV-1 infection. Notably, in HIV-1-infected BLT mice, CD8+ T cell responses were HLA-restricted and directed against epitopes previously described as immunogenic in humans. Furthermore, CD8+ T cell-mediated viral recognition led to viral epitope evolution, closely resembling clinical observations (142).

Despite having detectable anti-viral T cells, CD34+-humanized and BLT mice generally exhibit weak humoral responses after viral infection (144, 145). While neutralizing antibodies were detected in a subset of DENV-infected mice, in both CD34+-only and BLT humanized mice, the anti-EBV or anti-HIV-1 antibody responses were either weak, equivocal or delayed (111, 141). This was also the case in humanized MISTRG mice, where enhanced innate immune cell engraftment led to improved T cell function after Listeria monocytogenes infection, but humoral immunity remained weak (17). Across these models, immunoglobulin class-switching and somatic hypermutation are rarely achieved, likely because most B cells fail to reach a fully mature phenotype in the periphery, T cell repertoire is selected on mouse and human MHC and is suboptimal, and recipient mice have disorganized lymph nodes and little capacity for germinal center formation (146).

While human B cells are detectable in high frequencies in humanized mice, most exhibit an immature phenotype, and remain blocked at the transitional stage of B cell development (1, 146). Since immature B cells have a reduced capacity to respond to antigen (147), several groups sought to improve B cell maturation and by extension, their function by knocking-in human cytokines that are known to support B cell development. Surprisingly, human B cell activation factor (BAFF, encoded by TNFSF13B) knock-in resulted in reduced numbers of mature naïve B cells, and reduced antibody production after immunization (105). Human IL-7 knock-in had no effect on B cell numbers and any effect on B cell function remains to be determined (101). In contrast, human IL-6 positively impacted B cell differentiation into plasmablasts and memory cells after immunization with model antigen, and promoted somatic hypermutation and class switching, albeit to a lower level than that observed in humans (73). IL-6 knock-in mice also had improved T cell development; therefore, it is possible that enhanced B cell responses were in part due to increased T cell help.



Thymic Lymphopoiesis and Repertoire Selection

Thymic lymphopoiesis is suboptimal in mice humanized by transplantation of CD34+ HSPCs, in part due to a lack of thymopoiesis-supporting human cytokines. As a result, thymic cellularity is extremely low (only a few million cells) and CD4+ CD8+ double positive cells, which represent the vast majority of thymocytes in a healthy thymus, are frequently underrepresented. Human IL-6 knock-in produces increased thymic cellularity (73), but additional cytokines are likely required to restore the normal size of a mouse thymus, populated by human thymocytes. While a human IL-7 knock-in recipient mouse has been developed, a thorough characterization of thymic cellularity upon HSPC engraftment has not been reported to date (101).

Human T cell repertoire selection in the mouse thymus involves interactions with both mouse MHC and human HLA-expressing cells-expressing cells (1, 10, 21). Specifically, developing human T cells are positively selected by mouse epithelial cells and negatively selected by both mouse epithelial and mouse and human hematopoietic cells (148). The resulting T cell receptor (TCR) repertoire is weakly reactive to autologous human leukocyte antigen (HLA) class I and II, and tolerant to mouse MHC. Indeed, in in vitro re-stimulation assays, T cells from humanized mice were shown to proliferate better in response to allogeneic human DCs compared to autologous human DCs or mouse DCs (21). To improve the repertoire and function of human T cells, several recipient strains have been engineered to express HLA class I and class II (143, 144, 149–154). HLA-restricted T cell responses have been reported in these mice (143, 149). Additional characterization and comparison of these mice are required to rigorously evaluate how transgenic HLA expression in recipient HSPC-humanized mice impacts human T cell selection and function.

In BLT mice, T cells develop in the human thymus organoid and are positively and negatively selected on human autologous HLA molecules (106, 107, 155). Consequently, BLT mice are generally accepted as having a more diverse T cell repertoire, capable of mounting more robust adaptive immune responses, as discussed above. However, because the induction of tolerance for mouse MHC and mouse tissue-restricted antigens is incomplete, BLT mice are prone to the development of xenogeneic graft-vs.-host disease (xGvHD) (156, 157), as discussed below.

Few direct comparisons between BLT and HSPC-engrafted mice have been reported to date (144, 145). In both models, it is apparent that thymic lymphopoiesis and the selection of a diverse and tolerant T cell repertoire is a complex issue, and additional work is needed.



Secondary Lymphoid Organs

Secondary lymphoid organs including lymph nodes (LNs), spleen, Peyer's patches, and mucosa-associated lymphoid tissues normally provide niche microenvironments where T and B cells interact with hematopoietic antigen-presenting cells and stromal follicular dendritic cells (FDCs) to initiate the adaptive immune response (158, 159). LN formation requires IL-7- and IL-2Rγ-dependent lymphoid tissue inducer (LTi) cells (160). However, because most immunodeficient recipient mice lack Il2rg to promote tolerance to the human graft through NK cell depletion, they also lack LTi cells and defined LN structures. This represents a major obstacle in recapitulating the human adaptive immune response in mice. While engraftment with human CD34+ cells can partially rescue the LN anlagen, T and B cell zones remain poorly organized compared to those in normal human or normal mouse LNs. Furthermore, the germinal center formation is impaired, in part because it involves human B cells interacting with stromal FDCs of mouse origin (1, 159).

Given that the germinal center is the primary site of B cell-T cell collaboration, antibody affinity maturation and class switching, multiple groups sought to improve LN formation and germinal center development (158). Adoptive transfer of autologous human DCs lentivirally transduced to express GM-CSF, IFNα, and human cytomegalovirus (HCMV) viral antigen enhances LN development in humanized NRG mice, and by extension promotes T cell-B cell collaboration and the production of neutralizing anti-HCMV antibodies (161, 162). Human fetal organ co-transplantation also partially rescues secondary lymphoid organ development. BLT mice have improved lymphoid structure development in the spleen and lymph nodes compared to CD34+-only engrafted mice, and as a result, they also have more robust antigen-specific adaptive immunity (106, 107). However, a comparison of IL-2Rγ-sufficient NOD-SCID BLT humanized mice and IL-2Rγ-deficient NSG BLT humanized mice showed that only NOD-SCID BLT mice contain mucosal tissue-associated T cells (109). This result emphasizes the critical nature of IL-2Rγ in the development of LN and other secondary lymphoid organs that are essential for adaptive immune responses and mucosal immunity. The importance of structured secondary lymphoid organs for adaptive immunity is further demonstrated by the addition of fetal spleen to BLT mice (163). Human fetal spleen implants grow into spleen organoids with prominent follicular lymphoid structure; implanted mice have improved B cell and T cell engraftment, compared to control mice without human spleen implants, and can mount antigen-specific responses to immunization (163).

Another strategy to overcome the near-absence of LNs in Il2rg−/− humanized mice involves transgenic overexpression of murine thymic stromal lymphopoietin (TSLP). TSLP is another cytokine of the IL-2 family, its receptor is independent of the IL-2Rγ chain and, when overexpressed under a keratin 14 promoter (specific for epithelial/mesenchymal cells), it rescues LN development in Il7 deficient mice (164, 165). Crossing the transgene to BRGS resulted in the BRGST model, in which mouse LTi cells and LN structures are restored (74). Upon transplantation of CD34+ HSPCs, BRGST mice support the development of a human immune system, including sizeable LNs with compartmentalized human T and B cell zones. BRGST mice also have more mature B cells and IL-21 producing follicular helper T cells, essential to promoting adaptive immunity. Consequently, BRGST mice mounted enhanced antigen-specific humoral immune responses upon immunization with an experimental antigen (74). Overall, this novel model successfully addresses a major limitation that had hampered immune function in most humanized mouse models to date.




FUTURE CHALLENGE #3: GRAFT-TO-HOST TOLERANCE

The transplantation of human cells into recipient mice is feasible because the recipient mice used are immunologically tolerant to the graft. As these mice support an increasingly functional human immune system, immunologic tolerance of the graft for its host can become an issue.


Xenogeneic Graft-vs.-Host Disease

Adoptive transfer of human T cells from donor PBMCs into immunodeficient recipient mice results in xGvHD, thereby limiting the potential duration of experiments with these mice. To prevent xGvHD, two strains of immunodeficient mice lacking mouse MHC-I and MHC-II have been developed, which prevented the onset of xGvHD, while retaining the functional properties of human T cells (166, 167). But, as discussed above, PBMC transfer results in an incomplete human hematopoietic system in the mice.

When mice are humanized by transplantation of CD34+ HSPCs, developing human T cells undergo positive and negative selection in the mouse thymus. Consequently, they are tolerized for mouse MHC-I and MHC-II, and xGvHD is not a limitation in this model (1, 10, 21).

Finally, in BLT mice, T cells are educated in the human thymus organoid and once they reach the periphery, they are allogeneic to the mouse MHC molecules and can induce xGvHD (156, 157). Different levels of xGvHD are reported by different groups, suggesting that the disease could be affected by subtle differences in protocols, the microbiota of the mice, or the recipient strain used (48). The development of xGvHD in the BLT model is attributed to residual mature T cells present in the fetal human thymus grafts, and these passenger T cells can be removed by treating the thymic implants with 2′-deoxyguanosine, or by treating the mice with anti-human CD2 antibody post-surgery (168).



Xenogeneic Hemophagocytosis

The efficient development of human phagocytic cells of the myelo-monocytic lineage in MISTRG creates a new challenge; i.e., the absence of phagocytic tolerance from the human graft toward the mouse host. Mouse red blood cells are particularly susceptible to destruction by human phagocytic cells, and highly engrafted MISTRG mice develop lethal anemia (17). Consequently, the transplantation protocol in MISTRG needs to be optimized so that engraftment allows mouse erythropoiesis in the BM (or extramedullary erythropoiesis) to sufficiently compensate for the loss of mouse red blood cells by phagocytosis, as long as a specific experiment requires (17, 18, 58, 133). Long-term solutions will need to be implemented, either to establish human-to-mouse phagocytic tolerance or to enable human erythropoiesis to reach healthy human RBC counts and maintain mouse homeostasis, as discussed above.

Xenogeneic GvHD and hemophagocytosis remind us that activation and tolerance are two equally important features of the immune system and are inseparable. As human immune function improves in mouse recipients, it is likely that parallel strategies will need to be developed to maintain tolerance of the human immune graft for the mouse host.




FUTURE CHALLENGE #4: INTERACTIONS BETWEEN IMMUNE CELLS AND TARGET TISSUES OR TUMORS

Immune responses require functional interactions between immune cells and their target, either through direct cell-cell contact or via soluble factors. In humanized mice generated by transplantation of human HSPCs, this requirement is fulfilled when the target of the immune response is also a human hematopoietic cell. Accordingly, T and B cell-mediated immunity have been demonstrated in the context of infection by pathogens with tropism for human hematopoietic cells, such as EBV, HIV-1, or dengue virus (141, 143, 169). But, for pathogens that infect non-hematopoietic tissues, or for inflammatory mediators that induce systemic responses, the cross-reactivity between human immune effector mechanisms and mouse target tissues may be incomplete. Humanizing cytokine receptors or other factors, such as adhesion molecules, could improve the responsiveness of mouse tissues to human immune cells and soluble mediators.

Co-transplantation of the human target tissue along with the human hematopoietic system has been performed in the context of cancer and infectious diseases. Implantation of human tumors, either from an established cell line or from a “patient-derived xenograft” (PDX), in mice already repopulated with a human immune system, provides useful models for immuno-oncology and immunotherapy studies (170–173). However, developing such “immuno-PDX” models can be challenging as each patient-derived tumor or cell line has different growth characteristics in mice, and matching patient's HLA to the HLA of the HSPC donor is not always feasible. Additionally, many components of the tumor microenvironment (e.g., vasculature) remain of mouse origin. Consequently, antitumoral immunity, or the response to immunotherapies, can be highly variable from experiment to experiment (171). In the case of hematologic malignancies, new strains of recipient mice (i.e., MISTRG and MISTRG6) extend the range of transplantable diseases (72, 133–136) and provide new opportunities to evaluate candidate immunotherapies, such as adoptive T cell therapies (174, 175).

Transplantation of human liver tissue enables infection of the mouse host by human hepatotropic viruses. Because implantation of a liver fragment at an ectopic site does not fully recapitulate the architecture and function of the liver, protocols of orthotopic implantation have been developed. These methods follow the same principles as for the transplantation of human hematopoiesis (176): an immunodeficient strain to prevent immune rejection of the graft; engineering of the mouse to induce mouse liver injury and open the niche for human hepatocytes; and, in some instances, support from human growth factors (177). Several methods have been developed to eliminate mouse hepatocytes, relying on the expression of cytolytic proteins [e.g., overexpression of urokinase plasminogen activator under an albumin promoter in uPA mice (178, 179)] and/or inactivation of metabolic enzymes essential for hepatocyte homeostasis [e.g., inactivation of the fumarylacetoacetate hydrolase in Fah−/− mice (180, 181)]. Upon injection of human hepatocytes, these mice support high levels of liver chimerism and are permissive for infection by the human hepatotropic viruses, HBV and HCV. To study human immune responses to these pathogens, mice can be dually transplanted with human hepatocytes and CD34+ HSPCs; human immune cells are recruited to the human liver in these chimeric mice and immune responses are triggered upon viral infections (177, 182, 183).

Finally, subcutaneous implantation of a fragment of human fetal lung contains all cell types naturally present in this tissue, and extends the permissiveness of the host mouse to respiratory pathogens with human tropism, including respiratory syncytial virus, Middle East respiratory syndrome coronavirus, and HCMV. This was recently accomplished by surgical implantation of a fragment of human lung tissue in BLT mice, resulting in the “BLT-L” model (184). Upon infection with HCMV, by direct injection in the lung implant, BLT-L mounted an antigen specific adaptive immune response, capable of controlling virus replication (184).

Thus, co-transplantation models greatly broaden the spectrum of human immune responses that can be studied in humanized mice. However, current approaches rely on highly specialized protocols and recipient mice, and should still be considered as prototypes under development.



CONCLUSION

Tremendous progress has been accomplished since pioneering humanized mouse models were developed in the late 1980s. In the past decade, a flurry of new opportunities have been enabled by the optimization of recipient mouse strains and humanization protocols. The most advanced models support long-term multilineage human hematopoiesis, and recapitulate essential aspects of innate immunity and antigen-specific adaptive immunity. Furthermore, numerous hematologic diseases can now be modeled by xenotransplantation of primary patient-derived samples.

Despite this progress, limitations remain. Rigorous evaluation and comparison of the new models is needed, while supporting additional innovations that might drive transformative advances. Until one or more humanized mouse model fully recapitulates human immunity, we can enthusiastically but critically use the currently available strains to answer specific, clinically-relevant questions and hopefully inform the development of new, life-saving therapies (Box 2).


Box 2. Which humanized mouse model is best for your studies?

There is no one-size-fits-all model. Here are a few practical considerations:

(1) Which mice and human cells/tissue do you have access to?

(2) What question are you trying to answer?

(3) Which cell types are important to answer your question?

In addition to considering these practical questions, it is important to know what has been done before you. Take time to read the literature and critically analyze the experiments. If you are able to talk to the people who developed the model or to someone who has recently published on the model of interest, you may receive invaluable unpublished data and advice.

Finally, applying these criteria, we provide our own selection, subjective and probably slightly biased, of the models that we consider most suitable for specific applications.

Hematopoiesis

• HSPC biology: NSGW41, MISTRG, MISTRG6

• Erythropoiesis and thrombopoiesis: NSGW41, MISTRG, MISTRG6 (BM only, limited)

• Myelopoiesis: MISTRG, MISTRG6

• Hematologic malignancies: MISTRG, MISTRG6

Innate immunity

• Monocytes/macrophages: MISTRG, MISTRG6

• DCs: NSG (or any other strain, depending on additional requirements)

• Mast cells: NSG-SGM3

• Neutrophils: no suitable model available

• NK cells: SRG15, MISTRG

• Innate lymphoid cells: NSG (or any other strain, depending on additional requirements)

Adaptive immunity

BLT mice are generally considered as supporting more robust adaptive immunity than mice transplanted with HSPCs only. However, few direct comparisons have been reported and antigen-specific immune responses remain relatively weak or delayed, even in BLT mice. Importantly, the BLT protocol can be applied with any recipient mice.

Expression of HLA molecules by the mouse host qualitatively favors HLA-restricted immune responses. But the impact on the amplitude of responses remains to be rigorously quantified.

• B cells: BLT, SRG6, MISTRG6

• T cells: BLT, BRGST.
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As hematopoietic progenitors supply a large number of blood cells, therapeutic strategies targeting hematopoietic progenitors are potentially beneficial to eliminate unwanted blood cells, such as leukemic cells and immune cells causing diseases. However, due to their pluripotency, targeting those cells may impair the production of multiple cell lineages, leading to serious side effects such as anemia and increased susceptibility to infection. To minimize those side effects, it is important to identify monopotent progenitors that give rise to a particular cell lineage. Monocytes and monocyte-derived macrophages play important roles in the development of inflammatory diseases and tumors. Recently, we identified human monocyte-restricted progenitors, namely, common monocyte progenitors and pre-monocytes, both of which express high levels of CD64, a well-known monocyte marker. Here, we introduce a dimeric pyrrolobenzodiazepine (dPBD)-conjugated anti-CD64 antibody (anti-CD64-dPBD) that selectively induces the apoptosis of proliferating human monocyte-restricted progenitors but not non-proliferating mature monocytes. Treatment with anti-CD64-dPBD did not affect other types of hematopoietic cells including hematopoietic stem and progenitor cells, neutrophils, lymphocytes and platelets, suggesting that its off-target effects are negligible. In line with these findings, treatment with anti-CD64-dPBD directly killed proliferating monocytic leukemia cells and prevented monocytic leukemia cell generation from bone marrow progenitors of chronic myelomonocytic leukemia patients in a patient-derived xenograft model. Furthermore, by depleting the source of monocytes, treatment with anti-CD64-dPBD ultimately eliminated tumor-associated macrophages and significantly reduced tumor size in humanized mice bearing solid tumors. Given the selective action of anti-CD64-dPBD on proliferating monocyte progenitors and monocytic leukemia cells, it should be a promising tool to target cancers and other monocyte-related inflammatory disorders with minimal side effects on other cell lineages.
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Introduction

Chronic myelomonocytic leukemia (CMML), a hematopoietic malignancy characterized by the overproduction of monocytes and their progenitors, develops from genetic mutations in hematopoietic stem and progenitor cells (HSPCs) (1–3). CMML is classified as myelodysplastic syndrome/myeloproliferative neoplasm (MDS/MPN) (1, 4). Patients with CMML show excessive monopoiesis, dysplasia and inefficient hematopoiesis (1, 4), which often causes anemia, thrombocytopenia and infectious diseases (5). HSC transplantation is the only curative treatment for CMML patients (1, 2). However, HSC transplantation requires highly invasive pre-conditioning, carries risks of graft-versus-host disease (GVHD) and increased susceptibility to infection, which is not always applicable especially for elderly patients (the median age at the time of CMML diagnosis is 75 years old) (1). Instead, various agents have been used to control tumor burden and induce remission, but ineffectiveness (non-responders) and fatal myelosuppression remain as serious problems, causing a poor prognosis for CMML patients with 1–3 years of median overall survival (1, 6). Thus, to achieve an effective anti-leukemia therapy without disturbing normal hematopoiesis, agents with a high specificity against target leukemic cells are urgently required.

Recently, a class of molecular targeted agents named antibody-drug conjugates (ADCs) has been actively developed to avoid nonspecific cell elimination and to minimize collateral damage (7, 8). ADCs are composed of cytotoxic drugs (payload), linkers and a specific antibody (Ab), which enables the delivery of potent payloads to specific cells. In this context, the specificity for the killing activity of ADCs solely depends on the selection of a target molecule. To date, gemtuzumab ozogamicin (GO), an anti-CD33 ADC, was approved for treatment of acute myeloid leukemia (AML) by the Food and Drug Administration (FDA) in 2000 (2, 9), but to date no ADC has been approved for CMML therapy. However, CD33 is broadly expressed on normal myeloid progenitors as well as on leukemic cells of AML patients (10, 11), which causes severe myelosuppression, resulting in the voluntary withdrawal of GO from the US market in 2010 (12). GO was re-approved in 2017 and those adverse events revealed the importance of target molecule selection for ADC development. In this context, we recently reported that conventional granulocyte-monocyte progenitors (cGMP, Lin-CD34+CD38+CD10-CD123lowFLT3+CD45RA+) are heterogeneous and contain common monocyte progenitors (cMoPs) that strictly give rise to monocytes (13). Based on that finding, we proposed a human monocyte differentiation pathway (13). Accordingly, targeting the human monocyte differentiation pathway including cMoPs could be beneficial for the therapy of CMML/AML because the progenitors can expand and generate large numbers of monocytic leukemia cells.

Monocytes and macrophages are harmful participants in some human solid tumors (14). For instance, TIE2-expressing monocytes (TEMs) enhance angiogenesis and tumor progression (15, 16) and macrophages in solid tumors, referred to as tumor-associated macrophages (TAMs), are a poor prognostic factor and exert multiple pro-tumorigenic effects such as the promotion of angiogenesis, extracellular matrix remodeling and immunosuppression (17–19). Based on that background, several drugs controlling TAMs have been developed (20–23). Colony stimulating factor 1 receptor (CSF1R) is a representative target for anti-TAM therapy because of its crucial roles in the generation and function of TAMs (24–26). However, comprehensive gene expression analysis revealed that a CSF1R blockade-resistant TAM subset likely exists in solid human tumors (18). Thus, TAMs have a remarkable plasticity and alter their function and surface molecule expression, which causes difficulties in therapeutically targeting them (27, 28).

In light of those considerations, we developed a unique ADC that selectively targets proliferating monocytic progenitors and monocytic leukemia progenitors but not mature monocytes and monocyte-derived macrophages. By blocking the sources of those cells, we succeeded in reducing leukemic monocytes in a patient-derived xenograft (PDX) model of CMML, in depleting TAMs and inversely inducing tumor regression in a solid tumor model. Importantly, the ADC treatment showed minimal cytotoxicity against multipotent HSPCs and other hematopoietic lineages. Consequently, the ADC targeting monocytic progenitors may serve as a therapeutic agent for monocytic leukemias, solid tumors and presumably monocyte-related inflammatory diseases.



Materials and Methods


Mice and Human Samples

NOG (NOD/Shi-scid, IL-2RγKO Jic) and human interleukin-6 transgenic NOG (hIL-6 Tg NOG) mice (29) were purchased from CLEA Japan. All mice were maintained under specific pathogen-free conditions. Human umbilical cord blood (UCB) samples were provided by the Japanese Red Cross Kanto-Koshinetsu Cord Blood Bank, and bone marrow (BM) samples from patients with CMML were provided by the Department of Hematology, Tokyo Medical and Dental University and the Department of Hematology, Yokosuka Kyosai Hospital under agreement of the patients. Human blood samples were donated by healthy volunteers. All experiments with human materials were approved by the Scientific Ethics Committees of the Japanese Red Cross Kanto-Koshinetsu Cord Blood Bank, the Medical Research Institute, the Tokyo Medical and Dental University and/or the Yokosuka Kyosai Hospital. Informed consent was obtained from all subjects.



Antibodies and Reagents

LEGENDScreen Human PE Kit, mouse IgG1 isotype control antibody (MOPC-21), Brilliant Violet 711-conjugated streptavidin and anti-human antibodies against CD38 (HIT2), CD34 (581), CD10 (HI10a), CD123 (6H6), CD45RA (HI100), CD135 (BV10A4H2), CD64 (10.1), CLEC12A (50C1), CD45 (H130), CD14 (M5E2), CD16 (3G8), CD49f (GoH3), CD206 (15-2), CD19 (HIB19), CD56 (MEM-188, HCD56), CD4 (RPA-T4), CD8α (RPA-T8), CD11c (3.9), CD2 (RPA-2.10), CD3 (UCHT1), CD11b (ICRF44) and CD235ab (HIR2) were purchased from BioLegend. Anti-human antibodies against CD90 (eBio5E10), CD3 (UCHT1), HLA-DR (L243), CD66b (G10F5), CD41a (HIP8) and CD42b (HIP1) and anti-mouse TER-119 (TER-119) were purchased from eBioscience. Anti-human CD163 (REA812), SIGLEC-7 (REA214), SIGLEC-9 (REA492) and REA control (REA293) Abs were purchased from Miltenyi Biotec. The anti-human CD14 Ab (RMO52) was purchased from Beckman Coulter. Propidium iodide (PI) and phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma-Aldrich. The Diff-quik staining kit was purchased from Sysmex Corp. To purify antibodies against human CD64 [clones H22 (30), 32.2 (31) and 611 (32)] and the isotype control Ab against dinitrophenol (DNP), expression vectors encoding the genes for IgG1 and an IgG4 analogue, called the nullbody, were synthesized with the S239C mutation, a site used to conjugate the payload (33, 34) and were transfected into Expi293 cells using an ExpiFectamine 293 Transfection Kit (Gibco). Antibodies in cell culture supernatants were obtained by affinity purification.



Cell Lines

THP-1, U937 and Ramos cells were obtained from an in-house cell bank. The cells were cultured in Iscove’s Modified Dulbecco’s Media (IMDM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% L-alanyl-L-glutamine (Wako) at 37°C in a 5% CO2 atmosphere. Human HSC4 head and neck squamous cell carcinoma cells were purchased from the Japanese Collection of Research Bioresources (JCRB) Cell Bank and were cultured in RPMI-1640 (Sigma-Aldrich) containing 20% FBS, 1% penicillin/streptomycin, 1% MEM NEAA (Gibco), 1% sodium pyruvate (Gibco), and 0.1% 2-mercaptoethanol (Gibco).



Generation of ADC

The antibodies were reduced using Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)-HCl and the reaction was carried out at 37°C for 1 h in PBS. Unreacted TCEP was then removed and replaced with oxidation buffer (20 mM phosphate, 150 mM NaCl, 1 mM EDTA, pH 6.5) using an Amicon Ultra-4 centrifuge device (Millipore). Next, (L)-dehydroascorbic acid (DHAA) was added to the antibodies to restore cross-linking between cysteines other than the S239C residue, and the oxidation reaction was carried out for 1 h at room temperature. After the reaction, unreacted DHAA was removed and replaced with conjugation buffer (1 mM EDTA, PBS) using an Amicon Ultra-4 centrifuge device. Propylene glycol was added to the antibodies and maleimide-va-dPBD (purchased from XDCExplorer) and the conjugation reaction was allowed to proceed by mixing them together. After the reaction, the unreacted maleimide-va-dPBD was removed and replaced with PBS using a NAP column (GE Healthcare). In addition, the resulting complexes were concentrated using an Amicon Ultra-4 centrifuge device and then filtered by an Ultrafree-centrifugal filter (Millipore).



Cell Preparation From Human Samples

BM samples were obtained from CMML patients (Supplementary Table 1). Human mononuclear cells (MNCs) were collected from blood, BM, and UCB samples by density gradient centrifugation using Lymphocyte Separation Solution (d = 1.077, Nacalai Tesque). Regarding MNCs isolated from BM and UCB, cells were stained with PE/Cy5-conjugated Lineage Abs (Abs against CD2, CD3, CD11b, CD16, CD19, CD56, CD235ab, and CD14). After washing, cells were reacted with anti-Cy5-MicroBeads (Miltenyi Biotech) and lineage+ cells were depleted with an autoMACS Pro Separator (Miltenyi Biotech). After staining with specific antibodies and PI, cells were analyzed and/or sorted using a FACS Aria III or FACS Canto II (BD).



Humanization of Immunodeficient Mice

NOG or hIL-6 Tg NOG mice were sublethally irradiated (1-2 Gy) and 1×105 Lin-CD34+ cells from UCB were intravenously injected within 24 h after irradiation. To generate the PDX model, sublethally irradiated NOG mice received an intravenous injection of total MNCs or 2-3×105 Lin-CD34+ cells isolated from BM samples of CMML patients. Two PDX mice were generated from each BM sample. To monitor their chimerism, circulating blood was collected every 4 weeks and the cells were analyzed by flow cytometry (FCM). After more than 8 weeks post-transplantation, 0.5 µg DNP-dPBD or H22-dPBD was intravenously administered once. At day 7 after the administration, the mice were sacrificed and analyzed.



Generation of Tumor-Bearing Humanized Mice

HSC4 cells (1.5×106 in 100 µl PBS) were subcutaneously injected into humanized hIL-6 Tg NOG mice 2–3 months after humanization. From day 7 after the transplantation, tumor sizes were measured every 4 days and treatments with 0.5 µg DNP-dPBD or H22-dPBD were performed at days 7, 14, and 21. MNCs in the blood, BM and tumors of mice were analyzed 28 days post-tumor inoculation.



FCM Analysis of Humanized Mice

BM cells were obtained from the hind limbs of humanized mice by flushing with PBS containing 0.5% bovine serum albumin. BM cells and blood cells were hemolyzed and stained with specific antibodies. For preparation of tumor-associated cells, tumor tissues were minced and digested in RPMI-1640 medium containing collagenase (0.5 mg/ml, Sigma-Aldrich) and DNase I (5 µg/ml, Roche) for 30 min at 37°C. After digestion, cells were filtered through a 100 µm cell strainer. Tumor-associated leukocytes were isolated by density centrifugation with Percoll (Cytiva) and then analyzed using a FACS Aria III or FACS Canto II (BD) after staining with antibodies and PI.



Internalization Assay

To examine internalization and colocalization of the H22 nullbody in lysosomes, sorted CD14hiCD16- monocytes were stained with Alexa Fluor 647-labeled H22 nullbody. The cells were then washed with culture media and cultured at 37°C for 23 h. After culture, cells were incubated with 100 nM LysoTracker Red DND-99 (Invitrogen) for 1 h. After washing and fixation with 4% paraformaldehyde (PFA) in PBS (Nacalai tesque), cell images were obtained using a TCS SP8 confocal microscope (Leica). For the quenching assay, U937 cells (5×104/well) were plated in 96-well U-bottom plates. After adding the Alexa Fluor 488-labeled H22 nullbody (50 μg/ml), cells were incubated on ice for 1 h or at 37°C for 1, 4, 8 or 24 h. After washing, cells were treated with 100 nM quenching Ab (anti-Alexa Fluor 488 Rabbit IgG, Invitrogen) on ice for 1 h. After washing with PBS containing 0.1% BSA and 0.1% NaN3, signals from the internalized Alexa Fluor 488-labeled Ab were detected by FCM.



Competitive Inhibition Assay for Anti-CD64 Antibodies

THP-1 cells (2×105 per well in 96-well plates) were treated with purified IgG from human serum (Miltenyi Biotec) at 4°C for 10 min. After incubation with non-labeled nullbodies (10 μg/ml) at room temperature for 30 min, Alexa Fluor 647-labeled nullbodies (0.1 μg/ml) were added and incubated at room temperature for 30 min. After washing, cells were stained with 7-AAD and signals of Alexa Fluor 647 were detected by FCM.



In Vitro Cytotoxicity Assay

Cells were cultured with DNP-MMAE, H22-MMAE, DNP-dPBD, or H22-dPBD in the presence or absence of human serum (Sigma) for 4 or 6 days and cell viabilities were assessed using a CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to the manufacturer’s instructions. To test the impact of ADC-treatment on monocyte production from myeloid progenitors, Lin-CLEC12A+ cells (for CellTiter-Glo analysis, 3×103 cells/well in 96-well plates; for FCM analysis, 1×104 cells/well in 96-well plates) were cultured in IMDM supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-alanyl-L-glutamine, 100 ng/ml stem cell factor (SCF), 50 ng/ml thrombopoietin (TPO) and fms-like tyrosine kinase receptor-3 ligand (FLT3L) in the presence or absence of H22-dPBD or DNP-dPBD for 6 days. In some experiments, THP-1 cells were irradiated at 5 Gy immediately before the ADC-treatment, treated with 40 ng/ml PMA 24 h prior to the ADC-treatment or cultured with the IMDM medium containing 1% or 2% FBS during the ADC-treatment. To examine the antigen specificity of H22-dPBD, THP-1 cells were treated with H22-dPBD (0.04 μg/ml) in the presence of unconjugated H22 antibody (4 μg/ml). The viability of THP-1 cells was examined using a CellTiter-Glo Luminescent Cell Viability Assay at day 6. For the quantification of apoptotic THP-1 cells, the cells were cultured in the presence of 0.04 μg/ml DNP-dPBD or H22-dPBD for 3 days, and they were stained with PE-conjugated annexin V (BD Bioscience) and analyzed using a FACS Canto II.



THP-1 Xenografts

NOG mice were intravenously injected with 4×105 THP-1 cells after sublethal irradiation (1-2 Gy). The mice were intravenously treated with 0.5 μg ADCs at day 14 after xenografting and were analyzed by FCM at day 21. When the survival of mice was examined, mice received ADC-treatments at days 14 and 28 after xenografting and their survival was monitored until day 56.



Immunofluorescence Staining of Frozen Tumor Sections

HSC4 tumor tissues obtained from hIL-6 Tg NOG mice were embedded in O.C.T. Compound (Sakura Finetek Japan) by liquid nitrogen. The samples were sliced into 8 µm sections and placed on slides. After washing in PBS and fixation by 4% PFA (10 min at room temperature), the sections were blocked with a two-fold dilution of Block ACE (Bio-Rad) for 30 min. Immunostaining was performed for 1 h at room temperature with a 50-fold dilution of APC-conjugated anti-human CD163 Ab (REA812) or isotype-matched control Ab in the presence of a 10-fold dilution of Block ACE. The sections were further stained with 5 µM DAPI for 10 min and images were obtained using a BZ-X710 (Keyence).



Statistical Analysis

Statistical analyses were performed using Prism software version 7 (GraphPad). A two-tailed Student’s t-test or multiple t-test was used for statistical analyses of two-group comparisons. Multigroup comparisons were performed by a one-way analysis of variance (ANOVA) followed by the Tukey–Kramer multiple comparisons test. For statistical evaluation of survival, the Gehan-Breslow-Wilcoxon test was used. The criterion of significance was set at p < 0.05. All results are expressed as means ± standard deviation of the mean (SD). Blinding or randomization of the groups was not performed. Data points more than two standard deviations from the mean were excluded as outliers. No statistical methods were used to estimate sample size.




Results


Screening of Target Molecules Specifically Expressed on Monocyte Lineage Cells

To target monocytic progenitors, we screened 361 cell surface molecules expressed on UCB HSPCs including revised GMP (rGMP), cMoPs and pre-monocytes (Figures 1A, B and Supplementary Figure 1A) and identified three candidates (SIGLEC-7, SIGLEC-9, and CD64) as characteristic markers of monocytic progenitors (Figure 1C and Supplementary Figure 1B). Those markers were also expressed on mature CD14+ monocytes (Figure 1D and Supplementary Figure 1B). However, SIGLEC-7 and SIGLEC-9 were excluded as candidates because they were also expressed on non-monocyte lineage cells, such as neutrophils, conventional dendritic cells (cDCs) and NK cells (Supplementary Figure 1C). On the other hand, CD64 was not expressed on most non-monocytic cells including B cells, T cells, NK cells, neutrophils and plasmacytoid dendritic cells (pDCs), although it was partially and weakly expressed on cDCs (Figure 1E). Importantly, CD64 expression was not observed on non-monocytic hematopoietic progenitors including hematopoietic stem cells (HSCs), multipotent progenitors (MPPs), lymphoid-primed multipotent progenitors (LMPP), multipotent lymphoid progenitors (MLPs), lymphoid progenitors, common myeloid progenitors (CMPs) and megakaryocyte-erythrocyte progenitors (MEPs) (Figure 1F). It has been also known that expression of FCGR1A encoding CD64 is not observed in non-hematopoietic cells, such as endothelial cells, epithelial cells, adipocytes and myocytes (35). Thus, CD64 is a promising marker to specifically target monocyte lineage cells.




Figure 1 | Screening of cell surface molecules to target monocytic progenitors. (A) Screening scheme for molecules highly restricted in monocytic progenitors. The expression of 361 cell surface molecules on HSPCs derived from UCB were examined using FCM. Expression of candidates identified from HSPC screening was further assessed on mature hematopoietic cell lineages. (B) Gating strategies for hematopoietic progenitors in UCB. Lineage- cells (Lin- cells; CD2-CD3-CD11b-CD14-CD16-CD19-CD56-CD235ab- cells) were pre-gated. Gating strategies of other HSPCs are shown in Supplementary Figure 1A. (C–F) Expression of CD64 on mature hematopoietic cells and their progenitors. CD64 expression was evaluated on monocytic progenitors (C), monocytes (D), non-monocytic immune cells (E) and the other hematopoietic stem and progenitor cells (F) by FCM. Each population was identified by the following gating strategies: B cell, FSCloSSCloCD3-CD56-CD19+; T cell, FSCloSSCloCD3+; NK cell, FSCloSSCloCD56+CD3-; Neutrophil, SSChiHLA-DR-CD66b+CD16+; pDC, CD3-CD14-CD19-CD56-CD11c-HLA-DR+CD123+; cDC, CD3-CD14-CD19-CD56-CD123-HLA-DR+CD11c+. Blood monocytes (HLA-DR+CD14+) were subdivided into three populations based on their expression of CD14 and CD16 as shown in (D, left panel). The data are representative of three independent experiments.





Generation of an ADC Targeting CD64

We next constructed an ADC against CD64 to target monocyte lineage cells, i.e., rGMP, cMoP, pre-monocytes and monocytes. To evaluate the elimination of CD64-expressing cells by the ADC, we needed another anti-CD64 Ab clone that could detect CD64 in the presence of the clone used for the ADC. We prepared three anti-CD64 Ab clones, i.e., 32.2, 611, and H22, and performed competitive inhibition assays between each clone (Figure 2A, upper panel). As a control, none of the clones bound CD64 after pretreatment with the same clone. Under these conditions, the recognition of CD64 by 32.2 was inhibited by pretreatment with 611 but not with H22, and 611 could not bind to CD64 when 32.2 or H22 was used as a blocking Ab. In contrast, neither 32.2 nor 611 blocked the recognition of CD64 by H22 (Figure 2A, upper panel). Because CD64 is an Fcγ receptor, we next tested if these clones can function in the presence of human IgG, which mimics the human serum in the body (Figure 2A, lower panel). Importantly, the presence of human IgG did not affect the recognition of CD64 by H22 as reported previously (36), although it somewhat decreased the CD64 recognition capacities of 32.2 and 611 (Figure 2A, lower panel). Based on these results, we decided to use H22 for the generation of an ADC targeting CD64 and to use 32.2 for the detection of monocytes and their progenitors.




Figure 2 | Selection of antibodies and payloads for ADC construction. (A) Competitive inhibition of anti-CD64 antibodies. Three clones of anti-CD64 antibodies (32.2, 611 and H22) were assessed for their capacities of epitope recognition in the presence of other clones. THP-1 cells were pretreated with blocking antibodies and then stained with Alexa Fluor 647 (AF647)-labeled anti-CD64 antibody in the presence or absence of human IgG. To estimate binding capacity, the signal intensity in the presence of the competitors (red dots) was compared with that in the absence of competitors (blue dots). (B) CD64 expression on THP-1 and Ramos cells. (C) Cytotoxicity assays with H22-dPBD. THP-1 and Ramos cells cultured with different ADCs composed of dPBD and an antibody, such as the anti-DNP antibody humanized with IgG1 (DNP(IgG1)-dPBD), H22 humanized with IgG1 (H22(IgG1)-dPBD), or H22 humanized with nullbody, an IgG4 analogue [H22(Null)-dPBD], in the presence of 20% human serum for 4 days. The relative viability of cells was estimated based on the quantification of ATP. (D) Cytotoxicity assay with H22-MMAE. THP-1 cells were cultured with ADCs composed of MMAE and an antibody, such as the anti-DNP antibody humanized with IgG1 [DNP(IgG1)-MMAE], H22 humanized with IgG1 (H22(IgG1)-MMAE) or H22 humanized with IgG4 nullbody (H22(Null)-MMAE), in the presence of 20% human serum for 4 days. Relative viability was estimated based on the quantification of ATP. (E) Internalization of H22 nullbody by U937 cells. Cells were pre-cultured with Alexa Fluor 488-labeled H22 antibody for the indicated times. The cells were then incubated with a quenching antibody on ice for 1 h and the signal intensity of Alexa Fluor 488 (AF488) was measured by FCM. (F) Internalization of H22 nullbody into primary monocytes. CD14hiCD16- monocytes sorted from peripheral blood were stained with the AF647-labeled H22 nullbody. The cells were then cultured for 23 h after reaction with the H22 nullbody and stained with LysoTracker (100 nM) for 1 h. Cell images were obtained by confocal microscopy. Scale bar, 20 µm. (G) A schematic illustration of the structure of H22-dPBD. Data are representative of two (A–E) or three (F) independent experiments.



An effective payload with cytotoxic potency and a linker are crucial components of an ADC (7). We prepared two different payloads for ADCs targeting CD64, i.e. dimeric pyrrolobenzodiazepine (dPBD), a sequence-selective DNA minor-groove binding crosslinking agent (37), and monomethyl auristatin E (MMAE), an anti-mitotic agent (38). dPBD and MMAE were linked with H22 by valine-alanine (VA) and valine-citrulline (VC), respectively, which are enzymatically cleaved in lysosomes. Cleavage of those linkers results in release of the payloads to the cytoplasm and/or the nucleus and allows them to exert their cytotoxic activities (Supplementary Figure 2A). We first evaluated the cytotoxic activity of H22-dPBD against THP-1 cells, a monocytic leukemia cell line expressing CD64 (Figure 2B). In addition to H22-dPBD humanized with IgG1 (H22(IgG1)-dPBD) and the isotype matched control ADC [DNP(IgG1)-dPBD], we also tested the nullbody H22-dPBD [H22(Null)-dPBD], in which H22 is humanized with an IgG4 analogue having three mutations that stabilize the Ab and minimize non-specific binding to Fcγ receptors (39). Compared with DNP(IgG1)-dPBD, H22(IgG1)-dPBD had a more effective level of CD64-specific cytotoxicity. For example, 0.04 µg/ml H22(IgG1)-dPBD killed most THP-1 cells, whereas the same dose of DNP(IgG1)-dPBD hardly showed any cytotoxicity against them. In addition, H22(Null)-dPBD killed THP-1 cells to the same extent as H22(IgG1)-dPBD, whereas neither H22(IgG1)-dPBD nor H22(Null)-dPBD had any cytotoxic activity against Ramos cells, a Burkitt’s lymphoma cell line that does not express CD64 (Figures 2B, C), suggesting that H22-dPBD functions in a CD64-specific manner. The specificity was further confirmed by competitive inhibition assay, in which pre-treatment with unconjugated H22 antibody strongly decreased the killing activity of H22-dPBD (Supplementary Figure 2B). Compared with H22-dPBD, the cytotoxic activity of H22-MMAE against THP-1 cells was less effective (Figure 2D). Finally, we confirmed that the H22 nullbody was successfully internalized by U937, a monocytic human myeloid leukemia cell line expressing CD64 (Figure 2E and Supplementary Figure 2C) and by human blood monocytes (Figure 2F), and that the internalized ADCs were localized in lysosomes of blood monocytes (Figure 2F). Based on these results, we decided to use the nullbody H22-dPBD in this study (hereafter, referred to as H22-dPBD) (Figure 2G).



