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Editorial on the Research Topic 


Challenges associated with identifying preclinical animal models for the development of immune-based therapies


Immunotherapy holds great potential as a cornerstone of cancer treatment due to effective clinical outcomes. Ongoing research aims to enhance its efficacy and overcome its associated pitfalls through preclinical research in animal models. However, identifying a suitable preclinical animal model, to mimic the intricate network of biological mechanisms in humans, is challenging (Chen et al.). The same holds true for autoimmune diseases, like rheumatoid arthritis (RA), inflammatory bowel disease (IBD), collagen-induced arthritis (CIA), Crohn’s disease, systemic lupus erythematosus (SLE), reactive arthritis, type I diabetes, juvenile arthritis and sclerosis. Findings from pre-clinical animal models have the potential to be extrapolated to humans, but the question is if a single animal model can help us find answers to different autoimmune diseases induced by the intricate interplay between host, microbes, and autoimmune response.

This was perfectly underscored by the publications of Berckmans et al. and Sitnikova et al. Both researchers demonstrated that the choice of the preclinical model is crucial to accurately reflect the clinical situation and draw meaningful conclusions from preclinical therapy testing. Given the fact that it is of utmost importance that these models have an intact immune system, also age and realistic location of the tumor (orthotopic models) are needed. Sitnikova et al. investigated how aging can impact the immune profile and tumor progression through their experimental research in 60-72 weeks-old mice models. They observed reduced naïve T cell populations and fewer intratumoral CD8 T cell versus T regulatory (CD8/Treg) cell fractions in aged mice compared to young mice. On average, since cancer is mostly diagnosed in older people, the authors recommend to extend preclinical research in aged mice to predict accurately the treatment response. Furthermore, Giardino Torchia and Moody developed a framework called DIAL, to characterize the testing of cell therapies in mice. The DIAL model evaluates the current preclinical evidence at four levels (Distribution, Infiltration, Accumulation, and Longevity) and highlights which preclinical models could answer the research question (= on gene-modified lymphocyte therapy development) best.

In addition, it is important to consider the distinct time points during tumor progression to evaluate the immune profile in preclinical models. Shields et al. provided a comprehensive overview of the MC38 colorectal cancer preclinical model utilized in investigating T cells during tumor progression to understand the immune-resistance mechanisms. The authors underscored the importance of time-point selection in elucidating the disparities in early-stage and late-stage tumor microenvironments (TME). They demonstrated that the early-stage tumors displayed primitive TME, lacking clinically relevant immune-resistance mechanisms. In contrast, the late-stage MC38 tumor model depicted a mature and developed TME like human TME, characterized by T cell exhaustion, T cell exclusions, and desmoplasia.

Zhou et al. reviewed the advancements achieved with human tumor models in mice and rats. They compared different mice models (induced, spontaneous, transgenic, transplantable, patient-derived xenografts (PDX), and humanized mice models) and explored the development processes along with the advantages and disadvantages. The success rate of implanting human cells in mice has been constantly low, from the earliest nude mice and progressing to the later severe combined immunodeficiency (SCID) and nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice. All humanized mice models lack one or more immune cells, limiting the human immune system reconstruction in animal models. The recent humanized-hematopoietic stem cells (Hu-HSCs) model with less graft-versus-host disease (GvHD) is expected to be used for long-term research, however, it is still lacking human cytokines and stem cells.

Jia et al. went for another approach. They demonstrated that Syrian hamsters exhibit characteristics like humans in terms of their anatomy, physiology, and pathology and can act as the preferred emerging tumor model to develop immunotherapies. They further reported that human granulocyte-macrophage colony-stimulating factor (GM-CSF), human interleukin (IL)-21 and IL-12 are immunologically active in this tumor model. However, the absence of specialized immune reagents poses a challenge in conducting thorough investigations. Initiatives are ongoing to address these limitations by establishing repositories of Syrian hamster tumor cell lines, designing transgenic hamster models, and producing research reagents to precisely evaluate immune functionalities.

Similarly, Xu et al. focused on establishing an orthotopic tumor model in C57BL/6 mice to better understand the immune biology of and validate new therapeutic targets for anaplastic thyroid cancer. The research group compared the original B6129SF1/J hybrid mice model with the adapted model by molecular characterization of the tumor and immune cell populations. They observed upregulation of both pro-inflammatory cells (cytotoxic T cells, helper T cells, pro-inflammatory M1-macrophages) and immune suppressive cells (myeloid-derived suppressor cells), along with enhanced proliferative characteristics of cancer cells. However, the in vitro and in vivo results were contradictory regarding tumor growth. Therefore, further research in this new model is warranted before it can be further used.

Differences between anatomy, histology, and sites of prostatitis in men and rodents are reviewed by He et al. Inflammation pertaining to prostatitis could be acute, chronic, due to a pathogen infection or non-infectious immune-related. For all these subtypes, various preclinical models exist, e.g., non-bacterial prostatitis models arise from hormonal disorders, stress, urinal reflux, nervous dysfunction chemicals, immune mediations diet, and lactations. Readouts for animal models of prostatitis could be changes in behavior, body weight, pathology of the prostate, biochemical results, and measurements of urodynamics. This study highlights the complexity to study prostatitis and it underscores the importance of using multiple animal models to study the disease.

Karmele et al. reviewed single-cell RNA-sequencing (scRNA-seq) similarities and differences between human and animal IBD. There is a complex interaction between immune, microbiological, stromal and epithelial cells. In this study, they also summarized common pre-clinical models of IBD with various mechanisms and their advantages over other models. Chronic inflammation of intestinal cells can be induced chemically, by genetically knocking out IL10, antibody-mediated, via bacterial infections or spontaneously. Destruction of intestinal cells can be generated chemically and genetically by trinitrobenzene sulfonic acids, oxazolone and IL10 knockouts. Spontaneous colitis models can be developed by the production of TNFα, IL23, and Th1 driven immune response in AKR mice, who spontaneously develop lymphatic leukemia. Interestingly, infection of murine intestinal epithelial cells with Citrobacter rodentium and Helicobacter hepaticus can activate cytokine production and induce inflammation which serves as a good pre-clinical model for studying IBD (1).

Likewise, Kim et al. identified RA-associated beneficial microbial species; out of 36 isolates they found Peptoniphilus gorbachii to have major significance. Their results showed that P. gorbachii alleviated CIA in mice by improving intestinal homeostasis and immune regulations. Their novel findings in CIA mice were confirmed by low serum antibody levels against P. gorbachii in patients with worse disease outcomes.