H22-dPBD Is Toxic for Monocytic Progenitors but Not for Monocytes

To observe the cytotoxic effects of ADCs, THP-1 cells were cultured for 6 days with H22-dPBD or the nullbody DNP-dPBD (hereafter DNP-dPBD) (Figure 3A). In this context, the viability (%) of THP-1 cells seemed to reflect cell death rather than the inhibition of cell proliferation, because the number of apoptotic THP-1 cells was significantly increased in the presence of H22-dPBD at day 3 during culture (Figure 3B). We next examined whether the cell cycle state affects the cytotoxic effects of H22-dPBD. THP-1 cells were treated with PMA, which induces the differentiation of THP-1 cells into macrophage-like cells with cell cycle arrest (40). Interestingly, the PMA-treatment enhanced the resistance of THP-1 cells to H22-dPBD (Figures 3C, D), although PMA-treated and non-treated THP-1 cells expressed CD64 at similar levels (Supplementary Figure 2D) and the PMA-treated THP-1 cells successfully internalized the ADC (Supplementary Figure 2E). Similarly, THP-1 cells that had been treated with moderate irradiation or cultured under low FBS concentrations showed less proliferation capacity (Supplementary Figure 2F) and inversely more resistance to the ADC treatment (Supplementary Figure 2G). These findings implied that H22-dPBD preferentially exerts its cytotoxic activity against proliferating cells. Thus, we further investigated the cytotoxic effects of H22-dPBD on the differentiation of primary myeloid progenitor cells into monocytes. To this end, we isolated Lin-CLEC12A+ cells from UCB, which enriched myeloid progenitor cells including CMPs, rGMPs and cMoPs (13, 41). When the cells were cultured in the presence of FLT3L, TPO and SCF for 6 days, they predominantly gave rise to CD64+ cells, which contains monocytes and their progenitors (Figure 3E). Under these conditions, the addition of H22-dPBD greatly decreased the production both of CD14+ monocytes and of CD64+CD14- monocyte progenitors (Figures 3F–I). In contrast, H22-dPBD did not kill primary blood monocytes when added in culture (Figure 3J). Taken together, these results indicated that H22-dPBD selectively eliminated CD64+ monocyte progenitors rather than mature monocytes in vitro.




Figure 3 | Preferential cytotoxic activity of H22-dPBD against monocytic progenitors, but not monocytes. (A) Evaluation of cytotoxic activity of H22-dPBD against THP-1 cells. THP-1 cells were cultured for 6 days in the presence of DNP-dPBD or H22-dPBD and their relative viability was estimated based on the quantification of ATP (n=3). (B) Induction of apoptosis by H22-dPBD. THP-1 cells were cultured with ADCs (0.04 µg/ml) for 3 days and the frequency of apoptotic cells was evaluated by FCM (n=4). (C) Killing activity of H22-dPBD against PMA-treated THP-1 cells. THP-1 cells were stimulated with 40 ng/ml PMA for 24 h prior to culture with the ADC and the susceptibility of cells to H22-dPBD was examined as shown in (A) (n=3). (D) Killing efficacy of H22-dPBD treatment against THP-1 cells and PMA-treated THP-1 cells. Normalized reduction of cell viability was calculated from the data of treatment with 0.04 μg/ml ADCs in (A) and (C) (n=3). (E) Experimental scheme of the killing assay against myeloid progenitors. Lin-CLEC12A+ myeloid progenitors were sorted from UCB and were cultured with ADCs and cytokines (100 ng/ml SCF, 50 ng/ml TPO and FLT3L). The number on the histogram indicates the mean frequency of CD64+ progenies yielded through 6-day culture (n=3). (F) Cytotoxic activity of H22-dPBD against cells generated from Lin-CLEC12A+ progenitors at day 6. Relative viability was assessed based on the quantification of ATP (n=3). (G–I) FCM analysis of CD64+ cells from Lin-CLEC12A+ myeloid progenitors. Cells were cultured with cytokines and 0 or 0.008 µg/ml ADC for 6 days and the numbers of CD14+ monocytes (H) and CD14-CD64+ monocytic progenitors (I) were determined. (J) Cytotoxic activity of H22-dPBD against mature monocytes. CD14hiCD16- monocytes were sorted from the peripheral blood of healthy donors and were cultured for 6 days in the presence or absence of ADC (n=4). The data were pooled from three (A, D) or four (B, J) independent experiments or are representative of two (F) or three (C, E, G–I) independent experiments. Multiple t-test (A, C, F, J), Student’s t-test (B, D) and one-way ANOVA (H, I) were used to assess statistical significance. Error bars represent standard deviation of the mean. *p < 0.05, **p < 0.01, ***p < 0.001; n.s, not significant.





Cytotoxic Effects of H22-dPBD in Humanized Mice

Given the selective cytotoxicity of H22-dPBD against proliferating monocytic cells in vitro, we further examined the effects of H22-dPBD in vivo using humanized mice. UCB-derived Lin-CD34+ HSPCs were transplanted into sublethally irradiated NOD/Scid/IL2Rγnull (NOG) mice (42). Two months after the transplantation, when reconstitution of the human hematopoietic system was confirmed, 0.5 µg H22-dPBD or control DNP-dPBD was intravenously injected and the impact of ADCs was evaluated 7 days later (Supplementary Figure 3). As expected, the injection of H22-dPBD induced drastic reductions of monocytes in the BM and blood and their progenitors, pre-monocytes, cMoPs, and rGMPs, in the BM (Figures 4A, B). In contrast, there were no significant decreases in the numbers of platelets, neutrophils and lymphoid cells in H22-dPBD-treated humanized mice, although the number of cDCs was partially reduced (Figures 4C–E). In addition, treatment with H22-dPBD did not alter the numbers of multipotent progenitors such as Lin-CD34+CD38- cells that are enriched with HSCs, CMPs and MEPs (Figures 4F, G). Thus, H22-dPBD selectively depleted the monocyte lineage with minimal side effects on non-monocytic lineages and multipotent progenitors in vivo.




Figure 4 | H22-dPBD-mediated elimination of monocytes and their progenitors without severe side effects in hematopoiesis. (A–G) BM-humanized NOG mice were generated as shown schematically in Supplementary Figure 3. Seven days after intravenous administration of DNP-dPBD or H22-dPBD (0.5 µg/mouse), hematopoietic cells in the BM and blood were analyzed by FCM. The number of BM monocytes and frequency of blood monocytes (A), cell numbers of monocytic progenitors in the BM (B), concentration of platelets (TER119-CD235ab-hCD41a+hCD41b+) in the blood (C), numbers of neutrophils and cDCs in the BM (D), and numbers of Lin-CD34+CD38- HSPCs, CMPs, and MEPs in the BM (F) are shown. Ratios in cell numbers of mature immune cells in the BM and results of their statistical analyses between DNP-dPBD- and H22-dPBD-treated mice are summarized in (E). Ratios in cell numbers of HSPCs and results of their statistical analyses between DNP-dPBD- and H22-dPBD-treated mice are summarized in (G). Each point in the bar graphs shows the value for an individual mouse (n=6 per group). Error bars represent standard deviation of the mean. Student’s t-test (A–D, F) was used to assess statistical significance. **p < 0.01, ***p < 0.001; n.s, not significant. Data were pooled from two (C) or three (A, B, D, F) independent experiments.





Therapeutic Effects of H22-dPBD in a PDX Model of CMML

The selective monocyte-removing effect of H22-dPBD in vivo was reminiscent of its application to CMML, a type of leukemia with increased numbers of monocytes and immature blood cells. To prepare PDX mice, BM cells obtained from CMML patients were transplanted into sublethally irradiated NOG mice (Figure 5A, Supplementary Table 1). Upon reconstitution, the frequency of monocytes in human CD45+ cells of CMML PDX mice was much higher than that of NOG mice humanized with UCB cells (Figure 5B). In addition, the monocytes in the PDX mice showed the characteristic morphology of monocytic dysplasia such as round nuclei and high nuclear-cytoplasmic ratios (Figure 5C, lower panel), in contrast to the horseshoe-shaped nuclei of UCB-derived normal monocytes (Figure 5C, upper panel). Thus, the pathology of CMML was recapitulated in the PDX mice.




Figure 5 | H22-dPBD eliminates patient-derived leukemic monocytes in vivo. (A) Experimental scheme showing the treatment of PDX mice with ADCs. CMML patient-derived Lin-CD34+ BM cells were transferred to sublethally irradiated NOG mice 8 weeks before the administration of DNP-dPBD or H22-dPBD (0.5 µg/mouse). The mice were analyzed 7 days after the ADC treatment. (B, C) Frequency of hCD45+ cells (B) and cell morphology (C) of BM CD14hiCD16- monocytes obtained from NOG mice humanized with normal UCB or CMML patient-derived BM cells. Cells were sorted and stained with Diff-quik (scale bars, 5 µm). (D) Representative FCM plots of hCD45+ cells in the peripheral blood (upper panels) or BM (lower panels) from DNP-dPBD- or H22-dPBD-treated PDX mice. (E–G) Impact of ADC-treatment in hematopoiesis of PDX mice. Cell numbers of monocytes, monocytic progenitors and Lin-CD34+CD38- cells are shown in (E), (F), and (G), respectively. Each point in the bar graphs shows the value for an individual mouse (n=4 per group). Error bars represent standard deviation of the mean. Student’s t-test was used to assess statistical significance. *p < 0.05, ***p < 0.001; n.s, not significant. Data are representative (C, D) or pooled (B, E–G) from four independent experiments.



To test the therapeutic effects of H22-dPBD, H22-dPBD or control DNP-dPBD was administered once into the PDX mice and the efficacy of leukemic monocyte removal was evaluated on day 7 (Figure 5A). Importantly, both the CD14hi leukemic monocytes and the monocyte progenitors were almost completely depleted in the blood and/or BM of H22-dPBD-treated CMML PDX mice (Figures 5D–F, Supplementary Figures 4A, B). In contrast, there was no significant difference in the number of Lin-CD34+CD38- HSPCs between those two groups (Figure 5G, Supplementary Figure 4C). Thus, H22-dPBD could successfully remove leukemic monocytes without severe side effects on hematopoiesis.

We then attempted to evaluate the impact of H22-dPBD treatment on the overall survival of CMML PDX mice. However, those mice did not effectively support the engraftment of HSPCs derived from CMML patients, and with the low chimerism, it was impossible to test their survival. Therefore, we transplanted THP-1 cells to sublethally irradiated NOG mice and treated the mice with H22-dPBD or DNP-dPBD at 2 and at 4 weeks after the xenografting (Supplementary Figure 5A). Following the injection if H22-dPBD, THP-1 cells were dramatically eliminated in the BM (Supplementary Figure 5B) and the survival rate of xenografted mice was significantly prolonged (Supplementary Figure 5C). These results suggested the usefulness of H22-dPBD as a therapeutic agent for CMML patients.



H22-dPBD Prevents Solid Tumor Development by Eliminating TAMs

Because TAMs can be derived from monocytes (18, 20), it was worth investigating whether treatment with H22-dPBD can eliminate TAMs through the depletion of their progenitors and would lead to the reduction of solid tumor size. According to a previous report, we transplanted Lin-CD34+ UCB cells into human IL-6-Tg NOG mice, which generates TAMs with a functionally immunosuppressive nature and show an enhanced tumor-growth (29). A few months later, we subcutaneously transplanted HSC4 human squamous carcinoma cells into those humanized mice (Figure 6A). In this context, HSC4 cells did not express CD64 and thus were not targeted by H22-dPBD treatment in vitro (Supplementary Figure 6). Before injecting H22-dPBD, we confirmed that the chimerism of hCD45+ cells and the frequency of monocytes in hCD45+ cells were similar between the H22-dPBD- and DNP-dPBD-treatment groups (data not shown). Additionally, hCD45+ cells were dominant in tumor-infiltrating leukocytes in this model (Figure 6B). Under these conditions, treatment with H22-dPBD effectively eradicated both blood monocytes and tumor-infiltrating CD14+ cells, some of which expressed CD163, a representative TAM marker (43, 44) (Figures 6C–F). In contrast, the numbers of total human leukocytes and non-monocytic myeloid cells in the tumor were unaffected (Figure 6G), suggesting there were minimal side effects in tumor-infiltrated non-monocytic cell lineages. Importantly, we found that the HSC4 tumor development was significantly suppressed in both volume and weight at 3 weeks after the initial treatment with H22-dPBD (Figures 6H, I). Collectively, these results demonstrate that anti-CD64 dPBD is a promising agent to directly treat monocytic leukemia and indirectly suppress solid tumor development through the depletion of TAMs.




Figure 6 | H22-dPBD eliminates TAMs and inhibits the development of solid tumors. (A) Experimental scheme of the generation and therapeutic treatment of solid tumor-bearing humanized mice with ADCs. At day 0, HSC4 cells (1.5×106 cells/mouse) were subcutaneously transplanted in hIL-6 Tg NOG mice humanized with UCB-derived Lin-CD34+ cells. DNP- or H22-dPBD (0.5 µg/mouse) were intravenously injected to the mice once a week from day 7 and tumor sizes were measured every 4 days from day 7. The mice were sacrificed at day 28 and tumor weights and cells infiltrating the tumors were evaluated. mo: months. (B) Ratio of hCD45+ and mCD45+ cells in total leukocytes in the tumor. (C) Frequency of monocytes in circulating hCD45+ cells at day 28. (D) Representative FCM plots of tumor-infiltrating hCD45+ cells. Frequencies of CD163hiCD14+ TAM-like cells are shown. (E) Histological evaluation of tumor-infiltrating CD163+ cells in DNP-dPBD- or H22-dPBD-treated mice. Scale bars: 200 μm. (F) Number and frequency of TAMs in DNP-dPBD- or H22-dPBD-treated mice. (G) Numbers of total hCD45+ cells and hCD45+CD3-CD19-CD56-CD14- (non-lymphoid, non-monocytic) cells in the tumor. (H) Time-course analysis of tumor development. Tumor volumes were calculated according to the following formula; 0.5 × length × (width)2. Statistical analysis was performed on data at day 27. Averages of tumor size in each group were shown. (I) Tumor weights of DNP-dPBD- or H22-dPBD-treated mice at day 28. Error bars represent standard deviation of the mean. Each point in the bar graphs shows the value for an individual mouse (DNP-treated group: n=8, H22-treated group: n=6). Student’s t-test was performed to assess statistical significance. *p < 0.05, **p < 0.01; n.s, not significant. Data are representative of three independent experiments (D, E) or are pooled from two independent experiments (B, C, F–I). Data points more than two standard deviations from the mean were excluded as outliers (H, I).






Discussion

As cytotoxic side effects caused by anti-cancer drug treatments are major challenges for the treatment of leukemias, various drug-delivery systems including ADCs have been developed to specifically target cancer cells. In this context, the H22-dPBD ADC that we generated in this study has a unique characteristic. Although the H22 nullbody binds both to monocyte progenitors and to mature monocytes, the H22-dPBD ADC selectively eliminated proliferating monocyte progenitors. This could be because the DNA-crosslinking caused by dPBD is more cytotoxic for proliferating cells, in which replication and transcription of DNA are actively occurring. Supporting this notion, the inhibition of THP-1 cell proliferation by treatment with PMA clearly decreased the sensitivity against H22-dPBD, although it did not alter the level of CD64 expression or ADC internalization. Given the difference in proliferation potential between cell lines and primary cells, at least in some cases, cell line-based studies may not reflect the true therapeutic efficacy and target cells of drugs, which can lead to misinterpretation.

Because CD64 is a well-known marker for monocytes and macrophages (36, 45), various ADCs against CD64 have been generated to eliminate leukemic monocytes and/or inflammatory macrophages (46–51). However, in most cases, the efficacy of ADCs was tested in culture and/or in a xenograft model using leukemic cell lines. Thus, it remained unclear if anti-CD64 ADCs work to remove patient-derived monocytic leukemia cells in vivo. In addition, the side effects of anti-CD64 ADCs on other cell lineages, especially hematopoietic progenitors, have never been evaluated to date. However, our recent findings, i.e., the identification of CD64+ monocytic progenitors, such as rGMP, cMoP and pre-monocytes, provided an opportunity to reconsider and review the utility of anti-CD64 ADC for anti-cancer therapy and side effects on hematopoiesis.

Under that background, we developed a new ADC targeting human CD64 (H22-dPBD), which kills monocytic progenitors, but not monocytes or other progenitors, and demonstrated that targeting monocytic progenitors with that ADC sharply decreased the number of monocytes in the BM and blood of humanized mice. Treatment with H22-dPBD partially reduced the number of cDCs, which might reflect the presence of monocyte-derived cDCs among total cDCs. Interestingly, treatment with H22-dPBD did not alter the number of neutrophils in humanized mice. This was unexpected because treatment with H22-dPBD in vivo partially decreased rGMPs that have the potential to give rise to granulocytes and monocytes. Since neutrophils are short-lived cells, this result may reflect an alternative differentiation pathway of neutrophil generation through unknown progenitors. It might also be possible that H22-dPBD preferentially eliminated monocyte-committed rGMPs, but not neutrophil-committed rGMPs. Indeed, both in mice and in humans, a neutrophil-committed progenitor was identified in the GMP fraction (52, 53). Another possible explanation is the mechanism that stabilizes neutrophil production such as a neutrophil rheostat (neutrostat) (54–56). Given that neutrophils are short-lived cells that first appear in an emergency, there might be complicated regulatory mechanisms of neutrophil homeostasis in vivo.

It has been suggested that TAMs are resistant to anti-CD64 ADCs because of their lower expression level of CD64 and the higher degradation capacity of protein-based anti-cancer drugs than are M1 macrophages (28, 36, 37). Considering the property of H22-dPBD to effectively kill monocytic progenitors, it can eradicate any monocyte-derived cells regardless of their nature such as their proliferation state, their capacities to degrade and effuse drugs, and their expression level of CD64. Thus, anti-CD64 ADCs are suitable agents that can target highly heterogeneous monocyte-derived cells such as TAMs. Indeed, in our solid tumor-bearing humanized mouse model, tumor-infiltrating CD163+ TAM-like cells were successfully removed by treatment with H22-dPBD. Importantly, the depletion of TAMs by H22-dPBD significantly attenuated solid tumor progression in vivo, suggesting the utility of anti-CD64 ADCs for anti-solid tumor therapy. In this study, we administered ADCs three times in the observation period, because it takes a long time for solid tumors to progress. Although those treatments did not significantly alter the numbers of hCD45+ cells and non-monocytic myeloid cells that infiltrated in the tumor, we noticed that the number of BM neutrophils was reduced (data not shown). This might be due to the reduction of rGMP by three injections of H22-dPBD, which could be stronger than a single injection. However, owing to the properties of the humanized mouse model, in which neutrophils poorly egress from the BM and circulate in the peripheral blood (29), the attenuation of tumor development was probably not due to the reduction of neutrophils in this model. To minimize the side effects of the three injections on BM neutrophils, further optimization of dosages and injection intervals will be required.

Tissue-resident macrophages are derived either from yolk sac progenitors during the embryonic stage or from monocytes (57). In this study, we successfully eliminated TAMs generated from human monocytes in humanized hIL-6-Tg NOG mice. On the other hand, TAMs from yolk sac-derived macrophages cannot be evaluated in tumor-bearing humanized mouse models, suggesting their limitation and a requirement for further technological innovation.

In summary, H22-dPBD is a unique ADC that selectively targets proliferating monocyte-committed progenitors and is effective in treating monocytic leukemia and TAM-targeted suppression of solid tumor development (Supplementary Figure 7). Since monocytes and monocyte-derived cells including macrophages, DCs and osteoclasts play key roles in the progression of various pathological conditions (28), the strategy targeting monocytic progenitors might also be applicable to treating a variety of other disorders, in particular those involving excessive inflammation and autoimmunity.
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Humanized immune system (HIS) mouse models are useful tools for the in vivo investigation of human hematopoiesis. However, the majority of HIS models currently in use are biased towards lymphocyte development and fail to support long-term multilineage leucocytes and erythrocytes. Those that achieve successful multilineage reconstitution often require preconditioning steps which are expensive, cause animal morbidity, are technically demanding, and poorly reproducible. In this study, we address this challenge by using HSPC-NBSGW mice, in which NOD,B6.SCID IL-2rγ-/-KitW41/W41 (NBSGW) mice are engrafted with human CD133+ hematopoietic stem and progenitor cells (HSPCs) without the need for preconditioning by sublethal irradiation. These HSPCs are enriched in long-term hematopoietic stem cells (LT-HSCs), while NBSGW mice are permissive to human hematopoietic stem cell (HSC) engraftment, thus reducing the cell number required for successful HIS development. B cells reconstitute with the greatest efficiency, including mature B cells capable of class-switching following allogeneic stimulation and, within lymphoid organs and peripheral blood, T cells at a spectrum of stages of maturation. In the thymus, human thymocytes are identified at all major stages of development. Phenotypically distinct subsets of myeloid cells, including dendritic cells and mature monocytes, engraft to a variable degree in the bone marrow and spleen, and circulate in peripheral blood. Finally, we observe human erythrocytes which persist in the periphery at high levels following macrophage clearance. The HSPC-NBSGW model therefore provides a useful platform for the study of human hematological and immunological processes and pathologies.
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Introduction

The ability to conduct experiments on human cells and tissues in small animal models holds great value for immunological research. Humanized immune system (HIS) mice are produced by successful transplantation and engraftment of human hematopoietic cells into immunodeficient mice. These in vivo models provide a powerful tool for the study of long-term human hematopoiesis and for the preclinical investigation of transplant rejection, cancer, autoimmunity and infection.

Immunodeficient strains such as the non-obese diabetic (NOD)/severe combined immunodeficiency (SCID)/interleukin-(IL)2 receptor gamma chain null (IL2rγ-/-) mouse (NSG) (1) have profound deficiencies of innate and adaptive immunity and impaired capacity to repopulate the murine bone marrow, both of which enhance engraftment of human hematopoietic stem cells (HSCs) (2). Despite this, attainment of high levels of human leucocyte chimaerism requires preconditioning and adoptive transfer of large numbers of HSCs (3, 4). To address this, the NOD,B6.SCID IL-2rγ-/-KitW41/W41 (NBSGW) immunodeficient mouse strain was developed by adding KitW41/W41 alleles to the NSG (5). This allele affords a competitive advantage to transplanted HSCs through a loss-of-function mutation of the tyrosine kinase motif of the stem cell factor receptor, c-Kit. A recent study demonstrated successful humanization of NBSGW mice using HSCs sourced from human umbilical cord blood (hUCB), bone marrow and mobilized peripheral blood (6). The majority of HSC-based HIS models in current use utilize human umbilical cord blood (hUCB)-derived cells, with HSC isolation based on expression of CD34. However, because HSC yields from individual hUCB units are both highly variable and expensive to procure and isolate (7), there is a need for mouse models that can support immune reconstitution following transplantation of low numbers of primitive HSCs. In NBSGW mice, successful humanization with high levels of chimaerism is achievable following transplantation of 0.25x106–1x106 CD34+ HSCs (8). In contrast to CD34, CD133, a pentaspan transmembrane protein on human HSCs, is a key biomarker, expressed on the surface of human HSCs before and then with CD34 (9), and used in place of CD34 for the isolation and characterization of human HSCs (10, 11). In UCB, the CD133+ subpopulation has been shown to be particularly enriched for long-term (LT)-HSCs and the CD133neg fraction to lack LT-HSCs (12, 13). Additionally, the CD133+ population includes a small fraction of CD34neg LT-HSCs which have the capacity for self-renewal (13), are increasingly appreciated as the determinants of successful transplantation (14), and are likely discarded where transplantation is based only on CD34 selection. In NOG mice, isolation based on CD133 positivity has been shown to improve engraftment of UCB HSCs compared with CD133- HSCs (15).

For immunological research, combined reconstitution of functional human adaptive and innate immune cells is desirable to enable more accurate experimental representation of human immunity to be achieved in vivo. Currently available models demonstrate cellular tropism, with biased reconstitution of particular populations of cells. Peripheral blood leucocyte (PBL) HIS models are commonly used examples, which are typically T cell-biased (16). HSC-based HIS models tend to support myeloid cell engraftment but are typically skewed toward reconstitution of immature B cells (17) which fail to mature into functional mature B cells.

T cells that develop within the thymi of HIS mice include CD4+ and CD8+ cells with broad Vβ distribution together with regulatory T cells (Tregs) and γδ T cells (18). To date, successful intrathymic de novo T cell development following human HSC transplantation has required the use of irradiated newborn mice (19–21). When this has also been demonstrated in adult mice, its achievement requires irradiation and weekly injections of human Fc-IL7 fusion protein, which conferred the additional effect of diminishing the human B cell population (3).

Human erythropoiesis is not well supported in humanized mouse models. Within the NBSGW mouse, bone marrow-based erythropoiesis occurs with complete maturation, enucleation and globin gene expression (8). However, survival of mature human erythrocytes in the peripheral blood does not occur, likely as a result of murine macrophage-mediated erythrocyte phagocytosis.

In this study we harness stemness properties of CD133+ hUCB LT-HSCs to achieve successful irradiation-independent human hematopoietic reconstitution in NBSGW mice using low doses of HSCs. The model is technically easy to use and achieves robust multilineage reconstitution of lymphoid and myeloid human cells which persist long-term. For decades, achieving this has challenged several of the available HIS mouse models, which are unable to support both engraftment of all lymphocytes and myeloid cells and maturation and survival into the long-term (22). Human thymocytes develop in a humanized thymic microenvironment and both naïve and memory CD4+ and CD8+ T cells repopulate in the periphery. Both immature and mature B cells are present, which are antibody class-switching and functional. Finally, we identify human erythropoiesis within the bone marrow.



Materials and Methods


Cell Isolation

hUCB was collected from the John Radcliffe Hospital, Oxford, UK or provided via the NHS Cord Blood Bank, London and used with informed, written pre-consent and ethical approval from the South Central Oxford C and Berkshire Ethical Committees (# 15/SC/0027) and the Oxfordshire Research Ethics Committee B (#07/H0605/130), in accordance with the Helsinki Declaration of 1975, as revised in 2008.

Mononuclear cells (MNCs; density <1.077g/ml) were isolated by density gradient centrifugation no more than 24 hours after hUCB collection. Human CD133+/hCD34+ hematopoietic stem and progenitor cells (HSPCs) were enriched by magnetic bead selection using the human CD133/hCD34 direct microbead kits (MACS, Miltenyi Biotec GmbH) and cryopreserved until use (23, 24). Purity was routinely assessed by flow cytometry and only cell isolates with >90% hCD133+ or hCD34+ cell purity were used for experiments. PBMCs were isolated from leucocyte cones obtained from healthy donors (NHS Blood and Transplant [NHSBT] UK) by LSM1077 (PAA) gradient centrifugation.



Cell Dose, Preparation and Injection Into Mice

NOD,B6.SCID Il2rγ-/- KitW41/W41 (NBSGW) mice were obtained from the Jackson Laboratory and then bred and housed in the Biomedical Services Unit of the John Radcliffe Hospital (Oxford, UK) in individually ventilated cages. All experiments were performed using protocols approved by the Animal Care and Ethical Review Committee at the University of Oxford, in accordance with the UK Animals (Scientific Procedures) Act 1986 and under the PPL P8869535A. Cells were quantified for injection using Countbright absolute counting beads (Molecular Probes) by flow cytometry (23). HSPCs were injected intravenously at doses of between 1,000-250,000 CD133+ cells, suspended in 200μl of IMDM/1%HSA (human serum albumin) into non-irradiated adult (5-16 weeks of age) recipient male or female mice. Mice were regularly bled for human leucocyte reconstitution assessment. 20-22 weeks after HSPC injection, peripheral blood, spleen, thymus and bone marrow were harvested. Engraftment was defined as >0.1% hCD45+ cell chimaerism in bone marrow at final harvest (25). A separate group of 8-10 week old male or female mice were injected intravenously with 5x106 human PBMCs suspended in 200μl of RPMI 1650. 4-6 weeks after PBMC injection peripheral blood, spleen and thymus were harvested.



Sample Processing

Blood, spleen, both femurs and thymus were harvested. Spleen and thymus were mashed and filtered using a 70µm nylon filter, washed with MACS buffer, and red blood cells lysed (BD Pharmlyse), followed by repeated filtering. Femurs were cleaned, crushed with the back end of a 10ml syringe plunger and filtered through a 70µm nylon filter with MACS buffer to wash out bone marrow cells. 1/50th of a femur was taken for RBC staining and remaining bone marrow was lysed with RBC lysis buffer (BD Pharmlyse). Cells were then washed and filtered again. 10µl of peripheral blood was taken for RBC staining (no RBC lysis) and 50µl of blood was taken for each of the remaining stains after undergoing RBC lysis with BD Pharmlyse buffer, followed by washing with MACS buffer.



Flow Cytometric Analysis

Bone marrow, spleen, thymus and blood single cell suspensions prepared as described above were used for flow cytometry. The antibodies against human and mouse cell surface antigens are detailed in Supplementary Table 1. Briefly, cells were incubated with a mixture of fluorescently labeled antibodies diluted in FACS buffer for 30 minutes on ice. Cells were washed once, resuspended in FACS buffer and acquired immediately on a BD FACSCanto flow cytometer (BD Biosciences). 7-AAD (eBioscience) was added to the antibody mix to distinguish live and dead cells. Data were analyzed using FACSDiva (BD) and FlowJo software (TreeStar Inc.).



Human Skin Transplantation

Human tissue samples were obtained with full informed written consent and with ethical approval from the Oxfordshire Research Ethics Committee (REC B), under study number 07/H0605/130. In 2 separate experiments, 14 non-irradiated adult NBSGW mice were injected with CD133+ hUCB cells suspended in 200μl of IMDM/1%HSA and 11-13 weeks after humanization, received a 1cm x 1cm allogeneic split-thickness human skin graft harvested from excess abdominal tissue used for reconstructive surgery (as previously described (26)). 6 additional mice, which did not receive skin transplants were observed to 100 days to compare incidence of adverse effects. At the time of skin transplantation, multilineage leucocyte reconstitution can be observed in the peripheral blood (data not shown). Grafts were monitored for clinical features of rejection and mice were sacrificed when these were observed. In the absence of rejection grafts were harvested 100 days after transplantation. Spleens were harvested concurrently and splenocytes, processed (as above) and analyzed by FACS for the frequency of class-switched memory B cells. Additionally, blood was harvested and serum separated from cells following centrifugation at 1300rpm for 10 minutes. IgD and IgG expression was assessed by cytometric bead array (Biolegend Legendplex Human Ig Isotyping Panel (8-plex)) according to the manufacturer’s instructions. Data were analyzed using FACSDiva (BD) and FlowJo software (TreeStar Inc.).



Phagocyte Depletion

For the phagocyte depletion assays, mice were injected with 50,000 CD34+ hUCB HSPCs. On week 10, mice were checked for human leucocyte reconstitution and allocated to the clodronate and PBS-treated groups to provide equal distribution of human leucocyte reconstitution levels. Mice received either 200μl clodronate liposomes (at 5mg clodronate per ml; Liposoma B.V.) or 200μl PBS intraperitoneally. Five (5) days after injection, mice were analyzed for mouse macrophage depletion and human RBC levels in the peripheral blood (27). The bone marrow was then harvested at day 6 post-clodronate injection.



Data Analysis and Statistics

Statistical analyses were performed using GraphPad Prism 5 software using the Mann Whitney test and paired t-test as described in each figure legend. A p value of <0.05 was considered statistically significant. Median values are shown, unless stated otherwise.




Results


Human Leucocyte Reconstitution and HSPC Engraftment in HSPC-NBSGW Mice

We first examined human hematopoietic chimaerism in the peripheral blood following transplantation of hUCB CD133+ HSCs (≥1x103 CD133+ cells injected) into non-irradiated NBSGW mice (referred to herein as HSPC-NBSGW mice). Following isolation, >96% of CD133+ cells were strongly positive for CD34, and included a small number of the rare but highly potent CD133+CD34- LT-HSCs (Supplementary Figure 1a). Successful humanization was demonstrated by a dose-dependent increase in human CD45+ cell chimaerism in the bone marrow, spleen and peripheral blood by 20-22 weeks (Figures 1A, B; Supplementary Tables 2 and 3, Supplementary Figure 1B). Engraftment was greatest in the bone marrow (mean ± SD from 35.0±36.2 to 97.4±1.9%) and spleen (from 32.0±39.4 to 98.5±0.9%) (Supplementary Table 2). Robust engraftment was also present in the peripheral blood (from 12.1±24.7 to 80.0±14.2%), with higher chimaerism than described in comparable irradiated HSPC mice similarly humanized intravenously with hUCB HSCs (28). At all doses administered, reconstitution in the blood demonstrated no signs of declining at 20-22 weeks (Figure 1B). Recipient sex did not significantly affect chimaerism in the bone marrow, spleen or peripheral blood (Figures 1C–G, Supplementary Figure 1C), however we identified a trend consistent with other immunodeficient strains including NSG mice in which lower levels of human CD45+ cell engraftment are seen in the bone marrow of male recipients. Engraftment of a sizeable proportion of Lin-CD34+ and Lin-CD34+CD38lo/- cells in the bone marrow was seen and suggests a pool of stable, self-renewing HSPCs is maintained for at least 20 weeks (Figures 2A–D). Relative engraftment of these cells was greater in the bone marrow of female as compared to male recipients when 5-10x103 HSPCs were transplanted (Figures 2C, D). We previously demonstrated functional self-renewal through engraftment of human leukocytes in NBSGW mice secondarily transplanted with bone marrow cells from HSPC-NBSGW mice (29),




Figure 1 | Human leucocyte reconstitution in HSPC-NBSGW mice. (A) Representative flow cytometric analysis of mCD45+ vs hCD45+ cells in the peripheral blood of non-irradiated NBSGW recipients 20-22 weeks after i.v. injection with 1x103 hCD133+ hUCB HSPCs. (B) Frequencies of hCD45+ leucocytes in the blood at indicated time points according to dose of injected HSPCs (mean and SD shown). (C) Absolute numbers of human CD45+ leucocytes per microliter of blood in male and female recipient mice, based on number of injected HSPCs. (D–G) Human CD45+ leucocyte frequencies (percentage of total mouse plus human CD45+ cells) and corresponding absolute numbers per, bone marrow of one femur and spleen in male and female recipient mice, based on number of injected HSPCs. M- male (blue symbols), F- female (red symbols), 250x103 C – control group (mixed sex). Statistical significance was assessed using a Mann Whitney test (*p<0.05, ***p<0.001). In (C), two points fall below the cut-off shown for 1x103 cells infused. Non-statistical bars represent median values.






Figure 2 | Human HSPC engraftment in the bone marrow of HSPC-NBSGW mice. Representative dot plots of (A) hCD34+Lin- and (B) hCD34+Lin-hCD38low\- HSPCs in the bone marrow. Number of (C) hCD34+Lin- and (D) hCD34+Lin-hCD38low\- cells per femur in male and female recipients at the point of harvest (20-22 weeks). M- male (blue symbols), F- female (red symbols), 250x103 – control group (mixed sex). Statistical significance was assessed using a Mann Whitney test (*p<0.05, **p<0.01). Median values shown.





B Cells Dominate Multilineage Human Leucocyte Engraftment

We observed multilineage human leucocyte engraftment in the bone marrow, spleen and peripheral blood (Figure 3; Supplementary Figure 2). B cells engrafted with the greatest frequency (Figures 3A, B; Supplementary Figures 2A–C, followed by myeloid and T cells (Supplementary Tables 2 and 3). In mice receiving 1x103 hUCB HSPCs, hCD19+ B cell engraftment was higher in females (Supplementary Figure 2d). No other sex-specific differences in leucocyte subset engraftment were observed (Supplementary Figures 2D–F). We also identified human natural killer cells, which were most populous in the peripheral blood. (Supplementary Figures 2G, H)




Figure 3 | Human B cell engraftment and development in HSPC-NBSGW mice. (A) Frequencies of human B cells, myeloid cells and T cells in the bone marrow, spleen and blood of HSPC-NBSGW mice 20-22 weeks after cell injection (50x103 cells). (B) Frequency of hCD19+ cells in the bone marrow (BM), spleen and peripheral blood (50x103 cells). Bars indicate median values. (C) Representative flow cytometric analysis of CD10 expression on human CD45+CD19+ B cells in spleens harvested at 20-22 weeks. (D) Frequencies of mature (CD10-) and immature (CD10+) human B cells in the bone marrow, spleen and blood. (E) Sizes of mature vs immature human splenic B cells (determined by forward scatter (FSC). (F) Representative flow cytometric analysis and (G) corresponding frequencies of mature (CD10-) B cell subsets in the bone marrow, spleen and blood, based on IgD and CD27 expression. The red box indicates mature cells [as gated in (C)]. (H) Frequencies of IgD-negative memory B cells in the femurs and spleens of HSPC-NBSGW mice which received allogeneic split-thickness human skin grafts 11 weeks after humanization and were sacrificed at the time of skin rejection (skin Tx) or 100 days after transplantation (no skin Tx). (I) Frequencies of class-switched memory B cells in the spleens of mice which did (skin) and did not (no skin) receive allogeneic split-thickness human skin grafts. (J, K) Geometric mean fluorescence intensity (MFI) of plasma (J) human IgD and (K) human IgG1 in NBSGW (control), HSPC-NBSGW (no skin) and human skin-transplanted HSPC-NBSGW (skin) mice. Dashed lines represent negative standards (background fluorescence). Bars represent median + IQR (A, D, G), mean + SEM (E, I) and median (H) values. Statistical significance was assessed using the paired t test (D), two-tailed Mann-Whitney test (I), and ordinary one-way ANOVA with Tukey’s multiple comparisons test (J, K) (*p<0.05; ***p<0.001; ****p<0.0001; ns p>0.05).



B cell hematopoiesis was assessed by examining the developmental stages of B cells in the bone marrow, spleen and peripheral blood 20-22 weeks after humanization (Figure 3B). Within the bone marrow, immature B cells expressing CD10 were most populous (30) (Figures 3C, D), contrasting with increasing frequencies of larger CD10- mature B cells in the spleen and blood (Figures 3D, E), supporting early observations of the memory phenotype being associated with greater-sized B cells (31). This correlates with human bone marrow, which contains more CD10+ cells (with higher CD10 density) than both hUCB CD34+ cells and G-CSF-mobilized peripheral blood (30). Next, we analyzed mature B cell phenotypes. As expected, only a small proportion of CD10- B cells populated the bone marrow and the majority were naïve, lacking CD27 expression (Figures 3F–G). Of these, almost half were CD27-IgD- double-negative B cells (Figure 3G), a heterogenous population described as early-stage bone marrow cells (32), and more recently as memory precursor, extracellular antibody secreting cell precursor, and atypical/tissue based memory cells, with activated phenotypes in inflammatory diseases (33). As in humans, antigen-inexperienced CD27-IgD+ B cells formed the other major mature B cell population in the bone marrow (34) (Figure 3G). Within the spleen a greater proportion of mature B cells was observed and among them both unswitched (CD27+IgD+) and class-switched memory B cells (CD27+IgD-) (Figures 3F–G). This reflected the notion that class switch recombination (CSR) occurs predominantly (although not exclusively) in germinal center (secondary lymphoid organ) B cells, initiated by activation-induced cytidine deaminase (35). To assess the capacity for isotype switching to be stimulated in vivo, we introduced an antigen challenge by transplanting allogeneic human skin onto HSPC-NBSGW mice 11-13 weeks after humanization. At the point of skin allograft rejection (or after 100 days), we analyzed the phenotypes of human leucocytes, splenic B cells and immunoglobulin subtypes in peripheral serum (Figures 3H–K; Supplementary Figures 2i–k). We found a significantly higher frequency of CD27+IgD- memory B cells (Figure 3I), together with lower serum IgD and higher IgG1 levels (Figures 3J, K) in mice exposed to allogeneic skin transplants compared with mice not exposed. This indicates the potential for specific human B cell responses to be mounted in response to antigen challenge within this model.

Altogether, these findings demonstrate that following transplantation of hUCB CD133+ HSPCs a continuous process of human B cell development and functional maturation occurs within the primary and secondary lymphoid organs of HSPC-NBSGW mice.



Thymic Development of Human T Cells in HSPC-NBSGW Mice

Having identified long-term engraftment of T cells (Figure 3A; Supplementary Figure 2), we sought to investigate whether persistence of these cells is also supported by continuous hematopoiesis and thymic development. We first assessed T cell subset profiles within the bone marrow, spleen and blood. Transplantation of high doses (≥50x103) of HSPCs produced robust engraftment of both CD8+ and CD4+ T cells, predominantly in the spleen and peripheral blood (Figures 4A, B). At these doses we identified the major T cell subtypes within both CD8+ and CD4+ T cell populations: 1) central memory (Tcm), 2) effector memory (Tem), 3) T effector memory re-expressing CD45RA (TemRA) and 4) naïve (Tn) (Figures 4C, D; Supplementary Table 4). Tem and Tcm cells were the most populous subtypes, however a significant proportion of CD45RA-expressing cells also persisted long-term (Figures 4C–F; Supplementary Figure 3D, Supplementary Table 4). We found T cell reconstitution in HSPC-NBSGW mice to more accurately reproduce the average human peripheral blood profiles than in NBSGW mice humanized with peripheral blood mononuclear cells (PBMCs), which fail to reconstitute CD45RA-expressing T cells and are instead composed entirely of Tem and Tcm (Supplementary Figures 3A–D).




Figure 4 | Human T cell repopulation in HSPC-NBSGW mice (A) Frequencies of human CD3+ T cells in the bone marrow, spleen and blood of HSPC-NBSGW mice 20-22 weeks after cell injection, as determined by flow cytometry (50x103 HSPC dose shown). (B–D) Representative flow cytometric analysis of (B) CD4 and CD8 expression on live human CD45+CD3+ splenic T cells, (C) CD8+ and (D) CD4+ T cell subsets, determined by surface expression of CD45RA and CCR7. (E, F) Frequencies of CD8+ (D) and CD4+ (E) splenic T cell subsets: naïve (Tn; hCD45RA+hCCR7+), Tcm (hCD45RA-hCCR7+), Tem (hCD45RA-hCCR7-) and TemRA (hCD45RA+hCCR7-) (250x103 HSPC dose shown). Bars indicate median values.



To identify whether de novo T cell development from transplanted HSPCs occurs in this model, we analyzed human and mouse leucocyte populations in the thymi of recipient mice humanized with HSPCs or PBMCs (Figure 5). The majority of thymic cells were human CD45+ leucocytes (Figures 5A, B) expressing CD3, together with a small population of CD19+ cells (Supplementary Figure 4A). The majority of CD3+ cells were CD4+CD8+ double-positive (DP) thymocytes (Figures 5C, D) with an average frequency equivalent to those seen in thymus biopsies from human infants (36). In contrast, following humanization with mature PBMCs, no double-positive T cells were identified within the thymus (Supplementary Figures 4B–C).




Figure 5 | Thymic human leucocyte engraftment and development of human thymocytes in HSPC-NBSGW mice. (A) Representative flow cytometric plot and (B) corresponding frequencies of human and mouse CD45+ cells (as percentage of mCD45 + hCD45 cells) in the thymi of HSPC-NBSGW mice 20-22 weeks after cell injection (50x103 dose shown). (C) Representative flow cytometric analysis and (D) corresponding frequencies of single-positive CD4+, CD8+ and double-positive CD4+CD8+ human thymocytes. Bars represent the mean ± SEM. Statistical significance was assessed using paired t tests (***p<0.001).





Successful Engraftment and Reconstitution of Phenotypically Distinct Subsets of Innate Myeloid Cells

Developing humanized mouse models capable of reconstituting cells of the innate and adaptive immune systems and long-term survival is difficult to achieve, especially in the absence of irradiation and engineered or exogenous cytokine expression. Having identified engraftment of human CD33+ myeloid cells (Figure 3A; Supplementary Table 2; Supplementary Figure 2), we assessed subtype reconstitution (Figure 6). At all doses of HSPCs transplanted, myeloid cells engrafted with the greatest frequency in the bone marrow (Figure 6A; Supplementary Table 2). Within the bone marrow and spleen we identified populations of HLA-DRhi, HLA-DRint and HLA-DR- cells (Figures 6B, C). The CD33+HLA-DRhi subset, which includes CD11c+ conventional dendritic cells (cDCs), formed the most common subtype in the bone marrow (Figures 6B–G; Supplementary Figures 5A, B). As similarly described in human bone marrow, these cDCs expressed CD33, high levels of CD11c and HLA-DR, and were CD14- (37) and CD11blo/- aiding the distinction from monocyte/macrophage lineage cells (Figures 6D–F). The HLA-DRint fraction, which includes CD14-expressing mature monocytes/macrophages is found predominantly in the blood where it forms approximately half of all myeloid cells (Figures 6B–F and H). A less mature CD14+HLA-DR- population, which may include myeloid-derived suppressor cells is also present, especially in the spleen (Figure 6C). Together, these data demonstrate successful engraftment and reconstitution of phenotypically distinct subsets of innate myeloid cells, which express molecules of antigen presentation.




Figure 6 | Human myeloid cell engraftment in HSPC-NBSGW mice. (A) Frequencies of human CD33+ myeloid cells in the bone marrow, spleen and peripheral blood of HSPC-NBSGW mice 20-22 weeks after cell injection. (B) Representative flow cytometric plot and (C) corresponding frequencies of myeloid subsets based on CD14 and HLA-DR expression. (D) Representative flow cytometry plot and (E, F) corresponding histograms demonstrating human conventional dendritic cells (cDCs) (blue; hCD11c+hCD14-hCD33+) and human monocytes/macrophages (red; hCD14+hCD33+) in the bone marrow of HSPC-NBSGW mice (50x103 dose shown). Histograms demonstrate high HLA-DR expression and low CD11b expression in cDCs (blue histograms) as compared with monocytes (red histograms). (G) Numbers of human cDCs (hCD11c+hCD14-hCD33+) (H) and human monocytes/macrophages (hCD14+hCD33+) in the bone marrow of one femur in mice receiving different numbers of hUCB CD133+ HSPCs. Bars indicate median values (A, G, H) and median + IQR (C).





Phagocytosis-Dependent Impairment in Peripheral Engraftment of Human Erythrocytes

Next we investigated engraftment of erythrocytes. In HSPC-NBSGW mice, Glycophorin A analysis (CD235a) demonstrated dose-dependent engraftment of erythroid cells within the bone marrow, however only a small, transient population of RBCs were found in the peripheral blood (Figures 7A, B, Supplementary Figure 6A). To determine whether absence from the periphery results from defective erythroid lineage differentiation, we assessed erythroid cell maturity in the bone marrow (Figures 7C–F). In addition to a small population of mature erythrocytes (Figures 7C, D; Supplementary Figure 6A), dose-dependent frequencies of erythroid precursors at various stages of development were identified, with no significant discrepancies noted between male and female mice (Figures 7E, F; Supplementary Figures 6B–D). To identify whether the lack of peripheral reconstitution results instead from phagocytosis of human erythroid cells by mouse phagocytes, we assessed survival following phagocyte depletion (Figures 8A–G). Using a previously reported technique (27), clodronate liposomes (CloLip) were injected intravenously 11 weeks after humanization, successfully reducing the frequencies of monocytes in the peripheral blood (Figure 8A). This was associated with increased numbers of mature erythrocytes in the blood (168-fold compared with control; 335 ± 237 vs 2 ± 1.6 per μl of blood) (Figures 8B–D), suggesting that phagocytosis contributes at least in part to the impaired reconstitution of human erythroid cells in this model. While there was no significant difference in the frequencies of early erythroid precursors in the bone marrow following phagocyte clearance, as expected, an increase in reticulocytes and mature erythrocytes was seen (19% (16-27.7%) vs 31.5% (5.2-36.9%) as median (with range), p<0.05) (Figures 8E–G).




Figure 7 | Human erythrocyte reconstitution in HSPC-NBSGW mice. (A) Representative flow cytometric analysis demonstrating the identification of hCD45lo/-mCD45-hCD235a+mTER119- human erythroid cells in the bone marrow. (B) Frequency of hCD235+ cells in the peripheral blood at different time points following injection with increasing numbers of hUCB CD133+ HSPCs (mean ± SD shown). (C) Representative flow cytometric analysis and (D) corresponding frequencies of hCD71+hCD235lo/-, hCD71+hCD235+ and hCD71-hCD235+ erythroid precursors (in ascending order of maturity) in the bone marrow (BM) 20-22 weeks after humanization (50x103 dose shown). (E) Frequency of hCD71+hCD235-/lo and (F) hCD71+hCD235+ erythroid precursors in the bone marrow (BM) following humanization with increasing numbers of hUCB CD133+ HSPCs. Red symbols – female mice, blue symbols – male mice. Bars indicate median values.






Figure 8 | Effect of murine phagocyte clearance on human erythrocyte reconstitution HSPC-NBSGW mice. (A–G) HSPC-NBSGW mice injected with 50x103 hUCB CD34+ cells 11 weeks earlier were injected with clodronate liposomes (CloLip) or PBS (control) and analyzed over 6 days. (A) Frequency of mouse CD11b+Gr1- cells in the blood 5 days after clodronate liposome (CloLip) treatment. (B) Representative flow cytometric analysis of human CD235+ RBCs in the blood 5 days after CloLip treatment. (C) frequency and (D) absolute number of human RBCs (hCD235+) in the peripheral blood 5 days after CloLip treatment. (E) Frequencies of hCD71+hCD235-/lo, (F) hCD71+hCD235+ and (G) hCD71-hCD235+ in the bone marrow (BM) 6 days after CloLip/PBS treatment. Symbols represent individual mice. Bars represent median values (A)–(C–G); Statistical significance was assessed using the Mann Whitney test (*p<0.05, **p<0.01).






Discussion

Here we show robust long-term multilineage reconstitution of human hematopoeitic cells in NBSGW mice. We also show that the numbers of circulating RBCs can be increased in NBSGW mice following mouse macrophage clearance, enhancing the capacity to study disorders of human erythropoiesis in the context of complete human lymphoid development.

For optimal human HSC engraftment, there must be a permissive bone marrow niche in favor of human hematopoiesis. This has been achieved through 1) mutation of critical murine growth factor receptors such as the c-kit receptor (W41/Wv alleles) in NSGW41, NSGWv/+, NSGWv, NBSGW, SRG-W41 and BRgWv mice, 2) direct treatment with an anti-c-Kit receptor antibody, 3) provision of exogenous human cytokines, 4) knock-in of human cytokine genes (e.g. SCF, TPO, GM-CSF, M-CSF, IL-3 in NSG-SGM3/NSGS, MSTRG and MISTRG mice) (4, 5, 8, 36, 38–43), and 5) transplant of hematopoietic niches (e.g. human mesenchymal stromal cells, or thymus) with or without expression of human cytokine transgenes [e.g. NSG-SGM3-BLT mice (44)]. NSGW41, BRgWv, NBSGW and SRG-W41 mice are reported to show robust human HSPC engraftment in the absence of irradiation and this is coupled with improved human bone marrow erythropoiesis compared to irradiated NSG mice (4, 36, 38–40, 43–45). Our results extend these and our own previous findings (29) by demonstrating consistent engraftment and human leucocyte reconstitution following intravenous transplantation of as few as 10x103 CD133+ HSPCs in adult nonirradiated NBSGW recipients over the extended period of 20-22 weeks, regardless of sex and without the requirement to co-transplant other human hematopoietic niche tissues. To our knowledge this is the lowest hUCB HSPC dose reported to achieve such high BM (75.5%), splenic (73.5%) and peripheral blood (29%) engraftment at this late a time point. It is also notable, that in this model, leucocyte subset reconstitution approximated more closely to human peripheral blood populations (46) than previously described in humanized NBSGW mice (5). The capacity to achieve robust reconstitution in adult mice is particularly attractive due to the ease of intravenous injection compared with neonates and the potential simplicity of injecting fresh cells, with the flexibility of not requiring timed breeding.

Importantly, we have also demonstrated that development and maturation of human lymphocytes and myeloid cells occurs within this model, producing a humanized mouse that represents a more complete human immune system. Reconstitution of both T and B lymphocytes is important for studies of vaccination and infection immunity, enabling incorporation of humoral and cellular components of the human immune system. Additionally, as effective antibody class switching is dependent on T cell help, humanized mice supporting robust T and B cell reconstitution can allow studies on the development of protective humoral immunity in various infectious diseases.

hUCB HSPC-humanized mice typically support engraftment of human B cells at high frequencies (47). In several models, these develop quite normally in the bone marrow yet demonstrate features of developmental block (48), manifesting defective peripheral maturation and humoral responses (1, 49). We have demonstrated development of a large population of mature B cells in the spleens and peripheral blood of HSPC-NBSGW mice. Since only mature B cells are capable of carrying out effective antigen presentation and effector function, this is likely to be a distinguishing feature of this model. We further demonstrate the frequency of class-switched memory B cells to increase following exposure to allogeneic human skin transplants. This feature suggests the functional capacity for HSPC-NBSGW B cells to respond to an immune challenge and may represent an important step in fields such as transplantation research, where improvements enhanced human T- and B function may enable more accurate reflections of human alloresponses. As the detrimental effects of donor-specific antibodies and the tolerogenic effects of regulatory B cells are increasingly becoming focal points of attention in transplantation, models such as this may add functional humoral immunity to the predominantly T cell biased PBMC-based humanized models.

The re-creation of cellular immune responses is a fundamental requirement of HIS mice. Following humanization with CD133+ hUCB HSPCs, we demonstrate peripheral reconstitution of the T cell subsets in proportions that more accurately reflect the human blood profile than can be achieved following humanization with PBMCs. It should be noted, that while PBMC-driven HIS models have been very useful in studying T cell-driven immune responses (50), cellular therapies (51) and biologics (52), disproportionately large T cell reconstitution in HIS mice generated using PBMCs (particularly Tem cells) risks the development of xenogeneic GvHD and underrepresentation of the global immunological complexity.

Within the thymus we identified a humanized thymic cell microenvironment with a sizeable fraction of CD4+CD8+ (Double positive, DP) human thymocytes, similar to that seen in thymus biopsies from human infants (36). Identification of T cells in the peripheral blood only after 12 weeks in the earliest instances, suggests de novo T cell development rather than proliferation of transplanted mature hUCB MNCs.

In our experience, engraftment of 50x103 human HSPCs produces rapid, robust and reliable reconstitution, supporting utility of this dose for a broad range of in vivo experiments. A recognized shortcoming of utilising human cord blood in mouse experiments - which we also experienced - is the limited number of mice that can be engrafted from a single UCB unit when high numbers of HSPCs are used per mouse. It is our view that experimental biases that result from low numbers of donor replicates may be overcome if more mice can be robustly engrafted (i.e. >20% peripheral blood chimerism) using smaller UCB fractions (i.e. <50x103 HSPCs). We show that this is possible and feel that where investigators may find benefit in expanding the utility of a single UCB unit, a longer period of engraftment may be an acceptable compromise, particularly considering the reported longevity of humanized NBSGW mice (survival ≥ 36 weeks post-humanization (6)).

As efforts continue to broaden the use of humanized small animal models for the in vivo study of human hematopoiesis, immunology, cancer and infection, technically uncomplicated models achieving ever-closer functional human hematopoiesis such as the one reported here represent an important practical next step.
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Over the past decade, immunotherapies have revolutionized the treatment of cancer. Although the success of immunotherapy is remarkable, it is still limited to a subset of patients. More than 1500 clinical trials are currently ongoing with a goal of improving the efficacy of immunotherapy through co-administration of other agents. Preclinical, small-animal models are strongly desired to increase the pace of scientific discovery, while reducing the cost of combination drug testing in humans. Human immune system (HIS) mice are highly immune-deficient mouse recipients rtpeconstituted with human hematopoietic stem cells. These HIS-mice are capable of growing human tumor cell lines and patient-derived tumor xenografts. This model allows rapid testing of multiple, immune-related therapeutics for tumors originating from unique clinical samples. Using a cord blood-derived HIS-BALB/c-Rag2nullIl2rγnullSIRPαNOD (BRGS) mouse model, we summarize our experiments testing immune checkpoint blockade combinations in these mice bearing a variety of human tumors, including breast, colorectal, pancreatic, lung, adrenocortical, melanoma and hematological malignancies. We present in-depth characterization of the kinetics and subsets of the HIS in lymph and non-lymph organs and relate these to protocol development and immune-related treatment responses. Furthermore, we compare the phenotype of the HIS in lymph tissues and tumors. We show that the immunotype and amount of tumor infiltrating leukocytes are widely-variable and that this phenotype is tumor-dependent in the HIS-BRGS model. We further present flow cytometric analyses of immune cell subsets, activation state, cytokine production and inhibitory receptor expression in peripheral lymph organs and tumors. We show that responding tumors bear human infiltrating T cells with a more inflammatory signature compared to non-responding tumors, similar to reports of “responding” patients in human immunotherapy clinical trials. Collectively these data support the use of HIS mice as a preclinical model to test combination immunotherapies for human cancers, if careful attention is taken to both protocol details and data analysis.




Keywords: humanized mice, immunotherapy, checkpoint blockade, preclinical model, combination testing, immune correlates, PDX (patient derived xenograft), TME (tumor microenvironment)



Introduction

Treatments that block CTLA-4 and/or PD-1/PD-L1 immune checkpoint molecules can release strong anti-tumoral immune responses and have shown important clinical benefit for many malignancies (1–3). Beyond ICB monotherapies, combination immunotherapies, in which typically a targeted drug, chemotherapy or irradiation are co-administered to augment the immune response, have shown strong rationale and are being evaluated in pre-clinical and clinical studies (4–11). However, few are yet standard of care for cancer treatment, indicating there is an urgent need of improving preclinical testing using models that recapitulate the human tumor microenvironment (TME) heterogeneity and anti-tumor immune responses. The TME is a highly complex mixture of tumor, stromal cells and immune cells and their interconnectivity is facilitated by blood vessels, extracellular matrix and signaling molecules (12, 13). The TME is best recapitulated in an in vivo setting so testing combination immunotherapies requires animal models. Mouse models have provided the basic tenets for ICB treatments (14, 15). However, syngeneic mouse tumor models represent, at most, a handful of human tumors, and combination studies in these models translate poorly to the clinic (16–19).

Furthermore, the immune systems, drugs and TMEs differ among humans and mice (20–22). Human cancers are heterogeneous, both among and within patients. This cancer diversity is well-represented in clinical trials. However, these trials are very expensive, time-consuming, and wrought with insufficient patient recruitment and high patient variability due to previous treatments and health conditions. In addition, ethical considerations limit tissue accessibility to gather mechanistic data.

For these reasons, scientists have become interested in using Human Immune System (HIS) mice, often referred to as “humanized” mice, as preclinical in vivo models to investigate current and to develop novel combinatorial immunotherapies (18, 23–32). HIS-mice are created either by injection of human peripheral blood mononuclear cells (PBMCs), or human hematopoietic stem cells (HSC) into immunodeficient mouse hosts that lack mouse T, B and natural killer (NK) cells due to genetic deletions, including a recombinase activating gene (Rag) or Severe-Combined Immunodeficiency (SCID) mutation and IL2 Receptor Common gamma Chain (IL2RγC) (33–37). The injection of human PBMCs offers the ability to genetically match the HIS with the tumor (38). However, the developed HIS consists of mostly activated T cells that ultimately mount a human anti-mouse immune response in a classic graft-versus-host reaction (39, 40). Selection of tumor-specific T cells can mitigate this effect; however, the HIS in this case is almost pure T cell lineage cells and omits other important immune cells (38). On the other hand, HIS-mice generated with the engraftment of human HSCs isolated from umbilical cord blood (CB) or fetal liver donor tissue, develop a robust multi-lineage HIS (41–43). Importantly, human tumors grow in these immunodeficient mouse hosts, even in the presence of a HIS developed from an allogeneic CB donor that is non-HLA matched to the implanted tumor (44–46). Furthermore, the HIS that develops in these mice is tolerant of the mouse host. Therefore these “basic”, i.e. that is no thymic transplants or HLA/cytokine transgenes, HIS-models can be used to test human immune responses to a multitude of human cancers that grow in this small animal model. However, the T cell response is not limited to tumor-specific antigens (Ags) as it is also allogeneic.

Since 2016, there have been several reports using the HIS-mouse model to test human immunotherapies (23, 26, 27, 47–50). These studies have provided essential evidence supporting the use of this model to test clinically-relevant treatments on human tumors. However, critical model-specific information is often lacking. HIS-mice suffer from variability in human chimerism that differs over time and among labs (51). Therefore, it is important to consider and report this variability in experimental design and analysis (51). Analyses of human immune cells in tumors alone can be misconstrued without consideration of those cells in the lymph organs of the same animal. In addition, the HIS-mouse model offers the opportunity to perform in-depth characterizations of the immune system. With the abundance of lymph and tumor tissue, one can relatively easily interrogate the activation and functional states of human immune cells, and are not limited to mere subset analyses.

Using a CB-derived HIS-BRGS mouse model (52), we summarize our experiments testing immunotherapy combinations for a variety of human tumors, including breast, colorectal, pancreatic, lung, adrenocortical, melanoma and hematological malignancies. In these experiments, we allocate HIS-mice, implanted with the same patient- or cell line-derived xenografts (PDX or CDX), into multiple treatment arms and study tumor growth and immune responses. Here, we present data from more than 30 experiments to highlight the utility of using the HIS-CB-mouse model for studying ICB-induced changes in immune responses to human tumors. We evaluate the kinetics and subsets of the HIS in lymph and non-lymph organs and consider these data in our experimental protocol for testing immunotherapies. We compare the HIS in lymph organs, which has mouse-to-mouse and time after engraftment variability, to the human immune infiltration in tumors. We show that properties and quantities of tumor infiltrating leukocytes are tumor dependent in this HIS-CB-BRGS model. We further present our flow cytometric analyses of immune cell subsets, activation state, cytokine production and inhibitory receptor expression in peripheral lymph organs and tumors as immune correlates for treatments. We show experiments in which a larger number of human infiltrating T cells are present in responding tumors and that these T cells have a stronger inflammatory phenotype compared to T cells in non-responding tumors, similar to reports of inflammatory signatures in studies of responding patients in human immunotherapy clinical trials (53–55). Collectively these data support the use of HIS mice as a preclinical model to test combination ICB treatments to human cancers, if careful attention is taken to both protocol details and data analysis. Finally, we discuss other applications, including the ability to test tumor-specific responses in HIS-mice, as well as important limitations of these models.



Materials and Methods

Previously published materials and methods are included in Supplementary File 1 that details the following sections: CD34+ Stem Cell Isolation, Generation of HIS-BRGS Mice, Tissue Harvest and Processing, Cell Staining, Flow Cytometry and Chimerism Evaluation, and ELISA (23, 39, 48, 56).


Reagents

All reagents used in these studies are listed in Table 1.


Table 1 | Flow cytometry antibodies and reagents.





PDX and CDX

For ACC, CRC, PDAC and TNBC PDXS: patients undergoing either removal of primary or metastatic cancers at the University of Colorado Hospital were consented in accordance with IRB-approved institutional protocols (IRB #s 08-439, 04-0066, 15-0516). MSI status was verified by PCR in a CLIA-CAP certified lab, where applicable. The PDX models developed at the University of Colorado Denver AMC campus were generated and passaged in athymic nude mice (purchased from Envigo, Hsd : Athymic Nude Foxn1nu Indianapolis, IN) prior to subcutaneous trocar injection into both flanks of HIS-BRGS mice. The SCLC PDXs were obtained through collaborations with Jeffrey A. Kern (National Jewish Health), who obtained original PDX from Dr. Rudin (MSKCC).

TNBC cell line MDA-MB-231 was kindly provided by Scott Kopeck. Melanoma (C8161) and SCLC (H187 and H82) cell lines were obtained from American Type Culture Collection (Manassas, VA). C8161 was modified to express GFP (C8G) and served as a control for C8M line. C8M was engineered to overexpress IRAK-M. DLBCL cell lines OCI-Ly7 and DHL-16 were obtained from Dr. Wing C. (John) Chan (City of Hope Medical Center, Duarte, CA). Thawed aliquots were expanded in DMEM or RPMI media supplemented with 10% FBS, 1% PenStrep and 1% non-essential amino acids. Cell lines were harvested during exponential growth phase within 6 passages, mixed 1:1 with Matrigel (BD Biosciences), and 1-5 million cells were injected subcutaneously into both flanks using a 23-gauge needle. Trocar injection procedure and other development and maintenance instructions for the PDX model are available from https://www.jove.com/v/54393/development-maintenance-preclinical-patient-derived-tumor-xenograft. The cell lines were authenticated by PCR and underwent mycoplasma testing at the Molecular Biology Service Center (Barbara Davis Center, University of Colorado Denver Anschutz Medical Campus).

Experimental details with kinetics and replicates are included in Table 2. ICB and combination therapies used for each experiment are included in Table 3.


Table 2 | Experiment nomenclature and details for HIS-BRGS mouse study.




Table 3 | Human tumor xenografts and treatments in the HIS-BRGS experiments.





Protocol for Testing Immunotherapies in HIS-BRGS Mice

Model-specific immune attributes have been considered in developing our protocol to study human combination immunotherapies in HIS-BRGS mice. In this protocol, two major characteristics of the model were considered: 1) the engraftment kinetics of the HIS with delayed T cell and LN development, and 2) the inherent variability of the human chimerism. Our experimental timeline is illustrated in Figure 1A. At approximately 10 and 15 weeks of age, blood from HIS-BRGS mice via retro-orbital route was collected and mixed with 50 μl of heparin. The PBMCs were purified over a Ficoll-hypaque gradient and stained with Abs to mCD45, hCD45, hCD3, hCD19 or hCD20, hCD4 or hCD8, and hPD-1 to assess human chimerism (relative to mouse) as well as T and B cell chimerism, as described previously (23, 57). To reduce the influence of genetic and engraftment variability on experimental outcomes, we allocated HIS-mice (~>25% hCD45+) generated from the same CB (see Table 2 for exceptions) into equivalent treatment groups based on human chimerism, including total T cell and CD8 frequencies (Figure 1B). Time of tumor injection was based on human T cell populations, which can vary among cohorts produced from distinct CBs. We also considered the tumor growth kinetics, to coordinate tumor and T cell engraftment with the availability of individual tumors in donor mice. To increase experimental power, we injected tumors into both flanks of the HIS-BRGS mice typically between 19 and 21 weeks of age (Table 2). Mice were monitored for health, weighed, and tumors were measured twice weekly and treatments begun once the tumors reached an average volume of 100-300mm3. Mice were euthanized in groups of 4-8 based on tumor sizes, health and timing. We attempted to harvest all mice within a reasonable timeframe to gather the most consistent data (Table 2). At harvest, we collected lymph nodes (LNs), spleens and tumors, and digested into single cell suspensions, as described in Supplementary File 1. Cell counts for LNs (combined peripheral and mesenteric) and spleens were enumerated using a hemocytometer.




Figure 1 | Protocol for evaluation of immunotherapy treatments in HIS-BRGS mice. (A) Timeline of HIS-BRGS mouse model development. (B) Allocation of HIS-BRGS mice into experimental treatment groups A-E based on equivalent human (hCD45+), T (CD3+) and CD8+ T cell chimerism. NS, no significance [Welch’s ANOVA test]. (C) Correlation of cell counts determined by flow cytometry (Relative cell count) and hemocytometer cell count in the lymph nodes (LN, left) or tumor weight (right) [linear regression analysis, R-squared score (R2) and P value (P) in bold if statistically significant (P < 0.05)]. (D) Human (hCD45+) chimerism in the blood (PBMC), LN, spleen (SP) and tumor tissue (TIL) of female (F) vs male (M) HIS-BRGS mice [two-group t-test, two tailed].





Tumor Growth Calculations

The following equation was used to estimate tumor volume: (length × width2) × 0.52 and recorded in the Study Director software package (Studylog Systems). Tumor growth curves are presented as average tumor volume ± SEM for each treatment group in study. The specific growth rate (SGR) was calculated by the following formula:

	



Tumor and Lymph Organ Immune Evaluation by Flow Cytometry

The LN, spleen and tumor cell suspensions are stained with fluorescently-labeled Abs (Table 1) to evaluate some or all of the following: 1) mouse (mCD45+) and human (hCD45+) immune subsets including human T (CD4+ and CD8+, either through direct staining or defined as CD3+CD4- T cells), B (CD19+ or CD20+), and myeloid (CD11b+, CD11c+, CD14+, or CD33+) cells; 2) T cell functional properties including populations of activated T cells (HLA-DR+), TEM (CCR7-CD45RO+) and TCM (CCR7+CD45RO+) cells, Tregs (CD25+, FoxP3+), and cytotoxic (Granzyme B (GrB), IFNγ, or TNFα) T cells; 3) CD11c+ B cells, 4) the expression of HLA-DR on myeloid cell populations, and 5) the immunogenic properties of tumor (EpCAM+ where applicable) and human immune cells, including the expression of inhibitory receptor PD-L1 and MHC class I (HLA-ABC) and II (HLA-DR) molecules. The mCD45 population served as a negative control for human specific expression. We “counted” the number of distinct immune populations on the flow analyzer by staining and collecting a pre-defined volume of cells that we then “back-calculated” to quantitate the total relative cell number (Figure 1C). Low chimerism mice (lacking LN or with <1 million human T cells in the spleen at end of the study) were not considered for the analysis.



Statistics

Data were plotted using GraphPad Prism version 8.3.0 for macOS (GraphPad Software). For comparisons between two independent groups with approximately normally distributed variables, we used unpaired, parametric two-group t-tests with Welch’s correction in the case of unequal variances. One way ANOVA was used to compare means of approximately normally distributed variables among three or more groups, or the Welch’s ANOVA for data sets with unequal group variances. For those variables far from normally distributed, we used a non-parametric Wilcoxon for comparing the median between two groups and Kruskal-Wallis test for more than two groups. Simple linear regression analyses were also performed to assess possible associations using Prism software.




Results


HIS Characteristics and Kinetics of Reconstitution in Immunodeficient Mice

The injection of human CD34+ HSCs, isolated from either human CB or fetal liver, into mice lacking T, B and NK cells, and possessing a SIRPα that binds human CD47 (NOD or human), generates robust human chimerism and a multilineage HIS (52, 58, 59). Similar to bone marrow transplantation in humans, the HIS that develops follows a consistent pattern of delayed engraftment and immune reconstitution (56, 60–62). We tested for human chimerism at least 8 weeks post engraftment by collecting blood and enumerating the proportions of mouse (m) and human (h) CD45+ cells by flow cytometry. Human chimerism is variable, with an average percentage of hCD45+ > 50% of total hematopoietic (mCD45+ + hCD45+) cells at 10-15 weeks, consistent with other laboratories (60, 62, 63). In contrast to other reports (62), we observe no difference between chimerism in female and male recipients (55.7 ± 21.8, n=35 females, average 57.2 ± 19.0, n=41 males, p=0.74, Figures 1D, 2A).




Figure 2 | The human immune system in HIS-BRGS-mice. (A) Human chimerism (%hCD45 of (h+m) CD45) among female (F) and male (M) HIS-BRGS mice at 10 weeks of age (n=35 F, n=41 M; two-group t-test p value = 0.74). (B) Percentage of human (hCD45), T cell (CD3) and B cell (CD20) subsets in PBMCs of HIS-BRGS (left panel) and BRG or NSG-A2 mice (right panel) at indicated times post engraftment. *p < 0.05, ****p < 0.0001 [paired t-test, two-tailed]. (C) Chimerism by organ for multiple HIS-BRGS mice (n=7, except for BM CD4+/CD8+,n=6) from one CB. T cell (CD3+), B cell (CD19+), myeloid population (CD11b/33/14 or 11c+), NK cell (CD56+) populations. Gate: hCD45+ or hCD45+CD3+ (CD4+, CD8+ of T). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, no significance. [Welch’s two-group t-test, two-tailed between organs as indicated by edges of each line]. LN, lymph nodes; SP, spleen; BM, bone marrow; Thy, thymus.



B cells are the dominant population early in reconstitution, followed gradually by T cell reconstitution (Figure 2B) (51, 56). This pattern is regardless of recipient strain (e.g. NSG, BRG or BRGS), a human HLA selecting element in the thymus (HLA-A2, Figure 2B), and even to a large extent the initial age of the recipient mouse (i.e. HSC injection into neonate or adult), although faster T cell reconstitution has been reported from neonatal injections (63). We have previously shown that T cell development is essential for the population of human cells in the LNs, which typically occurs 3-4 months following engraftment and significantly correlates with the presence of human immunoglobulins (Igs) in the sera, a feature consistent with a more functional adaptive immune system (56, 64, 65). We observe relatively high concentrations of hIgG (up to 5 mg/ml) in the sera in our facility (39, 56, 66). Importantly, systemic immune responses are expected in our model, as both T and B cell subpopulations are seen in lymph and non-lymph organs (Figure 2C and Supplementary Figure 1A).

Cells of the innate immune system, including the myeloid lineage, are important in instructing immune outcomes. HIS-mice in a “basic” NOD/SCID/Il2rγ-null (NSG), NOD/RAG-1/Il2rγ-null (NRG) or BRGS recipient are notoriously deficient in human myeloid cells relative to the lymphocyte lineage (24, 63, 64). However, the mouse myeloid lineage is intact (25, 67, 68). In our HIS-BRGS mice we detected multiple non-lymphocyte human hematopoietic populations by staining with CD11b, CD14, CD33 and CD11c myeloid lineage markers with varying levels of MHC Class II, HLA-DR expression (Figure 2C and Supplementary Figure 1B). These populations are more prominent in the bone marrow and non-lymph organs (liver and lung) than in the LNs and spleen (Figure 2C and Supplementary Figure 1B).

We have also examined other less frequent immune populations, and similar to other labs, we have found immature NK cells populations (33, 69–72). We have also observed innate lymphoid cells (ILCs) in low frequencies, mostly in the LNs, that are likely important in LN organogenesis (Supplementary Figure 2A) (70). Furthermore, we identified plasmacytoid dendritic cells that we identify as Lin- (CD3-CD19-CD11b-CD11c-CD14-CD33-), HLA-DR+ cells with confirmed expression of CD123 (Supplementary Figure 2B). We have not observed human mucosal-associated invariant T cells in any organ (73) (Supplementary Figure 2C). In our model, we have seen good reconstitution of developing human T cells in the thymus, with both clear double-positive (CD4+CD8+) and single-positive populations, yet very few human immune cells in the gut (Figure 2C) (70).

Overall, the HIS-CB-BRGS model demonstrated strong human chimerism with a multi-lineage immune system, with not only T cells but other essential immune populations, allowing the study of their complex and coordinated interactions during the immune response.



Human T Cells in HIS-Mice Show an Activated and “Exhausted” Phenotype

Upon Ag encounter, T cells proceed through an activation continuum in which individual cells can ultimately proliferate and produce cytokines (74–76). However, to control this destructive response, immune cells also upregulate inhibitory receptors, leading to a non-responsive state of “exhaustion”. The sequential expression of inhibitory receptors has revealed subsets of exhausted T cells that correlate with the ability to reinvigorate their cytotoxic function: PD-1+ Tim3- T cells represent a more “recoverable” population while PD-1+TIM-3hi cells are more “exhausted” (74–76). This continuum represents the central paradigm in ICB therapies that are targeting the less-exhausted T cells capable of functioning upon release of the inhibitory signal (75, 76).

Relevant to the HIS model, we find extensive T cell activation, as determined by HLA-DR expression, and populations of both effector memory (TEM) (77) and central memory (TCM) T cell populations (56) (Figure 3A, Supplementary Figure 3A). In addition, we observe a very large population of T cells with an exhausted phenotype, as defined by expression of both PD-1 and TIGIT inhibitory receptors that increases with time (23, 48, 78). However, these same T cells show weak co-expression of TIM-3 (Figure 3B). The expression of Eomes and T-bet transcription factors in T cells from lymph organs and tumor infiltrating leukocytes (TILs) of HIS-BRGS mice also support an activated and exhausted gene expression profile in these mice (Supplementary Figure 3B). Furthermore, we consistently observe obvious regulatory T cell (Treg) populations, which are more notable in the LNs than in the spleen (Figure 3C). The prevalence of this population in HIS models has been inconsistently reported, perhaps due to experimental timing or differences in anatomical location (51, 79, 80). These activated/exhausted T cell phenotypes correlate with increased frequencies of CD11c+ B cells, a population associated with increased Ig production in both humans and mice (Figure 3D and Supplementary Figure 3A) (81–83).




Figure 3 | Immunostimulatory and immunomodulating human lymphocyte subsets in the lymph nodes (LN) and spleen (SP) of HIS-BRGS mice. T cell expression of (A) activation marker, HLA-DR, and memory cell markers, CD45RO/CCR7, (B) inhibitory receptors, PD-1, TIGIT, TIM-3, and (C) regulatory T cell markers, CD25+FoxP3+. (D) CD11c+ B cells. Human PBMC served as a technical staining control (“PC”, top row).



In view of these results, we can confirm the activated phenotype of T and B cells in our model, as routinely seen in untreated cohorts of both unmanipulated and tumor-bearing HIS-BRGS mice (23, 48, 56).



Growth of Human Tumors in HIS-Mice

A major breakthrough for the HIS model was the discovery that tumors can grow in humanized mice (29, 46, 47). Indeed, our group has validated this finding using flank injection models of multiple human cancers (23, 48, 49). Table 2 provides experimental details for each of our 33 HIS-BRGS oncology studies, including nomenclature, study time points and number of mice per treatment group. Table 3 summarizes the origin of the 33 tumors (PDX/CDX and tumor type), study treatment for each experiment, usually ICB +/- combinational drug, and whether significant tumor growth inhibition was measured.

As an indication of reproducibility of the system, we injected the same MDA-MB-231 TNBC CDX in six independent HIS-BRGS experiments, with six distinct CBs (Table 2, A1-A6). In all of these experiments the tumors grew quickly, and similar to rates observed in nude mice or non-humanized BRGS recipients (23). Of note, tumor take rate for all 33 experiments was high, with a mean of 89.4% (95%CI 84.6 – 94.1) and did not significantly differ across tumor types (P=0.18) or xenograft class (CDX vs PDX, P=0.53). As illustrated by CRC experiments, tumor take rate was also similar between primary tumor and metastatic tissue derived PDXs (Table 2, CRC D1-D3).

Although we typically use a flank-injection model for ease of measurement and consistency, the model is well-suited for orthotopic injections, which has been shown to yield results consistent to the flank injection model in a similar HIS-mouse model (44). We have observed metastatic spread to the liver and lungs in some tumors, and also in EBV-induced lymphomas that developed de novo following viral infection (66). Indeed, we have recently observed metastatic liver burden from i.v. injection of a CDX, in which we could observe tumor growth using the in vivo imaging system (IVIS, data not shown).

In summary, we provide ample evidence that human xenografts grow in the multi-lineage HIS models generated from human HSCs. As similarly observed by other groups (50, 84), we achieved high and reproducible tumor take rates in our HIS-BRGS mice.



Infiltration of Human Immune Cells in HIS-BRGS Mice Varies by Tumor Type

The TME governs the immune response against malignant cells. “Cold” tumors have reduced immune infiltration and an immune-suppressive TME while “hot” tumors are characterized by cytotoxic T cell infiltration (12, 85). To ascertain if the degree of infiltration was determined by differences in the chimerism among HIS-BRGS mice or was rather influenced by the tumor itself, we measured the infiltration of immune cells into the tumors in these thirty-three independent experiments in which a human CDX/PDX was implanted into the flanks of HIS-BRGS mice (Table 2). We found different patterns of immune infiltration, as shown in the variable mCD45+ and hCD45+ proportion across different experiment examples (Figure 4A). In order to achieve a general overview, we then plotted cumulative hCD45+ and hCD3+ percentages for all vehicle, i.e. untreated, HIS-BRGS mice in each of these experiments (Figure 4B). We observed variable infiltration of human immune cells within single experiments (e.g. TNBC A1), but larger differences in average infiltration were observed across tumor types (Figures 4A, B). For instance, the infiltration into the TNBC CDXs A1-6 was variable (range 0.16-76.6, p=0.0032 Welch’s ANOVA) but the average infiltration was consistently higher than our low-infiltration tumor “cut-off” of 0.1% cell, which in our experience represents samples with too few human cells to perform further analyses (<100 hCD45+ cells). In comparison, the CRC MSS PDXs had relatively low infiltration of hCD45+ cells with similar variability among tumors (range 0.015-5.38, p=0.0028 Welch’s ANOVA) compared to the TNBC data sets. However, the average infiltration for all TNBC CDXs (A1-A6) versus all CRC MSS tumors (B1-I) showed a significant difference (p =0.0015, two-group t-test with Welch’s correction). The conclusion holds, with even more significance, after removing the two highest TNBC outliers (>70%) with p<0.0001 using the same test. The experiments with implanted tumors of shared xenograft origin showed similar hCD45+ infiltration, as illustrated by CRC-MSS PDXs “B1/B2” (p=0.31, two-group t-test) and “D1p/D2m/D3p” (p=0.10, Welch’s ANOVA test) although D1p and D3p did show variable infiltration of hCD45+ cells (p=0.04, two-group Welch’s t-test). These differences among PDXs of same origin are small relative to differences measured across all CRC MSS tumor types. The percentage of hCD45+ also mirrored the expected infiltration for other tumors. For example, the MSI-H Lynch syndrome-associated ACC tumor “A” showed higher hCD45+ infiltration relative to the sporadic ACC “B” counterpart. Indeed, SCLC tumors “A-D” had almost no hCD45+ infiltration as expected for this well-known “cold” tumor (86, 87). We also compared right versus left flank tumors and observed quite consistent hCD45+ infiltration within an individual HIS-mouse, although the tumors were often quite different in size (Supplementary Figure 4) (44, 84).




Figure 4 | Infiltration of human immune cells into different human tumors in untreated HIS-BRGS mice. (A) Representative flow cytometry plots showing mouse (mCD45+, y-axis) and human (hCD45+ or (^) hCD3+ for hematological malignancy, x-axis) leukocyte infiltration into tumors in HIS-BRGS mice: TNBC MDA-MB-231 (A1-6) and PDX (B); CRC PDX: MSI-H (A) and MSS (B-I); PDAC PDX (A, B); SCLC CDX (A, B) and PDX (C, D); ACC PDX (A, B); melanoma PDX (A) and CDX (B,C); and DLBCL CDX (A,B). Different experiments with the same tumor have the same letter but different numbers; (p) refers to a primary tumor and (m) to metastatic origin. Background staining represented by melanoma PDX A injected into non-humanized BRGS mouse (lower left). (B) Percentage of hCD45+ (of singlet gate, left) and CD3+ T cells (hCD45+ gate, right) in tumors of untreated HIS-BRGS mice. Filled symbols represent experiments in which tumors in treated HIS-BRGS mice responded to treatment and open symbols represent non-responding experiments. The data are log-transformed to approximate normal distributions. The colors represent experiments testing nothing (black), ICB monotherapy (blue), targeted therapies alone (green) or immunotherapy combinations (red). *p < 0.05, **p < 0.01, ****p < 0.0001 [The lower lines in B reflect analyses of differences in means across experiments of the same tumor type using Welch’s ANOVA (TNBC, CRC, SCLC, MEL) or two-group t-test (ACC). The upper line shows Welch’s ANOVA analysis for differences in means across all tumors, regardless of type].



As a further indicator of TME phenotype, we measured the frequency of human T cells in these same tumors (Figure 4B). We observed much greater variability in T cell frequencies, among and within tumors of different origins. Even among the few hCD45+ cells detected in the SCLC tumors, there were different amounts of T cell infiltration. On the other hand, melanoma tumors had consistently high T cell infiltrates. Similar to reports by other groups (50), we found very few infiltrating B cells, although this lineage is prevalent in the spleens and LNs of HIS-BRGS mice (23). The majority of the non-T cells in tumors of our HIS-BRGS mice was of the myeloid lineage (23). Altogether, and consistent with other studies in HIS-mice (44, 84), these data suggest the tumors in our HIS-BRGS model generally recapitulate their unique TME in regard to immune infiltration.



Parameters Influencing Human Infiltration

Human immune cells clearly infiltrated human tumors implanted into HIS-mice. To better understand the factors that could influence tumor infiltration in our model, we analyzed the data with respect to protocol parameters.


Influence of Human Chimerism on Tumor Immune Infiltration

Given the variable nature of human chimerism in HIS-mouse models, we sought to determine the influence of this feature on infiltration into the tumors. First, we correlated tumor hCD45+ infiltration with the amount of hCD45+ and hCD3+ cells measured in 1) PBMCs of the HIS-mice prior to tumor injection (we allocated mice into equivalent “chimerism” groups based on this parameter) and 2) the spleen at end of study. We analyzed combined data from six TNBC CDX (A1-6) and five CRC PDX (B2, D2, D3, E, F) independent experiments (Figure 5A). Tumor immune infiltration did not appear significantly influenced by human chimerism or human T cell percentage, as determined in the blood of the HIS-mice prior to tumor injection. However, tumor hCD45+ infiltration showed a positive correlation with human chimerism at the end of study, in terms of total number (TNBC) or percentage (CRC) of hCD45+ cells in the spleen of HIS-mice. In contrast, the number of human cells in the LNs, which are consistently >85% hCD45+ cells, showed no correlation with hCD45+ tumor infiltrates in the either models. Notably, we observed a stronger correlation of hCD45+ tumor infiltration with the percentage and number of T cells in the spleen, most notable in TNBC A1-A6 tumors (% T cells p=0.003, T cell #s p<0.001), but also among the CRC MSS PDX models (% T cells p=0.006, T cell #s p=0.034). Similarly, the proportion of T cells in the spleen correlated with those in the tumors with a higher correlation in the TNBC than CRC MSS datasets (Figure 5B). In our studies, hCD3+ rather than hCD45+ percentage in the blood prior to tumor injection appeared as a better indicator of respective chimerism in the spleen (and thus T cell infiltrates in tumor) at end of study (Supplementary Figure 5). Overall, we did not detect a clear impact of baseline chimerism on tumor immune infiltration, but our data suggests that the systemic response seen in the spleen, which correlates with T cell chimerism in the blood, may be influencing tumor infiltration.