Another successful use of animal models is the mechanically ventilated rabbit model of hyperdynamic septic shock. Nguyen et al. showed that passive immunization with neutralizing alpha-hemolysin, biocomponent leukocidins, and clumping factor A has protective efficacy against Staphylococcus aureus mediated acute septic shock in the mechanically ventilated rabbit model. In this model, authors measured cardiac output (CO), stroke volume (SV), and systemic vascular resistance (SVR). Mean arterial pressure (MAP) decline, increased SVR, reduced SV, increased CO, and reduced left ventricular ejection volume could be measured in this rabbit model. These parameters mimicked the clinical hallmarks of septic shock triggered by S. aureus in patients.

Besides the relevance of a clinical representative immune biology mimicked in the preclinical models, the evaluation of treatments is of course the true reason why we perform preclinical experiments. Berckmans et al. also demonstrated that the timing of the treatments and their order will influence the survival of the mice and that this is (most of the time) not considered when designing preclinical and clinical trials. Kametani et al. evaluated liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated progesterone in humanized peripheral blood mononuclear cells (Hu-PBMCs) breast cancer mice models. The authors noticed that GvHD and short survival periods can affect the evaluation of long-term immune response. Therefore, additional research is required. Gao et al. evaluated the effects of transdermal formestane anti-breast cream using a rat model. They induced mammary carcinoma in female Sprague-Dawley rats using dimethylbenz(a)anthracene administrations. Results demonstrated downregulation of extracellular matrix-related genes, increased immune cell infiltration in tumors, and negative effects on cell growth. The study suggests that formestane can potentially modulate the tumor microenvironment and immune response in breast cancer leading to improved outcomes. Kyuuma et al. developed nanobodies (ozoralizumab) against TNFα that lack the Fc portion of IgG, abrogating immune complex-induced inflammation in an RA model of mice compared to adalimumab (a TNFα inhibitor).

Animal models are very important surrogates for humans to measure pharmacodynamics, toxicity, immunogenicity, biomarkers, and allergic reactions to therapeutics. However, efficacy data generated by animal models are hard to reproduce in humans. The enormous repertoire of preclinical models already available and the continuous creation of newer models should provide us in the future with dedicated models to answer specific research questions. Nevertheless, some parts are still understudied/underrepresented, like for example the response of the nervous system. Humans are a highly developed intellectual entity, and it is understandable that our neuronal response to host and pathogen interaction is different than other animal models which are severely understudied. It is of utmost importance to consider different aspects of a preclinical animal model for evaluating the efficacy of immune-based therapies to translate into better clinical outcomes.
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Animal models play an indispensable role in the study of human diseases. However, animal models of different diseases do not fully mimic the complex internal environment of humans. Immunodeficient mice are deficient in certain genes and do not express these or show reduced expression in some of their cells, facilitating the establishment of humanized mice and simulation of the human environment in vivo. Here, we summarize the developments in immunodeficient mice, from the initial nude mice lacking T lymphocytes to NOD/SCID rgnull mice lacking T, B, and NK cell populations. We describe existing humanized immune system mouse models based on immunodeficient mice in which human cells or tissues have been transplanted to establish a human immune system, including humanized-peripheral blood mononuclear cells (Hu-PBMCs), humanized hematopoietic stem cells (Hu-HSCs), and humanized bone marrow, liver, thymus (Hu-BLT) mouse models. The different methods for their development involve varying levels of complexity and humanization. Humanized mice are widely used in the study of various diseases to provide a transitional stage for clinical research. However, several challenges persist, including improving the efficiency of reconstructing the human B cell immune response, extending lifespan, improving the survival rate of mice to extend the observation period, and improving the development of standardized commercialized models and as well as their use. Overall, there are many opportunities and challenges in the development of humanized immune system mouse models which can provide novel strategies for understanding the mechanisms and treatments of human disease.
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Immunodeficient mice

The development of immunodeficient mice occurred in four main stages. The first stage included nude mice that are simply deficient in T lymphocytes owing to abnormal thymus development (1). However, the application of nude mice in many diseases remains limited because of their low relative degree of immunodeficiency. The second stage included mice with severe combined immunodeficiency (SCID), carrying a mutation of the Prkdc gene (2, 3). SCID mice are deficient in T and B lymphocytes, but retain natural killer (NK) cells and show “leakage” (4). The SCID mutation was then introduced into non-obese diabetic (NOD) mice with NK cell defects to obtain NOD/SCID mice (5), forming the third stage of immunodeficient mice. However, these mice exhibit a high frequency of spontaneous thymic lymphoma and short life cycles, as well as partial NK cell activity. Therefore, their application as a humanized animal model has remained limited (5). To improve this situation, the fourth stage of immunodeficient mice, NOD/SCID rgnull mice, was developed by knocking out the IL-2 receptor gamma chain (IL-2 rg); these knock-out mice had a higher rate of human-cell implantation without leakage or spontaneous thymomas, and are currently the gold standard immunodeficient mouse model (6). The characteristics of different immunodeficient mice are summarized in Figure 1.




Figure 1 | Characteristics of different immunodeficient mice. (A) Nude mice lack T cells due to Foxn1 mutation. (B) SCID mice lack T and B cells due to Prkdc mutation. (C) NOD mice combined with SCID mice produce NOD/SCID mice, which lack T and B cells and have reduced phagocytic activity of macrophages, the cell-killing activity of NK cells, and complement activity. (D) NOD/SCID rgnull mice lack T, B, and NK cells and have reduced phagocytic activity of macrophages and complement activity, defective dendritic cell maturation and function, and reduced incidence of lymphoma due to the loss of the IL-2 receptor γ chain.




Nude mice

Nude mice are the earliest immunodeficient mouse model, first reported by Flanagan in 1966 (1). Owing to an allele mutation on chromosome 11, a resultant defect in the Foxn1 gene prevents normal thymus development (7), thereby leading to a mature T lymphocyte deficiency. The main immunoglobulin in these mice is IgM (8), with little or no IgA. As such, they do not show a rejection reaction to allogeneic tissue (9). The commonly used strains include BALB/c-nu, Swiss-nu, NC-nu, and NIH-nu, all of which are widely used in the study of immune diseases and tumors (10). However, as they still retain B cells and NK cells, they cannot completely accept human immune cell engraftment, and so cannot be used as an ideal humanized mouse model (11).