Figure 5 | Influence of human chimerism and timing of tumor injection on human immune infiltration in human tumors in untreated HIS-BRGS-mice. (A) Correlation of hCD45+ infiltration in HIS-BRGS tumors with human chimerism in lymph organs. Data from six TNBC CDX (top, A1-A6) and five CRC (bottom, CRC B2, D2, D3, E, F) independent experiments. hCD45 and hCD3 chimerism (percentage and absolute number, #) in PBMC prior to tumor injection (PBL at 15 weeks), and in the spleen (SP) and lymph nodes (LN) at end of study. (B) Positive correlation between T cell infiltration in TNBC A1-A6 and CRC tumors (B2, D2, D3, E, F) and T cell chimerism in spleens of HIS-BRGS mice. (C) Influence of timing of tumor injection on human immune cell infiltration into tumors. Human (hCD45+) or T (hCD3+) and mouse (mCD45+) immune cell infiltration into DLBCL CDXs (upper left) or PDAC PDX (lower left) with different tumor injection timepoints. Correlation of hCD45+ and hCD3+ infiltration into untreated TNBC CDXs (A1-A6) and the age of HIS-BRGS mice at time of tumor injection or end of study (right). *p < 0.05, ***p < 0.001 [A, B: Linear regression analysis, R-squared score (R2) and P value (P) in bold if statistically significant (P < 0.05); (C): Welch’s two-group t-test, two-tailed between organs as indicated by edges of each line].





Timing of Tumor Injection

T cells take months to appear in immune organs in HIS-mice, and yet they influence human immune cell infiltration into the tumors. Therefore, we evaluated the influence of timing of tumor injection on human infiltration into tumors. In a series of experiments using a DLBCL CDX, the tumors were injected at 12 (“A1”) or 21 (“A2”) weeks (Table 2). The DLBCL is of hematopoietic origin and express hCD45 and hCD19, thus we evaluated the infiltration of human T cells (CD3+) as the readout for human immune infiltration. In the case of early tumor injections, we observed very few tumor-infiltrating T cells, although mCD45+ (myeloid lineage) cells clearly infiltrated the tumors. However, in mice injected at 21 weeks of age, we observed increased frequencies of hCD3+ T cells in the tumors, confirming the need for later tumor injections. DLBCL CDX “B”, that was injected at a much later timepoint (27 weeks), showed similarly high frequencies of CD3+ T cells (Figure 5C). In another experiment, PDAC tumors were injected into a cohort of HIS-BRGS mice of different ages (16-25 weeks). In this case the human infiltration remained consistently low, likely influenced more by a suppressive TME even in the presence of sufficient human T cells (Figure 5C). Consistent with the correlation of increased splenic hCD3+ T cells with hCD45+ infiltration into tumors in the MDA-MB-231-bearing HIS-mice (see section 5.1), a similar analysis showed increased human T cell infiltration in these tumors with either age of tumor injection and age of mice at end of study (Figure 5C). Thus, we conclude that, in addition to a basic human chimerism cutoff, it is also important to: 1) have sufficient T cells in the HIS-mice for the tumor studies (i.e. timing of tumor injections is crucial) and 2) treatment cohorts must be allocated by human and more importantly, T cell PBMC chimerism, to reduce potential effects of chimerism on experimental outcomes.



Cord Blood

The generation of HIS-mice from distinct CB units is another source of variability that should be considered. Our TNBC and CRC studies testing the same tumor with different CBs suggest the CB plays a relatively minor role in determining human infiltration (Figures 4A, B, TNBC A1-A6, CRC B1-B2, and CRC D1-D3). In addition, we provide two examples below (see section 7) to show differences in immune responses to two unique CRC PDX or DLBCL CDX HIS-BRGS models that were treated with the same therapies in mice generated from the same CB.




Immune Response to Tumor Allograft in HIS-BRGS Mice

Despite high and reproducible tumor take rates in our HIS-BRGS mice (50, 84), tumor sizes varied greatly (Supplementary Figure 4), a feature that is also common in mouse syngeneic studies (88). We wondered if the HIS anti-tumoral response contributes to this variability. Since time points differed between experiments, tumor weight or volumes measured at a specific time do not accurately reflect tumor growth in our study. Therefore, we calculated the specific growth rate (SGR, see material and methods section) for each tumor, which represents the growth of the tumor considering initial and ending times and volumes.

We first analyzed the effects of the HIS on the SGR in individual vehicle (untreated) mice from five CRC experiments (B2, D2, D3, E, F) (Figure 6A). We observed no difference in the growth of tumors relative to the hCD45+ or T cell chimerism in the blood prior to tumor injection or number of human cells in the LNs or spleen at end of study. However, we did notice a negative correlation between SGR and percentage of hCD45+ cells in the spleen and number of T cells in secondary lymph organs. Indeed, the number of CD8+ T cells in the LNs and CD4+ T cells in the spleen were the strongest predictors of slower-growing tumors in our analysis. Thus, we speculate that a T cell-driven response may be influencing tumor growth in HIS-BRGS mice; however, this effect is relatively marginal as the tumors continue to grow, albeit at different rates.




Figure 6 | Correlation of tumor growth and human chimerism in lymph organs for 5 CRC MSS PDX models (B2, D2, D3, E, F) in HIS-BRGS mice receiving either no treatment (A) or a combination immunotherapy (B). Linear regression analysis was performed between tumor specific growth rate (SGR) and immune cell populations in the blood prior to tumor injection (PBL at 15 weeks) or in the spleen (SP) and lymph nodes (LN) at end of study. [Linear regression analysis, R-squared score (R2) and P value (P) in bold if statistically significant (P < 0.05)].



In this same series of CRC experiments, we secondly analyzed HIS-BRGS mice that had been treated with an ICB combination therapy for at least two weeks (Figure 6B). In this case, we found that the frequency of T cells in the PBMCs prior to tumor injection correlated with tumor growth rates. In these treated mice, the tumors were overall smaller in size, with lower SGRs, supporting a successful combination ICB therapy response (manuscript in preparation). In this ICB-treated cohort, the human chimerism in the immune organs at end of study had no significant influence on the tumor growth rates. Thus, the effect of T cell responses on tumor growth in untreated HIS-BRGS mice is not that obvious in ICB-treated HIS-BRGS tumor-bearing mice, where an overwhelming immune response might be masking its influence.



Correlates of Immune Response

A major objective in cancer immunotherapy studies is to understand why some patients respond and others do not, in an effort to define predictive biomarkers of response and prognosis. Many recent high-impact studies have focused on determining immune properties that correlate with therapeutic response (53–55, 89–94). These studies have been performed in mouse models and/or clinical trials using PBMCs and rarely tumor tissue following treatments. With our tissue availability, we designed multiple flow cytometry panels, to evaluate 1) the immune subsets in the HIS-mice (Supplementary Figure 1), 2) the activation state of the T cells including the upregulation of HLA-DR and PD-1 or TIM-3 inhibitory receptors, as well as the frequency of Treg, naïve, TEM and TCM populations (Figure 3), 3) the cytotoxic T cell effector function as determined by production of GrB, TNFα and IFNγ (Figure 7A), and 4) Ag presentation molecules and inhibitory receptors on the tumors (see section 8) (23).Using these flow panels, we have analyzed immune correlates in two ways: 1) by treatment groups or 2) by tumor response (SGR).




Figure 7 | Correlates of immune response to human tumors following combination immunotherapy treatments in HIS-BRGS mice. (A) Representative flow cytometry plots showing expression of Granzyme B (left) and TNFα and IFNγ cytokines (right) in CD4+ (top row) and CD8+ T cells (bottom row). Cells are cultured overnight with cell stimulation and blocked with Golgi Plug for final four hours to detect TNFα and IFNγ. Human PBMCs serve as technical staining control, and as stimulation controls for TNFα/IFNγ. (B) Tumor growth and immune response in HIS-BRGS mice with DLBCL CDX B tumors treated with monotherapies and combination ICI therapies. Tumor growth curves over time (left panel) and frequencies of mCD45+, hCD3+, CD4+ T, and CD8+T cell populations (left graphs), and GrB+CD4+ T cells and IFNγ+CD8+ T cells (right graphs) in indicated tissues. (C) Immune correlates of combination immunotherapy response to two CRC MSS PDXs in HIS-BRGS mice, generated from same CB. Infiltration of hCD45+ cells (left), and frequencies of Tregs, TNFα+CD4+ T, GrB+CD8+ and TEM CD8+ cells in CRC (H, I) PDXs in HIS-BRGS mice. (D) Correlation of immunotypes and tumor growth (SGR) in a series of five independent experiments of HIS-BRGS mice bearing CRC MSS PDXs (B2, D2, D3, E, F) and treated with the same combination immunotherapy. The frequency of human (hCD45+), T (CD3+), CD4+ T, CD8+ T, B (CD19+), and myeloid (CD11b+, CD11c+, CD14+ or CD33+) cells (top rows), and the frequency of activated (HLA-DR+) T cells (2nd row, 3rd panel) and Tregs (2nd row, 4th panel) in CRC PDX relative to the specific growth rate (SGR) for that tumor. (E) Tumor growth and immune correlates in HIS-BRGS mice with DLBCL CDX A2 tumors and treated with same combination ICI therapy as in (B). Tumor growth curves over time (left panel) and correlations of tumor size with frequency of CD3, IFNγ CD4+ and IFNγ CD8+ in DLCBL A in HIS-BRGS mice. Symbols represent data from an individual tissue from tumor-bearing HIS-BRGS mouse that are untreated (black), treated with ICB (blue) alone, drug alone (green), or combination ICB (red). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 reflects significance test between two groups at edge of line. [(B,C): Two-group t-test with Welch’s correction, two-tailed; with the exception of % mCD45 and % of hCD3+ (CD4+ and CD8+) in the tumor, which was evaluated with non-parametric test due to confirmed non-normal distribution in the “combo” group. (D, E): linear regression analysis, R-squared score (R2) and P value (P) in bold if statistically significant (P<0.05)].



In previous studies we used the first approach to establish immunotypes among anti-PD-1 treated HIS-BRGS mice (23, 48, 49). Here we apply this strategy to immune responses following combination immunotherapies. We observed increased frequencies of hCD3+ T cells in the tumors of DLBCL B CDX from mice in the combination-treated group. Furthermore, we observed trends of increased CD8+ T cells, GrB+CD4+ and IFNγ+CD8+ among the T cells infiltrating the combo-treated tumors, although the data were not statistically significant in all cases among this small sample with variable responses among the combination-treated group (Figure 7B). As stated earlier, another likely source of variability in our system is the CB. Human HSCs harbor genetic variation and we have found that the human chimerism, both the kinetics and amounts, can differ by CB batch. We have generated >60 mice from some CB HSCs, and in these cases, we have used HSCs from the same CB for different experiments. Two distinct CRC MSS PDXs (“H” and “I”) were implanted in mice generated from the same CB, and then treated with the same drugs. We observed similar human infiltrations (see H and I in Figures 2A, B), yet distinct immune responses (Figure 7C). Using the first approach, only “H” CRC model showed increased human infiltration upon combination immunotherapy. In contrast, we observed a significant decrease in Treg frequencies in both PDXs after treatment. Remarkably, PDX “I” showed increased TNFα+ CD4+ T cells whereas PDX “H” had enriched GrB+ CD4+ and TEM CD8+ populations.

Using the second (SGR) approach, we sought to elucidate whether an immunotype, as opposed to the human chimerism (see section 6 and Figure 3), was associated with lower tumor growth rates. This approach is more akin to studying immune correlates of responders versus non-responders in clinical trials. We used the series of five CRC PDXs (B2, D2, D3, E, F) treated with the same combination immunotherapy for this analysis. We established that activated HLA-DR+ CD4+ T cells in the tumors were the best predictors of tumor growth inhibition, in line with the analyses by treatment groups (Figure 7D and manuscript in preparation). Interestingly, using this same approach to evaluate an innate response to the tumors by the HIS in untreated mice in this model, revealed that a lower SGR correlated with increased IFNγ+ CD4+ T cell and decreased myeloid and TNFα+ CD8+ immunotype (Supplementary Figure 6). We further assessed the CB effect by studying two DLBCL CDXs (“A2” and “B”) implanted into HIS-BRGS mice generated from the same CB. We found that CDX “B” had tumor growth inhibition upon combination immunotherapy (Figure 7B) while CDX “A2” did not (Figure 7E). By analyzing the T cell infiltration and frequency of IFNγ+ CD4 and CD8 T cells for model “A2”, we found that increased T cells in the tumors, most notably the IFNγ+ CD8 T cells, correlated with slow-growing tumors (Figure 7E). In this experiment, one of the three untreated mice appeared to have robust tumor growth inhibition in both flanks, illustrating the need for sufficient number of mice per treatment group.

Thus, we demonstrated that we can observe immunotypes that correlate with drug regimens and tumor responses in our HIS-BRGS tumor-bearing mice. Notably, these immunotypes can be unique to different tumors or combination treatments, even with the same CB.



Evaluation of Tumor Immunogenicity

The TME plays an active role in suppressing the immune system, oftentimes by decreased Ag presentation. To evaluate the effect of treatments on the TME in our HIS-BRGS mice, we measured the expression of both class I (HLA-ABC) and II (HLA-DR) MHC molecules on the tumor cells by flow cytometry. We consistently observed low MHC I and II expression on human cells in tumors, and even more so on the tumor cells themselves (Figure 8A) (23, 48). However, we have previously reported upregulation of HLA-ABC and HLA-DR on tumors following immunotherapy treatment (23). We observed both increased MHC class II expression in slow-growing CRC MSS models (Figure 8B) and increased MHC class I expression in smaller and T cell-enriched DLBCL “A2” tumors (Figure 8C). In these DLBCL tumors, increased IFNγ expression by CD8 T cells similarly correlated with slow-growing lymphomas, consistent with reports showing upregulation of MHC genes by IFNγ responsive genes and increased tumor response (Figure 7E) (95–97). Furthermore, ICB success has been related to PD-L1 expression in the tumor for some tumor types (98), so we measured the relative MFI expression of PD-L1 inhibitory receptor on the tumor cells and found no significance in the CRC MSS models (Figures 8A, B).




Figure 8 | Expression of immune-related molecules on human tumors in HIS-BRGS mice. (A) Representative flow cytometry plots illustrating gating for expression on the tumors: mCD45- hCD45- cells are gated in the tumor cell suspension and when possible, a tumor-specific Ag (e.g. EpCAM) is included, (B) Correlation of tumor growth rates with expression of human HLA-ABC (MHC Class I), HLA-DR (MHC Class II) and PD-L1 on hCD45-mCD45-EpCAM+ CRC MSS PDX (B2, D2, D3, E, F) in HIS-BRGS mice. (C) Correlation of tumor weight (grams) and human T (hCD3) cell infiltration with expression of human HLA-ABC (Class I) and HLA-DR (Class II) on DLBCL CDX A2 in HIS-BRGS mice. Expression of HLA-ABC, HLA-DR and PD-L1 on hCD45+ and mCD45+ populations serve as positive and negative controls, respectively. [Linear regression analysis, R-squared score (R2) and P value (P) in bold if statistically significant (P < 0.05)].





Mouse Immune Myeloid Subsets in Tumors of HIS-BRGS Mice

Mouse immune cells, which are strictly of the myeloid lineage due to the absence of T, B, NK and ILC lymphocyte populations, have been often ignored in HIS-mouse studies, with few exceptions (99). However, they represent the dominant myeloid population and therefore likely play a role in Ag presentation to the HIS and in TME immunomodulation. As with other immune cell types, myeloid cells are composed of multiple sub-types, with immunostimulatory or inhibitory functions (100, 101). We enumerated the frequency of mCD45+ cells in tumors excised from HIS-BRGS mice with flow cytometry. We observed more mCD45+ cells than hCD45+ cells, indicating a predominant myeloid rather than lymphocytic infiltration in tumors. In addition, we observed a narrower range of mCD45+ infiltrating cells than hCD45+ cells across all tumor types (Figure 9A compared to Figure 4B, mCD45+ range 0.1-100, hCD45+ range 0.001-100). The variability was similar for both hCD45+ and mCD45+ cell infiltrations into the TNBC A1-A6 experiments (p=0.022, Welch’s ANOVA) but higher variability was observed among the CRC MSS PDX models (p=0.0028 for hCD45+, p<0.0001 for mCD45+, Welch’s ANOVA), suggesting differences among PDX TMEs. We found much higher infiltration of mCD45+ cells in the PDAC and some CRC models, tumors that are resistant to immunotherapy and may contain a dominant myeloid immunosuppressive population, represented by mCD45+ cells in our model. On the other hand, the Lynch syndrome-associated ACC PDX “A2” had a higher ratio of hCD45+/mCD45+ cells relative to other tumors (Figure 9A). The decreased mCD45+ presence may be relevant to the positive ICB immunotherapy response in this model (48).




Figure 9 | Mouse myeloid cells in human tumors of HIS-BRGS mice. (A) Infiltration of mCD45+ cells into human PDX or CDX in HIS-BRGS mice, same tumors as for Figure 4B. *p < 0.05, ****p < 0.0001 [Welch’s ANOVA among means within experiments with same tumor type or across tumor types, lines indicated the tumors included in the analysis] (B) Frequencies of mouse neutrophils (PMNs) in lymph tissues and human tumors (TNBC, CRC). Normalized expression (geometric mean fluorescence intensity) of mouse MHC Class I (C) and MHC Class II (D) expression in total mCD45+ cells. Expression was normalized to mCD45+ positive control cells for each day for comparison. *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001 [(B–D: Upper lines show two-group t test or Welch’s ANOVA among means of different organs in the same experiment. Two-group t-test with Welch’s correction were performed between the means of TILs (brackets)].



In our experience, we routinely notice two distinct populations of mouse cells: a mCD45hi and a mCD45lo. We stained the mouse cells with GR1, F4/80 and Ly6G to distinguish granulocytes (polymorphonuclear, PMNs), defined as mCD45(hi)GR1+F4/80-or Ly6G+ from macrophage lineage, mCD45(int)GR1-F4/80+Ly6G- (Figure 9B). We found that neutrophils were a minor population in the LNs, intermediate in the spleen but dominant in the bone marrow, consistent with physiological distribution in mice or humans. However, the frequency of mouse neutrophils in the tumors were tumor-dependent, with very high populations in a non-responsive CRC and low frequencies in ICB-responsive TNBC. We next queried whether the expression of mouse MHC molecules was altered in tumors of these mice, as is common for myeloid TILs. We stained the mCD45+ cells for expression of mouse MHC Class I (anti-H-2) and MHC Class II (anti-I-A/I-E) (Figures 9C, D). We found that the expression of mouse MHC molecules was highest in the LNs and was actually downregulated in the spleens and, even more so, in the bone marrow of HIS mice. In all cases the expression was lower (ratio <1.0) than that from a wild-type mouse, which we used as normalization control. Furthermore, the expression of MHC class I was lowest in the TILs of the mouse, regardless of tumor type (TNBC or CRC, Figure 9C). Similar to MHC Class I, MHC Class II expression was lower in TILs of both the TNBC PDX and CRC PDX mice; however, it was higher in the TNBC CDX tumor relative to the spleen (Figure 9D). Together, these data support a likely immunosuppressive role of the mouse CD45+ cells in the TME of the implanted tumors.




Discussion

Here we present our studies testing human immune responses to human tumors, in our HIS-BRGS mouse model. The model is powerful in its ability to test a variety of tumors (either CDX or PDX), each harboring their own individual genotypes and corresponding mechanisms of immune evasion. The acceptance of these tumor allografts in the presence of a HIS with both innate and adaptive arms of the immune system represents a central paradox of this model. These tumors are immunologically allogeneic to the HIS that has developed in the murine host from a non-HLA matched HSC donor (CB or fetal liver in most cases, as adult tissues yield few CD34+ cells) (61). We consider this the beauty (the coveted ability to study human tumors in the presence of a HIS in a small animal model) and the beast (the lack of rejection of the allogeneic tumors) of the system. Thus, a significant question remains to be solved: why does the human immune system in these mice not reject the human tumors? In our preliminary data, we found that tumors can grow if implanted early or late after engraftment, i.e. in the presence of human T cells. The tumor acceptance suggests that the HIS in these mice is impaired and incapable of mounting an adaptive immune response to reject the tumor. This response could be explained by 1) an immature, uncoordinated immune system that lacks proper human-specific cytokines, chemokines and receptor interactions, or 2) a highly activated and immunosuppressed immune system. Several publications reveal the lack of robust T cell dependent immune responses to immunological challenges in HIS mice (36, 51). B cells are also reported to not fully develop (43, 102), although in older HIS-mice, mature B cells are found in the spleen, and are abundant in the LNs (56). Histological analyses show suboptimal TB coordination, typically associated with poorly formed germinal centers (43, 56). However, in our studies of HIS-mice spanning more than a decade, we find signs of robust, yet admittedly still incomplete, HIS responses if evaluated months after engraftment (56).

We present data supporting that this lack of allograft rejection is due in part to the immunosuppressed nature of the HIS in these mouse models, and not merely an immature immune system. Many T cells in HIS-mice are of the memory phenotype, more like a human adult than a newborn (56, 103). This activation appears to be Ag-driven and not merely the result of lymphopenia-induced activation as 1) it occurs months after engraftment, and 2) the presence of many CD28- T cells, which are the result of late-stage Ag-activation (data not shown) (103). Notably, both CD4+ and CD8+ T cells are highly activated and express abundant inhibitory receptors such as PD-1 and TIGIT, yet less TIM-3. We have observed an increase of exhausted T cells over time with increased PD-1 expression with age (23). Importantly, the ability of the T cells to recover from exhaustion has been shown through administration of anti-PD-1 Abs that have correlated with reduced tumor burden for certain human tumors and even EBV-induced lymphomas (23, 48, 50, 104, 105). This feature suggests that a mature HIS can develop in these mice with the ability to mount adaptive immune responses; however, exhaustion must first be overcome. The exact nature of this immunosuppression in HIS mice is still unknown, although it likely relates to the xenogeneic nature of thymic selection.

We conclude that tumor immunotherapy studies in these HIS-mouse models are best suited to test the ability of a treatment to inflame a tumor. The treatment must also release the inherent immunosuppression in the HIS-mouse. Tumor growth inhibition and changes in immune responses in the tumors represent the experimental readouts. However, the validation of this model relies on its’ ability to distinguish the release of immunosuppression among therapies and individual human tumors, i.e. if all tumors respond equivalently the model is not useful.


Immune Responses to Individual Human Tumors Are Unique in HIS-BRGS Mice

Tumors evolve distinct mechanisms of immune evasion, including limited access of the immune system to the tumor, accumulation of immunomodulating cells, or increase in immunosuppressive molecules (12). A valid representation of a TME is essential to an immunotherapy-based preclinical model and is the appeal of any in vivo setting, as the TME is very difficult to truly replicate in vitro (16, 17, 31). Here, we present flow cytometry data showing human cell infiltration varies by tumor type. This is similar to studies evaluating HIS infiltration by IHC or flow cytometry in the same (44) or a similar (84) model. In all cases, the infiltration of the human lymphocytes is lower than that of the mCD45+ myeloid cells, a situation similar to the accumulation of myeloid lineage cells in human tumors. However, in most cases the relative patterns of mCD45+ infiltration into individual tumors mirrored that of the hCD45+ cells, supporting a tumor-dependent influence of immune infiltration in vivo. We have observed a few examples supporting that some ICB-responsive tumors have increased infiltration in our model (TNBC A1-6 and Lynch syndrome-associated ACC A) (23, 48). Furthermore, three SCLC tumors appeared “cold” with very little infiltration, even mCD45+ cells, a phenotype consistent with their limited response to ICB treatments in clinical trials (106). We also demonstrated more reproducible hCD45+ and mCD45+ infiltration in tumors from the same origin (e.g., TNBC A1-6) compared to tumors from distinct PDXs (e.g. CRC MSS), that showed higher variability in immune cell infiltrations, reflecting the unique phenotype of each tumor. The differences in immune infiltration observed in repeat experiments (e.g. TNBC A1-A6, CRC D1P/D3P) are small compared to differences in average infiltrations across all tumors (p<0.0001); however, these differences do reflect the limitations of the model. We suggest that differences in human chimerism, CB donor genetics or changes in the tumor characteristics with passages in culture or mice are contributing factors to this variability. More replicates with different batches of HIS-mice are necessary for confirmation. Collectively these data support the ability of HIS-mouse models to represent the unique properties of individual human tumors.

The results of our study suggest monitoring the immune response may be more informative, or at least complementary, than the actual tumor growth in HIS-BRGS oncology models. Although we achieved high tumor take rates for most models, we observed an effect of chimerism on the growth of individual tumors, even in the absence of treatments. The presence at end of study of cytotoxic T cells in the lymph organs of mice with slow-growing tumors supports a role of the HIS in controlling the allogeneic tumor growth. Thus, tumor growth curves might be influenced by HIS responses in the untreated group.

On the other hand, we consistently detect changes in individual immune parameters among treatment cohorts, even with similar average growth rates. The differences among groups show statistical significance even in experiments with as few as 3 or 4 HIS-mice per group (i.e. typically>5 tumors). Furthermore, when the immune parameters were correlated to the SGR, we did observe the tumor size as a function of the immune response, e.g. smaller tumors appeared to be enriched in CD4+HLA-DR+ T cells in HIS-CRC-BRGS mice treated with combination immunotherapy. This correlation held up over 5 independent CRC PDXs treated with the same drug combination, although to varying degrees. Our studies testing another combination immunotherapy for CRC MSS highlight the influence of individual tumors on immune responses, as seen in distinct GrB+ TEM CD8+ versus CD4+TNFα+ driven responses to another tumor (CRC H,I; Figure 7C). These mice were generated from the same CB, and injected one week apart, leaving the PDX as the largest experimental variable in this case. To further illustrate this point, we have previously reported an increased CD8+IFNγ+ signature upon treatment with anti-PD-1 Ab (nivolumab) to both a TNBC CDX and CRC MSI-H PDX, similar to reports from studies in mouse models or human trials (23, 73, 91, 95, 107). In another study, increased CD8+GrB+TIM-3+CD28- cells correlated with smaller ACC tumors that had been treated with pembrolizumab, also an anti-PD-1 Ab (48). It is interesting to note that we can observe either or both CD4+ or CD8+ T cell responses in different scenarios. The importance of CD4+ T cells in a tumor immune response is gaining acceptance (108), and clinical trials and syngeneic mouse model studies have similarly identified distinct immune correlates (53, 54, 94, 109, 110). As in clinical trial studies, these data are strictly correlative. In our studies, the immune correlates are most significant among human T cells in the TILs, with a few exceptions in which we have observed systemic treatment effects in either the LN or spleen. The ability to test the responses in secondary lymph organs, and even more importantly in the tumors, is a major advantage of this model. In clinical trials, the amount of tumor tissue is often limited to less-quantitative IHC analyses while the systemic immune system is limited to the blood.

A further advantage of the HIS-model for immunotherapy studies is the ability to evaluate the cancer cells themselves. We have detected increases in human HLA molecules and changes in inhibitory receptors such as PD-L1, that are consistent with increased IFNγ responses. Integrating these data with spatial information from IHC (or other techniques) can provide valuable information on cell interactions within the TME, as we have previously reported (23, 48).

All-in-all, this study supports the use of HIS-BRGS model to evaluate immune responses to distinct therapies for a wide repertoire of individual tumors. In this model, the activation of the T cells requires release of the inherent immunosuppression, a condition that may mirror the suppressed immune system in a tumor.



Considerations for Experimental Design Using HIS-CB-Mouse Models

We acknowledge the limitations of the model and strongly advise consideration of engraftment and reconstitution details, particularly the late appearance of human T cells and LNs. In our hands, the model has an optimal experimental window, typically between 18 and 30 weeks of age, to test T-cell directed immunotherapies. Therefore, timing of tumor injections is critical and should be designed to insure 1) adequate T cells (typically >18 weeks in our lab) at time of treatment, and 2) a multi-lineage immune system, as B cell and myeloid populations are less frequent in older mice (typically >30 weeks). Each laboratory should test their own kinetics and long-term engraftment, as they may differ due to model and experimental protocols. For xenografts with slow growth rates, we suggest implanting early so they establish at around 18 weeks of age. This often requires testing growth rates in immunodeficient mice prior to use in HIS-mice. We have also shown that the human T cell chimerism affects the degree of human immune infiltration into tumors, and even limited control of tumor growth by the HIS in the absence of therapies. Thus, it is important to control for this variability in experimental design: our approach is to allocate mice into equivalent groups based on human, T cell, and CD8 frequencies. More recently, we have used the matched animal analysis (MANILA) software for random group allocation and treatment assignment, guaranteeing balanced interventions according to these parameters (111). The generation of HIS-mice from distinct CB units is another source of variability that should be considered. As in humans, but not syngeneic mouse models, the immune system in HIS-mice is genetically unique. However, unlike humans, the environment of these mice is well controlled in terms of age and immune exposures. Wang et al. analyzed studies in HIS-mice prepared from different CBs, but injected with the same tumors (50). They concluded that CB genetics were responsible for differences in tumor growth outcomes in these studies, although they did not test the influence of human chimerism. They also determined that the HLA match of the CB to the tumor had little contribution, not surprising since there was a maximum of 4 HLA matches, leaving a large alloreactive T cell repertoire (50). Although we have not formally addressed this parameter, we provided examples illustrating differences in immune responses to unique CRC or DLBCL tumors in our HIS-BRGS models that were treated with the same therapies in mice generated from the same CB. In conclusion, our numerous studies testing immunotherapy treatments on human tumors in HIS-BRGS-mice highlight the inherent variability in the system that includes: 1) age of mice and corresponding immune system (T cells develop late), 2) human chimerism, 3) CB donor and 4) the human tumor. Our experimental approach strives to minimize these variables, stressing the differences in human tumors.

Another important consideration in any study of immune correlates to an immunological challenge (tumor, pathogen, vaccine) is the kinetics of the response. Each data point represents a snapshot in time of the immune response. It is well appreciated that this response is a dynamic and complex process that includes a typical early activation event. The fate of individual cells is unique, as some will become non-functional or die, some will become memory, and some will proliferate and become effector cells, secreting a variety of cytokines. On a single-cell level, changes in activating and inhibitory receptors ensue along with transcriptional and epigenetic reprogramming. Analyses of immune correlates at a single point in time, whether on a single cell or a population level, provide an “aerial” view of the immune system. In our model, the difference in tumor growth rates and the work required on harvest day, limits our analyses to typically 4-8 mice on a single day. We have the added challenge that the immune system in the mice changes over time. Therefore, it is likely that our observed immune responses may be impacted by different timepoints: for example, more TIM-3 expression may represent a more exhausted response (i.e. TIM-3 is upregulated after PD-1 in an activated T cell). We do attempt to analyze similar numbers of mice from each experimental cohort on each day.



Flexibility of HIS-Mouse Models

Immunotherapy research and technology advance at a brisk rate and preclinical models must follow the pace. This HIS-mouse model offers the opportunity for in-depth mechanistic study of the kinetics of anti-tumor immune responses. Given that we can generate 60 HIS-mice from the same CB, implant the same tumor, and evaluate both lymph tissues and tumors from the same mouse, experiments can be designed to evaluate the response in cohorts from various interventions, at defined time points. We have done this in a limited fashion with a nivolumab treatment of MDA-MB-231 CDXs and found that the response is indeed distinct over a 10-day period, with a significant increase of CD8+IFNγ+ T cells observed only after 21 days of treatment (23). The model offers the flexibility to similarly test dosing regimens. Single cell flow, mass cytometry, RNAseq, and ATACseq techniques can be utilized for in-depth immune and tumor characterization as well. Depletions of immune cell populations, such as CD8+ T cells, have also been performed in these HIS-models, to garner mechanistic information concerning the roles of distinct immune populations (50). An additional approach with the HIS-mouse model is the ability to genetically manipulate the HSC prior to “humanization,” and thus track a tumor-specific T cell receptor (112) or test the role of distinct genes in a response (e.g. knock-out IFNγ). Likewise, a human CDX can be genetically manipulated to test the role of a cancer gene. In addition to ICB studies, HIS-mice have been used to test CAR T cells (113). We propose this model should support testing a range of immune-related therapies.

Thus, the HIS-models offer robust flexibility to study human immune responses to human tumors in a preclinical in vivo setting. It is important to note that a small animal model in a controlled facility will always have much less variability than a human trial. Furthermore, experimental replicates between treated and untreated animals are possible and provide increased experimental power. These studies in the HIS-model are limited mainly by their relative expense and technical challenge. In comparison to syngeneic mouse models, these mice are labor-intensive and require expertise in their use and evaluation. However, they are a fraction of the cost of a clinical trial. On the other hand, organoids represent an improved 3-D in vitro model for testing combination immunotherapies (114). As with any model, this model has advantages and disadvantages in its representation of the TME (115, 116). The ultimate validation as preclinical models for the testing of immunotherapy regimens is correlation to the success in the clinic. We have presented limited data showing clinical correlation: 1) a case study of a patient with ACC responding to pembrolizumab in the clinic and an immune response in a matched PDX in our HIS-BRGS mice (48), and 2) correlation of increased immune response and reduced tumor growth in nivolumab-treated CRC MSI-H PDX compared to CRC MSS PDXs, consistent with clinical trial data. We are currently testing an immunotherapy combination in our model on PDXs derived from patients in a clinical trial testing the same drug regimen. These correlations with clinical trials are necessary for true validation of the HIS mouse model for these studies.

Immune-related adverse events represent significant ICB-associated toxicities in the clinic (117). Indeed, HIS-mice have been reported to show indications of these toxicities upon administration of human ICB-drugs (118, 119). We are currently also testing the efficacy of the HIS-BRGS mice as a preclinical model for testing ICB-related toxicities in the presence or absence of a human tumor. In all experiments, we measure animal weights along with tumors and do observe significant loss of weight in very few mice and this does not correlate with treatment. We have observed occasional instances of ICB-related colitis/diarrhea and salivary gland changes in our experiments with this model; however, these are not in the majority of animals. The model offers the ability to analyze a wide array of tissues, to evaluate human immune infiltration by IHC, as an indication of autoimmune-infiltration. In our model, the HIS system is tolerant of mouse tissues due to its development and selection in the mouse thymus. Thus, the allo-response should be directed specifically to the allogeneic tumor upon release of immunosuppression. Immune reactivity to the mouse tissues would represent autoimmune responses.



Improvements to HIS-Mouse Models

As with all experimental models, HIS-mice harbor unique limitations that must be considered in the data interpretation. Specifically, the myeloid population is more variable in its chimerism than either the T or B lymphocyte populations in “basic” HIS-mouse models (67, 68, 120). We have found that their presence is more pronounced in tissues and indeed we have observed a much higher frequency of myeloid cells in tumor than in either LN or spleen (23, 48). To address this relative human myeloid deficiency in HIS-mice, several groups have generated immunodeficient recipients with transgenic human myeloid specific cytokines, including the NOD-scid IL2Rγnull-3/GM/SF (NSGS) (121) and MISTRG (68) models. Human tumors grow in NSGS mice and therefore this model has also been used for immunotherapy preclinical studies (122). The MISTRG model is best equipped to grow myeloid marker specific tumors such as Acute Myeloid Leukemia (123). However, there have been reports of short experimental windows and anemia associated with these models (69, 124). Alternative models to improve human myeloid reconstitution are immunodeficient mice harboring a mutation in the c-kit gene (NSGW41 or NBSGW) (125, 126). This mutation interferes with mouse myeloid production and allows increased human myelopoiesis due to lack of competition. Additional advantages to these models are the lack of irradiation required for engraftment, increased human erythropoiesis and increased HSC longevity in the mouse (99, 103, 124). We are in the process of testing the HIS-NBSGW strain for immunotherapy studies in an effort to develop a more representative HIS-mouse model with reduced myeloid mouse-to-mouse variability.

An additional and important limitation is the allogeneic nature of the implanted tumor. In the “basic” HIS-models T cell selection occurs typically on mouse MHC molecules (103, 127). Significant efforts have been made to include human MHC molecules in HIS-mice, in order to study Ag-specific responses. One approach has been incorporating human HLA transgenes in the recipient. The HLA-A2 NSG mouse recipient has been the most widely used of these models, due to the high representation of this allele in the general population (127, 128). One can thus select HLA-A2+ CB or fetal liver samples to generate the HIS-mouse, and HLA-A2+ tumors. Although this approach includes some tumor specific reactivities, there is still overwhelming alloreactivity to other HLA molecules, since T cells will also be selected on other mouse MHC molecules and react to the non-HLA-A2 human alleles. Another approach is to “knock-out” the mouse MHC genes and force selection exclusively on the human HLA (129). Hu et al. also transfected the HSC with a tumor-specific T cell receptor transgene prior to humanization. This system enabled studies of a human T cell response to a MART tumor-specific Ag (112). Although very relevant information can be garnered from this approach, tumor responses include multiple Ags of varying affinities (130). Furthermore, both CD4+ and CD8+ T cells influence the TME. Indeed, HIS-mice with both human MHC Class I and Class II transgenes showed greatly improved immune responses over either transgenic alone (131, 132).

Other groups have solved the T cell selection problem with the transplant of a thymus of fetal origin matched to the donor liver in the liver-thymus model (133). This system allows a complete histocompatibility match of the immune system and the thymus, especially if the mouse MHC is also absent. However, matching a tumor to this system has the same odds as a bone marrow transplantation, i.e. realistically improbable. Therefore, the tumor will still be allogeneic to the immune system. One must also keep in mind that a more functional HIS, as in both the liver-thymus and human HLA-transgenic mouse models, should react better to a human tumor that is not completely HLA-matched. Thus, the essential feature of growing a human tumor in a HIS-model may be compromised in these models. There are few reports of immunotherapy studies in either of these models, which may be indicative of compromised multi-lineage tumor growth, a concept that needs to be formally assessed (122, 134). In the end, a practical HIS-model may require balancing the most representative HIS with reduced natural immunity (rejection) of the tumor.

The ultimate goal for a preclinical small animal model is to make a true “avatar”- a mouse with a HIS generated from the same patient as the tumor (45). This would also require a matched thymus or some source of T cell selection. Practically speaking we are years away from this goal: 1) adult HSCs in unmanipulated blood do not generate human chimerism in immunodeficient mice (57) and therefore the HSCs from the patient, who often harbor inferior stem cells due to the disease, must be acquired from bone marrow stem cells, a population that generates inferior HIS-mice in both quantity and quality (45, 61, 135); 2) a matched thymus is required for proper selection of the T cells - the surgical acquisition of a matched thymus, which in adults is not present due to involution, is an obvious barrier, leaving the technologically-challenging induction of a thymic organ using induced pluripotent stem cells as the best option; and finally 3) the timing of generating these chimeras with matched tumors/thymus/HIS takes many months (minimum 6), a period that is too long for a practical personalized-medicine approach. In the meantime, the HIS-mouse immediately offers a model capable of testing combination immunotherapies and interrogating the immune responses to unique human tumors. This work suggests caution in experimental design to achieve optimal data.
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Immunotherapy is a curable treatment for certain cancers, but it is still only effective in a small subset of patients, partly because of the lack of sufficient immune cells in the tumor. It is reported that targeted lactate dehydrogenase (LDH) to reduce lactic acid production can promote the infiltration and activity of immune cells and turn tumors into hot tumors. Therefore, we constructed a humanized mouse model to evaluate the efficacy of using classical LDH inhibitor oxamate and pembrolizumab alone or in combination in non-small cell lung cancer (NSCLC). We found that both oxamate and pembrolizumab monotherapy significantly delayed tumor growth; moreover, combination therapy showed better results. Immunofluorescence analysis showed that oxamate treatment increased the infiltration of activated CD8+ T cells in the tumor, which might have enhanced the therapeutic effects of pembrolizumab. Treatment of the humanized mice with anti-CD8 abrogated the therapeutic effects of oxamate, indicating CD8+ T cells as the main force mediating the effect of oxamate. In conclusion, Our preclinical findings position that oxamate not only inhibits tumor growth at a high safe dose but also enhances the efficacy of pembrolizumab in Hu-PBMC-CDX mice. Our study also provides a preclinical model for exploring the efficacy of other immune-based combination therapies for NSCLC.
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Introduction

Lung cancer is a malignant tumor with the highest cancer fatality rate worldwide (1). Non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancers, and most patients are found to be in advanced stages, have lost treatment opportunities, and have a low 5-year survival rate (2). In recent years, immunotherapy has brought new hope to patients. Several immune checkpoint inhibitors, such as nivolumab, pembrolizumab, atezolizumab, and durvalumab, have yielded excellent benefits in prolonging progression-free survival and overall survival for both second-line and first-line NSCLC patients, and have received US Food and Drug Administration approval (3). However, only a subgroup of patients benefits from such therapy. This is because immunotherapy is only applicable to patients with high programmed death ligand 1 (PD-L1) expression (tumor proportion score [TPS] > 50%), which is found in only a small number of patients (15%) (4). Therefore, combination therapy based on immunotherapy has become a new research direction. The purpose of combination therapy is to increase the number and activity of tumor-infiltrating lymphocytes through other treatments, thereby enhancing the effect of immunotherapy (5). Clinically, the most widely used combination therapy is chemotherapy combined with immunotherapy. In 2016, the FDA approved pembrolizumab/carboplatin/pemetrexed for first-line treatment of non-squamous NSCLC, regardless of the expression level of PD-L1. Additional treatment options include atezolizumab/carboplatin/paclitaxel/bevacizumab or atezolizumab/carboplatin/nab-paclitaxel. These combination treatments require less strict conditions than immune monotherapy (TPS > 50%). Moreover, there is no need to detect the expression level of PD-L1 and tumor mutational burden (TMB), which enables more patients to receive the treatment (4). However, in view of the strong side effects of chemotherapy both in monotherapy and combination therapy, more combination therapies with high efficacy and low toxicity need to be developed.

The Warburg effect is ubiquitous in all types of tumors, and its characteristic is that the energy metabolism of tumor cells is still dominated by glycolysis under conditions of sufficient oxygen (6, 7). Tumor cells absorb a large amount of glucose, convert pyruvate to lactic acid through lactate dehydrogenase A (LDH-A), a key enzyme in glycolysis; and oxidize nicotinamide adenine dinucleotide hydride (NADH) to nicotinamide adenine dinucleotide (NAD+) at the same time (8). Glycolytic metabolism in tumor cells leads to competition for limited nutrition in the tumor microenvironment and makes stromal and immune cells nutrition deficient (9, 10). Its main metabolites also affect the tumor microenvironment. A large amount of lactic acid produced by glycolysis is transported out of tumor cells through the monocarboxylate transporter (MCT), which acidifies the tumor microenvironment and promotes the secretion of vascular endothelial growth factor (VEGF) and of angiogenesis (11, 12). A large amount of lactic acid released by tumor cells can also increase the concentration of lactic acid in the tumor microenvironment and inhibit the efflux of lactic acid produced by glycolysis of T lymphocytes, resulting in acidification of the intracellular environment of T lymphocytes and inhibition of T activation, thus promoting tumor immune escape (13, 14). Therefore, as a product of glycolysis, lactic acid can not only promote tumor cell invasion, metastasis, and angiogenesis but also immune escape by acidifying the tumor microenvironment. In view of its important role in cancer metabolism, targeting lactic acid metabolism and its key enzymes is considered a potential target for cancer therapy (15). In addition, because LDH-A is not a key enzyme in normal cell metabolism, targeting it does not cause obvious symptoms, indicating that selective LDH-A inhibitors have minimal side effects. Therefore, LDH-A is considered an attractive target for the development of new anticancer drugs.

In recent years, as an inhibitor of LDH, oxamate has been proven to be a promising anticancer drug; however, its specific action mechanism is still unclear (16, 17). In previous studies, oxamate was shown to inhibit the growth and metastasis of cervical (18), gastric (19), and liver cancer cells in vitro (20). Furthermore, it significantly inhibited the level of LDH in mouse tumors (21). However, the traditional preclinical model is to transplant tumor cell lines or patient-derived xenografts (PDXs) into immunodeficient mice to evaluate the therapeutic effect of a drug (22). Because of the lacking human immune system, this model cannot be applied to evaluate the effect of oxamate on the immune system.

Therefore, a humanized mouse model has emerged as a promising translational platform for evaluating the efficacies of new immunotherapeutics. The human peripheral blood mononuclear cell (Hu-PBMC) mouse model or human-hematopoietic stem cell (Hu-HSC) mouse model was established by transplanting fresh PBMCs or umbilical cord blood-derived CD34+ hematopoietic stem cells into severe combined immunodeficiency mice. Then, a tumor cell line or PDX was transplanted into the mice so that the model had both the human immune system and tumor (23, 24). To date, the application of humanized mouse models has focused mainly on the evaluation of the preclinical efficacy and mechanism of new immune antibodies and is rarely used in the preclinical evaluation of combination therapy. Therefore, we believe that this is a research direction worthy of attention.

The present study aimed to investigate the potential anticancer effect of oxamate in an NSCLC humanized model and to clarify the mechanisms involved. Furthermore, this study investigated the effectiveness of oxamate in terms of potentiating the antitumor action of pembrolizumab to ascertain whether the latter can be used as an adjuvant therapy in cancer treatment.



Materials and Methods 


Cell Lines

H460 and H1299 cells (human non-small cell lung cancer cell lines) and HBE cells (normal lung epithelial cell line) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in RPMI-1640 (Gibco) medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C with 5% CO2.



Mice

NOD-prkdcscidIL2rgtm1/Bcgen (B-NDG) mice were purchased from Biocytogen (Beijing, China) and maintained at specific pathogen-free conditions in the Laboratory Animal Center of the Air Force Military Medical University. All procedures were approved by the Institutional Animal Care and Use Committee of Air Force Military Medical University (IACUC-20200602). Mice used in these studies were provided autoclaved food and water. Mice were humanely euthanized by CO2 inhalation if a solitary subcutaneous tumor exceeded 1500 mm3 in area.



Reagents

Oxamate sodium was purchased from Sigma-Aldrich Corp (St. Louis, MO, USA). Three fresh peripheral blood samples were collected from the Blood Transfusion Department of Xijing Hospital (Xi’an, Shaanxi Province, China) and approved by the Medical Ethics Committee (KY20193035).



Establishment of Hu-PBMC Models

Human whole peripheral blood mononuclear cells were isolated using Lymphoprep (StemCell Technologies, Vancouver, BC, Canada) according to the manufacturer’s instructions. A total of 1×107 human PBMCs were transplanted (ip) into 6-week-old B-NDG mice. Peripheral blood from all mice was monitored for human T cell (hCD45+hCD3+) reconstitution at the 2nd, 3rd, 4th, and 5th week. Mice that had over 25% hCD45+hCD3+ cells in the peripheral blood were considered to constitute the Hu-PBMC model. Humanized mice from different PBMC donors with different levels of hCD45+hCD3+ cells were randomly assigned to each experimental group in all experiments.



Establishment of Immune-CDX Models

To optimally use the treatment window of humanized mice, we subcutaneously injected H1299 cells into the mice 1 week after PBMC transplantation. A total of 5×106 H1299 cells in the logarithmic growth phase were collected, suspended in serum-free medium mixed with matrigel (Corning Life Sciences, Bedford, MA, USA), and injected into right flank of Hu-PBMC mice. This way, the mice were successfully constructed in the 3rd week and at the same time, the tumor reached the volume of the initial treatment (50–120 mm3). Body weight and tumor growth were recorded every 4 to 5 days. Tumor volume was calculated by the following formula: [length×width2]/2. Vehicle control saline was injected intraperitoneally every day until the study end point. In the monotherapy group, pembrolizumab (anti-PD-1; Merck, Whitehouse Station, NJ, USA) was injected intraperitoneally at a high dose (10 mg/kg) twice-weekly until the study end point. Oxamate (Sigma-Aldrich Corp) was injected intraperitoneally at 300 mg/kg every day until the study end point. The combined treatment group was simultaneously treated with pembrolizumab and oxamate until the study end point. Mice were sacrificed on day 15, and organs were removed, weighed, and processed for IHC and IFC analyses.

To deplete hCD8+ T cells in Hu-PBMC-B-NDG mice, 200 mg anti-CD8 depletion mAb (clone RPA-T8; BioLegend, San Diego, CA, USA) was injected into mice (ip) 2 days before the Oxamate treatment and then followed by weekly intraperitoneal injections of anti-CD8 mAb for 2 weeks.



Flow Cytometry

At the completion of the study, 15 days after the start of treatment or when the total tumor burden reached 1500mm3 in volume, the animals were euthanized with carbon dioxide, and tissues were collected under sterile conditions. Blood was collected from the heart soon after euthanasia. The spleen and bone marrow were collected and digested into single-cell suspensions. Single-cell suspensions were incubated with fluorescently-labeled antibodies to evaluate anti-human CD45-FITC (clone HI30) and anti-human CD3-phycoerythrin (clone UCHT1). All antibodies were purchased from BD Biosciences (San Jose, CA, USA). FC500 (Beckman Coulter, Miami, FL. USA) was used for cell acquisition, and data analysis was carried out using the FlowJo software (TreeStar, San Carlos, CA, USA).



Histology and Immunohistochemistry

Tissues harvested from humanized and non-humanized B-NDG mice were fixed with 4% paraformaldehyde for 24 h and then paraffin-embedded. The paraffin-embedded tissues were cut in 4-µm sections and were subjected to standard hematoxylin and eosin staining or immunohistochemistry (IHC). The IHC was performed with the indicated antibodies: anti-human PD-L1 (ab205921, Abcam, Cambridge, MA, USA), anti-human CD45 (ab8216, Abcam), anti-human CD4 (ab183685, Abcam), anti-human CD8 (ab108343, Abcam), and anti-human Foxp3 (ab20034, Abcam). Anti-human CD4 (EP204) antibodies were provided by Cell Signaling Technology (Danvers, MA, USA). Histology slides were scanned with the Aperio imaging system (Leica Biosystems, USA) and analyzed using the ImageScope software (Leica Biosystems).



Immunofluorescence Microscopy

Resected tumor tissues and the spleen were fixed in 4% paraformaldehyde and embedded either in paraffin or in optimal cutting temperature (Sakura Finetek, Torrance, CA, USA) compound and frozen. Sections were deparaffinized, rehydrated, and boiled in a microwave for 20 min in 10 mM citrate buffer for antigen retrieval. Immunohistochemistry was performed using anti-human CD45 (ab40763; Abcam), anti-human CD8 (ab108343; Abcam), anti-human Granzyme B (ab208586; Abcam), anti-human PD-1 (ab234444; Abcam) and anti-human TNF-alpha (ab215188; Abcam). The secondary antibody included goat anti-rabbit IgG AF488 (ab150077, Abcam) and goat anti-mouse IgG AF647 (ab150115, Abcam). Sections were incubated overnight at 4°C before being incubated with the appropriate Alexa Fluor-conjugated secondary antibodies. Slides were washed between staining steps with Bond Wash (Leica) and stripped between each round of staining with heat treatment in antigen retrieval buffer. Nuclei were counterstained with DAPI (ab104139, Abcam). For acquisition, data were acquired by sequential acquisition, and tile-scan imaging was performed on an SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany).



Detection of Cell Viability and LDH Activity

The cell counting kit-8 (CCK-8) assay kit (Dojindo, Shanghai, China) was used to test the effects of oxamate sodium on cell viability at different concentrations or times. Cells were seeded at 5×103/well and treated with different concentrations of oxamate sodium (0-100 mmol/l) for 12, 24 and 48 h, respectively. Ten microliters of CCK-8 solution was added into each well, then incubated in the dark for another 3 h. Optical density was measured using a microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) at 450 nm.

Intracellular LDH activity was determined using an LDH activity assay kit (Solarbio, Beijing, China). Cells treated with different concentrations of oxamate were harvested and lysed for protein to measure the LDH activity. As for glycolysis stress test, Seahorse Bioscience cell energy metabolism analysis system was used. Cells were plated on Cell-Tak-coated Seahorse culture plates (50,000 cells per well) in medium consisting of minimal, unbuffered DMEM supplemented with 2 mM glutamine. Basal rates were taken for about 25 min. Cells were stimulated with 10 mM glucose, 2 μM oligomycin and 10 mM 2-DG.



Statistical Analysis

All data are expressed as the mean ± standard error (SE). Statistical analyses of all data were performed by GraphPad Prism (Version 7.0, GraphPad Software, Inc, San Diego, CA, USA). Differences between groups were tested with analysis of variance, and p < 0.05 was considered significant.




Results


Inhibition of LDH by Oxamate Suppresses Cell Viability in NSCLC Cells

First, to explore the effect of oxamate on cell proliferation in NSCLC cells, CCK-8 (cell counting kit-8) assay were conducted. H1299, A549 cancer cells, and normal lung human bronchial epithelial (HBE) cells were treated with different doses of oxamate for 24 h. We observed that oxamate significantly inhibited the viability of H1299 and A549 cells in a dose-dependent manner, while it had little effect on HBE cells (Figure 1A). The IC50 (50% inhibitory concentration) values of oxamate for H1299 and A549 cells were 32.13 ± 2.50 and 19.67 ± 1.53 mmol/L, respectively, but for HBE cells, the value was very high at 96.73 ± 7.60 mmol/L (Figure 1B). Next, given its high sensitivity to oxamate, we selected H1299 cells and treated them with different doses of oxamate for 12, 24, and 48 h, and found that the inhibition of H1299 by oxamate was also time-dependent (Figure 1C). These results indicate that oxamate has an obvious killing effect on tumor cells but has low cytotoxicity on normal human cells. This provides a basis for the application of oxamate for inhibiting the production of lactic acid in vivo.




Figure 1 | Different effects of oxamate on the cell viability and LDH enzyme activity in NSCLC cells and normal lung epithelial cells. (A) A549, H1299 and HBE cells were exposed to varying doses of oxamate for 24 h, and tested by CCK-8 assay. Cell viability was calculated as a percentage of untreated cells (100%); values are represented as means ± SD; n=4. (B) IC50 of different cells at 24h were calculated by the growth curves. (C) The effect of oxamate on H1299 cells was determined at different time points. (D) Cells were treated with 0, 20, 60 and 100 mM oxamate for 24 h and using a commercially available kit to determine the intracellular LDH enzyme activity. Values are represented as means ± SD; n=6. **P<0.01 vs. the untreated control. (E) Cells were treated with 0, 20, 40, 60, 80 and 100 mM oxamate for 24 h and using a glycolysis stress test to determine the glycolysis ability. 2-DG, 2-deoxy-d-glucose; oligo, oligomycin; Values are represented as means ± SD; n=4.



In order to further determine the previously reported inhibitory effect of oxamate on LDH, we used commercial kits to detect the activity of LDH in cells treated with different doses of oxamate. Oxamate could reduce the LDH activity of H1299 in a dose-dependent manner, thus reducing the production of lactic acid (Figure 1D). Furthermore, we also examined the effects of different concentrations of Oxamate on glycolysis of H1299 and HBE cells. The results showed that 24-hour Oxamate treatment could significantly inhibit the glycolysis activity of tumor cells in a dose-dependent manner while have limited effect on HBE cells(Figure 1E). The result demonstrated that LDH inhibition by oxamate disturbed glycolysis and decreased lactic acid production in the NSCLC cells.



Establishment and Identification of a Humanized Mouse Model

The construction strategy of the humanized mouse model is shown in Figure 2A. The isolated PBMCs were injected into adult mice, and the reconstitution level of human T (hCD45+CD3+) cells in the peripheral blood of the mice was dynamically monitored using flow cytometry (Figure 2B). With the extension of reconstruction time, human T (CD45+CD3+) cells increased significantly. We also observed that there were differences in the level of human T cells among different donors. As shown in Figure 2C, at the 5th week, the reconstruction levels of donor 1 and donor 2 were better than that of donor 3; therefore, in the follow-up experiment, we used the frozen PBMCs of donor 1 and donor 2 to construct the humanized mouse model. After successful reconstruction, the humanized mice reconstructed from two donor sources were randomly assigned to four experimental groups. Humanized mice generally undergo graft-versus-host reaction (GVHD) at the 5-6th week of reconstruction, including weight loss, arched back, hair removal, and other GVHD reactions.




Figure 2 | Construction and identification of humanized mouse model of immune system. (A) Adult B-NDG mice were injected with 1 × 107 PBMC (iv), followed by subcutaneous injection of 5 × 106 tumor cell lines. 2-3 weeks later, the peripheral blood of mice was collected from the tail vein to detect the content of hCD45+CD8+T cells, which marked the successful construction of the Hu-PBMC-CDX mouse model when it was more than 25%. (B) Dynamic flow detection of hCD45+CD3+T cell level in peripheral blood of a representative Hu-PBMC mouse model. (C) Reconstruction level of humanized mice constructed by PBMC from three different donors at the fifth week, n=5. (D) Reconstruction levels of hCD45+CD3+ T cells in peripheral blood, spleen and bone marrow of humanized mice at the 5th week, n=5. **P<0.01. (E) The spleen of normal B-NDG mice was compared with that of Hu-PBMC mouse model mice, n=5. (F, G) Immunohistochemistry for CD45, CD8, CD4, and H&E stains in spleen are shown. Representative images were taken at 20x magnification and the scale bar denotes 50 mm.



In addition, the reconstruction levels of different organs in humanized mice are different, and we focused on immune organs such as the spleen and bone marrow. The results showed that the level of human T cells in the peripheral blood was similar to that in the spleen but significantly higher than that in the bone marrow (Figure 2D). We also observed that the spleen of humanized mice was larger than that of normal mice, which may be caused by an infiltration of a large number of human immune cells (Figure 2E). To further determine the immune subpopulations in spleen, we performed an immunohistochemical analysis and found that CD45+ cells showed high infiltration in the spleen, along with high infiltration of CD4+ and CD8+T cells (Figures 2F, G). These results indicated that the humanized mice were reconstructed successfully, and all organs were infiltrated with immune cells.



Hu-PBMC-B-NDG Mice Support Tumor Growth of NSCLC Cell Line

We analyzed the expression of PD-L1 in the H1299 cell line and found that its PD-L1 was moderately expressed. To confirm that high PD-L1 expression continues after tumor formation, we transplanted the H1299 cell line into B-NDG mice to construct a CDX (cell-line-derived xenograft) model, and found medium PD-L1 expression in the tumors (Figure 3A). In order to determine whether the human immune system has an effect on tumor growth, we transplanted H1299 cell lines on non-humanized mice and compared the tumor growth rate between non-humanized and humanized mice. The growth of tumor cell lines in humanized mice was slower than that in non-humanized mice, indicating that the immune system had a certain retarding effect on tumor growth (Figure 3B). Moreover, we performed hematoxylin and eosin staining and histochemical analysis of the tumors and found CD45+, CD8+, CD4+, and Treg immune cell infiltrations in the tumors grown in humanized mice. These results suggest that the NSCLC cell line can grow in humanized mice and have immune infiltration (Figure 3C).




Figure 3 | Growth of NSCLC CDX in Hu-PBMC-B-NDG mice. (A) Immunohistochemical analysis of PD-L1 expression in H1299 cell line and CDX. (B) Growth curve of H1299 cell line on B-NDG and Hu-PBMC-B-NDG mice.Data are presented as the mean ± SD of the volume of CDX (mm3); n = 5. *P<0.05. (C) Immunohistochemistry for CD45, CD8, CD4,Treg(Foxp3) and H&E stains in three tumours from humanzied B-NDG mice and one tumour from B-NDG mice are shown. Representative images were taken at 40x magnification and the scale bar denotes 20 mm. (D) Immunofluorescence was used to analyze the immunocyte infiltration in the center and border of tumors from Hu-PBMC-CDX and clinical patients. Representative images were taken at 40x magnification and the scale bar denotes 50 mm.



For understanding the characteristics of immune infiltration in tumor tissue, we further analyzed the infiltration of CD45+ immune cells and CD8+ T cells in the tumor using immunofluorescence. We observed that CD45+ immune cells mainly gathered at the edge of the tumor, while the immune infiltration in the center of the tumor was very low, which was similar to the tumor immune cell infiltration in clinical patients (Figure 3D). We believe that the low immune infiltration in the center of the tumor in CDX and clinical specimens may be the main reason for the limitation of tumor immunotherapy. These results signify that the Hu-PBMC-CDX model can simulate clinical tumor infiltration to a certain extent and is an ideal preclinical model for immunotherapy.



Evaluating the Antitumor Effect of Oxamate and Anti-PD-1 Monoclonal Antibody in Hu-PBMCs-CDX Mouse Model

When the volume of Hu-PBMCs-CDX tumor reached 50–120 mm3, the treatment was commenced and the treatment scheme is illustrated in Figure 4A. Daily oxamate treatment can significantly slow down tumor growth; moreover, pembrolizumab monotherapy also inhibits tumor growth. Notably, the effect of the combination therapy was better than that of the two separate monotherapies, indicating that oxamate enhances the therapeutic effect of pembrolizumab (Figure 4B). For evaluating the safety of drug treatment, we dynamically monitored the body weight of mice in each treatment group. The results indicate that despite the daily high dose, there was no abnormal weight loss in the oxamate monotherapy group compared with the control group, which corresponds to the aforementioned low toxicity of oxamate to human HBE cells, indicating that it has a large safety range. At the same time, no significant weight loss was observed in the mice in the combined treatment group, indicating that the combined treatment did not increase toxicity (Figure 4C). Fifteen days after the start of treatment, the mice were euthanized, and the tumor tissues were collected. As shown in Figures 4D, E, the tumor volume and weight of the combined treatment group were significantly reduced, showing a good therapeutic effect.




Figure 4 | Effects of Oxamate alone or in Combinations with Pembrolizumab on NSCLC Hu-PBMC-CDX. (A) Experimental timeline for treatment NSCLC CDX with Oxamate and pembrolizumab in Hu-PBMC-B-NDG mice. (B) Tumor growth curve of control group, Oxamate monotherapy group, Pembrolizumab monotherapy group and combination treatment group. Data are presented as the mean ± SD of the volume of CDX (mm3); n = 5. *P<0.05, ***P<0.001. (C) The body weight of mice in each treatment group and normal mice without PBMCs transplantation was monitored every four days from the beginning of PBMCs transplantation to the end of treatment; n=5. (D, E) At the end of treatment, the tumors of each treatment group were collected, photographed and weighed; n = 5. *P<0.05, ***P<0.001 (F) Tumour growth after treated with Oxamate or PBS in B-NDG mice bearing NSCLC cell line. Group mean differences between Oxamate vs. controls were not significant; n = 5.



In addition, to investigate whether the underlying mechanism of tumor growth inhibition by oxamate is mediated by the immune system, we treated the unreconstructed tumor-bearing mice with oxamate and found that the tumor growth was only slightly delayed compared to that in the control mice, but the results were not statistically significant (Figure 4F). This indicates that the inhibition of tumor growth by oxamate is mediated by the immune system, which inspired us to explore the underlying mechanism of oxamate promoting immunotherapy.



Evaluating the TIL After Treatment in Hu-PBMCs-CDX Mouse Model

For studying the underlying mechanism of immunotherapy, we performed immunofluorescence analysis on the tumor tissues of each treatment group to observe the changes in immune cell infiltration after treatment. Previous studies have reported that CD8+ cytotoxic T cells mainly mediate the effect of tumor immunotherapy, so we analyzed the number of CD8+ cells in different parts of the tumor. In the periphery of tumors, oxamate alone increased CD8+ immune cells, whereas the combination with pembrolizumab resulted in a significantly higher proportion compared with that of either treatment alone or control. In the center of tumors, CD8+ immune cells increased with the combined regimen compared with that of either pembrolizumab or oxamate. No statistical difference was found between oxamate and pembrolizumab, both in the center and periphery of tumors (Figures 5A, B). This finding suggests that increased infiltration of CD8+T cells both in the periphery and center might have caused the therapeutic effect of oxamate. We also compared the immune infiltration of the spleen in each treatment group, and found no significant difference among the groups, indicating that the effect of each treatment group on immune cells was limited to the tumor site. As shown in Figure 5C, CD8+ T cell infiltration in the center of the tumor increased after combined therapy. Furthermore, in order to analyze the activation state of increased CD8+ T cells in the combined treatment group, we performed immunofluorescence staining of CD8+ Granzyme B + and CD8+ PD-1+ in the control group and the combined treatment group. The results showed that the proportion of activated CD8+ cells in the combined treatment group increased significantly. This shows that combined therapy can not only increase the infiltration of CD8+ cells, but also change its immunosuppressive state (Figures 5D, E).




Figure 5 | Analysis of tumor immune cell infiltration in NSCLC Hu-PBMC-B-NDG mice after treatment. (A) The infiltration of CD45+ and CD8+ immuno cells in the spleen and tumours in each treatment group was analyzed by immunofluorescence. CD45+(Red) CD8+(Green). (B) Immunofluorescence quantitative analysis of CD8+T cells in tumor and spleen of each treatment group. **P<0.01, ***P<0.001. (C) Immunofluorescence of a representative CDX after treated with oxamate + pembrolizumab. (D)(E) Immunofluorescence was used to analyze the activation of CD8+ cells in the control group and the combined treatment group, and CD8+ Granzyme B + T cells and CD8+ PD-1+ T cells were labeled respectively. (F) Tumour growth curve of Hu-PBMC-CDX treated with oxamate alone or oxamate plus anti-CD8 depletion mAb. Data are presented as the mean ± SD of the volume of CDX (mm3); n = 6. **P<0.01.



Further, to verify the role of CD8+T cells in oxamate treatment, we used CD8+ antibodies in the reconstructed humanized mice to remove CD8+ immune cells from the mice, followed by oxamate treatment to observe the effect (Figure 5F). Compared with normal humanized mice, oxamate had no inhibitory effect on tumor growth in Hu-PBMCs-CDX mice treated with the CD8 antibody. This shows that the effect of oxamate is mainly mediated by CD8+T cells. One of the possible mechanisms by which oxamate could enhance the effect of immunotherapy is by increasing the infiltration of CD8+T cells in the center of the tumor by reducing the production of lactic acid.




Discussion

In this study, we found that oxamate effectively inhibited the activity of LDH at the cellular level, thus reducing the production of lactic acid. In fact, in view of the inhibitory effect of a highly acidic environment on the immune system, researchers have been investigating ways to inhibit the tumor glycolysis pathway, such as targeting key enzymes of glycolysis [FX-11 (25) and oxamate (26)], lactic acid excretion [MCT-1/MCT-2 inhibitor like diclofenac (27)], and proton pump inhibitors [esomeprazole (28)], to combine them with immunotherapy. In one study, esomeprazole combined with adoptive cell transfer (ACT), a therapy based on the transfer of tumor reactive immune cells, increased the survival of mice loaded with B16 melanoma (29). Previous studies have reported that oxamate can inhibit LDH-A activity and CDX growth in nasopharyngeal carcinoma (30), and breast cancer (21) meanwhile enhances their sensitivity to radiotherapy or chemotherapy. However, the combined application of oxamate and immunotherapy has not been explored. Our study showed that oxamate can be effectively combined with immunotherapy to enhance its anti-tumor effect, and it has minor side effects on normal cells and tissues despite its high dose. In addition, unlike proton pump inhibitors (31), LDH-A is not a necessary enzyme for normal cell metabolism, so the overall effect of its inhibition by oxamate on the human body is very small, which is also conducive for its future clinical application.

In this study, we constructed the Hu-PBMC-B-NDG model and conducted the first preclinical combined therapy trial for NSCLC, which proved that the therapeutic effect of oxamate combined with pembrolizumab was better than that of a single drug. Previous studies have reported that in immune-intact mouse models, oral alkaline buffer or transplantation of LDH-A-deficient tumors to inhibit the acidic microenvironment of tumors can enhance the therapeutic effect of anti-PD-1 and improve the immunosuppressive state of the tumor microenvironment (32, 33). These studies show that it is feasible to target lactic acid metabolism to enhance the effect of immunotherapy. However, these anti-PD-1 antibodies are mouse antibodies rather than clinical antibodies, such as pembrolizumab and nivolumab. Therefore, the main purpose of our study was to observe whether drugs targeting lactic acid metabolism can enhance the efficacy of anti-PD-1 antibodies that have been used clinically. With the development of immunotherapy, humanized mouse models with both the human immune system and tumor cells have become an indispensable preclinical research model for immunotherapy research. At present, most studies only evaluate the anti-tumor effect and the mechanism of antibody monotherapy in humanized mice, and there are only few preclinical trials of combined therapy (34, 35). Therefore, our study provides a good basis for the combined application of drugs targeting metabolism and the immune system in clinical practice. The humanized mouse model could also be used to study additional immune-based combination therapies, such as the combination of angiogenic factor inhibitor (VEGF Inhibitor) and anti-PD-1.

Our study showed that the increase in the immunotherapy effect of combined treatment with oxamate is mediated by increased CD8+T cell infiltration in tumor tissues. Jerome Galon and Daniela Bruni categorized the tumors into hot, altered (excluded and immunosuppressed), and cold tumors, according to the distribution of cytotoxic CD3+T cells and CD8+T cells in the tumor tissue. They proposed that the immunoscore of the tumor tissue is positively related to the effect of immunotherapy (36). Our study showed that NSCLC CDX constructed in humanized mouse models belongs to altered-excluded tumors, in which CD3+ and CD8+ T cell infiltrates are low at the tumor center and high at the margin, resulting overall in an intermediate immunoscore. Therefore, in NSCLC, the key to the success of immunotherapy-based combination therapy is to transform altered tumors into hot tumors (37, 38). In a previous study, Brand et al. injected a Ldhalow cell line into C57BL/6 mice and found that the number of CD8+T cells in the Ldhalow tumor was higher than that in the control group and was accompanied by functional activation, which may be achieved via the upregulation of nuclear factor of activated T cells (NFAT) (39). In our study, we found that this increase mainly took place at the center of the tumor and that the removal of CD8+T cells can eliminate the effect of immunotherapy. As for the reason why oxamate increases tumor immune infiltration, a previous study suggested that the decrease of lactic acid level in tumors can downregulate the expression of PD-L1, thus strongly blocking the PD-1/PD-L1 pathway. Leading to elevation of pro-inflammatory anti-tumor responses such as higher infiltration and activity of CD8+ cytotoxic cells and a diminished frequency of Treg cells (33). In addition, it has been reported that targeted lactic acid metabolism can reduce the production of angiogenic factor (VEGF) by downregulating hypoxia-inducible factor 1a (HIF1a), which contributes to the normalization of tumor blood vessels and increases the infiltration of immune cells (40). We believe that the immune-promoting effect of oxamate may be more complicated and go beyond mere interference with the VEGF and PD-1/PD-L1 signaling pathways. This aspect is worth exploring in-depth in future studies.

The immune system of a humanized mouse model constructed by PBMCs is mainly composed of human T cells and lacks immune subpopulations such as B cells and NK cells, so the limitation of our study is that we could not study the effect of oxamate on these subpopulations and the role of these subpopulations in immunotherapy. In a follow-up experiment, we will use the Hu-HSC-B-NDG mouse model constructed by CD34+ hematopoietic stem cells to further study the effects of oxamate on B cells, NK cells and others. In general, this study successfully created a humanized mouse model of NSCLC to study the effect of combined therapy and its mechanism. We proved that oxamate can both inhibit tumor growth and enhance the efficacy of pembrolizumab by increasing the number of immune infiltrating cells. This provides a preclinical model and a basis for follow-up experiments on combined therapy of drugs targeting metabolic pathways and immune drugs.
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Human induced pluripotent stem cells (iPSCs) can be limitlessly expanded and differentiated into almost all cell types. Moreover, they are amenable to gene manipulation and, because they are established from somatic cells, can be established from essentially any person. Based on these characteristics, iPSCs have been extensively studied as cell sources for tissue grafts, blood transfusions and cancer immunotherapies, and related clinical trials have started. From an immune-matching perspective, autologous iPSCs are perfectly compatible in principle, but also require a prolonged time for reaching the final products, have high cost, and person-to-person variation hindering their common use. Therefore, certified iPSCs with reduced immunogenicity are expected to become off-the-shelf sources, such as those made from human leukocyte antigen (HLA)-homozygous individuals or genetically modified for HLA depletion. Preclinical tests using immunodeficient mice reconstituted with a human immune system (HIS) serve as an important tool to assess the human alloresponse against iPSC-derived cells. Especially, HIS mice reconstituted with not only human T cells but also human natural killer (NK) cells are considered crucial. NK cells attack so-called “missing self” cells that do not express self HLA class I, which include HLA-homozygous cells that express only one allele type and HLA-depleted cells. However, conventional HIS mice lack enough reconstituted human NK cells for these tests. Several measures have been developed to overcome this issue including the administration of cytokines that enhance NK cell expansion, such as IL-2 and IL-15, the administration of vectors that express those cytokines, and genetic manipulation to express the cytokines or to enhance the reconstitution of human myeloid cells that express IL15R-alpha. Using such HIS mice with enhanced human NK cell reconstitution, alloresponses against HLA-homozygous and HLA-depleted cells have been studied. However, most studies used HLA-downregulated tumor cells as the target cells and tested in vitro after purifying human cells from HIS mice. In this review, we give an overview of the current state of iPSCs in cell therapies, strategies to lessen their immunogenic potential, and then expound on the development of HIS mice with reconstituted NK cells, followed by their utilization in evaluating future universal HLA-engineered iPSC-derived cells.




Keywords: humanized mice, human induced pluripotent stem cells, regenerative medicine, natural killer cells, human leukocyte antigen



Introduction

The ability to reprogram adult cells into induced pluripotent stem cells (iPSCs) has changed regenerative medicine. The original reprogramming to induce pluripotency in somatic cells was done by the ectopic co-expression of four transcriptions factors, c-MYC, OCT3/4, SOX2 and KLF4, or similar combinations (1–4). iPSCs (re-)acquire the ability to develop the three embryonic germ layers and propagate in culture indefinitely. Their cell fate can then be further directed to differentiate iPSCs into various types of differentiated human cells (5). In addition, iPSCs can be established from essentially anyone and genetically manipulated. iPSCs are therefore regarded as a suitable platform to develop regenerative cell therapies.

As iPSC-derived cells make their way to clinical applications, allogeneic cells as off-the-shelf products are being preferentially considered (6, 7). Thus, a critical challenge is making iPSCs immunologically tolerable by the receiving individual. To circumvent the most significant alloimmune barriers to allotransplantation, namely the mismatch of HLA, a number of strategies are being explored. iPSCs can be established from people with homozygous HLA haplotypes, which would increase the number of matching recipients to a single donor, and are available through iPSC stocks (8–10). In addition, engineering the HLA expression of the cells to be transplanted, specifically downregulating HLA, could also be immunologically tolerable for the recipient. However, even supposing that the T cell-based primary rejection mechanism is avoided by HLA downregulation, natural killer (NK) cells possess complementary recognition pathways which can promote graft rejection (11–13).

Accurately recapitulating NK cell rejection mechanisms in vivo is therefore crucial for successful HLA-homozygous and HLA-engineered iPSC-based transplantation therapies. To this end, notable efforts have allowed for mice with a humanized immune system (HIS) to acquire an increasingly comprehensive representation of human immune cell populations (14). From interventions aiming to entirely mute the mouse immune system to sophisticated genetic engineering to switch mouse immune factors to their human version, strategies have yielded mouse models that can recapitulate specific parts of human immunity. Notably, the reconstitution of the innate immune compartment, such as myeloid cells and NK cells, has recently gathered a fair amount of attention.

This review aims to provide the reader with an overview of the therapeutic potential of iPSCs with strategies to overcome HLA barriers in regenerative medicine, along with their evaluation in HIS mice sufficiently reconstituted with human NK cells.



Current Status of the Clinical Application of iPSCs in Regenerative Medicine

Cell replacement therapy and regenerative medicine advances are excitingly multiplying as research explores their great proliferation potential and high versatility of iPSC application. Contrary to the relatively controversial embryonic stem cells (ESCs), iPSCs do not involve the handling of embryonic material and therefore provide a more acceptable platform to develop regenerative therapies. Nevertheless, norms and expectations surrounding the ethical implications of iPSCs have been accounted for since the early times of their development (15) and regularly discussed since then (16, 17). In addition to their minimal ethical hurdle, iPSCs – like ESCs – can be produced off-the shelf in clinically relevant quantities in bioreactors or culture dishes, which enables a stable supply and use for emergency situations, given the right logistics. They can also be differentiated into various types of adult human cells (5) as well as qualified for safety (pathogens and contamination) and consistency (genotyping, phenotype characterization). iPSCs are also relatively receptive to genetic engineering, which opens endless possibilities for clinical applications. Reports from pre-clinical and in vitro studies, reviews (6, 18, 19), as well as two clinical trials for age-related macular degeneration (AMD) (20, 21) and, more recently, mesenchymal stromal cells (MSCs) for graft versus host disease (GVHD) (22) have so far indicated that iPSC-based therapies are safe.

Although iPSCs are only a little over a decade old, as of December 2020, about twenty clinical trials have been publicly announced as either completed or ongoing, including one targeting COVID-19 using iPSC-derived MSCs (23) (Table 1). AMD was the first pathology to be given approval for human transplantation of iPSCs-derived cells (20, 21). To date degenerative eye disorders are of the most commonly targeted diseases in iPSC-based clinical trials (24–27), along with cardiac syndromes such as heart failure and myocardial ischemia (28–32), followed by neuropathies - Parkinson’s disease and spinal cord injury (33, 34) -, and thrombocytopenia from aplastic anemia (35). In contrast to the replacement of defective cells illustrated by those studies mentioned previously, iPSCs-based development of immunotherapies, namely iPSC-derived MSCs and iPSC-derived NK cells, have been conducted more proactively by the private sector for GVHD (36) and hematologic malignancies (37–40), respectively. Of note, within all the trial mentioned, three used autologous patient-derived iPSCs as the source of the cell for transplantation (two trials for AMD and the trial for thrombocytopenia from aplastic anemia), while the other trials transplanted cells differentiated from banked iPSCs.


Table 1 | Registered clinical trials using iPSCs.





Strategies to Circumvent Immune Rejection Against iPSC-Derived Grafts

Graft rejection is a major issue in allogeneic transplantations. The general mechanism of an allograft rejection is the dominant activation of the recipient’s T cells by recognizing non-self alloantigens on the donor major histocompatibility complex (MHC) antigens, which are HLAs in the case of humans. Jean Dausset described the first HLA, HLA-A2, in 1958 (41) after his observations in 1952 of donor-recipient leukocyte incompatibilities, which were then extended to tissues. Today we know that the two classes of HLA, class I, HLA-A, -B, and –C, and class II, HLA-DR, -DP, and -DQ, are encoded within chromosome 6p21 (Figure 1) (42). Humans carry a pair of HLA haplotypes, which are specifically distributed relative to ethnicities and geographic regions. To minimize the rejection caused by an alloimmune response, matching for the HLA haplotype between the donor and recipient is necessary, and comprehensive guidelines are applied for best practices to ensure clinical benefits to the patients (43–45).




Figure 1 | (A) Schematic structure of human leukocyte antigen (HLA). Targeting the β2M subunit of HLA-I will cause disruption of all HLA-I expression [major (A–C) and minor (E–G)]. (B) The presence of HLA-I matching with the recipient NK cells’ inhibitory KIR receptor (iKIR) will induce tolerance, while the lack or downregulation of HLA-I will trigger NK cell immunity.



HLA class I are cell surface proteins built up with a polymorphic heavy chain and a conserved light chain, called β-2-microglobulin (β2M), forming together a functional heterodimer (Figure 1). They are found in all nucleated cells and platelets, although their expression in iPSCs is lower compared to somatic cells (46). The main function of HLA class I molecules is to display peptide antigens to T cell receptors (TCRs) on CD8+ T cells. In contrast, CD4+ T cells receive antigenic cues from peptides mounted on HLA class II, which are expressed only in dendritic cells (DCs), macrophages, B cells and other antigen-presenting cells (APCs). When the HLA on transplanted cells is different from the host, T cells will initiate cytotoxic and other immune responses leading to graft destruction.

iPSCs offer a unique opportunity to circumvent the immunological barriers to transplantation, and, as reviewed elsewhere (47, 48), a number of strategies are being explored to reduce the potential immunogenicity of the iPSC (or ESC)-derived biological transplantation material. The three main strategies, autologous, HLA homozygous and HLA depleted, are discussed here (Figure 2).




Figure 2 | Capability of iPSCs to provide immune-compatible products.





Autologous iPSC-Derived Grafts

The history of allotransplantation has revealed HLA as the major driver of an immune response, but minor histocompatibility antigens and ABO antigens can be crucial alloantigens as well. Therefore, immunosuppressive agents with non-negligible side effects are usually used. However, rejection still cannot be controlled in some cases. Autologous iPSCs can be established from essentially any patient so long a small portion of skin or blood is available and provide differentiated cells that, in principle, cause no alloimmune-mediated rejection. However, there are some reports stating the immunogenicity of autologous iPSC-derived grafts, which may be due to epigenetically dysregulated expression of immunogenic proteins, somatic mutations and other alterations due to genetic instabilities and genetic manipulations (49–56).

Based on less concern of rejection and donor-derived infection, autologous iPSCs were chosen in the first clinical trial for AMD, which reported no adverse events two years after the transplantation (20). In the case of the trial for thrombocytopenia due to aplastic anemia, the person receiving iPSC-derived platelets suffers from platelet transfusion refractoriness due to an anti-platelet alloantibody, justifying the transplantation of autologous cells (35, 57).

Autologous iPSC-derived cells are often not practical, however, because as mentioned above, establishing iPSCs from patients and differentiating them to a final cell product each time requires labor- and cost-intensive logistics and the quality would vary each time (17). Indeed, not only could the therapy be prohibitively expensive, it may also not even be available in time to benefit the patient. Moreover, in the case the pathology is caused by a mutation, the generated cells will possess the same mutation if not corrected by genetic engineering.



HLA-Homozygous iPSC Stocks as Source Cells of Allografts

As an alternative, iPSCs established from people with homozygous HLA haplotypes are available through iPSC stock projects. Currently, there is momentum to build biobanks of iPSCs with enough HLA haplotypes to supply HLA-matched cells to a wide population (8–10). iPSCs with homozygous HLA haplotypes are stocked, and good manufacturing practice (GMP) grade lines have been distributed for regenerative medicine. Homozygous haplotypes are advantageous, since they have wide compatibility potential due to the need to only match one of the two HLA haplotypes of the recipient to avoid the intense rejection mediated by T cell-HLA interactions. Thus, the mass production of uniform allogeneic off-the-shelf donor-derived material would greatly expand the number of patients who would benefit from these regenerative therapies. Accordingly, allogeneic iPSCs are predominantly preferred in clinical trials using iPSC products (Table 1).

However, limitations still exist, because HLA are highly polymorphic, and, as mentioned earlier, epitope heterogeneity greatly varies between geographic regions and ethnicities. Building stocks for a heterogeneous population is a greater logistic and financial challenge than for a relatively homogeneous population. For example, the required size of the Japanese HLA-homozygous iPS cell bank is relatively small compared with other regions (17). Moreover, banks must take in account alleles of rare frequencies, which adds to the number of cells to stock. Indeed, it becomes increasing difficult to cover a higher rate of the population. For Japan, the 10 most frequent HLA haplotypes can cover 50% of the population, but the 75 most frequent haplotypes are needed to reach 80%, and 140 to reach 90% (9, 17). Considering that each iPSC cell line needs to undergo careful characterization and regulatory safety evaluation, the workload, although feasible, is costly and time-consuming.



HLA Depletion

Another option is to leverage the property of iPSCs to be amenable to genetic manipulation, specifically, eliminate or downregulate the HLA expression, to avoid T cell recognition (Figure 3). For most cases, the reduction of HLA class I expression have been achieved by targeting the conserved β2M chain. Researchers have access to several molecular tools to disrupt β2M expression, and the choice depends on the outcome needed. Post-transcriptional manipulation by RNA interference (RNAi), either using small interfering RNA (siRNA) or short hairpin RNA (shRNA), stably downregulated or silenced the expression of HLA proteins in B-lymphocyte cell lines (58) in conjunction with human ESCs (59), iPSCs (60), primary human hepatocytes (61), endothelial cells (62, 63) and in a perfusion system at the whole organ level in rat kidney (64). Silencing with RNAi proved to be stable even after the iPSCs were differentiated to megakaryocytes and even platelets (60). TALENs (65), CRISPR/Cas9 (66–71) and vector-mediated gene targeting technology (72–74), on the other hand, are used to achieve complete depletion of HLA-I through β2M-targeting. The simultaneous knockout of HLA-A/B/C by multiplex CRISPR/Cas9 has also been reported (75).




Figure 3 | iPSC engineering strategies to inhibit allogeneic immunity and promote tolerance.



Notably, in those studies, the complete knockout of HLA was found stable after the ESC/iPSCs were differentiated, and no off-target integration or non-specific cleavage events were observed (66, 74). However, current technology cannot rule out off-target events and potential unwanted cell behavior. Introducing modalities such as suicide genes or other safeguards to eliminate the possibility of grafts with uncontrolled growth is recommended (76). Two major suicide genes studied are thymidine kinase gene of the herpes simplex virus (HSV-TK), which can be switched on with ganciclovir treatment, and inducible caspase-9 (iCas9), which can be activated with a synthetic chemical inducer of dimerization (CID) treatment. To overcome its inactivation in proliferating cells, HSV-TK gene was transcriptionally linked to a cell-division gene CDK1 (77). Further, the combination of HSV-TK and iCas9 can kill all cell types or specifically undifferentiated ESCs/iPSCs (78). New technologies such as synthetic microRNA switches can also be applied to eliminate unwanted cells safely (79, 80).