SCID mice

In 1983, researchers found CB-17 inbred mice that carried a recessive mutation of a single gene on chromosome 16, which led to the abnormal recombination enzyme activity of the sequence encoding the mouse lymphocyte antigen receptor gene VDJ, due to which immunoglobulin, T, and B lymphocyte receptors could not be synthesized effectively (3). This mutation obstructs the repair and recombination of T and B cell receptors and seriously affects the differentiation and maturation of these cells, resulting in the lack of mature T and B cells and low immunoglobulin levels in the peripheral blood or lymphoid organs of SCID mice (2). However, the NK cells and macrophages in SCID mice function normally (12, 13). Furthermore, “leakage” was observed (4, 14, 15), meaning that 2 to 23 percent of the mice showed recovery of T and B lymphocytes with increasing age (16). As SCID mice are highly sensitive to radiation, Ragnull mice were generated by the knockout of recombinant activated genes Rag1 (15) or Rag2 (17) to reduce their radiosensitivity. Rag1 and Rag2 induce V(D)J rearrangement of TCR and immunoglobulin genes by producing DNA double-strand breaks. Homozygous mutations in these genes result in the inability to produce mature T and B cells and produce the same SCID-like phenotype (18). Similar to the SCID mutation, mice with the Rag mutations lack mature T and B lymphocytes. Contrastingly, this mutation does not repair spontaneously. Nevertheless, these mice also allow limited human cell and tissue engraftment because of highly active NK cells (19–21).



NOD/SCID mice

In 1980, researchers obtained nonobese diabetic (NOD) mice via inbreeding and selective breeding, with pathological characteristics and changes similar to those in human diabetes (22). NOD mice have defects in their innate immune system, with low NK cells and macrophage activity, and an absence of circulating complement. Introducing the SCID mutation into the genetic background of NOD mice was hypothesized to result in NOD/SCID mice with simultaneously defective adaptive and innate immunity (23). Indeed, researchers successfully introduced the SCID mutation into NOD mice in 1995. The resulting NOD/SCID mice showed functional loss of T and B lymphocytes and other immune cells, as well as defective NK cell function, resulting in a higher degree of immune deficiency than in the previously noted mouse models (5). Human B cell reconstruction in nude mice and SCID mice was poor. In one study, NOD/SCID mice injected with 1×105 human CD34+ cells showed that humanized B cells from different organs showed different stages of maturation, with immature IgM-IgD- CD24hi CD38hi B cells predominating in the bone marrow and mature CD5+ IgM+ IgD+ CD24int CD38int CD19+ B cells predominating in the spleen and peripheral blood.

Compared with SCID mice, human tumors and immune cells had better survival status in NOD/SCID mice (23). The NOD/SCID mice had the following characteristics (1): low NK cell levels, with significantly reduced killing function; (2) complement C5 deficiency, resulting in inhibition of complement activation;(3) defective IL-1 secretion in lipopolysaccharide-induced macrophages. These characteristics enabled the generation and survival of human cells and grafts in NOD/SCID mice at higher levels. However, this model remained unsuitable, owing to certain defects, including radiosensitivity, which only allows a small radiation dose. T and B cell leakage also occurred in older mice, and their average life span was only 8 months. Furthermore, the NOD gene mutation in NOD/SCID mice increased the probability of spontaneous thymic lymphoma, resulting in a short life cycle of such mice along with partial NK cell activity, limiting its application as a humanized animal model (5).

NOD/SCID mice are not as commonly used to generate humanized mice because they require a higher dose of HSCs for efficient engraftment, compared with more deficient mouse strains like NOD/SCID rgnull mice and they developed thymic lymphomas shortening their lifespan. Despite these disadvantages, the model is still in use because of its unique characteristics. For example, it has been shown that NOD/SCID mice better support the development of human gut-associated lymphoid tissue (GALT) structures due to the presence of the common gamma chain. Therefore, when more robust human GALT structures are needed, NOD/SCID BLT mice may be preferred (24). One study also showed enhanced human cell reconstitution in the GALT of BLT mice. This study, using HIV infection of humanized mice (BLT) as a model of heterosexual transmission, demonstrated that blocking lymphocyte egress from lymph nodes prevented viremia and infection of the gut (25).In addition, NOD/SCID mice transplanted with HSCs are specifically used to generate mice that possess human myeloid and B cells but are devoid of human T cells following the transplant to study certain aspects of EBV and HIV infection (26, 27).



NOD/SCID rgnull mice

The IL-2 receptor gamma chain, also known as the common cytokine receptor gamma chain, is a key component of high-affinity receptors for cytokines such as IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. The development and maturation of T and B lymphocytes and NK cells require the participation of some of these cytokines. The loss of the IL-2 receptor gamma chain hinders the development of T and B lymphocytes as well as NK cells and severely weakens the innate and adaptive immune systems of mice (28). When IL-2 rgnull was combined with SCID, Rag1null, or Rag2null mutations, the resulting NOD/Shi-SCID IL-2null (NOG) (29), NOD/LtSz-SCID IL-2null (NSG) (30), and NOD-Rag1null IL-2 rgnull (NRG) (31) mice were deficient in T and B lymphocytes as well as NK cells (13). These mice completely lost the ability to mount an adaptive immune response and showed serious defects in the innate immune system; which are the main requirements for immunodeficient mice for the construction of humanized mouse models (6).

NOD/SCID rgnull mice can be divided into NOG and NSG mice according to the mutation of the IL-2 receptor gamma chain. The major difference between the NSG and NOG strains is that the IL-2 rg targeted mutation used to develop the NSG strain is a complete null so that no IL-2 rg is expressed, effectively hindering cytokine binding, whereas the IL-2 rg mutation in the NOG strain produces a protein that is expressed and will bind cytokines but cannot transduce the signal (32). NOG and NSG mice were found to be the best models for human cell and tissue transplantation, with a higher transplantation success rate than either SCID or NOD/SCID mice (33, 34). Another important advantage of NOG and NSG mice is the absence of leakage and spontaneous thymomas, which may also be related to the lack of active IL-2 rg. Moreover, several immunodeficient mouse strains, such as NSGB2m and NSG-SGM3, have been derived by gene modification based on NSG mice. These mice are more advantageous in xenotransplantation (35, 36). One study comparing the implantation rate of human cells in the peripheral tissues of NSG mice with that in NOD/SCID mice showed a significantly higher implantation rate of human cells in NSG and NOG mice than in NOD/SCID mice. In addition, the implantation rate of human cells in the bone marrow of NSG mice was higher than that in the other strains, especially in females (37). Therefore, NSG mice are good candidates for generating humanized immune system mouse models. Another study examined the recovery of the immune system in humanized mice after the transplantation of human hematopoietic stem cells in NSG mice. The results showed that T, B cells, monocytes, macrophages, and neutrophils were developed to normal human levels in these mice. Moreover, the phagocytic ability of monocytes and macrophages, and the secretion ability of inflammatory factors under TLR4 stimulation also developed to normal human levels (38).

Signal regulatory protein α (SIRPα) is a transmembrane protein that contains three Ig-like domains within the extracellular region. SIRPα is expressed in macrophages, myeloid cells, and neurons, and interacts with its ligand CD47 via respective IgV-like domains, where the NOD strain has specific polymorphism. CD47 is a member of the immunoglobulin (Ig) superfamily that is ubiquitously expressed in hematopoietic as well as non-hematopoietic cells. The cytoplasmic region of SIRPα has immunoreceptor tyrosine-based inhibitory motifs (ITIMs), and the cell surface binding of CD47 with SIRPα on macrophages provokes inhibitory signals via phosphorylation of ITIM of SIRPα (39), preventing their phagocytic activity (40–42). A recent study showed that transgenic expression of mouse CD47 into the CD34+CD38- human fetal liver cells significantly enhanced the human cell engraftment into BALB-RG mice (43). Based on these results, it is assumed that the binding of NOD-SIRPα with human CD47 produces signals for mouse macrophages not to engulf human HSCs, presumably making the strain permissive for human HSC engraftment (44). The important question was whether the NOD-specific highly efficient human cell engraftment in vivo could be explained solely by the NOD-SIRPα polymorphism. In one study, Yamauchi et al. established a C57BL/6-Rag2nullIL-2rgnull (C57BL/6-RG) line harboring the NOD-type SIRPα. The results clearly show that the replacement of the C57BL/6-type SIRPα with the NOD-type SIRPα is sufficient for the C57BL/6-RG strain to be endowed with the xenotransplantation capability at least equal to NOD-RG mice. Thus, they successfully segregated the genetic abnormality responsible for efficient human cell engraftment from multiple genetic abnormalities in the NOD strain (45). The simplified humanized mouse system established by the new C57BL/6-Rag2nullIL-2rgnullNOD-SIRPα (BRGS) strain should be very useful to improve xenotransplantation strategies in studies on human cell biology. In one study, Di Santo et al. induced the expression of thymic-stromal-cell-derived lymphopoietin (TSLP) in a BALB/c Rag2-/-IL-2rg-/-SIRPαNOD (BRGS) human immune system (HIS) mouse model. The resulting BRGST HIS mice developed a full array of LNs with compartmentalized human B and T cells. Compared with BRGS HIS mice, BRGST HIS mice have a larger thymus, more mature B cells, and abundant IL-21-producing follicular helper T (TFH) cells, and show enhanced antigen-specific responses. Peripheral human B cells in HIS mice retain an immature, transitional phenotype with elevated expression of CD24 and CD38. In BRGS and BRGST HIS mice, they observed this predominant population of CD24hiCD38hi immature B cells in the bone marrow, liver, and spleen. In contrast, mature CD24loCD38lo cells were the dominant human B cell subset in LNs of BRGST mice. Although they did not observe notable differences in these different B cell subsets between the two models, the total numbers of mature CD24loCD38lo B cells in LNs were significantly increased in BRGST HIS mice compared with those in BRGS mice (46).

Humanized mouse models constructed by engrafting peripheral blood mononuclear cells have mainly revealed the presence of human T cells (47, 48). However, in stem cell transplant models, B-cell reconstitution is efficient with T-cell engraftment lagging (49). Although both HSC-infused newborn and adult mice were highly reconstituted with human B cells, the development of B cells was arrested in an early stage and did not suffice for reconstitution of human immunoglobulins (natural antibodies) in serum, other than IgM (50). Impairment of human T and B cell function in HSC reconstituted IL-2 rgnull genetic stocks has been attributed to the lack of expression of human leukocyte antigens (HLA) in the mouse thymus since HLA molecules are required for the development of human T cells that in turn, are essential for stimulation of B cells towards immunoglobulin class switching and antibody secretion (51, 52). In one study, Danner et al. generated NOD.Rag1KO.IL2RγcKO mice expressing HLA-DR4 molecules under the I-Ed promoter infused as adults with HLA-DR-matched human hematopoietic stem cells generating a new strain of NOD.Rag1KO.IL2RγcKO mice expressing HLA-DR*0401 molecules (DRAG mice). The presence of these HLA-DR4-IE transgenes allows irradiated DRAG mice to be engrafted with HLA-DR-matched hematopoietic stem cells; resulting in humanized T-cell and B-cell populations. The HLA-DR4 expressing mice reconstituted serum levels (natural antibodies) of human IgM, IgG (all four subclasses), IgA, and IgE comparable to humans, and elicited high titers of specific human IgG antibodies upon tetanus toxoid vaccination (53). In another study, Ito et al. generated transgenic mice with HLA-DRA-IEα and HLA-DRB1*0401-IEβ chimeric genes. The HLA-DRA-IEα/HLA-DRB1*0401-IEβ molecules rescued the development of CD4+ T cells in major histocompatibility complex (MHC) class II-deficient mice, but T cells expressing Vβ5, Vβ11, and Vβ12 were specifically deleted (54).

These various types of mice are suitable for constructing various humanized mouse models for studying tumors, hematological diseases, infectious diseases, immune diseases, and metabolic diseases (29).




Development of humanized immune system mice

Humanized immune system mice can be divided into three groups according to the method used for immune system reconstruction: humanized-peripheral blood mononuclear cells (Hu-PBMCs) or humanized-peripheral blood lymphocytes (Hu-PBLs), humanized hematopoietic stem cells (Hu-HSCs) and humanized bone marrow, liver, thymus (Hu-BLT) mouse models. The different construction methods and characteristics of humanized mice are shown in Figure 2 and Table 1.




Figure 2 | Different construction methods of humanized mice. (A) Injection of human peripheral blood mononuclear cells or lymphocytes. (B) Injection of human CD34+ hematopoietic stem cells. (C) Co-transplantation of human fetal thymus and fetal liver into the renal capsule of mice, involving injection of hematopoietic stem cells from the fetal liver or bone marrow of the same individual into mice.




Table 1 | Different construction methods and characteristics of humanized mice.