Both knockdown and knockout have distinct advantages. Because CD8+T cell immunity can be triggered by even a very low number of HLA-I-peptide complexes (81), complete knockout of HLA class I can enable total invisibility from T cell cytotoxicity. This approach is also applicable for CD4+ T cells and HLA class II-mediated antigen presentation, for which disruption is achieved by targeting class II MHC transactivator (CIITA) genes (66–69). Additionally, neither approach seems to be detrimental to cell function after differentiation to megakaryocytes and platelets (70, 71), cardiomyocytes (67, 68) or RPE cells (66). However, because HLA class I molecules are also ligands that negatively regulate the activation of NK cells, the complete loss of HLA class I risks triggering a response by NK cells through “missing self” immunity, thus, residual expression instead of complete removal of HLA class I might be preferential to prevent graft rejection by NK cells.



Evading NK Cell Response Against HLA-Homozygous or HLA-Depleted Cells

NK cells are the innate counterpart of cytotoxic CD8+ T cells, presenting cytotoxic activities and releasing cytokines such as interferon-γ (IFNγ) upon target cell recognition. NK cells recognize “missing self” cells that have downregulated the expression of HLA class I (11–13), such as virus-infected cells, tumor cells and experimentally HLA-mismatch allografts. The balance between activation and inhibitory signals regulates NK cell activity, and HLA class I molecules act as ligands that inhibit NK cell activation through killer immunoglobulin-like receptors (KIR) and CD94/NKG2A heterodimer (Figure 1). Among HLA class I molecules, all HLA-C molecules and some HLA-A and HLA-B are ligands for inhibitory KIRs. HLA-C molecules are divided into C1 and C2 groups based on the group of KIR they bind. Accordingly, one study showed that endothelial cells generated from HLA-C1/C1 iPSCs were killed by NK cells from an HLA-C1/C2 individual in vitro, as they were regarded as missing C2 (82). This “missing self HLA-C” immune response demonstrates the importance of considering the rejection of HLA-homozygous and HLA-depleted iPSC-derived allografts by host NK cells.

Attempts to promote tolerance against NK cells for transplanted iPSC-derived cells have come from a deeper understanding of the involvement of HLA-C, non-classical HLA class I (HLA-E, -F and -G) and self-signal (CD47 and PD-L1) pathways in cancer evasion as well as in physiological immune privileged sites, particularly the maternal-placenta interface (Figure 3) (83–86). In early studies, isoforms of HLA-G, a quasi-monomorphic HLA, were expressed in HLA class I-deficient or HLA class I-expressing cell lines and proved to be protective against NK cell cytotoxic activity in both cases (87, 88). In vitro, the forced expression of HLA-G induced an immunosuppressive phenotype in human ESCs expressing moderate levels of HLA-A, -B, -C, and low levels of HLA class II as well as in their epidermal precursor derivatives, which expressed lower levels of HLA-I overall (89). Riteau et al. showed that HLA-E was also a potent inhibitor of NK cell cytotoxicity (86). In an in vivo monkey model, iPSC- derived RPE cells were shown to repress NK cell cytotoxicity by a mechanism dependent on HLA-E, which was naturally expressed on these cells (90). Recently, human ESCs with knock-in of only HLA-E in conjunction with the depletion of whole HLA class I by targeting β2M did not elicit an immune response from either CD8+T cells or NK cells in vitro and in vivo (72).

Another strategy exploits immune checkpoint molecules such as PD-L1 and CD47. Both are immunomodulatory molecules involved in mechanisms of self-protection or “don’t eat me” signaling. CD47 is a ubiquitous receptor whose function is to inhibit phagocytosis (91). Its overexpression in MHC class I knockout murine iPSCs was protective in a mouse model (68). Finally, the selective targeting of classical HLA class I has been proposed as a strategy to create hypo-immune cells that are “invisible” to NK cells. Indeed, the specific targeting of HLA-A in B-lymphocyte cell lines in vitro and the disruption of both HLA-A and -B alleles in iPSCs in vitro and in vivo reduced lysis by T cells and NK cells (58, 69, 92).



Modelling Human Immunity in HIS Mouse Models

Transplantation tolerance and rejection mechanisms operate through several interconnected pathways involving both the adaptive and innate immune systems (93). Animal models should therefore recapitulate as many human immune system components as possible. In the human immune system, these cellular and molecular components work as an overall horizontal system that allows redundant and complementary processes to efficiently protect against internal and external threats to the body’s homeostasis. The mouse immune system mirrors the general paradigms of these complementary processes in humans, but differs in finer but significant aspects (94, 95). Although not perfect models (94, 95), mice are nonetheless instrumental pre-clinical assets for testing new therapies before moving on to human trials. In order to improve the predictive value of rodent-based studies so that mechanistic insights into immune responses are not “lost in translation” but highly relevant for transplantation studies, immune-deficient mice can be engrafted with a functional human immune system (Figure 4). These models will hereafter be referred to as HIS mice.




Figure 4 | Current challenges in recounstituting a human immune system in immundeficient mice.



Three sources of human hemato-lymphoid cells or tissues are commonly transplanted into immunodeficient mice to stably reconstitute the human immune system. 1) In the hu-PBL model, peripheral blood leukocytes (PBL) are isolated from human blood and then transplanted into mice. 2) In the hu-SRC model, the cells transplanted are human severe combined immunodeficiency (SCID) repopulating cells (SRC), that is to say: CD34+ hematopoietic stem cells (HSCs) from umbilical cord blood (UCB), fetal liver, bone marrow (BM) or granulocyte colony-stimulating factor (G-CSF) mobilized peripheral blood. 3) In the last model, hu-BLT (BM/liver/thymus), a combination of fetal liver and thymus fragments is injected under the kidney capsule with fetal liver HSCs. Choosing one model over the other will lead to varying outcomes in the engraftment level or repopulation allotment (96). Briefly, the hu-PBL model has the advantage of grafting readily mature lymphoid cells and has a high reconstitution of CD3+ T cells, while the hu-SRC and hu-BLT models employ more primitive stem cells. As a consequence, the hu-PBL model provides a relatively easy and straightforward recapitulation of the mature immune system, but also the least physiological. Furthermore, it easily develops xeno-GVHD, which limits the experimental window period. The hu-SRC model takes a comparatively longer time to achieve reconstitution but provides the multilineage development of hematopoietic cells and can recapitulate the development of the endogenous human immune system. However, innate immune cells such as myeloid lineages and NK cells as well as T cells are less developed. In addition, xeno-GVHD could still develop, but this can be overcome by the depletion of mouse MHC molecules (97). The hu-BLT model is reputed to have the highest level of human cell reconstitution and allows the robust reconstitution of educated T cells. However, it requires high technical skills to produce as well as fetal human tissue, thus, its availability is very limited.

The development of an HIS following the xenotransplantation of human cells is not tolerated unless the mice are severely immunocompromised first. Humanization of the mouse immune system is built on three main steps of genetic manipulation and breeding. Historically, the first genetic mutant immunodeficient mice was CB17-scid mice discovered in 1983, in which severe combined immunodeficiency (scid) affecting T and B cells resulted from the spontaneous homozygous loss of a functional mutation in the PRKDC gene (protein kinase, DNA-activated, catalytic polypeptide) (98). However, the mutation did not mute the innate immune system, and murine adaptive cells progressively reconstituted as the mice aged, which resulted in the low engraftment of human cells. In a subsequent manipulation, the scid mutation was crossed in non-obese diabetic (NOD) mice (NOD-scid), which resulted in lower innate immune system function and resolved the diabetes from the NOD background, which was T-cell mediated (99, 100). NOD-scid mice have been extensively used in xenotransplantation studies, but they are impeded by a characteristically short lifespan and predisposition to lymphoma, a still relatively low level of chimerism, and the progressive “leaking” of T and B cells. Recombination-activating gene (Rag)-1 and Rag-2 knockout mice helped to reduce the reappearance of the adaptive immune system but resolved neither the tendency of the NOD-scid to develop lymphomas nor the engraftment issues. The last major genetic manipulation, namely the disruption of murine cytokine signaling by targeting the interleukin-2 (IL-2) receptor γ chain locus, resulted in higher chimerism levels and more silencing of both adaptive and innate cells. The resulting immunodeficient IL2rgnull mice were then crossed with various stains such as NOD-scid to produce the NOD-scid gamma strain (NSG) and in the same manner the NOD-Rag1 gamma (NRG) and BALB/c- Rag2 gamma (BRG) strains.



Enhancing NK Cell Reconstitution in HIS Mouse Models

NSG-, NOG-, and BRG-based HIS mice have had an important beneficial impact in biomedical research but are more inclined toward modelling T and B cells and do not adequately reconstituted innate effectors, particularly myeloid cells and NK cells. Human NK cells constitute 10% to 15% of human peripheral lymphocytes, but were found to be around 1% to 3% in HIS mice (101). Despite their poor representation, NK cells have been identified in various organs, their phenotype described, and their function (cytotoxicity and cytokine production) assessed in hu-SRC (102–105) and hu-BLT (106) models. Additionally, several approaches have been studied over the decade to successfully reconstitute more mature human NK cells with cytotoxic function in vivo or ex vivo.



Exogenous Supply of Human Cytokines

Human cytokine supplementation has quickly proven to be useful for NK cell proliferation and differentiation in HIS mice (101, 104, 105, 107). Human cytokines can be either repeatedly administered or their expression introduced by cytokine-encoding virus vectors or plasmids. One such cytokine considered crucial for NK cell development is IL-15, which, along with IL-2 and IL-7, belongs to the family of cytokines that shares common γ chain (γc) as their receptor subunit to convey activation signals (108). The binding of IL-15 to the β and γ heterodimer complex of IL-15 receptor (IL-15Rβγ) requires trans-presentation in complex with IL-15Rα, which is expressed on myeloid-lineage cells such as monocytes and dendritic cells and also stromal cells (108). Indeed, the injection of human IL-15/IL-15Rα complex induced extensive human NK cell expansion and differentiation toward the late stage CD56loCD16+ and KIR+ phenotypes in BRG mice receiving human CD34+ fetal liver cells, although the organ reconstitution was low in lymphoid organs (101). Reconstitution in mice was enhanced also by IL-15 supplementation via plasmids that express IL-15 and FLT3 ligand in mice (107). or by adenovirus vectors that express human IL-15 (101). The introduction of human FLT3 ligand in adenovirus vector alone can also expand human myeloid and NK cells in HIS mice (109). In this case, human FLT3 ligand primarily expands the myeloid cells, which in turn provide human IL-15/IL-15Rα to expand the human NK cells.



Transgenic Expression of Human Cytokine Genes

The genetic engineering of interleukins in HIS mice models can increase the number of NK cells in lymphoid and non-lymphoid organs (110–112) as well as the number of CXCR6+ tissue-resident NK cells in the spleen, liver and BM (111, 112). The knock-in of human IL-15 (SRG-15 (111)) or double knock-in of IL-7 and IL-15 (hIL-7xhIL-15 KI (112)) on the other brought a significant increase in the number of human NK cells in peripheral blood compared with conventional NOG or NSG mice, achieving the physiological NK cell numbers observed in human blood in SRG-15 mice.

IL-2 and IL-7 are also two cytokines regarded fundamental to NK physiology and supplementation candidates to improve NK reconstitution. Accordingly, the transgenic expression of human IL-2 gene in a NOG mouse substrain (Hu-HSCs NOG–IL-2 Tg (110)) was able to increase the human NK cell number, but supplementation with IL-7 alone proved to be insufficient (113). The same insufficiency was found after knocking in just IL-7 in the lymphoid and non-lymphoid organs of NSG mice (112).

While researchers have increased the number of human NK cells in SRG-15 mice, the cells did not have the high degree of similarity with the NK cell repertoire of humans after stimulation (111). NK cells from SRG-15 lacked licensed (or “educated”) NK cell subsets and showed a hypo-responsiveness when challenged with K562 cells (111). The hIL-7xhIL-15 KI model also could not reflect the normal frequency of mature human NK cells, on par with hIL-15 or hIL-15-hIL/15Rα complex injection studies (112). Finally, Hu-HSCs NOG–IL-2 Tg NK cells showed a bias toward IL-2 chronic activation phenotypes, and their receptor expression did not always correspond to their natural human NK counterparts, although the KIR diversity range did (110).



Next Generation of HIS Mice

Constitutive exposure to specific sets of human interleukins through genetic engineering seems to improve the number of NK cells in HIS mice and achieves a high reconstitution of NK cells that is superior to simple injections. However, intravenous and hydrodynamic injections of the expression plasmids as well as transgenic modifications induce systemic supra-physiological levels of human cytokines, which do not recapitulate the typical spatial and temporal expression in humans. While the replacement of mouse genes with their human counterparts allows for physiological regulation to take place, the replacement of interleukins involved in NK cell development has proven to be insufficient for mirroring human NK immunity (111, 112).

Accordingly, there seems to be more biological layers that still need to be introduced in HIS mice in order to improve the precision of human NK cell immunity reconstitution. One such path is the reconstitution of the immune cell niche in the mouse microenvironment, since NK cells typically mature through exposition to human myeloid - such as monocytes macrophages and dendritic cells- and epithelial/stromal cells, which are likely to be sources of IL-15/IL-15Rα (114). However, the mouse microenvironment-human cells cross-reactivity is limited (94, 101). Moreover, improving myeloid cell lineage representation might improve cell engraftment, as observed after the co-injection of T cell-depleted “support” cells (115). An exception is the maintenance of ex vivo expanded UCB-derived NK cells in HIS mice, in which autologous UCB was used for the humanized cell source (116).

Several strategies that use gene knock-in and knock-out to produce the human microenvironment and signal networks have shown optimized myelopoiesis in HIS mice: NSG-SGM3 mice, also designated NSGS, express the human cytokines stem cell factor (SCF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-3 (117, 118); NSGW41 mice show an inactivated mutant mouse Kit gene (119, 120); NOG-EXL mice expresses human IL-3 and GM-CSF (121); and MISTRG mice express human macrophage colony-stimulating factor (M-CSF), IL-3, GM-CSF, and thrombopoietin (TPO) (114). In the NSGS, NSGW41 and NOG-EX models, more comprehensive NK cell development is required. However, when engrafted with UCB CD34+ cells, NSGS recently showed better engraftment of CD3-CD56+ NK cells in the BM and spleen compared to NSG mice (122, 123). In contrast, abundant human myeloid cells and monocytes were found to be source of IL-15 and IL-15Rα in MISTRG mice, and a significant increase in NK cell numbers was observed in various organs of this model with effectual cytotoxic and IFNγ production (114).

While these models provide a new ground to explore NK reconstitution, no model has achieved all-inclusive human immunity. Therefore, each model should be carefully considered depending on its specific advantages and shortcomings to fit the intended research purposes and further adjustments are required. For example, NK cells need education through inhibitory receptors and, notably, HLA-I molecules, to acquire their effector function. Since mice express their own set of MHC-I, it is likely that the reconstituted NK cells are less responsive than they should be. Supporting human NK cell reconstitution in mice could be achieved with more genetic modifications, such as mouse strains modified to express human MHC-I, which have already been developed (124), and exogenously supplying NK-specific cytokines, as shown recently using injections of IL15/IL-15Rα in MSTRG mice (70). However, because immunity is an intricate and refined system, tentative tampering often comes with a price to the mice’s health. Cytokines are known to have systemic toxicity, and recent mouse strains develop life-shortening syndromes (118, 125, 126). This effect, coupled with the development of xeno-GVHD, potentially worsens in the case of IL-15 injection, since T cells also benefit from IL-15 supplementation, limiting long-term graft studies. However, as mentioned above, this may be overcome by depleting mouse MHC molecules (97).



Evaluation of HLA-Deficient Cells in HIS Mice With NK Cells

The evaluation in HIS mice of HLA-homozygous or HLA-engineered iPSC-derived cells for regenerative therapy should be done in the presence of human NK cells in order to model the full range of NK functions. In particular, whether “missing self” grafts are rejected in vivo by human NK cells reconstituted in HIS mice models needs to be examined. In these experiments, components of the graft survival and tolerance response are comparatively evaluated against rejection controls, and evidences of rejection capability is essential to validate the response of the host mouse. An adequate rejection control will depend on the work outline, such the tolerance-induced condition vs. non-induced condition, autologous vs. allogeneic, wild-type vs. HLA engineered cells. It can also depend on the intrinsic properties of the graft. In the case of blood cell transfusions, the control and target populations can be mixed, administered and assessed for the ration thereafter. In the case of solid organs, two different fragments can be compared in different sites or different individuals.

The intra-graft presence of immune cells, when relevant, is the most common feature assessed in PSC-derived cell transplantation studies (72, 125–133), although its use as an estimation of actual rejection is controversial (127, 128, 133). Commonly, the assessment of immune cell infiltration is complemented by other measures of rejection, such as (but not limited to) tracking graft survival in vivo with fluorescence or bioluminescence imaging (BLI) (68, 69, 72, 125, 126), tissue damage analysis with staining for cell death markers (126, 127), or, when possible, by assays of the loss or gain of graft function such as blood glucose regulation by human ESC-derived islet like cells grafts (128).

As mentioned above, in vitro responses of NK cells from HLA-C1/C2 donors against HLA-C1/C1 homozygous iPSC-derived endothelial cells have been observed (82), raising concern of NK cells rejecting HLA-homozygous grafts. Meanwhile, an in vivo study that transplanted MHC homozygous monkey iPSC-derived neurons into monkey brain did not observe the infiltration of NK cells in the engrafted tissue (129) and a later preclinical study confirmed the survival of human HLA-homozygous iPSC-derived dopaminergic progenitors in mouse brain (19). In a clinical trial setting, the graft survival of HLA-homozygous RPE cells following local steroid administration was reported (21). However, in vivo studies are still few, and since the brain and eyes are regarded as immune privileged sites, whether HLA-homozygous cells could be rejected by NK cells should be differently assessed for other transplantation sites.

HLA-depleted or other genetically modified ESC/iPSC-derived cells have not reached clinical trials, but many have been investigated and assessed for immunogenicity against NK cells. For instance, the adoptive transfer of NK-92, an IL-2-dependant NK cell line, in immunodeficient NSG-B2m, a mouse model for beta-2 microglobulin deficiency and therefore expresses no mouse MHC class I, showed that human ESCs-derived CD45+ hematopoietic cells lacking polymorphic HLA class I was subject to NK-92-mediated lysis, but not if HLA-E was overexpressed (72). Similarly, tolerance against NK cells was reported for cells derived from HLA-A/B-knockout, HLA-C-retaining iPSCs (also preserving non-canonical HLA-E, -F, and -G, if expressed at all), or for human ESCs with HLA-ABC-KO and overexpressed HLA-G, PD-L1 and CD47 (69, 130). The studies found a functional activity by the reconstituted phenotypically human NK cells.

The rejection of HLA-depleted cells should be evaluated in SRC-transplanted HIS mice, which better recapitulate the in vivo response in humans. Various HLA class I-deficient cells are used to assess the immunity of HIS mice with enhanced human NKF cell development (Table 2). EB virus-immortalized lymphoblastoid cell lines, LCLs, and its mutant subclone deficient for endogenous HLA class I were used (105, 114). These LCLs were injected into HIS NSG mice infused with human fetal liver CD34+ cells. The rate of the HLA class I-deficient subset was smaller in the spleen, especially when the mice were pretreated with poly I:C, which had likely induced IL-15 and IL15Rα expression on myeloid cells (105). In a similar experimental design, the rate of the HLA class I-deficient subset was less in the spleen of HIS MISTRG mice compared with HIS NSG mice (114). These results indicate that human NK cells in HIS mice can specifically reject HLA class I-deficient cells if they are quantitatively and/or functionally sufficient. However, caution is required, as it later became clear that the defect of HLA expression was not confirmable in the deposited cells (134). Alternatively, cell lines that lack the expression of HLA class I, such as the leukemia-derived K562 cells, have been explored (110, 111). The growth of subcutaneously inoculated K562 cells was suppressed in HIS NOG-IL-15 Tg mice transferred with human peripheral blood NK cells compared with non-transferred mice (110). Another study co-injected K562 cells together with HLA class I-expressing Raji cells to reveal that the growth rate of K562 cells was lower in HIS SRG-15 mice than in HIS NSG or SRG mice (111). Meanwhile, one study grafted B cell acute lymphoblastic leukemia patient cells into HIS NSG mice reconstituted with parent-derived BM HSCs primed with IL-15 and poly I:C. There were fewer KIR mismatched leukemia cells in the BM of these mice than non-humanized NSG mice, indicating reconstituted NK cell-dependent tumor lysis (135).


Table 2 | Rejection of HLA-deficient cells in HIS Hu-SRC mice in vivo.



While these models successfully rejected “missing self-HLA” cells by human NK cells in HIS mice, all cells used were malignant and thus may not be applicable to regenerative medicine settings, in which non-tumor allografts would be administered. In this regard, we recently showed that HIS MSTRG mice treated with IL-15/IL-15Rα to enhance human NK cell reconstitution significantly rejected HLA class-I knockout iPSC-derived hematopoietic progenitor cells (70). Interestingly, this model also showed that HLA class I-knockout iPSC-derived platelets were not rejected by NK cells in vivo. These findings show the importance of assaying each cell type in vivo for NK cell immunogenicity.

Besides evaluating the “missing self” response, NK cells could target allogeneic and autologous contaminating undifferentiated human iPSCs that are downregulated for HLA class I (132). The proper reconstitution of NK cells is therefore indispensable for assessing the risk of teratomas formation in HIS mice. This targeting also argues for caution in the potential use of immune-suppressants in iPSC-derived regenerative therapies, since host NK cells can mitigate the development of teratomas if not managed by other strategies such as irradiation in anucleate cell products (136) and introducing suicide genes (76–78) or drug-resistant miRNA switches (79, 80).



Conclusion

The proper modeling of NK cell immunity is fundamental to assessing the complete immunogenicity profile of new allotransplantable materials with HLA-homozygous or HLA-depleted phenotypes derived from iPSCs. In this regard, HIS mice using SRC as the source cells are a generally available system that represent a chimeric system inhabited by an endogenous human immune system. Thus, they could provide pre-clinical models to recapitulate the allograft rejection in human transplantation therapies for pre-clinical application. Since the development of HIS mice with human NK cells has only developed recently, most of these mice have been used to generally evaluate the rejection of malignant cells lacking HLA class I. However, but as the field of iPSC-based regenerative medicine progress, it is expected that their application against non-malignant iPSC-derived allografts will be extensively studied. There are still issues to overcome such as a long lifespan with stable engraftment to assess chronic allograft rejection and also reproducibility of the reconstitution, as the most common SRCs, UCB HSCs, are abundantly available without invasive procedure but will vary between donors. While further optimization is required to completely and reproducibly reconstitute the human immune system, the general availability and sophisticated engineering of HIS mice should advance experimental cell replacement therapies and regenerative medicine.
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Immune therapies such as blinatumomab, CD19-directed bispecific CD3 T-cell Engager (BiTE), have resulted in significant improvements in outcomes for relapsed B-cell acute lymphoblastic leukemia (B-ALL). However, up to half of blinatumomab treated patients do not respond completely or relapse after therapy. As a result, there is a need to identify potential strategies to improve the efficacy of BiTE therapy. The anti-PD-1 antibody pembrolizumab has been shown to successfully activate T cells against a wide range of cancer types. Here, we tested the ability of umbilical cord blood (UCB) reconstituted mice to respond to blinatumomab therapy with or without concurrent pembrolizumab treatment. Humanized mice were engrafted with patient-derived xenograft (PDX) cells derived from pediatric and adolescent/young adult (AYA) B-ALL patients who had either failed to achieve remission with negative minimum residual disease (MRD negative) or experienced a relapse. Mock-treated humanized mice engrafted with PDX cells efficiently developed overt disease within 30 days of engraftment of B-ALL. However, single agent therapy with either blinatumomab or pembrolizumab reduced disease burden in engrafted mice, with some mice observed to be MRD negative after the 28-day treatment course. Combination therapy significantly improved the percentage of MRD negative mice and improved long-term survival and cure rates as compared to mice that were given blinatumomab alone. Importantly, no benefits were observed in treated mice that lacked human immune cell reconstitution. These results indicate that UCB-humanized NRGS mice develop activatable immune function, and UCB-humanized PDX leukemia models can be used in preclinical studies to evaluate specificity, efficacy, and cooperativity of immune therapies in B-ALL.
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Introduction

IL-2Ry immune deficient mice engrafted with human umbilical cord blood (UCB) develop human immune systems with mixed B, T, NK, and myeloid populations. We have previously generated modified NOD/SCID/Gamma (NSG) and NOD/RAG/Gamma (NRG) mouse strains that include transgenic expression of human cytokines SCF, GM-CSF, and IL-3 (NSGS/NRGS) (1, 2). Relative to NSG/NRG, the NSGS/NRGS mice have increased myeloid and NK fractions, more complete B cell differentiation, and faster T cell reconstitution (3, 4). Additionally, both innate and adaptive immune function is also improved as measured by DTH assay and human antigen specific antibody production in response to immunization. NSGS and NRGS mice are also more permissive to human hematopoietic engraftment, particularly in the absence of conditioning (1–3).

B-ALL is the most common hematopoietic malignancy among the pediatric population. While responses to therapy are generally good with survival rates approaching 90% in the pediatric population, a significant number of patients will relapse or be refractory to standard therapy (5). MRD status during and after therapy correlates strongly with relapse free survival and overall survival (6). Recently, new effective therapies for patients in relapse have further improved survival, including the CD19-directed Bi-specific T cell Engager (BiTE), blinatumomab. As a treatment for therapy resistant disease, blinatumomab has been shown to lead to longer relapse free survival compared to historical data using standard chemotherapy approaches in adult patients (7). A group of 20 such patients who received blinatumomab achieved a long-term relapse free survival of 60-65% at 3 years, regardless of HSCT (8). A larger phase 3 trial found that while blinatumomab was more effective than standard chemotherapy for relapsed adult B-ALL in terms of induction of remission and length of overall survival, it was still only effective for fewer than half of patients (9). In a large multi-center trial, blinatumomab therapy lead to increased likelihood of remission and longer survival compared to standard chemotherapy for relapsed adult B-ALL, while the final long-term survival rate was virtually identical (9). This finding suggests that blinatumomab can successfully eliminate leukemia-initiating cells (LICs). In addition, a phase 2 clinical trial showed blinatumomab therapy was effective in adult patients with low level MRD+ disease with significant improvements in EFS, RFS, and OS (10).

Immune checkpoint inhibitors (CPI) targeting ligand-receptor interactions that suppress immune effector cell activation have entered wide use in cancer therapy. Pembrolizumab, an anti-PD-1 blocking antibody, is one such CPI that stimulates immune activity against a wide range of malignancies. It prevents ligation to PD-L1, a surface ligand which is frequently found upregulated on cancer cells and provides inhibitory signaling to the T cell as an immune escape mechanism. BM samples from B-ALL patients at both diagnosis and relapse contain T cells with increased PD-1 expression, relative to healthy controls or patients in remission (11–13). Additionally, increased PD-L1 expression has been noted on relapsed B-ALL with increased levels on blinatumomab non-responder blasts, compared to responders (12, 14). Addition of blinatumomab to an ex vivo co-culture of patient blasts and a B-ALL cell line resulted in a further upregulation of PD-1, but not when healthy donor lymphocytes were used in place of leukemic blasts, indicating that this phenomenon was mediated by the leukemia cells. Combination of pembrolizumab with blinatumomab resulted in a temporary response in one patient that was previously blinatumomab resistant, although it is unclear whether this result could have been realized with pembrolizumab alone since donor T lymphocytes were also infused at the same time (12).

Recently, several models have been developed to study immune therapy in a xenograft setting. NSG mice engrafted with PBMNCs demonstrated efficacy of a novel dual CD3XPDL1 BiTE against a xenografted melanoma cell line (15). However, PBMNC models are problematic due to the rapid onset of GVHD. Double knockout of MHC class I and II in the NOG strain allowed GVHD-free engraftment of PBMNCs which responded to a lab made PD-1 antibody and slowed the growth of two partially MHC matched human cell lines in vivo (16). Also, NSG mice engrafted with fetal liver HSCs generated a more complete human immune system which was able to slow tumor growth of HCC PDX tumors upon either pembrolizumab or ipilimumab treatment (17). Finally, UCB reconstituted NSG mice also generated pembrolizumab-responsive human immune systems that successfully slowed the growth of a variety of solid tumor PDX and CDX models (18). UCB based models have the benefits of relying on a cheap and readily available source of HSCs that is not labor intensive and has limited risk of acute GVHD.

Here, we developed a tractable system to test immunotherapy in UCB-reconstituted NSGS and NRGS mice engrafted with B-ALL PDX models. Mice treated with either blinatumomab or pembrolizumab were partially protected from disease at day 30 by flow MRD analysis. The combination of blinatumomab and pembrolizumab resulted in fewer mice with detectable MRD and improved survival. These results demonstrate the utility of dual UCB/PDX models for examining novel combinations of immune therapies in vivo that may improve response rates of relapsed and refractory pediatric B-ALL.



Methods


UCB Humanization

UCB was obtained from the Translational Trials Development Support Laboratory of CCHMC. Units were RBC depleted by hetastarch sedimentation and unselected WBCs were viably frozen in IMDM/50%Hespan/25%BSA/5%DMSO until needed. At thaw, cells were mixed with OKT3 and intravenously (IV) injected into busulfan conditioned mice (2). PB was monitored for the appearance of human CD45+CD3+ T cells by flow cytometry.



PDX Models

Previously generated PDX models were obtained from the Pediatric Leukemia Avatar Program of the Cancer & Blood Diseases Institute (CBDI) at Cincinnati Children’s Hospital Medical Center (CCHMC). Original patient material was collected under IRB approved protocols. Viably frozen primary and secondary spleen preparations were used to initiate B-ALL in the cohorts described here.



Antibody Treatments

Discarded residual aliquots of blinatumomab and pembrolizumab were obtained from the CCHMC pharmacy. Blinatumomab (Blincyto, 12.5ug/mL) was diluted to 0.25ug/mL in sterile PBS/3%FBS with antibiotics. Each dose consisted of a 250uL ip injection (approximately 2.0-2.5ug/kg). Pembrolizumab (Keytruda, 25mg/mL) was diluted to 1mg/mL with PBS/3% FBS and antibiotics. Each dose was a 300uL ip injection (approximately 10mg/kg). Antibody treatments started the day of B-ALL engraftment. Blinatumomab injections were repeated daily for up to 4 weeks and pembrolizumab was given once or twice on days 1 and 15 (see Table 1 for specific details).


Table 1 | PDX model summary.





Transfusion

Some mice were given transfusions to relieve anemia that has been described to occur in NSGS and NRGS mice with human immune reconstitution (19). Donor mice were bled from the tail into a 1.5mL tube containing 100uL heparin (Sigma Aldrich #2106 - dissolved in 1mL PBS). 400uL PB was added to each tube. This sample was immediately iv injected into 2 recipient mice (250uL each).



Statistics

Mann-Whitney and paired tTests were performed with Prism 8 software (GraphPad). Log rank test was performed online at http://bioinf.wehi.edu.au/software/russell/logrank/. Significance was set to p<0.05.




Results


Pembrolizumab in Combination With Blinatumomab Improves Clearance of B-ALL in PDX Mice

To test the suitability of humanized mice to respond to immune modulatory therapies for B-ALL, we first generated UCB engrafted mice with detectable T cells in circulation (Figure 1A). After approximately 4 months, the majority of human CD45+ cells were found to be human CD3+ T cells. One of several B-ALL PDX models (Table 1) was then engrafted prior to treatment with blinatumomab with or without pembrolizumab.




Figure 1 | Modeling combined blinatumomab (Blina) and PD-1 inhibition with pembrolizumab (Pembro) in humanized mice. (A) Schematic outlining the experimental setup. (B) Non-humanized mice were treated with Blina or control (CNTL) immediately after engraftment (2 weeks, beginning on day 1) with B-ALL and were re-treated after disease was readily detectable in PB (beginning on day 48). (C) B-ALL engraftment (from 4 unique PDX models) was detected in the bone marrow of mice 30 days after therapy was initiated. Treatment was started on day 1 of B-ALL injection according to the schedules in Table 1. *p < 0.05 by Mann-Whitney test. (D) Proportion of mice with lower than 0.01% B-ALL in the marrow (MRD-) at day 30 for each of the 4 samples in Blina or combo groups. *p = 0.0128 by paired tTest. (E) Flow cytometry measurement of B cells in the PB of mice after therapy. *p < 0.05 by Mann-Whitney test. (F) Flow cytometry measurement of T cells in the PB of mice before and after therapy. *p < 0.05 by Mann-Whitney test. (G) Survival of treated mice correlates with MRD flow detection. *p < 0.05 by log rank test.



We began by testing if blinatumomab would have any direct effects on engraftment or expansion of B-ALL in mice without human immune reconstitution. Mouse macrophages could potentially eliminate or reduce leukemic burden if they successfully recognize blinatumomab-labeled cells. Also, some antibodies may directly affect the target cells. Importantly, we observed no delay in development or reduction of established human B-ALL in the PB of engrafted mice that received blinatumomab in absence of human immune reconstitution (Figure 1B).

Next, we engrafted humanized mice with a B-ALL PDX sample and initiated treatment with either blinatumomab, pembrolizumab, or the combination (Figure 1C). Non-humanized control (Non-hu CNTL) mice developed robust disease within 30 days as measured by bone marrow aspiration and disease specific flow cytometry. In humanized mice that did not receive either specific antibody, a small but inconsistent decrease in disease levels was seen. Blinatumomab treated mice had a significantly lower disease level in the BM while pembrolizumab treatment also led to a significant reduction in disease, although to a lesser degree. Combination therapy resulted in the greatest reduction in detectable disease and more mice with MRD negative bone marrow (fewer than 0.01% leukemic blasts, the clinical cutoff for flow cytometry based MRD assessment). These results were consistent for 4 separate PDX samples derived from relapsed B-ALL (Figure 1C and Table 1) with combination treatment leading to a significantly higher proportion of MRD negative mice (paired tTest, p=0.0128, Figure 1D and Table 2).


Table 2 | Fraction of MRD- mice at day 30.





Pembrolizumab Reverses T Cell Lymphopenia Induced by Blinatumomab

A significant drop in peripheral B cells was observed when we measured CD19+ B cells in the PB of humanized mice with B-ALL engraftment after treatment with blinatumomab, reminiscent of the B cell aplasia observed in patients (Figure 1E). This decrease was more dramatic in the combination cohort, possibly indicating increased killing of both normal and malignant B cells. Analysis of CD3+ T cell numbers in the PB before and after therapy showed peripheral T cells increased slightly in control untreated mice over time, which is expected since T cells gradually increase as a percentage of WBCs in xenograft PB over time (Figure 1F). In contrast, peripheral T cells dropped in most blinatumomab treated mice. However, the addition of pembrolizumab reversed this effect and combination treated mice had increased T cells after treatment, which might indicate a mechanism for increased efficacy.



Combination Therapy Increases Survival of UCB-Humanized Mice With B-ALL Engraftment

Following MRD assessment, we monitored mice for long term survival. Untreated humanized mice succumbed to B-ALL between 40 and 60 days after engraftment (Figure 1G). Most of the blinatumomab treated mice developed fatal leukemia with delayed kinetics, however there were 2 long-term survivors. A significantly higher proportion of combination treated mice survived until the end of the experiment. As a functional test for residual leukemia initiating cells (LICs), we harvested BM from these surviving mice and transplanted whole marrow into busulfan conditioned secondary hosts. None of the flow cytometry-based MRD negative samples generated leukemia indicating a lack of transfer of undetected residual disease from the primary mouse. All mice remained disease free in the secondary graft at 120 days suggesting the survival benefit seen in the primary cohort is durable and represents clearance of leukemia-initiating cells.




Discussion

Here we have established a model system to examine immune therapies in the context of a humanized mouse reconstituted with UCB hematopoietic stem cells. The method relies on a readily available source of stem cells and avoids GVHD and labor-intensive steps of other models. Our model of early treatment with blinatumomab after engraftment mimics several completed and ongoing clinical trials in which blinatumomab has been used against residual post chemotherapy MRD (7, 10, 20). One question that remains unanswered is if blinatumomab could be used concurrently or consecutively with conventional chemotherapy, and how the lymphotoxic effects of chemotherapy impact efficacy of blinatumomab (21). We have recently optimized conditions for modeling standard 4-drug ALL induction protocols in xenografts which could be used to investigate this possibility (22).

One common toxicity with blinatumomab therapy in cases of overt disease is the development of cytokine release syndrome (CRS) which appears to progress to hemophagocytic lymphohistiocytosis or macrophage activation syndrome (MAS) (23, 24). One case report reported on the use of tocilizumab to target the IL-6R in a patient experiencing severe CRS-induced MAS (25). While there was a rapid clinical improvement of CRS symptoms, it remains unclear if targeting IL-6 signaling interferes with the activity of blinatumomab or whether the two therapies can be delivered simultaneously without affecting the anti-leukemic effect. The UCB reconstituted NSGS/NRGS mice we used in this study do in fact develop a progressive, myeloid driven MAS over time that responds to either gemtuzumab ozogamicin or tocilizumab (19). It would be interesting to test whether blinatumomab therapy would induce CRS and exacerbate MAS in mice with higher initial levels of B-ALL. If so, our model could evaluate the effects of tocilizumab and other potential therapies that might treat CRS/MAS while preserving the efficacy of blinatumomab.

The drop in PB B and T cells after blinatumomab treatment is consistent with long term elimination of B cells and a transient drop in PB T cells observed in patients (26). However, in patients, T cell levels reached a nadir after 1-2 days and recovered to normal levels within 8-10 days before expansion over baseline (particularly for CD8+ T cells) (20) which was observed for the duration of the 28-day cycle. A drop in T cells was observed in the beginning of each cycle. Levels of T cell expansion during blinatumomab treatment has been shown to correlate with long term survival in patients that achieve MRD negative status (27). We are unable to replicate the slow constant infusion of blinatumomab and instead must rely on repeated bolus injections which may result in increased elimination of T cells and explain the lack of expansion. We did however observe T cell expansion after combination therapy, indicating that immune checkpoint inhibition may serve to counteract the T cell lymphopenia associated with blinatumomab. It remains unclear whether this quantitative increase in PB T cell numbers is directly related to improved efficacy.

The B-ALL PDX models used in these experiments represent cases of relapsed or persistent residual disease for which blinatumomab has established clinical indication. Two of our PDX ALL models (#1 and #2) were derived from patient samples representing relapsed disease that was unsuccessfully salvaged with blinatumomab. In both cases, the disease that progressed during blinatumomab treatment remained CD19+, suggesting immune escape or anergy. PDX model ALL#3 was derived from a patient who achieved an MRD negative remission after blinatumomab and subsequently underwent allogeneic stem cell transplant, only to relapse post-transplant with CD19+ disease. This illustrates the great need for strategies to enhance the efficacy of immunotherapies. B-ALL PDX models in human immune cell-reconstituted mice provide a valuable resource for development and validation of those strategies.

In these experiments, samples from patients that were refractory to blinatumomab in the clinical setting nevertheless showed some response in the PDX experiments. This may be due to the use of a healthy UCB-derived immune cell repertoire, as opposed to the endogenous immune cells that may be compromised in number or function in patients heavily pretreated with cytotoxic chemotherapy. This PDX system provides one avenue to investigate whether CPI failure results from leukemia-intrinsic factors, or from defects in the immune milieu.

A number of clinical trials have been initiated to assess the efficacy of combined blinatumomab with CPI, such as pembrolizumab or nivolumab, in the treatment of B-ALL. Preliminary findings in a phase I clinical trial of blinatumomab and nivolumab in adults with relapsed/refractory (R/R) CD19 positive B-ALL demonstrated favorable safety profile and clearance of MRD in this heavily pretreated cohort (28). A similar study will examine this approach in pediatric and adolescent/young adult (AYA) patients with R/R CD19 positive B-ALL (NCT04546399). Combinations of immune therapies may have dramatically different efficacies depending on timing and sequence as has been shown in a mouse model of breast cancer combining anti-PD-1 with anti-OX40 antibodies (29). Similarly, the combination of blinatumomab and nivolumab is being investigated in clinical trials to determine whether CTLA-4 inhibition with ipilimumab can further augment the immune response to eliminate CD19 positive B-ALL (NCT02879695). The humanized models of immune therapy in leukemia PDX mice presented here could provide an important preclinical testing platform for examining the efficacy of such combinations and their mechanisms of response, resistance, and toxicity.
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Innate lymphoid cells (ILCs) are a branch of the immune system that consists of diverse circulating and tissue-resident cells, which carry out functions including homeostasis and antitumor immunity. The development and behavior of human natural killer (NK) cells and other ILCs in the context of cancer is still incompletely understood. Since NK cells and Group 1 and 2 ILCs are known to be important for mediating antitumor immune responses, a clearer understanding of these processes is critical for improving cancer treatments and understanding tumor immunology as a whole. Unfortunately, there are some major differences in ILC differentiation and effector function pathways between humans and mice. To this end, mice bearing patient-derived xenografts or human cell line-derived tumors alongside human genes or human immune cells represent an excellent tool for studying these pathways in vivo. Recent advancements in humanized mice enable unparalleled insights into complex tumor-ILC interactions. In this review, we discuss ILC behavior in the context of cancer, the humanized mouse models that are most commonly employed in cancer research and their optimization for studying ILCs, current approaches to manipulating human ILCs for antitumor activity, and the relative utility of various mouse models for the development and assessment of these ILC-related immunotherapies.
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Introduction

Natural killer (NK) cells are lymphocytes of the innate immune system capable of killing cancerous or precancerous cells as well as virally infected cells. NK cell functions are tightly regulated by the balance of signals from activating receptors and inhibitory receptors (1, 2). It was first observed in the 1970s that these “naturally occurring killer lymphocytes” can kill tumor cell lines without the need for prior sensitization (3, 4). Later studies in mice showed an increase in tumor growth and metastasis after NK cells were depleted genetically or therapeutically, supporting the crucial role of NK cells in cancer immunosurveillance (5, 6).

NK cells belong to a family of immune cells called innate lymphoid cells (ILCs) (7). The ILC family is a heterogeneous class of immune cells that are increasingly studied for their emerging roles in cancer. ILC family members have differential effects on tumors; some ILC subgroups inhibit tumor growth while others promote it (8). Numerous studies have contributed to the understanding of mouse ILC biology (9). It is important to note, however, that there are species-specific markers and potential developmental differences between mouse and human ILC subsets (10–12).

Human ILCs, especially NK cells, have been leveraged to treat cancer through a variety of modalities including antibody-based therapies, cell-based therapies and bioengineered immunomodulatory therapies. While some of these therapies have shown remarkable success, especially with hematopoietic cancers, many are limited in their efficacy against solid tumors (13–15). This highlights the need for solid tumor mouse models that allow for more accurate studies of human ILCs and their related therapies.