Hu-PBMCs/PBLs mouse model

In this model, human peripheral blood mononuclear cells (PBMCs) or peripheral blood lymphocytes (PBLs) are transplanted into mice via a caudal vein or peritoneal injection (48, 55, 56). In general, 50–80% of human CD45+ cells can be detected in the blood and spleen of mice. Human CD3+ T cells are usually detected in the first week after transplantation, forming an ideal model for studying mature effector T cells (57). Small numbers of B cells, myeloid cells, and other immune cells are also detected in these mice (57, 58). In this model, human memory B cells can produce antibodies after antigen stimulation, but cannot produce a primary immune response. Human immune cells can survive for several weeks after transplantation and are effective to some extent. They can be efficiently infected with HIV, HBV, EBV, HSV, HCMV, KSHV, etc., and play an important role in allogeneic immune response and viral immunity studies (59–65). In the early stage of establishing the humanized mouse model, human peripheral blood mononuclear cells or peripheral blood lymphocytes were injected into nude mice. Since nude mice are only deficient in T lymphocytes, they cannot completely accept human PBMCs or PBLs, resulting in immune rejection (2). In later work, PBLs were directly transplanted into SCID mice to construct a humanized PBLs-SCID mouse model. In this model, a multi-lineage humanized immune system can be obtained, and long-term reconstruction can be maintained. However, the main problem with this model is the fatal graft-versus-host disease (GVHD) caused by the MHC mismatch between human T cells and mouse immune cells (35, 66). GVHD symptoms usually appear 4–6 weeks after injection of human PBMCs, with a short observation window of limited use (58, 67). However, this window can be prolonged and ameliorated by using NSG (NOD/SCID IL-2Rγ C-/-) or RG (BALB/C Rag2-/- IL-2R γ C-/-) mice with deletion of the MHC-I or II genes (68). The Hu-PBLs model is the simplest and most economical humanized mouse model because of the easy availability of human PBLs. However, it also has several shortcomings, such as the low and unstable level of human lymphocyte reconstruction, lack of a normal lymphoid tissue structure and a follicular germinal structure in the spleen, EBV-associated lymphoproliferative disease after massive injection of human cells, and xenograft rejection.



Hu-HSCs mouse model

In this model, the immunodeficient mice were irradiated with a sublethal dose to destroy the hematopoietic function of the autologous bone marrow in mice; human CD34+ hematopoietic stem cells (HSCs) were then transplanted into these immunodeficient mice through the vein or femoral artery (HSCs via intrahepatic injection as pups and via tail vein injection as adults) (69–71). Human HSCs in mice (such as NOG, NSG, etc.) developed into T cells, B cells, and NK cells, and formed bone marrow sources of inhibitory myeloid-derived suppressor cells (MDSCs), and other immune cells (72). The number of human CD45+ T cells usually reaches 25–60% in peripheral blood at 4 weeks after implantation (72). As these immune cells develop from transplanted HSCs and are tolerant to the mouse host, GVHD usually does not occur. The stable period can be as long as 10–12 weeks (73), allowing the study of HIV (74), EBV (75), other infection models, and hematopoietic system development. HSCs can be obtained from bone marrow, umbilical cord blood, or peripheral blood after mobilization using granulocyte colony-stimulating factor (G-CSF) (76). In the early stage of developing this model, human CD34+ hematopoietic stem cells were transplanted into NOD/SCID mice, which could reconstruct lymphocyte proliferation, but the resulting T cells were dysplastic. NSG, RG, or NOG (NOD/Shi-SCID IL-2Rγ C-/-) mice now allow better implantation of human cells (77, 78).



Hu-BLT mouse model

The precursor of this model was the SCID-hu mouse model, which involved surgical implantation with a human fetal thymus and liver under the renal capsule of SCID mice (79, 80). However, this model had obvious shortcomings, such as a low level of human cell reconstruction, unstable development of human T cells, and short survival time (81). Human fetal thymus was also transplanted into SCID-hu mice; and although human T cells developed in the thymus, the level of humanized development was low and unstable. However, when human HSCs were transferred into the hu-HSCs mouse model, a large number of B cells and myeloid cells were generated, but human T cells were completely lacking. In one study, the advantages of SCID-hu mice and Hu-HSCs mice were combined. Human fetal thymus and fetal liver tissue blocks were transplanted from NOD/SCID mice irradiated with a sublethal dose under the renal capsule, and CD34+ HSCs were isolated from the homologous fetal liver by tail vein injection to construct Hu-BLT mice (82). The major difference between the BLT and the SCID-hu mouse model is the additional reconstruction of hematopoietic stem cells from the same fetal liver in the BLT model. The complete range of T cells, B cells, NK cells, DCs, monocytes, macrophages, and other human immune cells can be found in Hu-BLT mice in vivo. Furthermore, they can produce a human adaptive immune response, thereby constituting the most effective mouse model of human immune system reconstruction (83).

The Hu-BLT mouse model (NOD/SCID mice) also shows a human mucosal immune system, and secondary lymphoid tissue, and mounts adaptive human immune responses, such as the production of IgM, IgG, and other immunoglobulins. Therefore, the immune response of humanized BLT mice to implanted exogenous tissues or cells is more similar to the natural response of the human body. NOD/SCID mice were used in the early BLT model, whereas NSG, NOG, or RG mice are used in the improved model (82, 84). The use of human grafts can result in the production of more T cells, B cells, macrophages, NK cells, and DCs. In one study, the generation of humanized BLT mice by the co-transplantation of human fetal thymus and liver tissues and CD34+ fetal liver cells into NOD/SCID rgnull mice allows for the long-term reconstitution of a functional human immune system, with human T cells, B cells, dendritic cells, and monocytes/macrophages repopulating mouse tissues (85). As T cells in human thymus tissue have a high affinity for the MHC of mice, the Hu-BLT model may exhibit a graft-versus-host reaction after 20 weeks of implantation. Humanized mice constructed in the TKO-BLT model, (Rag2, IL-2YC, and CD47 triple gene knockout) did not develop GVHD at 45 weeks, and showed a better effect than the existing BLT mouse model (86).

BLT humanized mice are now widely used for studying tumors, immunology, infectious diseases, regenerative medicine, stem cell therapy, and other research areas (87–89). BLT mice have made a lot of contributions to the study of HIV infection. Using HIV vaginal infection of humanized mice as a model of heterosexual transmission, Deruaz et al. demonstrate that blocking the ability of leukocytes to respond to chemoattractants prevented HIV from leaving the female genital tract (25). In one interesting study, intravital microscopy was used to observe changes in humanized mice after the intervention. Usmani et al. show by intravital microscopy in humanized mice that perturbation of the actin cytoskeleton via the lentiviral protein Nef, and not changes to chemokine receptor expression or function, is the dominant cause of dysregulated infected T cell motility in lymphoid tissue by preventing stable cellular polarization required for fast migration (90). Smith et al. have developed a method to quickly propagate established BLT mice by the secondary transfer of bone marrow cells and human thymus implants from BLT mice into NSG recipient mice. In this way, they were able to expand one primary BLT mouse into a colony of 4–5 propagated BLT mice in 6–8 weeks. These propagated BLT mice reconstituted human immune cells, including T cells, at levels comparable to those of their primary BLT donor mouse. They also faithfully inherited the human immune cell genetic traits from their donor BLT mouse, such as the HLA-A2 haplotype that is of special interest for studying HLA-A2-restricted human T cell immunotherapies. This method provides an opportunity to overcome a critical hurdle to utilizing the BLT humanized mouse model and enables its more widespread use as a valuable preclinical research tool (91). Vatakis et al. used the BLT humanized mouse as a stem cell-based gene therapy tumor model. They use genetically modified human HSCs to construct the thymus/liver implant followed by injection of transduced autologous human HSCs. This approach results in the generation of genetically modified lineages. After the intervention, the regression of the tumor was observed by positron emission tomography (PET) (92). In conclusion, the BLT mouse model has many advantages in human disease research, but its complex construction process needs to be further optimized.




The improvement of humanized immune system mouse models

The humanized mouse models can be further improved by irradiation or chemical pre-treatment, deletion of mouse autoimmune cells, injection of human cytokines, construction of viral vectors, high-pressure injection of gene expression plasmids, and construction of genetically engineered mice. The methods for improving humanized immune system mouse models are summarized in Table 2.


Table 2 | Improvement of humanized immune system mouse models.




Irradiation or chemical pretreatment

Immunodeficient mice could be irradiated or pretreated with chemical reagents to provide more “space” for humanized construction. One study compared the efficiency of transplantation and found that human immune cells could survive better in NOD/SCID mice when 2–3 Gy pre-radiation was performed before injection of human HSCs (93). Furthermore, a single dose (35 mg/kg) of Busilvex can achieve the same transplantation effect as 3.5 Gy irradiation (66). Therefore, these pretreatments may result in increased concentrations of growth factors and chemoattractants and reserve a certain amount of space for the development of human HSCs and immune cells in immunodeficient mice.



Depletion of auto-immune cells in mice

The innate immunity of immunodeficient mice limits the regeneration of human immune cells. Mouse NK cells can be depleted by using CD122 or IL-2R antibodies (94). Another approach to deplete NK activity is the use of anti-asialo GM1 antibody injection before HSC transfer (29). Liposome-encapsulated dichloroethylene diphosphonate (Cl2MDP) can deplete mouse macrophages and facilitate better reconstruction of the human immune system (94, 109). Therefore, when a particular cell type needs to be focused, specific elimination of antibodies may be a good choice.



Injection of human cytokines

With the development of immunodeficient mice and the improvement of reconstitution levels, the role of cytokines has attracted wide attention. In one study, a significant increase in neutrophils, monocytes, and DCs was obtained by injecting human G-CSF into NOG mice (38). Injection of human IL-7 into NOG mouse models was found to promote multi-lineage cell differentiation, achieving a reconstruction effect equivalent to that obtained with umbilical cord blood stem cells (95). In NOD/SCID mice injected with human SCF, IL-3, GMCSF, and TPO for two weeks, the development and differentiation of lymphocytes and myeloid cells were significantly improved (96). Furthermore, in NOD/SCID mice injected with human FLT3L, the number and function of DCs were significantly increased after four weeks (97). In summary, cytokines can greatly promote the construction of humanized mice. Further studies should focus on finding more suitable cytokines for the construction of humanized mice.



Construction of viral vectors

With advances in molecular biology, viral vectors have become a common tool, which can transfer the required genetic material into cells, to achieve the effect of foreign gene expression. In one study, injection of human IL-15 or overexpression of human IL-15 using adenoviral vectors was found to promote NK cell development and maturation (98). Lentiviral vectors carrying the human IL-7 gene have been used to overexpress human IL-7 in Rag2-/- γ C-/- mice; the serum level of human IL-7 was maintained at a high level during the observation period of up to six months in these mice. Il-7 overexpression significantly increased the proportion of T and B cells in peripheral blood, but had little effect on the overall immune reconstitution and did not affect the differentiation of T cell subsets (99).



Injection of gene expression plasmids

The high-pressure injection is a common technique for gene overexpression in vivo. A study on humanized mice generated via high-pressure injection of IL-15 and Flt3l expression vector found that the reconstruction of NK cells was significantly increased. Furthermore, these NK cells showed normal expression of activated receptors and inhibitory receptors, which could be induced to cause liver damage and could kill target cells in vitro, demonstrating that the reconstructed NK cells were functional (100).



Genetic engineering

Mouse models genetically engineered from immunodeficient mice are more stable. Mice repopulated with human hematopoietic cells are a powerful tool for the study of human T and B cells in vivo. However, existing humanized mouse models are unable to support the development of human innate immune cells, including myeloid cells and NK cells. In one study, Rongvaux et al. describe a mouse strain, called MI(S)TRG, in which human versions of four genes (human M-CSF, IL-3, GM-CSF, and TPO) encoding cytokines important for innate immune cell development are knocked into their respective mouse loci. The human cytokines support the development and function of monocytes/macrophages and natural killer cells derived from human fetal liver or adult CD34+ progenitor cells injected into the mice. Human macrophages infiltrated a human tumor xenograft in MI(S)TRG mice in a manner resembling that observed in tumors obtained from human patients (101).