Many murine models have been developed to study cancer development and treatment. While these mouse models are valuable tools, some have limitations due to species differences between mice and humans. In contrast to most human cells, mouse cells have a higher basal metabolic rate, shorter lifespan and active telomerase (16), all resulting in differential susceptibility to cancer between the two species. Xenograft models, in which cancer cell lines derived from patients are injected into immunodeficient mice, are often used for preclinical drug testing (17, 18). However, tumors produced by cell line xenograft models lack the heterogeneity and tumor microenvironment (TME) seen in human tumors.

Given the significant influence of the tumor microenvironment on immune cells, a better model is needed to study cancer immunology and immunotherapy. Patient-derived tumor xenograft (PDX) models preserve the genetic and cellular heterogeneity of the tumor, as well as some aspects of the tumor microenvironment (19). For this reason, PDX models are increasingly used in cancer research. Yet unfortunately, PDX models similarly lack crucial components of the human immune system such as circulating T and B cells. To study the biology and efficacy of cancer treatments, a more accurate recapitulation of both the TME and the human immune system is needed. To this end, humanized mouse models have been developed in which immunodeficient mice are reconstituted with representative subsets of human immune cells (20–22).

To study human ILCs and their role in cancer, humanized mouse models can serve as useful tools. In this review, we will discuss the role of ILCs in cancer, existing humanized mouse models that can be leveraged for more precise studies of ILCs, and therapeutics that employ ILCs against cancer along with mouse model considerations for accurate assessment of those therapies.



Innate Lymphoid Cells

The origins of innate lymphoid cells (ILCs) in humans were elucidated from reconstitution of ILC groups in patients with hematopoietic stem cell transplantations (23) and in humanized mouse models engrafted with human CD34+ stem cells (24). Human ILCs are derived from Lin− CD34+ CD45RA+ CD117+ IL-1R1+ RORγt+ hematopoietic progenitors (25, 26) and represent a family of developmentally-related cells involved in immunity and in tissue development and homeostasis. ILC subgroups can remain circulating in the body or become tissue-resident (24). In 2013, Spits et al. proposed a classification for ILCs (27). According to this classification, these largely tissue-resident cells (28) are divided into three groups, based on similarities to adaptive T helper (Th) cell subsets. ILCs are distinguished by the reliance on transcription factors that dictate their development and maintenance and by their ability to produce signature Th cytokines mirroring those of the Th cell subsets (27). This section provides an overview of the different human and murine ILC lineages and their complex roles in cancer; following sections will elaborate on the humanized mouse models available to study ILC-based immunotherapies and drugs that influence ILC activation directly or indirectly.


Group 1 ILCs

Group 1 ILCs are characterized by their capacity to produce IFN-γ and their dependence on transcription factor T-BET (27, 29). Group I ILCs include conventional NK cells and subsets of innate lymphocytes, termed ILC1s, which differ from NK cells in their phenotypes, locations, functions, or transcription factor dependence (30). One important difference between both human and murine NK cells and ILC1s is that NK cells express the transcription factor Eomesodermin (EOMES), which is important for their differentiation and function (27, 29, 31).

In contrast to ILC1s, which are mainly tissue-resident cells, NK cells are found in both peripheral blood and tissues (30). Human peripheral blood NK cells were originally divided into two subsets, CD56bright and CD56dim NK cells. More recently, additional distinct populations of tissue-resident NK cells have been described in human and murine tissues such as the gut, kidney, and liver, each displaying tissue-specific phenotypes and functions (32–35). Some NK cells in mice and humans express Fc receptors, which are functional surface molecules that bind to the conserved regions of antibodies and can induce killing of antibody-coated target cells (36).

The phenotypes and functions of ILC1s depend on the tissue microenvironment, and ILCs with a mixed NK cell and ILC1 phenotype have been observed in humans (29, 30, 37). For instance, human intra-epithelial ILC1 (ieILC1) cells possess features shared by conventional NK cells and helper ILC1; they produce IFN-γ and express both transcription factors EOMES and T-BET (30). Both NK cells and ILC1s represent a first line of defense for humans and mice against infections with viruses and certain bacteria, and are essential for the clearance of intracellular microbial infections (38–40). NK cells appear to be more potent in mediating cytotoxicity, while the primary role of ILC1s is the production of pro-inflammatory cytokines (30, 40).



Group 2 ILCs

Human and murine ILC2s require the transcription factor GATA-binding protein 3 (GATA-3) for their differentiation and maintenance, similar to Th2 cells, and produce cytokines such as IL-5 and IL-13 in response to activation by IL-25 and IL-33 (27, 41, 42). Human ILC2s express CRTH2 and high levels of CD161, whereas most mouse ILC2s express ST2 (29). ILC2s in both mice and humans are important in the immune defense against helminth infections and in the pathogenesis of asthma (41, 43–45).



Group 3 ILCs

Group 3 ILC3s in humans and mice produce IL-17 and IL-22, similarly to Th17 cells, and are dependent on the transcription factor retinoic acid receptor-related orphan receptor-γt (RORγt; encoded by RORC) for their development and function (27). Group 3 ILCs are abundant at mucosal sites and are involved in immune responses to extracellular bacteria and the containment of intestinal commensals. Human ILC3s produce IL-22, by which they promote intestinal homeostasis (46). Both human and mouse ILC3s can also produce granulocyte–macrophage colony-stimulating factor (GM-CSF) (7). Two subsets of ILC3s can be distinguished on the basis of cell surface expression of NKp44 (also known as NCR2) in humans and NKp46 (also known as NCR1) in mice, termed NCR+ or NCR- (41).



ILCs and Cancer

As the scientific community continues to unravel the biology of ILCs in cancer, many studies have investigated the efficacy of targeting or employing ILCs as a cancer therapy. Among ILC1s, NK cells are heavily studied for their potential in cancer immunotherapy (47). However, the role of ILCs in tumor immunity is yet to be fully elucidated. ILCs are enriched in many human cancers (48, 49) and there is increasing evidence showing that they exhibit phenotypic and functional plasticity. For instance, after TGF-β exposure, both murine and human NK cells can convert to an ILC1-like phenotype (50–52). ILC lineage plasticity has also been observed; human ILC2s can convert to an ILC3 phenotype with IL-1β, IL-23, and TGF-β stimulation (53). Additionally, Gury-BenAri et al. found that upon perturbation of the mouse microbiome by administration of broad spectrum antibiotics, the transcriptional profiles of mouse intestinal ILC1s and ILC2s became more similar to that of ILC3s (54). ILC plasticity has potential consequences on tumor growth and behavior. For example, a decrease in mouse ILC1s and transdifferentiation within ILC2 subtypes correlated with colorectal cancer progression (55, 56).

Recent investigations into the complex biology of ILCs have revealed the strong influence of the tumor microenvironment (TME) on ILC responses (57). For example, human tumor cells under stressful TME conditions upregulate MICA, MICB, and ULBP1-6, which are ligands for the NK activating receptor NKG2D (58). Chronic engagement of NKG2D can result in NK cell tolerance (59). Furthermore, the TME can adopt an immunosuppressive environment by exploiting cytotoxic T lymphocyte associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and other immune cell reprogramming pathways (60). These pathways are further discussed in the ILC Immunotherapeutics section.

The hypoxic, immunosuppressive milieu of the TME has been shown to cause immune cell dysfunction, leading to treatment failure (61, 62). Certain cytokines within the TME can also prevent antitumor activity by ILCs. IL-33, a cytokine that activates ILC2s, has been shown to be pro-tumorigenic in humans and mice by promoting tumor growth, metastasis, and angiogenesis (63, 64). Its presence in the TME causes ILC2s to produce IL-13, which recruits myeloid-derived suppressor cells (MDSCs) to induce tumor tolerance (65, 66). Similarly, IL-23 can induce ILC3s to express immunosuppressive IL-17 and IL-22 in colon cancer models (67). It is critical to account for the role of the TME when studying the effects of ILCs and ILC treatments on cancer, and strategies to target and specifically block these inhibitory pathways may represent potential new immunotherapies.




Humanized Mouse Models


Mouse Models for Improved Human Immune System Engraftment

Humanized mice were originally defined as mice bearing functional human genes, cells, or tissues. In more recent years, the term humanized mice has generally been used for genetically modified immunodeficient mice that are permissive to the development of human immune cells (Figure 1 and Table 1). In this review, we briefly discuss immunocompetent mice carrying functional human genes, but our primary focus is on immunodeficient mice bearing human immune cells, as these are significantly more useful for cancer immunotherapy research. Early humanized mouse models were generated by transferring human peripheral blood mononuclear cells (PBMCs), hematopoietic stem and progenitor cells (HSPCs), or fetal hematopoietic tissues into the severe combined immunodeficient mouse strain, CB17-scid (75–77). CB17-scid mice are deficient in the Prkdc gene, which encodes the catalytic subunit of the DNA-dependent protein kinase. The Prkdc gene product is crucial for V(D)J recombination to generate functional T and B cells. The absence of T and B cells in Prkdc-deficient mice promotes host acceptance of xenografts. However, CB17-scid mice have NK cells and other innate immune cells that can restrict efficient engraftment of human immune cells.




Figure 1 | Different mouse models to study oncoimmunology. In knock-in models, mouse genes are replaced with human counterparts. MISTRG mice have human genes replaced that encode M-CSF, IL-3, GM-CSF, TPO and SIRPα. NOG-IL-15 tg mice have human IL-15 transgene expression. hIL-7xhIL-15 double knock-in mice express human IL-7 and IL-15. SRG-15 mice have the mouse IL-15 gene replaced with the human IL-15 gene. BRGSF mice are Flt3-deficient mice in a BRGS background with exogenous administration of human Flt3L. The O-PDX model consists of orthotopic patient-derived xenografts placed in MISTRG mice. The Hu-PDX mouse model consists of patient-derived xenografts placed in NSG mice with reconstituted human immune systems. Human cancer cell lines can be used in place of PDX in basic cancer immunology and immunotherapy studies. However, PDX models are ideal for the studies of TME biology and certain immunotherapies, e.g. combination immunotherapies.




Table 1 |  Humanized mice to study ILC-cancer interactions.



The development of a non-obese diabetic-scid (NOD-scid) mouse model led to increased human immune cell engraftment levels, compared to CB17-scid mice (78). Later, it was reported that the better engraftment in NOD-scid vs. CB17-scid is due a polymorphism in the signal-regulatory protein α (SIRPa) gene (79, 80). The polymorphism allows for engagement of SIRPα on mouse myeloid cells to CD47 on human cells. This gives the “do not eat me” signal and inhibits phagocytosis of human cells by mouse myeloid cells. Thus, in NOD-scid mice, the SIRPα polymorphism supported better development of human hematopoiesis (79). However, the residual activity of NK cells and other innate cells in the NOD-scid mice prevented optimal engraftment of human cells. This was overcome with the usage of mice with germline mutations in the interleukin 2 receptor subunit gamma (Il2rg) gene, which encodes a receptor component called the common gamma chain. This mouse strain, termed NOD-scid Il2rg-/- (NSG), is hospitable to transplanted human immune cells because the host mice completely lack NK cells (81).



Humanized Knock-in Models to Study Cancer

Mouse strains harboring human gene knock-ins have also been developed to allow for the robust development of human immune cells in the mouse microenvironment. As previously described, the NOD-scid mouse strain contains a polymorphism in SIRPα, which reduces phagocytosis of engrafted human cells. With this knowledge, researchers attempted to improve the engraftment of human cells with transgenic expression of human SIRPα in the mice (82). Continued genetic manipulations of mouse strains led to an advanced mouse model called MISTRG which exhibits enhanced engraftment of human immune cells by replacing several mouse cytokines genes with corresponding human genes (21). In the MISTRG strain, mouse genes are replaced with human genes encoding M-CSF, IL-3, GM-CSF, thrombopoietin and SIRPα. These cytokines support the survival of myeloid and lymphoid cells in mouse peripheral blood and tissues.

IL-15 is an essential cytokine for the development and differentiation of NK cells. Human NK cells show poor engraftment or impaired development in mice, as mouse IL-15 is not sufficient for the development of fully functional human NK cells (83, 84). Although there is no expression of human IL-15 by mouse cells in MISTRG mice, the engrafted human monocytes and macrophages produce human IL-15 to support the endogenous development of human NK cells. Rongvaux et al. used the MISTRG mouse model for the in vivo investigation of NK cell activity against melanoma tumor xenografts (21).

Because of the importance of IL-15 in NK cell development and survival, routine injections of recombinant human IL-15 have also been used to promote survival of human NK cells after adoptive transfer (85). In one study, researchers differentiated NK cells in vitro from CD34+ HSPCs obtained from human cord blood. With subcutaneous injections of recombinant human IL-15 every 48 hours, they then demonstrated that adoptive transfer of human NK cells can control the growth of ovarian cancer xenografts in NSG mice and promote survival of the mice (85). However, recombinant human IL-15 is expensive and routine injections every 2-3 days can be laborious. Consequently, transgenic and knock-in mice expressing human IL-15 have been developed such as NOG-IL-15 Tg, hIL-7xhIL-15 KI NSG mice, and SRG-15 mice (68, 70).

The NOG-IL-15 Tg mouse model is generated from the NOD/Shi-scid-IL-2Rγnull mouse background with the addition of human IL-15 transgene expression (69). This enables long term maintenance of transferred human NK cells isolated from peripheral blood. Using this model, Katano et al. showed that the transfer of in vitro-cultured NK cells in the presence of anti-Her2 antibody can suppress Her2-positive gastric cancer (69). To refine the murine host for human NK cell development in vivo, double gene knock-in of human IL-7 and IL-15 was done in NSG mice, which were termed hIL-7xhIL-15 KI NSG mice (70). These IL-15 producing mice are useful tools for the assessment of tumor models and combination immunotherapies involving NK cells.

A particularly attractive HIS model is called SRG-15 and involves two human gene replacements to encode human IL-15 and SIRPα. Upon injection of human CD34+ HSPCs, the SRG-15 mice can develop human T cells, B cells, NK cells and myeloid cells. Importantly, the SRG-15 mouse model allows for study of human tissue-resident immune cells, including the development of tissue-resident CD8+ T cells (IELs) and tissue-resident ILC subsets (68). The secretion of human IL-15 from mouse stromal and epithelial cells in the SRG-15 mice was sufficient to produce functional human NK cells following CD34+ HSPC engraftment (68). Furthermore, the NK cells from the reconstituted human immune system in SRG-15 mice (following CD34+ HSPC engraftment) were shown to successfully hinder CD20+ Raji tumor growth with co-administration of rituximab (68). This demonstrates that the SRG-15 mice model can be used to establish and evaluate novel combination therapy protocols.

Di Santo et al. developed another HIS mouse model to study human ILC, called Flt3-deficient BALB/c Rag2−/−Il2rg−/−SirpaNOD (BRGSF). Flt3, the FMS-related tyrosine kinase 3, is a cytokine crucial for dendritic cell (DC) homeostasis. In mice lacking Flt3, the endogenous mouse DCs will no longer compete with CD34+ HSPC derived human DCs for Flt3 ligand (Flt3L) signaling. Upon exogenous administration of Flt3L, the expanded human DCs in this mouse strain provide the cytokine environment for the development of NK cells and other ILCs (71). Specifically, the researchers engrafted human CD34+ HSPCs in BRGSF mice and were able to isolate phenotypically and functionally mature human NK cells and other ILC subsets (71).

Notably, out of the many HIS mouse models described in this section, the endogenous development of human NK cells from CD34+ HSPC has only been shown in hIL-7xhIL-15 KI NSG, MISTRG, SRG-15, and BRGSF mice. This is important to consider when selecting a humanized mouse model for the study of any immunotherapy that may rely on modulation of NK cell or ILC behavior, or the survival of adoptively transferred NK cells or ILCs. In conclusion, the mouse models discussed here serve as useful tools for the study of NK cell development and cytotoxicity, and some can even be used to study the development and behavior of other ILC subsets.



Cancer Cell Line Derived Xenograft (CDX) Models for ILC Studies

In cancer cell line derived xenograft (CDX) models, established human cancer cell lines are subcutaneously transplanted into mice to form tumors. During the injection, tumor cells can be mixed with effector cells such as NK cells to evaluate the impact of the human immune cells on tumors in vivo. Alternatively, instead of co-injection of effector immune cells and tumor cells, effector cells can be injected after successful engraftment of tumor cells. One such study demonstrated the effective elimination of B-cell Non-Hodgkin lymphoma tumors with anti-CD20 chimeric antigen receptor (CAR) NK cells. To establish the CDX, Raji-Luc cells, a human Non-Hodgkin lymphoma cell line expressing luciferase, were injected into NSG mice and allowed to grow for several weeks. NK cells were expanded from peripheral blood NK cells, engineered to express the anti-CD20 CAR construct, and injected into the NSG mice bearing Raji-Luc cell line xenografts. Treatment with anti-CD20 CAR NK cells showed significant reduction in tumor size, as demonstrated by the decrease in luciferase signal from the tumors. The study also demonstrated that CAR NK cells could inhibit dissemination of the tumor into other organs (86). Cany et al. established an acute myeloid leukemia (AML) xenograft model by injecting GFP and luciferase expressing K562 leukemia cells (K562.LucGFP) intrafemorally in NSG mice. They showed that NK cells, derived from umbilical cord blood, could target the leukemia cells residing in the bone marrow (87).

Cancer cell lines are advantageous for their ease in genetic manipulations and for establishing early proof of concept studies, but continuous passage of cell lines in 2D culture could result in the loss of epithelial to mesenchymal transition (EMT) potential (88). The tumors generated from cell lines also  fail to reflect tumor vascularization and tumor microenvironment observed in human cancers (89). Fortunately, patient-derived xenograft models can overcome some of these drawbacks (90).



PDX Humanized Models to Study ILCs

Patient-derived tumor xenografts are becoming an increasingly popular tool to dissect the intrinsic properties of cancer initiating cells and the interaction between tumor and immune cells in vivo (91). Cancers are heterogenous mixtures of cells containing malignant cells, nonmalignant stromal cells, vascular endothelial cells and immune cells. Initial cancer drug development studies did not consider the involvement of the immune system, as most of the studies were performed in immunodeficient mice with tumor explants (92). The emerging improved PDX models involve the transplantation of both tumor explants from patients and human immune cells to establish a human immune system in the mouse host.

Several studies have attempted co-transplantation of human HSPCs and tumors in mice. One such model is orthotopic patient-derived xenograft (O-PDX) for neuroblastoma, in which MISTRG mice undergo double transplantation of CD34+ HSPCs and neuroblastoma xenografts. This allows for long-term hematopoiesis and PDX engraftment simultaneously (72). The NK cells in this model exhibit antibody-dependent cell-mediated cytotoxicity (ADCC), which shows potential for preclinical testing of different monoclonal antibodies in neuroblastoma (72). In a separate study, Meraz et al. also co-transplanted cord blood derived CD34+ HSPCs and lung cancer PDX to form a NSG mouse model with a humanized immune system and PDX, which they named Hu-PDX (73). The reconstituted humanized immune system showed an antitumor response of T cells but not NK cells after administration of the checkpoint inhibitor antibody pembrolizumab (73). Thus, such a model can be used for studying immune responses to cancer and developing immunotherapy treatments against cancer.

Another category of PDX models are immunoavatar cancer models, which are highly suited for preclinical trials of immunotherapy and can also be used to develop personalized treatment strategies. In this model, human immune cells (such as PBMCs) and tumor tissue (e.g. melanoma) are taken from the same patients or individuals in autologous fashion. This model more accurately recapitulates the unique immune responses against tumors originally occurring in the patient, as they are from the same source of origin (93, 94). One issue with this model, however, is that it suffers from GVHD responses in which human T cells from the engrafted PBMCs mount immune responses against mouse cells after several weeks (92, 94).

Overall, these mouse models aid in proof-of-concept studies to better understand immune cell interactions with tumors in vivo. Engrafted PDX tissues demonstrate pathohistological and genetic resemblance to the original tumor, in addition to preserving parental solid tumor architecture (95). These properties make them an attractive model for personalized therapy testing, pre-clinical drug screening and basic cancer research (96).



Limitations of Humanized Mouse Models for Cancer Research

Although humanized mouse models act as excellent models to study solid tumors, there are a few shortcomings that still need to be addressed. Many PDX transplant methods are subcutaneous, even if the original tumor was not located in that type of tissue. As a result, the environment around the tumor lacks organ-specific factors and the chronic inflammatory milieu. Developing solid tumors in the abdomen or by orthotopic transplantation into organs can also make it challenging to measure tumor size or assess tumor growth via in vivo imaging analysis. A potential utility of humanized cancer models is to interrogate simultaneous development of immune cells and cancer cells in vivo. Yet even though tumor cells and HSPCs can be co-transplanted intrahepatically into newborn humanized mice at same time, the development of the tumor sometimes precedes the reconstitution of multilineage human immune cells (74).

Mice bearing PDX could be a useful tool to dissect the role of human ILCs in cancer. However, these studies must reconcile the differences between mouse and human biology. While the original human cancer cells survive and proliferate within a PDX, over time the human stromal cells within the tumor are replaced by mouse stromal cells; this can affect the maintenance and behavior of tumor-infiltrating human immune cells (97). Hence, humanized mouse models reconstituted with multiple human immune cell lineages and engrafted with tumors are being developed to facilitate their application in designing better immunotherapy strategies.




ILC Immunotherapeutics Studies in Murine Hosts


Mouse Model Development and Considerations for Antibody-Based Therapies

Antibody-based immunotherapies are less expensive than cell-based therapies and represent a promising area to explore as combination therapeutics, since they can be administered alongside another therapeutic agent that stimulates the adaptive or innate immune system for a synergistic effect (98). A treatment that activated both ILCs and adaptive immune cells in a safe and specific manner could potentially avoid the possibility of antigen escape, be more likely to succeed in controlling metastases, and induce a systemic immune response and immune memory. However, these treatments are difficult to study in immunocompetent mice as most clinically relevant antibodies are highly specific for their human targets and thus do not exhibit cross-reactivity to their murine counterparts (99). For these reasons, researchers use humanized mice as a more accurate tool to study complex immune responses during antibody treatments. Antibodies being studied for their ability to modulate NK cell and ILC behavior include checkpoint inhibitors, Bispecific Killer cell Engagers (BiKEs), Trispecific Killer cell Engagers (TriKEs), NK Cell Engagers (NKCEs), and other novel recombinant antibodies such as drug-conjugated antibodies (Figure 2).




Figure 2 | ILC based immunotherapeutics and mouse models as tools to study them. Immunotherapies that involve ILC antitumor activity can be categorized as antibody-based, cell-based, or other bioengineered immunomodulators. Mouse models such as PD-1 and CTLA-4 knock-in can be used to study checkpoint inhibitors. SCID mice bearing PDX or CDX can be used to study the efficacy of single agent cell therapies such as CAR NK cells or NK92 cells. HIS mice are the most optimal tool to study combination therapies or immunomodulators that may alter the behavior of multiple immune cell types.



Checkpoint inhibitors block an inhibitory ligand on a tumor cell or the cognate receptor on a tumor-targeting immune cell to prevent the inhibitory signal from impacting the immune cell (100). Checkpoint molecules such as PD-1 and CTLA-4 can modulate the functionality of both adaptive and innate immune cells (101). For example, secretion of cytokines such as IL-5 and IL-13 by human ILC2s (102) or degranulation and secretion of IFN-γ by human NK cells (103) can be inhibited. NK cells express inhibitory receptors that recognize MHC class I molecules (KIRs in humans and Ly49s in mice). Human NK cells also express CD94/NKG2A, PD-1, TIM3, TIGIT, and LAG3 in certain contexts (104, 105). Other human ILCs also express inhibitory receptors in both normal and pathological conditions (106). ILC1s express TIM-3, LAG-3, CD96, and TIGIT; ILC2s express PD-1 and KLRG1; and ILC3s express TIGIT and CD96 (65). Blockade of these pathways in vivo can result in the reactivation of NK cells and ILCs, which may generate a strong antitumor response (105). Human inhibitory receptors such as KIRs are difficult to study in immunocompetent mouse models, since they diverge structurally between human and mouse NK cells and do not exhibit cross-reactivity - murine Ly49s would not bind to human MHC and human KIRs would not bind to murine MHC (107). As a result, early work surrounding NK/ILC checkpoint inhibitors relied on the use of immunodeficient mice with transplanted human tumor cells and single human immune cell types - a time consuming and limited approach.

A major advance towards targeting immune checkpoints was the generation of humanized CTLA-4 or PD-1 knock-in mouse models. Murine cells are modified to express the human form of the protein of interest under the same genetic regulation as its murine counterpart; the mice retain an intact functional murine immune system with the exception of the single altered protein and intracellular signaling through these molecules is largely preserved (108, 109). These models recapitulate immune modulation by tumor cells because human CTLA-4 is capable of interacting with mouse B7-1 and B7-2 (108) and human PD-1 is capable of interacting with mouse PD-L1 (110). Since human PD-1 interacts in subtly different ways with human PD-L1 compared to murine PD-L1 (111), a further improvement to the accuracy of these models is a mouse that expresses both human PD-1 and human PD-L1.

These mice are not considered human immune system (HIS) mice as they do not possess human immune cells, but they represent a robust model system that can be utilized to validate the binding and antitumor efficacy of antibodies against individual human checkpoint molecules. Mice expressing human CTLA-4 and dual humanized mice expressing human PD-1 and CTLA-4 or both human PD-L1 and PD-1 without expression of murine PD-L1 or PD-1 are now commercially available (112). Knock-in models are a useful tool for studying direct and secondary effects of targeted antibody therapies on tumor growth in vivo, minimizing off-target toxicities, and optimizing antibody binding kinetics to decrease the frequency of severe immunotherapy-related adverse events.

To study the effects of checkpoint inhibitors on human immune cells, immunodeficient mice are required. Marasco et al. used NSG mice with transplanted human T and NK cells to study the efficacy of CAR T cells that secrete anti-PD-L1 antibodies, so they could observe the effects of the antibodies on NK cells alongside T cells and tumor cells (113). However, NSG mice are not optimized to ensure NK cell engraftment. Models such as the MISTRG, SRG-15, and NOG-IL-15 Tg mice will further enable longer-term study of NK cell responses to antibody therapies as they can provide a constant cytokine signal to ensure NK cell survival (69). Future research using humanized mice should include the screening and optimization of a wide variety of Fc regions, receptor targets, and drug conjugates to strongly induce ILCs to kill tumor cells.

In addition to checkpoint inhibitors, other antibodies are in development that directly activate NK cells. BiKEs induce NK cell killing by binding to CD16 on the surface of NK cells and a tumor antigen simultaneously, while TriKEs target CD16, a tumor antigen, and an IL-15 molecule to activate the NK cells (114). By binding to CD16 and colocalizing tumor cells with NK cells, the antibodies trigger ADCC pathways and induce target cell killing. These antibodies show promise in vitro and in vivo, but most clinical research has been restricted to hematologic malignancies (115). To study the antibodies in mice, researchers have used xenogenic models such as NSG mice injected with human ovarian cancer cells and NK cells (116). Another novel NK cell stimulating antibody is a trifunctional NKCE that binds to NKp46 and CD16 on NK cells and a tumor antigen on target cells. Anti-CD20 NKCEs targeting NKp46 exhibited strong efficacy against solid tumors and intravenously injected Raji B cells in SCID mice (117). Drug-conjugated antibodies can also be used for immunotherapy, such as brentuximab vedotin which contains a microtubule depolymerizing agent and a variable fragment targeting CD30 on tumor cells (118). Microtubule inhibitors have cytotoxic effects on cancer cells and also induce maturation in some innate immune cells; these drug-conjugated antibodies were first tested for in vivo efficacy in SCID mouse xenograft models (119).

While antibody therapies have proven to be successful in clinical trials and data shows they are able to improve the activity of NK cells that enter a tumor, antibodies are unable to directly increase recruitment of immune cells to the tumor (105). Rather, they rely on activation of tumor infiltrating immune cells to generate chemotactic signals that will recruit and activate additional immune cells (120). However, this strategy is not always successful, as the immunosuppressive TME is capable of dampening the activation induced by the antibodies and preventing a strong immune response (121). Much more work needs to be done in order to improve the homing of ILCs to tumors and their activation within the TME, and mice with human immune systems are a necessary tool for these studies.

NSG or SCID mice transplanted with NK cells are sufficient to test the direct activation of NK cells by antibodies and the resulting tumor cell killing. However, they do not enable researchers to study whether these NK cells could induce the activation or recruitment of other tumor-resident or circulating immune cells through cytokine secretion or other mechanisms. This is because they do not contain diverse human immune cell subsets and therefore do not accurately represent the immune milieu present in a human tumor. For a more thorough assessment of broad immune activation after administration of these recombinant antibodies, HIS mice optimized for NK/ILC survival and proliferation would be required.



ILC-Based Cell Therapies and Mouse Model Considerations

Adoptive cell therapies for cancer, while at first dominated by adaptive immune cells, are beginning to show promise using NK cells. Unfortunately, it is difficult to accurately model the long term influence of adoptive cell therapies on tumor progression in immunodeficient mice. Many ILCs require cytokine stimulation to survive in the absence of other immune cells, and administering those cytokines frequently can be costly and time consuming (70). For example, NK cells will survive and proliferate in NOD Rag gamma (NRG) immunodeficient mice without exogenous cytokine administration only if the mice are also transplanted with autologous human cord blood immune cells (122). Additionally, tumors grown in immunodeficient mice lack human intratumoral immune cells. Thus, it is impossible to determine whether adoptively transferred cells will activate other innate or adaptive immune cells in the TME - a critical factor for developing a systemic immune response and immune memory (34). Many cell therapies are also difficult to test in a precise manner using the murine immune system because their human cell homologs are different in ways that range from subtle to potentially significant, or artificial receptors such as CARs must be modified to function within murine signaling pathways.

The most ideal models to study the potential success or failure of adoptively transferred ILCs are humanized mice that have been optimized to ensure the survival and expansion of ILCs in the murine host, such as NOG-IL-15 Tg mice with transplanted human PBMCs or MISTRG, SRG-15, or BRGSF mice reconstituted with CD34+ stem cells. These transplant models enable long term studies of cell survival, differentiation, and proliferation without the added cost of cytokine injections or the need to engineer cells to produce their own cytokines (70). They also enable researchers to study a broad range of ILCs in parallel in the context of their therapy, as multiple populations can be induced from a single injection of fetal pluripotent stem cells rather than having to transplant them individually. For example, Ishikawa et al. used IL-6 knock-in mice engrafted with human CD34+ stem cells to study the effects of IL-6 on co-activation of macrophages and T cells (123). However, it is worth noting that mouse models endogenously expressing human cytokines can contain supra-physiological concentrations of those cytokines, which may alter the results of the studies and make results more complex to interpret (124).

ILC-based cell therapies currently in development rely on phenotypically modulated NK cells and ILCs, CAR NK cells, or NK cell lines (Figure 2). Phenotypic modulation of these cells is possible because NK cells and ILCs respond to cytokines, growth factors, pathogens, and other external stimuli in varied manners, and this can be exploited to enhance the efficacy of cell therapies or enable production of clinically relevant doses of cells. For example, briefly activating NK cells with IL-12, IL-15, and IL-18 can improve their long-term cytotoxicity. These cells, known as cytokine-induced memory-like (CIML) NK cells, exhibit increased proliferation, persistence, memory-like functionality, and IFN-γ production (125, 126) and show increased cytotoxicity towards many cancer cell types including ovarian cancer cells, leukemia cell lines, and primary human AML blasts (127, 128).

Cytokine-induced phenotype modulation can also be leveraged alongside growth factors to differentiate NK cells from induced pluripotent stem cells (iPSCs) (129). iPSC-derived NK cells are capable of ADCC, and CAR NK cells from this source are currently in preclinical or phase I/II testing (130). However, since there are large numbers of developmental pathways involved in these pipelines, it is difficult to perfectly replicate them using murine cells. It is equally difficult to study the interactions of human iPSC-derived NK cells with other immune cells accurately in immunodeficient mice. HIS mice enable more rigorous studies of the effects of adoptive cell therapies on other immune subsets.

Several unique subsets of NK cells are also of great interest for cancer therapies. These include NK cells, which lack expression of the intracellular signaling protein FcεRγ, called gNK cells. gNK cells appear to be induced by CMV infection (131) and exhibit increased ADCC function; they are being studied for their ability to enhance antibody therapies in B cell leukemia and lymphoma (132). Researchers are also developing methods for ex vivo NK cell activation to improve cell therapies. These strategies include culture with heat shock protein 70 (Hsp70), TKD peptide, and IL-2, which has been studied using both murine and human NK cells (133), and co-culture with feeder cells such as K562 that can be altered to express stimulatory molecules such as OX40 ligand (134) or IL-21 (135).

The most striking successes of ILC-based cell immunotherapies have involved CAR NK cells. CAR NK cells target surface molecules on tumor cells and exhibit a more favorable safety profile than CAR T cells (136). An anti-CD19 CAR NK cell that produces IL-15 achieved a 73% response rate in HLA mismatched patients with non-Hodgkin’s lymphoma or chronic lymphocytic leukemia. These cord blood derived CAR NK cells could show promise as a standardizable off-the-shelf therapeutic (137). Additional CAR NK cell therapies currently in clinical trials include cells targeting mesothelin, CD22, PSMA, and NKG2D ligands on tumor cells, and others currently in development include variations in cytokine production, intracellular signaling domains, and costimulatory molecules (138). CAR NK cells producing IL-15 were tested for early in vivo efficacy in a Raji lymphoma NSG xenograft model (138), but this model did not enable researchers to assess whether other immune cells were activated by the CAR NK cells. Another type of CAR used with NK cells is a TGF-β chimeric switch receptor which uses TGF-β to activate, rather than inhibit, NK cells in the TME (139). This receptor was studied in NSG mice with transplanted neuroblastoma cells, CAR NK cells, and intraperitoneal administration of IL-2. Future work should incorporate HIS mice to determine whether CAR NKs/ILCs can activate other immune subsets circulating in the bloodstream or residing within the TME.

NK cell lines are another area of interest for cell therapies. NK92 is an immortal cell line that was isolated from a patient with a rare NK cell lymphoma (140). CAR NK92 cells represent a potential cell therapeutic that is simple to standardize and produce in bulk. NK92s were assessed against malignant melanoma in SCID mice and showed significant potential (141). The first in human trial involving irradiated NK92 cells used anti-CD33 CAR NK92s for patients with relapsed and refractory acute myeloid leukemia, and no significant adverse events were observed (142). However, it is not yet clear whether these cells will function well against solid tumors. Due to the short lifetime of irradiated cells, it also remains to be seen whether they are capable of initiating an antitumor response that could generate long-term immunological memory. This is difficult to model in mice without humanized immune systems, since the effect of the irradiated cells on tumor size or survival might be brief or insignificant but their impact on other immune cells could be what drives tumor eradication.

Non-irradiated NK92 cells could be given to patients if they were transduced with suicide genes to ensure they could be killed if they began proliferating too rapidly (143). Researchers are studying non-irradiated Smad3-silenced NK92 cells (NK-92-S3KD) in xenograft mouse models to assess their efficacy against hepatoma and melanoma (144). Other cell lines that mimic human NK/ILC1 behavior include NK101 (145), NK3.3, YTS, and NKL (146). However, it will be difficult to assess their efficacy against solid tumors without a robust in vivo model that includes other immune cells due to the drastic impacts of the TME on suppression of immune cytotoxicity and the highly interactive nature of cell therapies when considering tumor-resident immune cells. Complex tumor-immune and immune-immune interactions are difficult to model using immunodeficient mice, but are critical in predicting the success or failure of cell therapies. For these reasons, HIS mice represent a more optimal tool for studying NK cell therapy in vivo.




Discussion: Bioengineered Immunomodulators and Targeted Drug Delivery as New Frontiers

Modeling potential therapeutics using standard immunodeficient mice with one or two transplanted human immune cell types is not a sufficiently rigorous approach. These mice inhibit the ability of researchers to broadly identify indirect effects of their drugs on other immune cells as a result of the primary effects on their target cell of interest, and tumors grown in them from cell lines or transplanted tissue do not contain representative tumor-resident immune cell populations. For both combination and single agent therapies involving precise modulation of ILCs, HIS mice optimized to support the engraftment and development of multiple immune cell types represent a significant improvement for modeling possible responses from tumor cells and immune cells. Here we discuss the next generation of ILC-related immunotherapies and the mouse models required to study them.

Several new immunotherapies in development could enhance ILC antitumor functionality (Figure 2) but require humanized mice for accurate modeling of their effects. Histone deacetylases (HDACs) and HDAC inhibitors are able to alter transcription of genes related to tumor growth or suppression (147) and induce cell cycle arrest in cancer cells (148). HDACs have been shown to enhance ADCC of NK cells against tumor cells (149), but some HDAC inhibitors can diminish NK cell longevity and cytotoxicity (150) while others enhance NK cell functions (151). These treatments are difficult to study accurately since they impact both tumor cells and tumor-resident immune cells in different ways—not all of which are replicated by murine cells. Further studies in mice optimized for NK cell survival will enable determination of the effects of HDACs on tumor and NK cells simultaneously.

Synthetic cytokines can also enhance NK/ILC immunotherapies, since the broad mechanisms of action of endogenous cytokines limit the doses that can be safely administered (152). Artificial cytokines can be engineered to exhibit modified binding profiles, enhanced stability and specificity, increased activation of immune cells, multifunctional capacity, and lower induction of autoimmunity (153). For example, synthetic IL-2 and IL-2R pairs enable specific activation of only the engineered immune cells in a patient (154). Synthetic cytokines can also be targeted to tumor cells to improve activation of immune cells only within the TME (155). Artificially tethered membrane-bound IL-15 can improve longevity and cytotoxicity of NK cells (156), and membrane-bound IL-21 on feeder cells can modulate NK cell phenotype when expanding them for autologous therapy (135). In the future, synthetic cytokine and receptor pairs could be used to specifically activate CAR NK cells or ILCs only when they are adjacent to tumor cells. Since a major advantage of bioengineered cytokines is their ability to activate multiple types of immune cells simultaneously and synergistically, HIS mice represent an optimal tool for studying their effects on NK cells and ILCs in addition to other immune cells.

Non-cytokine immunomodulatory drugs (IMiDs) ranging from snake venom (157) to antimicrobial peptides (AMPs) such as cathelicidin (158) have been tested for their ability to improve NK cell antitumor functions. Drugs such as lenalidomide and pomalidomide can enhance antitumor ILC behavior as well (159, 160). Bryostatins are protein kinase C modulators that are currently being engineered to improve CAR NK functionality (161). These and many other drugs have the potential to broadly or specifically activate NK cells or ILCs in addition to other immune cells within the TME. However, only small numbers of murine studies have been carried out thus far to determine their ability to activate tumor-resident ILCs and influence tumor eradication in vivo. To accurately assess them, HIS mice optimized for NK/ILC proliferation such as NOG-IL-15 Tg mice transplanted with human PBMCs should be used.

Finally, almost all of the therapies discussed in this review can be further enhanced through targeted drug delivery. This enables researchers to consider thousands of drugs for cancer therapy that were previously considered too toxic to administer systemically. These drugs can be targeted to cancer cells or activated only within the TME using delivery mechanisms such as oncolytic viruses (162), coated nanoparticles (163), and ultrasound activation (164). This also increases the quantity of drugs to which the tumor can be exposed, potentially increasing their efficacy. Oncolytic viruses can be used as checkpoint inhibitor delivery vehicles, limiting autoimmunity and other disorders that might originate from systemic delivery (165). NK/ILC therapies can also be strengthened by using transplanted cells as a delivery vehicle or enhancing their function through separately targeted drugs. This could improve their killing capacity, localization to tumors, or activation within the TME. Researchers have used NK92 cells to bring drug-loaded nanoparticles to a solid tumor and block inhibitory signals in the TME (166), and local delivery of chemoattractants such as CCL20 or CXCL16 can increase tumor infiltration by ILCs (167). There is a great deal of future work that should be done in the drug delivery space to enhance ILC-related therapies, and HIS mice are the most ideal tool for early stage optimization and assessment because these mice can facilitate the survival and proliferation of ILC/NK cell therapies and their tumors will contain diverse immune cell populations.



Concluding Remarks

In order to solve critical unanswered questions surrounding the dynamic interactions between ILCs, solid tumors, and other tumor-resident immune cells, researchers should leverage humanized mouse models to increase the accuracy and utility of their studies. New generations of mice have been optimized to ensure ILC survival and enable development of multiple immune cell types simultaneously, both of which are critical for accurately studying the direct effects of immunotherapies as well as their indirect effects on other immune cells. Topics related to ILC-cancer biology that are in need of further investigation include: determining why current immunotherapies show limited efficacy in solid tumors, identifying methods to subvert the signals in the TME that are suppressing ILCs, assessing the unknown roles and plasticity of ILCs in cancer both endogenously and after adoptive transfer, and understanding the signals communicated between ILCs and other immune or tumor cells and how those correlate with tumor growth or eradication. For all of these endeavors, humanized mice represent a useful tool to study these complex questions.

The broad range of biotechnology that is being invented at breakneck speed is inspiring but also daunting. It seems virtually impossible to test all of these potential immunotherapy-enhancing agents in an accurate manner - especially in combination with each other - using standard immunodeficient mouse models. The potential utilities of combination therapies are much broader than those of single agent therapies, so it is important to study them accurately. While the primary effects of these therapies can be assessed on single types of immune or cancer cells by transplanting them into immunodeficient mice, that approach misses a large portion of information that is critical to predicting their efficacy against solid or liquid tumors: the secondary effects these cells will have on other cells in the TME or bloodstream. Improved in vivo modeling using humanized mice would drastically increase our ability to determine which of these technologies should be translated to a clinical setting for human trials and potentially save the lives of many patients, along with the costly sums of money required to test individual drugs. HIS mice expressing molecules such as IL-15 that improve ILC survival and proliferation will further enable researchers to design and optimize cellular and molecular immunotherapies.
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TNF is a multifunctional cytokine with its key functions attributed to inflammation, secondary lymphoid tissue organogenesis and immune regulation. However, it is also a physiological regulator of hematopoiesis and is involved in development and homeostatic maintenance of various organs and tissues. Somewhat unexpectedly, the most important practical application of TNF biology in medicine is anti-TNF therapy in several autoimmune diseases. With increased number of patients undergoing treatment with TNF inhibitors and concerns regarding possible adverse effects of systemic cytokine blockade, the interest in using humanized mouse models to study the efficacy and safety of TNF-targeting biologics in vivo is justified. This Perspective discusses the main functions of TNF and its two receptors, TNFR1 and TNFR2, in steady state, as well as in emergency hematopoiesis. It also provides a comparative overview of existing mouse lines with humanization of TNF/TNFR system. These genetically engineered mice allow us to study TNF signaling cascades in the hematopoietic compartment in the context of various experimental disease models and for evaluating the effects of various human TNF inhibitors on hematopoiesis and other physiological processes.
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Introduction to Hematopoiesis

Hematopoiesis is the process of blood cell development that in vertebrates is initiated early during embryogenesis and may be divided into 3 phases or so-called distinct waves of hematopoiesis.