Human CD34+ hematopoietic stem and progenitor cells (HSPCs) can reconstitute a human hemato-lymphoid system when transplanted into immunodeficient mice. Although fetal liver-derived and cord blood-derived CD34+ cells lead to high engraftment levels, engraftment of mobilized, adult donor-derived CD34+ cells has remained poor. Saito et al. generated so-called MSTRG and MISTRG humanized mice on a Rag2-/-IL-2rg-/- background carrying a transgene for human SIRPα and human homologs of the cytokine macrophage colony-stimulating factor, TPO, with or without IL-3 and granulocyte-macrophage colony-stimulating factor under murine promoters. They transplanted mobilized peripheral blood (PB) CD34+ cells in sublethally irradiated newborn and adult recipients. Human hematopoietic engraftment levels were significantly higher in bone marrow (BM), spleen, and PB in newborn transplanted MSTRG/MISTRG recipients as compared with non-obese diabetic/severe combined immunodeficient IL-2rg-/- or human SIRPα-transgenic Rag2-/- IL-2rg-/- recipients. Furthermore, newborn transplanted MSTRG/MISTRG mice supported higher engraftment levels of human phenotypically defined HSPCs in BM, T cells in the thymus, and myeloid cells in non-hematopoietic organs such as liver, lung, colon, and skin, approximating the levels in the human system. Similar results were obtained in adult recipient mice (102).

In addition, in one study, human TPO knock-in mice were constructed using Rag2-/-γ C -/- mice, resulting in an increased level of humanized reconstruction, multi-lineage immune cell development and differentiation, and increased platelet counts (103). SIRPα inhibits the phagocytosis of macrophages physiologically (110) and plays an important role in the maintenance of hematopoietic stem cells, red blood cells, and platelets (101). In one study, the phagocytic activity of macrophages was significantly inhibited by knock-in human SIRPα in Rag2-/- γ C-/- mice (104). In another study, the expression of human monocytes and macrophages in bone marrow, spleen, peripheral blood, lung, liver, and the abdominal cavity was significantly increased by knock-in of human M-CSF into Rag2-/- γ C-/- mice and their migration, phagocytosis, and activation were enhanced (41). Human SCF, GM-CSF, and IL-3 have also been expressed in NSG mice using transgenic technology, to form NSG-SGM3 mice. The reconstruction level of myeloid cells, especially dendritic cells, is significantly improved in these mice (105). In addition, NSG-3GS mice were also constructed by knock-in of human SF, IL-3, and GM-CSF into NSG mice. Humanized myeloid cells were significantly increased in these mice (106). Similarly, myeloid cells were significantly increased by the knock-in of human SCF and KITL in NSG mice (106). On this basis, a study was conducted integrating human M-CSF, IL-3/GM-CSF, TPO, and SIRPα in Rag2-/- γ C-/- mice which promoted the increase of human myeloid and NK cells (107).

Humanized mice are also irreplaceable in COVID-19 research. Severe COVID-19 is characterized by persistent lung inflammation, inflammatory cytokine production (111–113), viral RNA, and sustained interferon (IFN) response all of which are recapitulated and required for pathology in the SARS-CoV-2 infected MISTRG6-hACE2 humanized mouse model (based on the Rag2-/- IL2rg-/-129xBalb/c background supplemented with genes for human M-CSF, IL-3, SIRPα, TPO, GM-CSF, and IL-6 knocked into their respective mouse loci) of COVID-19 with a human immune system (108). In this study, Sefik et al. show that SARS-CoV-2 infection and replication in lung-resident human macrophages is a critical driver of the disease (108). In summary, the genetic engineering of humanized mice plays a unique role in modeling and studying specific diseases.




Conclusions and future prospects

To the present day, immunodeficient mice have undergone development from Nude mice to SCID, NOD/SCID, and NOD/SCID rgnull mice, and their immunity level has gradually increased. To better simulate human diseases, researchers have constructed the human immune system in immunodeficient mice, and the humanized immune system mouse model provides a powerful tool for studying human diseases. However, there are still many limitations of the various humanized mouse models, and further improvements are needed to truly recapitulate the human immune system. One major hurdle is the scarcity of sources of human cells and tissues, in particular, those obtained from fetal samples carry ethical restrictions. One possible solution to this is induced pluripotent stem cell (iPSC) technology, which enables the use of patient-specific iPSCs allowing a renewable source of autologous cells without immune rejection. The second obstacle is that in humanized mice, secondary lymphoid structures are either missing or disorganized, curtailing essential humoral responses, resulting in impairments for both class switching and affinity maturation post-immunization. To overcome this, lymphoid tissue inducer cells should be introduced without affecting IL2rg receptors. Alternatively, immunodeficient mice can be engrafted with both fetal liver and cells that support fetal liver cell growth from the same clinical donor and supplemented with cytokines, to ensure that the differentiation and maturation of HSCs can take place to improve functional immune cells including macrophages, follicular DC, and T helper cell reconstitution. The third obstacle is that an absence of essential human cytokines hinders optimal HSC engraftment, differentiation, and maturation of functional immune cells. To tackle this issue, mouse models can be hydrodynamically boosted with plasmids encoding cytokines. Despite this improvement, the binding of human cytokines may be hindered by residual mouse cytokines or may induce mouse cells to proliferate and displace the engraftment of human cells due to the cross-reactivity between human and mouse cytokines. Eliminating this problem would require the absolute depletion of murine cells or the introduction of high-affinity human-specific cytokines and growth factors. The fourth hurdle is that human cell engraftment is being negatively affected by mouse cells (red blood cells and innate immune cells) that were not completely depleted during the construction of immunodeficient mice. To improve this, additional gene knock-outs could be added to current strains of immunodeficient mice to further reduce mouse red blood cells, granulocytes, and macrophage functions. However, because of the low human erythrocyte engraftment, excessive reduction of mouse red blood cells might result in anemic mice which have short lifespans, are weak, and are not suitable for experiments. A long-term solution would be to optimize and increase the engraftment rate of human red blood cells in humanized mice so that all traces of mouse red blood cells can be removed. The fifth is the irreproducibility of mouse studies when donors are different for each “batch” of mice. This may be the most important and challenging task for the development of humanized mouse models. Indeed, there is a significant lack of evaluation criteria for donors including clinical data of patients in different disease states and the quantity and quality of their donated specific immune cells. For humanized mouse models, various systemic characteristics are still needed to comment on the development of a successful model. In summary, despite great progress and advances, there are still many limitations to the various humanized mouse models, and further improvements are needed to truly recapitulate the human immune system.
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Cancer immunotherapy (CIT) has emerged as an exciting new pillar of cancer treatment. Although benefits have been achieved in individual patients, the overall response rate is still not satisfactory. To address this, an ideal preclinical animal model for evaluating CIT is urgently needed. Syrian hamsters present similar features to humans with regard to their anatomy, physiology, and pathology. Notably, the histological features and pathological progression of tumors and the complexity of the tumor microenvironment are equivalent to the human scenario. This article reviews the current tumor models in Syrian hamster and the latest progress in their application to development of tumor treatments including immune checkpoint inhibitors, cytokines, adoptive cell therapy, cancer vaccines, and oncolytic viruses. This progress strongly advocates Syrian hamster as an ideal animal model for development and assessment of CIT for human cancer treatments. Additionally, the challenges of the Syrian hamster as an animal model for CIT are also discussed.