The first (or primitive) wave takes place in the yolk sac starting in mice at embryonic day 7.5 (E7.5) and generates unipotent blood cell types (1). The second (or pro-definitive) wave occurs in the yolk sac, embryo proper and allantois of the mouse embryo and gives rise to multipotent progenitors (2). The third wave of hematopoiesis represents definitive hematopoiesis and is dependent on the activity of hematopoietic stem cells (HSCs), which are the basic units of the adult hematopoietic system. HSCs generated in the embryonic aorta-gonad-mesonephros region first colonize the fetal liver (E10.5) and then shortly before birth (E16) migrate to the bone marrow (BM), where the majority of HSCs reside to sustain steady state hematopoiesis (3).

HSCs are multipotent, self-renewing cells capable of differentiating into all mature blood cell lineages over the lifespan of the animal. Lineage choice may be directed both intrinsically and extrinsically via activation of transcription factors or extrinsically by cytokines (4). The majority of HSCs are quiescent under steady-state conditions, and few HSCs cycle to sustain hematopoiesis (5). In order to maintain hematopoietic homeostasis and to prevent development of malignancies, the self-renewal and differentiation capacities of HSCs are tightly regulated. This is, at least partly, achieved by the specialized network of interactions between distinct cell types (6, 7) and secreted factors (8, 9) in the BM niche that maintains HSC activity in steady-state conditions.

However, in the case of systemic infections and pathological conditions, such as myeloablation after chemo- or radiotherapy, some HSCs may respond and exit their quiescent state. These ‘activated’ HSCs contribute to the pool of hematopoietic progenitor cells, which will undergo further differentiation in order to replenish the population of immune cells being in high demand at the sites of inflammation in the process of so-called emergency hematopoiesis. This is possible because hematopoietic stem and progenitor cells (HSPCs) express Toll-like receptors (10) and cytokine receptors (11) and, thus, can respond to inflammatory signals. Activation of TLR signaling in HSPCs not only drives myeloid cell differentiation (10), but also leads to production of cytokines, which regulate myeloid differentiation and HSPC proliferation (12). HSPCs may respond to cytokines released during inflammation either systemically or locally by cells in the hematopoietic microenvironment or BM niche. Indeed, it was shown that HSPCs express various cytokine receptors, including IL-1R (13), IL-6Rα, as well as both TNF receptors, TNFR1 and TNFR2 (12).

As mentioned above, proinflammatory cytokines are critical components of inflammation-induced myelopoiesis. However, inflammatory signals may also be implicated in the maintenance of homeostatic hematopoiesis. During embryonic development proinflammatory cytokines control HSPC specification in the pro-definitive wave of hematopoiesis (14). Moreover, proinflammatory cytokines may regulate adult hematopoiesis and maintain the balance between HSC dormancy and lineage commitment (15). This question is important because systemic and long-term anti-cytokine therapy is being applied to treat an increasing number of conditions, including autoimmune disorders. One of the proinflammatory cytokines implicated in hematopoiesis is TNF, which we discuss in the context of humanized mouse models in this Perspective.



TNF in Steady-State Hematopoiesis

TNF is a pleiotropic cytokine involved in inflammation, development of secondary lymphoid organs and immune regulation. TNF is produced as a transmembrane protein and can be proteolytically cleaved into a soluble form. TNF exerts its functions via two distinct receptors – TNFR1 and TNFR2 (16). Both receptors also may interact with soluble (LTα3) and membrane-bound (LTα2β1) lymphotoxins, respectively (17). Interestingly, TNF may play a role both in embryonic and in adult hematopoiesis (Figure 1).




Figure 1 | Summary of TNF functions in hematopoiesis. (A) During fetal hematopoiesis in zebrafish TNF/TNFR2 signaling is required to establish HSC fate via activation of Notch and NF-kB signaling (18). (B) Bone marrow of adult TNF-deficient mice is characterized by normal LSK HSPC numbers and by an increase in Gr-1+ neutrophils (19). Mixed Tnf-/- and Tnf+/+ BM chimeras underrepresent TNF-deficient monocytes (20). (C) TNF may inhibit HSC expansion when cultured with SCF and G-CSF, but not in cytokine-rich medium (21). Addition of TNF to LSK cultures inhibits formation of CFU-GEMM and CFU-GM (22). TNF promotes monocytes survival (20) and inhibits proliferation and differentiation of granulocyte progenitors (19, 23, 24). Under inflammatory conditions induced by irradiation TNF may be beneficial for progenitor engraftment (25) but stromal cell-derived TNF induces ROS accumulation in HSPCs (26), and granulocyte-derived TNF is involved in vascular regeneration (27). Following immunization, TNF may suppress CXCL12-dependent retention of B cell progenitors in the bone marrow leading to their migration (28). In the case of viral infections TNF protects HSPCs from necroptosis, enhances myelopoiesis and induces apoptosis of GMP (21).



The role of TNF during fetal hematopoiesis was mostly studied in zebrafish. These studies revealed that TNF derived from primitive neutrophils binds to TNFR2 on endothelial cells resulting in the upregulation of Notch ligand Jagged1a, which in turn binds to Notch1a receptor on the neighboring hemogenic endothelium triggering HSC fate specification. Moreover, TNF/TNFR2 axis also activates canonical NF-κB pathway in hemogenic endothelium, which triggers a transcriptional program to establish HSC generation (18). Of note, not only TNF but also other inflammatory stimuli such as TLR4-MyD88 signaling or G-CSF may lead to NF-κB activation required for HSC development (29). Interestingly, inflammatory signaling represents a highly conserved pathway regulating the HSC development. Studies in E9.5 mouse embryos revealed that hematopoietic cluster cells and endothelial cells respond to IFNγ and to a lesser extent to TNF stimulation. The most likely source of TNF in the mouse embryo is the population of primitive F4/80+ macrophages, similar to the situation in zebrafish embryo (30). However, the precise contribution of TNF to mammalian HSC development is not completely understood. Taken together, TNF signaling may be required for HSC emergence in the developing embryo via activation of evolutionarily conserved signaling pathways, but it might be partially redundant with other inflammatory stimuli.

Many studies have been performed to examine the role of TNF in the adult hematopoiesis; however, most of these have relied on cell culture and/or bone marrow chimeras, which could indirectly affect HSPC phenotype and functions. Another challenge in understanding the role of TNF in steady-state conditions is due to its capacity to induce systemic inflammation when administered in vivo which in turn may activate stress-induced hematopoiesis thus obscuring TNF contribution to hematopoiesis. Therefore, in this section we will focus on in vivo studies using gene-deficient mice. TNF deficiency did not alter the number of Lin-Sca-1+c-kit+ (LSK) in the BM, consisting mostly of lineage-biased multipotent progenitors (19). In early studies TNFR1-deficient bone marrow was characterized by increased number of LSK (22). However, examination of purified LSKFLT3- HSPCs revealed no differences in the numbers of HSPC isolated from the adult BM of TNFR1/TNFR2 double knockout mice (31). Hence, it is likely that TNF does not affect HSPC compartment under steady-state conditions in vivo.

Regarding the differentiation of HSCs to more committed progenitors, TNFR1-deficient mice showed a decrease in pre-B cell compartment and an increase in myeloid progenitors (32). Accordingly, TNF-deficient mice demonstrated an increase in the number of Gr-1+ neutrophils both in the BM and in peripheral blood (19). Transcriptome analysis of monocytes and their BM precursors revealed an increase in TNF expression upon differentiation of Ly6Chi/Ly6Cint monocytes into Ly6Clo monocytes (20). Therefore, TNF may control granulocyte number in the blood and BM and support monocytic differentiation in vivo.



TNF in Stress- and Inflammation-Induced Hematopoiesis

Numerous studies on the role of TNF in HSPC functions relied on in vitro and in vivo colony formation assays together with the assessment of reconstitution potential, engraftment and survival abilities of multipotent progenitors upon transplantation into irradiated recipient mice. However, results obtained from these studies should be carefully interpreted since these setups may affect HSPC proliferation, survival, self-renewal and differentiation. We will discuss some experiments and their possible applicability to hematopoietic compartment.

Studies with competitive co-transplantation of TNFR1-/-TNFR2-/- CD45.2+ and wild-type (WT) CD45.1+ BM cells into lethally irradiated congenic CD45.1+CD45.2+ WT recipients showed enhanced activity of TNFR1-/-TNFR2-/- HSCs as determined by long-term reconstitution by TNFR-deficient HSCs following transplantation. Moreover, in vivo administration of TNF to WT mice led to a decrease in BM cellularity and to reduction in HSC cycling activity in a competitive transplantation assay (31). These data suggest that TNF blockade may be beneficial for post-transplantation reconstitution and also supports the idea that TNF may suppress HSC activity. In contrast, transplantation of bone marrow cells from 6 months old TNFR1-deficient mice into lethally irradiated recipients showed reduced repopulating ability of TNFR1-/- BM cells as compared to WT cells (32). However, this effect was shown on non-purified HSPCs and under long-term transplantation conditions that may affect the outcome of the experiment. TNF does not inhibit expansion of highly purified Lin-Sca-1+c-kit+Flk2-CD150+CD48- HSCs in medium supplemented with IL-3, SCF, TPO, EPO, GM-CSF, IL-11 and Flt3-L, or so-called cytokine-rich medium, regardless of TNF concentration. Under cytokine-poor conditions (medium supplemented with SCF and G-CSF only) HSC expansion rate upon addition of TNF was significantly decreased (21). Similar findings were reported by Pronk et al. when TNF was added to the culture of LSK cells (31). Importantly, studies by Yamashita et al. revealed that this effect was due to the inhibition of autophagy by TNF, which sensitized HSCs to cell death in cytokine-deprived environment (21). Taken together, HSCs appear to be resistant to TNF cytotoxicity but this resistance may be changed by the environmental stress.

Addition of exogenous TNF to bone marrow cultures of LSK resulted in reduced numbers of large-sized colonies, such as CFU-GEMMs (colony-forming unit − granulocyte, erythroid, macrophage, megakaryocyte) and CFU-GMs (granulocyte/macrophage colony forming units), in methylcellulose assay (22). LSK isolated from TNF-deficient mice gave rise to an increased number of splenic colony-forming units in lethally irradiated recipient mice (19). Experiments with TNFR1 and TNFR2 agonists demonstrated that TNFR2 is essential for TNF-mediated inhibition of colony formation of early Lin-Sca-1+ progenitors, while addition of TNFR1 agonist had no significant effect on the number of Lin-Sca-1+ proliferative clones (23). Thus, TNF may inhibit formation of CFU-GEMM and CFU-GM colonies and differentiation potential of multipotent progenitors, presumably via TNFR2.

Evaluation of TNF effects on myeloid lineage commitment revealed that addition of TNF or TNFR1 agonists resulted in a decrease in G-CSF-induced colony formation and in inhibition of G-CSF expression by BM cultures (23). This was further supported in vitro in TNF-deficient long-term bone marrow cultures, which were characterized by increased proliferative potential of granulocytic progenitors and increased numbers of CFU-GMs within sorted LSK population, as compared to WT BM cultures (19). Consistent with in vitro data, CFU-GM formation was reduced in WT-recipient mice reconstituted with TNF-deficient BM, suggesting a possible role of TNF, expressed by hematopoietic and not by stromal cells, in inducing cell death at the GMP stage (33). This is also in agreement with data showing elimination of GMPs by TNF in a dose-dependent manner (21). Next, TNF was demonstrated to block granulocytic differentiation and IL-3-dependent proliferation of granulocyte-committed cells (24). At the same time, an autonomous effect of TNF on monocytes was proposed. Specifically, TNF is required for monocyte survival in vivo (20). Thus, TNF stands at the crossroad of myeloid lineage commitment via negatively affecting granulocytic cell differentiation and driving the survival of monocytes. Interestingly, these findings suggest possibilities to control the differentiation of myeloid progenitors. For example, TNF was shown to directly upregulate a central transcription factor for myeloid lineage commitment, PU.1, in HSPC in vivo during acute inflammation (34). Moreover, in some abnormal hematopoiesis conditions, such as clonal hematopoiesis associated with aging, TNF blockade may help to overcome TET2-mutant HSPC skewing toward myeloid lineage and the formation of CFU-GMs (35).

Other studies revealed that addition of TNF to the LSK cultures negatively regulated both long-term and short-term reconstituting activity after transplantation of LSK into lethally irradiated recipient mice (36). However, TNF produced by BM microenvironment is required for long-term engraftment and survival of purified LSK in allogeneic and syngeneic recipients (37). This is in line with the fact that the engraftment of Lin- BM cells from TNFR1- and TNFRs-deficient donors in wild-type recipients was defective suggesting a stimulatory role of TNF in successful progenitor engraftment. Interestingly, homing of the engrafted progenitors to the BM was primarily mediated by TNFR1 (25). On the other hand, total body irradiation and inflammation within BM was associated with elevated levels of TNF. Subsequently, TNF induced ROS accumulation in LSK leading to impairment of their reconstitution ability. Addition of TNFR1 antagonistic peptide to LSK cultures inhibited ROS accumulation suggesting that TNFR1 blockade prior to transplantation may lead to improved reconstitution capability (26). Altogether, more precise in vivo studies with defined protocols of total body irradiation and transplantation are needed to identify the role of TNF in the engraftment and survival of HSPCs. For example, TNF may contribute to regeneration of BM niche after HSC transplantation, since TNF-deficient mice displayed reduced number of BM endothelial cells upon myeloablation with a single injection of 5-fluorouracil. Furthermore, Gr1+CD115- granulocyte-derived TNF promoted vascular regeneration following transplantation (27). In the context of hematological malignancies, such as myeloproliferation, inflammation may be implicated in the disruption of BM microenvironment. Flt3ITD/ITD mice, harboring the most common somatic mutation in patients with acute myeloid leukemia, were shown to upregulate TNF production by endothelial cells in the BM niche, which subsequently may lead to suppression of HSC activity. Treatment of Flt3+/+ and Flt3ITD/ITD mice with Etanercept resulted in partial rescue of LSKCD150+CD48- engraftment capacities (38).

As a consequence of inflammation, TNF may mobilize B cell progenitors from BM to peripheral tissues by suppressing their CXCL12-induced retention in the BM. This mobilization establishes extramedullary lymphopoiesis possibly needed for resolution of inflammation (28). Contribution of TNF to emergency myelopoiesis was clearly demonstrated by Yamashita et al. (21). In a model of poly(I:C)-induced inflammation, TNF, on one hand, induced NF-kB activity, which protected HSPCs from inflammation-induced necroptosis and, on the other hand, promoted myelopoiesis and induced apoptosis of GMPs (21). This effect may be protective in pathogenesis of some viral infections, in which case GMPs may act as the latent reservoirs for viruses in the BM and should be eliminated (39).

Defects in hematopoiesis may lead to the development of hematologic disorders. Although the exact role of TNF in different hematological diseases remains incompletely understood, elevated levels of TNF were found in patients suffering from myeloid leukemia (40) and myelodysplastic syndromes (41, 42), Fanconi anemia (43), Hodgkin’s disease (44) and Non-Hodgkin lymphoma (45).

Moreover, since TNF inhibitors are widely used to treat autoimmune disorders, it is important to address possible side effects of anti-TNF therapy. Indeed, hematological complications were reported in patients on TNF blockade (Table 1). For example, a case report was published showing pancytopenia after treatment with Infliximab (47). Furthermore, side effects of Etanercept [which also neutralizes both LTα3 and LTα2β1 (17)] treatment on hematopoietic cells have been reported including aplastic anemia (52), thrombocytopenia (55), and bone marrow aplasia with pancytopenia (64). Interestingly, a common phenomenon in patients receiving anti-TNF therapy is the development of neutropenia (81). Apart from that, some lymphoproliferative disorders were reported. For example, treatment of rheumatoid arthritis and inflammatory bowel disease (IBD) patients with Etanercept or Infliximab, respectively, led to formation of cutaneous and systemic T-cell lymphomas (75). A case of Hodgkin-type lymphoproliferative lesions was reported for an IBD patient treated with Infliximab for a 6-month period (79).


Table 1 | Hematological complications from systemic TNF blockade.





Altogether, TNF may play a crucial role in inflammation-induced hematopoiesis and may be implicated in the pathogenesis of some hematologic disorders. Anti-TNF therapy may lead to rare but severe side effects affecting hematopoietic compartment and resulting in the development of hematological complications and even malignancies. The exact mechanisms of these side effects are not well understood and should be addressed in the future using humanized mouse models.



Humanized Mice as the Tools to Study Hematopoiesis and to Evaluate the Consequences of Systemic Cytokine Ablation

To identify the effects and to evaluate the efficacy and safety of clinically available or novel human TNF (hTNF) inhibitors proper animal models should be generated and validated. Importantly, in spite of a conservative nature of TNF family of cytokines and their corresponding genes, most hTNF inhibitors do not block mouse TNF (82). Therefore, various panels of humanized mice that express hTNF and/or TNFRs are required to facilitate the research (Table 2). Such preclinical models were first generated in 1991 by G. Kollias group, when the first mice with overexpression of human TNF were reported (83).


Table 2 | Humanization of TNF/LT system in mice as a tool to study human hematopoiesis.





Mice With the Overexpression of Human TNF

The very first TNF humanized model was a transgenic mouse with the overexpression of TNF due to intentional dysregulation of TNF mRNA half-life (83). In general, overexpression of cytokines in animal models is a powerful tool to study molecular mechanisms associated with increased cytokine production (98). It is well established that dysregulated TNF production is detrimental in various autoimmune diseases including rheumatoid arthritis, psoriasis and IBD (99). Mice with human TNF overexpression (hTNF Tg mice with a high transgene copy number and dysregulated control) start to develop severe polyarthritis as early as 3-4 weeks after birth with similar characteristics observed in rheumatoid arthritis patients. Administration of antibodies to hTNF Tg mice led to the suppression of arthritis (83). Moreover, TNF overexpression in hTNF Tg mice led to increased incidence of spontaneous spinal disc herniation, which is involved in the development of acute radicular pain (84). These hTNF Tg mice displayed a decrease in hemoglobin associated with mild microcytic hypochromic anemia at the age of 9 weeks. Furthermore, TNF overexpression was associated with a decrease in the frequency of Sca-1+ progenitor cells and granulocytes with concurrent increase in the frequency of cells of both lymphoid and monocytic origin in the bone marrow (85). In summary, constitutive TNF overexpression is associated with the development of spontaneous autoimmune conditions. hTNF Tg mice served as an excellent model for associated disorders, such as progressive rheumatoid arthritis, although physiological relevance of using these mice in order to delineate the in vivo effects of systemic TNF inhibition on other functions was limited. To overcome the limitations of non-physiological levels of systemic TNF overproduction, other mouse models, such as tissue-specific, inducible and low copy number hTNF transgenic mice were developed.

Approaches to investigate tissue-restricted overexpression of human TNF in mice were also pioneered by G. Kollias group (88). For example, hTNF overexpression by T cells led to severe systemic effects, for example, CD2-hTNF Tg mice developed lethal progressive weight loss but no arthritis. hTNF overexpression by T cells also resulted in vascular thrombosis, tissue necrosis and lymphoid tissue abnormalities. Particularly, mice were characterized by reduced thymic cellularity and enlarged mesenteric lymph nodes that contained almost no lymphocytes. Overexpression of hTNF in astrocytes or neurons resulted in severe neurologic disease characterized by ataxia, seizures and relapsing hind limb paralysis (89). To delineate the contribution of soluble versus transmembrane TNF, mice that overexpress transmembrane human TNF in astrocytes (GFAP-tmTNF) or neurons (NFL-tmTNF) were engineered. Surprisingly, only astrocyte-specific overexpression of tmTNF was sufficient to trigger the development of neurologic disease (89). Thus, astrocytes appeared to be the source of pathogenic hTNF in a model of neuroinflammation.

The next step in the generation of hTNF transgenic mice was a low transgene copy number model characterized by low circulating levels of hTNF (86). In this case mice developed progressive arthritis at an older age, however, increased TNF production was also associated with reduced body weight, increased metabolic rate and restricted motor activity. This is similar to symptoms of rheumatoid cachexia in humans; therefore, these mice also represent a useful model to study conditions associated with elevated TNF production (100).

To overcome limitations of constitutive TNF overexpression, mice with reversible, doxycycline-inducible hTNF overexpression were generated. Two weeks after doxycycline administration, hTNF Tg mice developed psoriatic arthritis characterized by keratinocyte activation, joint and skin inflammation (87). Interestingly, signs of inflammation in this model were observed exclusively in the digits and, to a lesser extent, in the skin and ankles, unlike in mice with systemic TNF overexpression.

Another approach to generate mice with TNF overexpression was used by Liepinsh et al. (90). In this study mice with a large human genomic segment comprising hTNF and its two closest homologues, lymphotoxin α and β, were generated. Natural genomic context allowed hTNF/hLT genes to be expressed in response to physiological stimuli under the control of intrinsic regulatory elements. These mice demonstrated thymic atrophy and affected thymic T cell development with impaired thymocytes differentiation. Taken together, TNF humanized mouse models that partially mimic inflammatory conditions in patients with autoimmune disorders, such as rheumatoid arthritis and psoriasis, were generated and evaluated. Furthermore, to address the efficacy and possible side effects of TNF/TNFRs inhibitors in other disease models, humanized mice with regulated and cell type-specific hTNF expression were also established.



Mice With Humanization of TNF and TNFR2

Humanized TNF knock-in (hTNFKI) mice, in which case the mouse Tnf gene was substituted by its human ortholog, were generated using embryonic stem cell technology. They were used as a platform to study the effects of hTNF blockade in various disease models, including infectious, autoimmune, toxicity and transplantable tumor models (92, 93, 101, 102). Also, the efficacy of a novel myeloid-specific TNF inhibitor MYSTI in blocking hTNF and its effects in mouse models of LPS/D-galactosamine-induced hepatoxicity and collagen antibody-induced arthritis were demonstrated using these hTNFKI mice (93, 102). Additionally, these engineered mice allowed investigators to compare clinically available hTNF inhibitors such as Infliximab, Etanercept and Adalimumab (82). Furthermore, TNF ablation by pharmacological neutralization in hTNFKI mice led to the loss of the resistance to mycobacterial infection and to increased bacterial burden in the lungs (92). hTNF inhibition decreased tumor growth and MDSC accumulation in transplantable MCA 205 fibrosarcoma model, indicating a pro-tumorigenic function of TNF (94). Overall, hTNFKI mice are a useful tool to assess multiple effects of human TNF inhibition in various disease models, including adverse effects of TNF neutralization on hematopoietic compartment. To delineate the role of TNF inhibition with clinically approved blockers in myeloid cell differentiation, we isolated BM cells from hTNFKI mice, cultured them in the medium supplemented with GM-CSF and IL-4 with the addition of Infliximab and analyzed immature myeloid cell differentiation after 5 days of culturing (Figure 2A). We observed that TNF inhibition with Infliximab shifted differentiation of immature myeloid cells in vitro. Thus, TNF neutralization led to an increase in the frequency of Ly6G+Ly6Clow granulocytes and to a decrease in the frequency of Ly6G-Ly6Chigh monocytes (Figure 2B). Since TNF is important for survival of monocytes (20), we hypothesized that decreased frequency of monocytes upon anti-TNF treatment was due to induction of apoptosis. To verify that, we analyzed expression of genes encoding anti-apoptotic proteins in purified Ly6G-Ly6Chigh monocytes and found down-regulation of Bcl2, Bcl2a1a and Bcl2l1 upon treatment with Infliximab (Figure 2C). Altogether, TNF blockade with Infliximab in BM cultures from hTNFKI mice inhibited the differentiation of immature myeloid cells into monocytes probably due to the induction of apoptosis.




Figure 2 | TNF inhibition affects immature myeloid cell development in vitro. Bone marrow cells were isolated from femurs of hTNFKI mice and cultured for 5 days in RPMI 1640 medium supplemented with L-Glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), HEPES (10 mM), β-mercaptoethanol (50 μM), 10% FBS, GM-CSF (20 ng/ml) and IL-4 (10 ng/ml). Infliximab was added in the final concentration of 100 ng/ml. After 5 days in culture cells were stained with Fixable Viability Dye, CD11b (M1/70), Ly6C (HK1.4), Ly6G (RB6-8C5) and acquired with BD FACSCanto II flow cytometer. Data were analyzed using FlowJo software. (A) Representative FACS plots of Ly6G+Ly6Clow and Ly6G-Ly6Chigh cells gated on VD-CD11b+ cells. (B) Frequencies of Ly6G+Ly6Clow and Ly6G-Ly6Chigh cells gated on VD-CD11b+ cells. (C) Ly6G-Ly6Chigh cells were purified using Myeloid-Derived Suppressor Cell Isolation Kit (Miltenyi Biotec) according to the manufacturer’s protocol. RNA was isolated from purified cells using TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. RNA (1 μg) was treated with DNase I and reverse transcribed to cDNA with M-MuLV reverse transcriptase (RevertAid first strand cDNA synthesis kit, Thermo Scientific). Real-time quantitative PCR was performed using qPCRmix-HS SYBR+LowROX (Evrogen) and the following primer set: Actb, Forward: CTCCTGAGCGCAAGTACTCTGTG, Reverse: TAAAACGCAGCTCAGTAACAGTCC, Bcl2, Forward: GAGTTCGGTGGGGTCATGTG, Reverse: TATAGTTCCACAAAGGCATCCCAG, Bcl2a1a, Forward: GGCAGAATGGAGGTTGGGAAG, Reverse: ATTCTCGTGGGAGCCAAGGT, Bcl2l1, Forward: AGAGAGGCAGGCGATGAGTT, Reverse: TCCACAAAAGTGTCCCAGCC. Reactions were run using the following program on the Applied Biosystems 7500: 95°C for 10 min, 40 cycles of 95°C for 15 sec, 61°C for 30 sec and 72°C for 20 sec. Each point in a diagram represents a single mouse; mean ± SEM. *P < 0,05; **P < 0,01. Two-tailed unpaired Student’s t-test was used.



Earlier biochemical studies indicated that hTNF can efficiently bind to TNFR1, but not to TNFR2 (103, 104). Indeed, inefficiency of hTNF interaction with murine TNFR2 led to disease exacerbation and decrease in Treg numbers in the periphery and CNS in a mouse model of multiple sclerosis (EAE), in which case TNFR2 signaling is protective (95). Therefore, it was desirable to generate a mouse with humanization of TNFR2 to provide efficient TNF-TNFR2 signaling. Mice were genetically designed to include two LoxP sites into human TNFR2 locus, which allowed conditional Cre-mediated deletion of TNFR2 extracellular part in the desired cell type. These doubly humanized hTNF x hTNFR2KI mice showed EAE disease severity and Treg numbers comparable to wild-type mice, confirming the restoration of protective TNF/TNFR2 signaling. Cre-mediated genetic deletion of TNFR2 gene in Treg cells resulted in EAE exacerbation and malfunction of Treg cells. Intrinsic TNFR2 signaling was important for the maintenance of suppressive functions of Tregs by sustaining expression of Treg signature molecules, such as FoxP3, CD25, CTLA-4 and GITR (95). Further, hTNFR2 agonists applied to Treg cells from doubly humanized mice induced increased Treg cells proliferation (95).

Dong et al. also generated useful TNF receptor humanized mouse models, namely hTNFR1 knock-in and hTNFR2 knock-in mice, and demonstrated decreased neuroinflammation in response to TNFR1 antagonist ATROSAB or TNFR2 agonist EHD2-scTNFR2 (TNF hexamer oligomerized using the CH2 domain of IgE) in a model of NMDA-induced neurodegeneration (96). Additionally, ATROSAB administration inhibited development of EAE, decreased CNS infiltration and demyelination in hTNFR1KI mice (97). Yet another transgenic hTNFR1 mouse strain was used for studying the efficacy of VHH (antigen binding fragment of heavy chain only camelid antibody)-based nanobody against human TNFR1 (TNFR one silencer, TROS) in EAE, in which case a prophylactic administration of TROS resulted in disease amelioration (91).

In summary, there is a growing panel of useful humanized mouse models for evaluation of biologics that affect TNF/TNFR1/TNFR2 systems, including their effects on hematopoiesis. Furthermore, restoration of affected signaling by humanization of both TNF and its receptor, TNFR2, makes it possible to comparatively evaluate not only anti-TNF drugs, but also hTNFR2 agonists and antagonists. Taken together, humanized mouse models will allow investigators to study efficacy of various TNF/TNFRs-targeting biologics and assess possible side effects on other systems for further clinical translation.




Concluding Remarks

For many years TNF was mainly considered a proinflammatory cytokine with its role in host defense, but also with detrimental effects on autoimmunity. However, basic studies on TNF biology, as well as reported side effects in patients receiving anti-TNF therapy, highlighted its homeostatic functions in many physiological processes, including hematopoiesis. Regulation of TNF/TNFRs expression in various tissues modulates the cross-talk between immune and non-immune cells, which subsequently determines the outcome of TNF action.

Future investigation of pathological versus regulatory functions of TNF and deciphering its systemic and local effects in tissues may help to improve current therapeutic approaches. Therefore, mouse models with humanized TNF/TNFRs system represent a powerful tool to study side effects of anti-TNF therapy on hematopoiesis.
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A3/~ human Fit-3 ligand treatment
BRG-IL3/GM- BRG background  Mouse alveolar Human alveolar macrophage - Alveolar macrophage replacement (67
CSF mactophage deficiency  support by human GM-CSF
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NSG-SGM3 NSG background Transgenic overexpression of - Increased myelopoiesis (18, 68-70)
Human SCF, cytokines supporting - Functional mast cells
CSF2, IL3 myelopoiesis - Immature myeloid cells
transgenes - Exhaustion of HSPCs
SRG15 s¥RG Human NK cells and T cells by - Functional human NK cells “6)
1nsn background human IL-15 - Intraepithelial lymphocytes in
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Positive impacts are indicated in green, unintended detrimental effects in red. A more detailed version is provided as Supplementary Table 1, including additional details of

improvements and limitations of each model with regards to hematopoiesis, innate and adaptive immunity.
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Acronym Genetic Tand B cell NK cell Phagocytic References

background deficiency deficiency tolerance

SCID CB-17 Pridc™ - - (12, 25, 26)
NOD-SCID NOD Pridcs - Sirpa'®® (0, 41)
BRG Balb/c Rag2~I- 2rg=/= - (21,32)
NOG NOD Prkdced li2rg™/ (truncation) Sipao? (35)
NSG NOD Prikdcs l2rg=/= SirpaoP (33,34)
NRG NOD Rag1=/~ li2rg=/= Sipalo? (“2)
BRGSO Balb/c Rag2~/~ l2rg=/= SirpaoP (43)
SYRG Balb/c x 129 Rag2=/- lerg=/= Humean SIRPA (BAC tg) (45)
SYRG Balb/e x 129 Rag2~/~ lierg/= Human SIRPA (K| extracellular domain) (46)
BBRGSNOD C57BL/6 Rag2~/- li2rg1= Sirpal'oD (44)
B6RGS M GC57BU/6 Rag2~/~ lierg=/= Human SIRPA (KI full-length) “7)
B6RG-CD47 C57BL6 Rag2~/~ l2rg/~ Cdd7-/- (48)

SCID, NOD-SCID and BRG are historical models, that provided the basis for most currently used recipient mice. All other mice listed in this table have conceptually similar properties,
with a few exceptions, as discussed in the text.
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Name of the strain (genetic description)
(reference when frst described)

BRG o BALBIc-RagZ " T2ry"~
(C.Cg-Rag2™ "™ I2rgf™" 2/ JcTac (Tacorsc) o
C:12084-Rag2"™ "™ Ir2rg'™" "™ /3 (Jackson)) (35)

BRG-IL3/CSF2
(C:12854-Rag2"™ 1™ CsrIIg™ O3

rrg™ 1) (30)
BRGS

(012954 Rog2™ ™ 1L2rg™ * VTgISIRPAYIFN (37)

BRG-TPO or Rag2”"li2ry"-TPO
(C12984-Rag2™ '™ ThpotmT. ITPOFY
rorgim . 1MV (39)

Rag2'-/~SIRPAMIL"" or RGSKI-ILG (39

a2/~ SIRPAMILIS"" or SRG15 (1))

MITRG
(C:12954-Rag2" 1™ Gt gt
SR g™ PO g M) (1)

MISTRG
(CA2SS4-Ragl™ 1™ Csfi ™! CSFIIFNCS !
CSF2LIP oo™ TPOFW 121G ™ Tg
SRPATFL ()

MISTRGS (12

Scid
pricesc) 22)
NOD-Scid

INOD.Cg Prcc™ 1) (24)

NOD-Scid-SGM3
(NOD.Cg:Pricic™ Tg(CMV-L3 CSF2 KITLG) Eav
@)

NOG
(NOD.Co-Prkcc2rgim'>/5cTac) 25)

NOG-EXL or NOGAIL3/CSF2
(NOD.Cg Priclc™2rg/ ™ S SVAOHTLV-LI.CSF2)
10-7dc/5cTac) (44)

NOG-1LG
INOD.Cg Prictc2rg ™ STACMV L6 11/
ScTac) (45)

Features of the mice

~BALB/C backeround with Rag2 and 1279 knockout; Taconi stan is compltely congenic on BALB/G
background whereas Jackson s on a 129 background

“both modss have higher racaton tlrance dus 1o Rag2 mutation compared to Scid madels

“both modei lack T, B, and NK cefs and dysiunctonal 0G5

~simiar 0 BRG.

targete repacamant of mouse K3 and G812 with coding regions wth hose of human

improve uaman myelod ce reconsiition i the kung n particuar aeclar Macrophages

~simiar 10 BRG.

“heterozygous human SIRPA BAC transgens exprossion

~alow beter engafiment and maintenance of human hematopoiec cels compared fo BAG o 1 evels
comparable to NSG mice

~simiar 0 BRG.

-human TPO knock-n repiacing mouss Tpo

~suppor ighes human my@cktmphod and HSC engratiment compared 0 BRG

“have reduosd mouse pltaets compared to BRG

~simiar 10 8RG

“hetarozygous human SIRPA BAC ransgens expression and homozygous IL6 knock- replacng mouse 16
-CD47 expressed on human cals binds eficienty {0 he mause BAC transgens-encoded human SIRPa enabing
mouse phagoctes o tolerate and not engul engrafied human cals

~allow mproved thymopoesis and perpheral T cel reconsiution

~allow igher requencies of human memory and IgG producing B cels development vith increased in total G
and anigen-speciic 196 levels

s 0 BRG.

“hetarozygous human SIRPA knock-n

“homozygous knock LTS replacng mouse 115

~expression of human SIRP enabies mouse phagocyes 1o toleate and not engulf engrtted human csls
~suppor eficient development of human Gcutatig and tissue-resdent NK cel, nraepitheial hmphocytes and
innate hmphoid el subses.

~simiar 0 876

-human CSF, CSF2IL3 and TPO knockin replacing 1 1especiiv mause genes.

~anable the ul recapitaton of uman myecd doveopment and cton 6o to the Gxpression of human
optoknes

~simia 10 MITRG

“human SIRPA BAC transgens expression

-CD47 expressed on human cals binds efiienty 0 he mause BAC transgens-encoded human SIRPa enabing
mause phagooytes to tlerate and not engut engrafted human cels

~simiar 10 MSTRG

“homozygous IL6 knock-n repiacng mouse 15

allow he developiment ofene spectrum of urman plasa oslneopasa

ik unctionsl mphocytes bacause of mpaied VIV rearangement

have severe combined immunodeficency afectng both B and T hmphocytes

-as Scid mico

~NOD/Shi stain background contrbutes (0 delecte mouso DCs and macrophages

“have recuoad complement and NK cels

harbour S1pa poymorprism that alows inferactons belween mouse macrophages and human CDAT
25 NOD-Sod

~vansgenic expression o human L-3, GM-CSF, and SCF under the CM promoter

~5uppor ighes v of human myekoid cel engrafiment

ichica exhaustion of ruman HSCs.

featuros sindar to NOD-Soid

~vuncated intacytoplasic domain of IL-2Rg eacg o 10 sgnating

“have defectivo mouse NK cal development

~simiar 10 NOG

“vansgeic expression of human GM-CSF and IL'3 ¢iven by the SR promoter

~suppor higher el of human myelod cel fecentaion

~5uppor ighes human DC and mast cels diferentaton

~aon more effcent human HSC engrafiment

~simiar 10 NOG

~vansgenc expression of uman L6 civen by the CMV promoter

i elinced Nt Hantc e divaliarent
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(NOD.Cg-Pricic™2rgf ™' ST (CMVAL/LIS) -1k

NRG or NOD-Rag1 127y
(NOD.Cg-Rag1"2rg ™52 (17)

NRG-HLA-A2.DRé or DRAG
(NOD.Cg-Rag ™" 215 TYHLADRAHLA-
DRE1"0401)39-2K0/Scas) (46)

NSG
(NOD.Cg:Prcic™"21g ™ /52 (28)

NSG-B2M
INOD,Cg-B2m"™" % P 2rg/™ /520 (49)
NSG-CSF1

(NOD.Og-Prcic™ g™ TglCSF11382/82) (50)

NSG-HLA-AZIHHD
(NOD.Cg-Prcic™ 12:g"™" TOHLAAH D/B2M)
1Dz (51)

NSG-HLA-A24IHHD
(NOD.Cg-Priac™™ g™
TOHUA-AZAH2-DIBMRDVS?) (52)
NSG-HLA-AZIDR1

(NOD.Og-Prkcic™ IL21g/™¥/Sz TGlHLA-DRK'0101.
HLA-DRB10101)1Dma/GokRoiyd Mophi o442
"o/S2) (48)

NSG- (KD )nulliA™)

(NOD.Cg-Prcic™ H2-KI™™ 5 2. A1 o -
D™/ i /523 (49)

NSG-ILG

NOD.Co:Prcic™12rg™"* To(L6ySz)

)

NSG-SGM3
(NOD.Cg-Prcic™121g/™*" TQOMV-LI CSF2.
KTLG)EavMoySz) (59)

NSG-SGMS-GSF1 or QUAD
NOD.Cg-Pd™ I2rg™™ TOCMV-ALI CSF2,
LGy ToCSF3820) )

NSG KIf™"A" o NSGWs1
NOD.Cy 4 Prc™ 2rg ™" ask) 55

=i to NGOG
~vansgenc expression of uman IL-16 with a L2 signal peptido dven by tha CMV promoter

~allow extensive human NK osil proferation and ifrentaton and human NK cels procuce both granzyme A
‘and perorn upon simuation

~alow engrafment and expansion of uman NK e folowing engafiment wih CDS+ NK cols derived fom
uman PBCs

harbor Rag!™ and IL2n/ mutations.

ack T, B, and NK cels and dysfunctonl DCs and macrophages

“have Sipa poymorphsm thatalows intractons between mouse macophages and human CDAT
~simiar 10 NRG

~onpress chimerc humarnmouso class I ansgenas HUADRAHLA-DRBI'0401 fusod 10 the 7 MHC s I
moleculo

~allow enhanoed HLADR-matched HSC engrafiment and subsequent human T cel and B cel development (0
sty the deveoprment of autoimmune diseases

~aow vaccie tesing and generaton of human Igh, G, 19A o€ monociona antbodies
featuros simdar (o NOD-Soid

+target mutaton of 2 leacing 10 P expression of L2

“have dofectivo NK cal doveopment

~siniar 10 NSG.

e relaiiely resisant (0 GVHO.

~simiar 10 NSG.

~vansgenc expression o human M-CSF

support higher human macrophage development

~simiar 10 NSG.

~oxpress human HLA cass 1 heavy and lght chains with B2M covaloty rked 10 the MHC dias 1, aphat and
aipha2 biding domains.of the human HLA-AZ. geno, nd the aphad, cytoplasic and transmermbrane
‘domans of the murne H2-0”

~support T oat maturation and responses fo human anigans prasented by HLA-A2.1 moose
~simiar 10 NSG.

~oxpress human HLA-A24.2 wilh B2M and o H-D°

~supporthuman T ool maltuation and responses o human antigens presanted by HUAA24.2 molcue
~simiar (0 NSG.

oxpress humanvmouse chimar: MHG Class Il ransgeno (TGtHLADRBI"01)1Dma): parts of mouse MHC Ciass
11H2-a and H-Eb were repiaoed by the cortesponding amino acds of the uman MHC Clas I proten
“TQHLA-A2.1)1Enge integraled nio chromasome 8 Causing a dupication i Mcph resuting o functiona!
Kpockcout of Mcpht i homozygous mic

~support human T ool maturation andresponses 0 human antigens, resontd by he respectie HLA
malecuis.

~alow the engrafiment ofuncional human T, Th2 and Th17 T cets

~simiar 10 NSG.

“have MHC class | molscde (H2-K nd D) and MHC ciass Il deficencies (A)

-0 resistant o GYHD

~simiar 10 NSG.

“vansganc expression of human L6

~allow hgher levels of Puman CDG* and Th17 T cal development

~aow Nghor pasma vl of Peman I and gG

~simiar 0 NSG.

~vansgenc expression of human L3, GM-CSF and SOF undor he MY promoter

induco exhauston of human HSCs

~alow Hgher vl of human myelod ce and AL engratment

~allow rapid econstiuion o human T cels, wih improved B cel ifeentation and inreased eves of N cals
- sindar 1o NSG-SGMS3 combined wih faturos of NSG-CSF

~simiar 10 NSG.
1085 of ondogonous Kt funcion, confortod by ho K1 aico

“have impaed endogencus mouse HSCs, alowing engrament of human HSCs wthoutinacation
~support better human enythvopoiesis and patcet formaton
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gene encocsng for protein kinase DNA-actvated
catay subunt which s requied for the non-
homologous end joning pathway of ONA repai duing
VDM recombination. Mutation of rkd leads to DK
recombination defcts.

gene encading for signal reguatory proten aipha;
SIRPa acts as inbitor receptor and nteracts with the
ransmembrane protein CDA7 also caled the “don' eat
me" signal. Thisinteaction nogatvly Conts efector
functon ofimate imimune celssuch as host cel
phagocytosss.

recombination actiating gone 1 0r 2; the protein
encoced by those genes 7o imoled i antbody and
“T-cel receptor VIDM recombinaton.

stom e fctor, s a oYk tha binds 0 the -KIT
eceptor, and it plays a oo i e reguiton of HSCs i
he riche by increasing the suvval and sefrenewal of
HSCs.

grandocyte macrophage colony stimulating facto; it
simuates stom cols o prodce grandocytes and
monooytes.

Simian vins 40 eary promoter anci the R segment and
partofthe US sequence of the ong terminal repeat of
human T calleukema vivs type 1

gene encading for GM-CSF

fms-elted tyrosine knase 3 igand; s a hemalopoieic
cytokine it stimutes the sunal, proferaton, and
iferentiaton of various biood cel progentors.

chimer anigen receptor T-cell, chimeri aniigen
eceptor NK-cel; CARs e eceptor profeins that have
been engineered {0 give T or NK cals the new abiity 10
target a specifc rotein. The reoeplors ar chimeric
because they combine both antigen-binding and TANK-
el activating functions nto a single receptor.
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