Keywords: Syrian hamster, tumor model, cancer immunotherapy, immune checkpoint inhibitor, cytokine, adoptive cell therapy, cancer vaccine, oncolytic virus




1 Introduction

With increasing incidence and mortality, cancer is a major public health problem worldwide and is a major obstacle to increasing life expectancy (1, 2). Cancer immunotherapy (CIT) works by stimulating or re-invigorating the body’s immune system to directly attack cancer cells (3). In recent years, the number of approved CIT drugs has increased dramatically and it has become a mainstay cancer therapy alongside traditional therapeutic options. Despite the widespread application of CIT in human cancers, only a minority of patients benefit from these therapies (4). Therefore, there is an urgent need for an ideal animal model that can accurately reflect the complexity of the immunosuppressive human tumor microenvironment to predict the immune response and efficacy of immunotherapy, promoting the development of CIT and reducing the failure rate of clinical trials.

Syrian hamster (Mesocricetus auratus) belongs to the Cricitinae family of hamsters and is commonly known as the golden hamster. These animals originated in Syria and are naturally found in the arid, temperate southeast Europe and Asia Minor (5). Syrian hamsters currently used as laboratory animals originated from a litter captured in 1930 (5, 6). There is mounting evidence that the Syrian hamster is highly similar to humans in anatomy, physiology, and pathology (7–9). Their similarity is especially valuable in terms of the similarity of pathophysiology, i.e the occurrence, development, symptoms, pathology, and outcomes of disease (10). Syrian hamsters have a short reproductive cycle, are docile, and are easy to raise and handle (8, 11).

It has been reported that the human granulocyte-macrophage colony-stimulating factor (GM-CSF) is immunologically functional in hamsters (12) and recently we reported that human interleukin (IL)-12 was biologically active towards the immune cells of Syrian hamsters (13). The human cytokines IL-21 and IL-2 have also demonstrated immunological activity in hamsters (14, 15). The Syrian hamster macrophage migration inhibitory factor (MIF) is structurally and functionally similar to humans and significantly enhanced tumor growth and promoted tumor-associated angiogenesis in Syrian hamster tumor models (16). An animal model with an intact and functional immune system is indispensable for the development and characterization of cancer immunotherapy efficacy and potential toxicities, therefore, the Syrian hamster is the preferred animal model in many fields of medical research. In this review, we discuss the current landscape of the Syrian hamster tumor models, the promises and challenges of the Syrian hamster as a model for evaluating cancer immunotherapy.



2 Syrian hamster tumor models


2.1 Syngeneic tumor models

Syngeneic tumor models are the most used preclinical models for evaluating cancer immunotherapy and refer to the transplantation of in vitro cultured tumor cell lines into immunocompetent animals (
Figure 1A
), typically including subcutaneous, intraperitoneal disseminated and orthotopic tumor models. In recent years, Syrian hamsters have been widely used in preclinical research as tumor models. The Syrian hamster model can better simulate the development of human cancer and reproduce the genomic heterogeneity of human cancer and the complexity of its microenvironment (8, 17).




Figure 1 | 
Syrian Hamster Tumor Models. (A) Syngeneic tumor models involve the transplantation of in vitro cultured Syrian hamster cancer cells into immunocompetent Syrian hamsters. (B) Carcinogenic tumor models are induced by carcinogens, which allows tumors to undergo de novo formation. (C) Human xenograft tumor models utilize human cancer cells to inject into immunocompromised Syrian hamsters or the cheek pouches of immunocompetent Syrian hamsters. (D) Genetically engineered models are the application of genetic engineering techniques to modify hamster genes to induce cancer development.




It has been reported that the hamster peritoneal omentum-associated lymphoid tissue is anatomically equivalent to the human milky spots, which are mainly composed of macrophages and are closely related to the spread of cancer cells (18, 19) The Syrian hamster cheek pouch lacks an intact lymphatic drainage pathway and is considered immune privileged, which supports the long-term survival of transplanted foreign tissue without immunological rejection (5). It was previously reported that human myofibrosarcoma (MFS-l) and melanoticmelanoma (ME-l) transplanted into the cheek pouch of Syrian hamsters were fully sensitive to colchicine stimulation throughout growth and that this sensitivity persisted after multiple consecutive transplants, thus providing support for the hamster-human tumor system as a tool to evaluate human antitumor agents (20). The Syrian hamster pancreatic cancer cell line HaP-T1 has been established and exhibits tumorigenicity on syngeneic Syrian hamsters, and histologically showed obvious epithelial characteristics similar to human pancreatic cancer. Further studies have shown that hamster N-terminal Sonic hedgehog (SHH) is 99% identical to human, while N-SHH promotes desmoplasia in human pancreatic cancer (21, 22). Researchers have also established the Syrian hamster pancreatic carcinoma cell line SHPC6, which when injected into peritoneal cavity, forms disseminated tumor nodules and nodules attached to the pancreas, faithfully simulating patients with advanced pancreatic cancer metastasis (23). Additionally, the syngeneic Syrian hamster glioma orthotopic model showed hypercellularity and necrotic areas, consistent with the characteristics of human glioma (24). At present, the Syrian hamster syngeneic tumor models used for research include pancreatic cancer (25–27), oral cancer (28), gallbladder cancer (29), glioma (24), kidney cancer (23, 30), liver cancer (23), lung cancer (23) and breast cancer (31). However, the challenge with all syngeneic tumor models is that they cannot reflect the multi-stage process of carcinogenesis due to the direct engraftment of malignant cells, therefore, these models are not suitable for the evaluation of the application of anti-tumor immunotherapy in the early stages of tumorigenesis (32).



2.2 Carcinogenic tumor models

Oncogenic tumor models are primarily caused by carcinogens (
Figure 1B
). The instability of the genome allows tumors to undergo de novo formation in the microenvironment. This produces great genomic complexity and accurately reflects the occurrence and development of tumors in humans (33). It has been reported that N-nitroso-bis(2-oxopropyl) amine (BOP) can induce pancreatic ductal adenocarcinoma in Syrian hamsters and its histology, morphology, biology, pathology, and genetics are similar to humans. For example, its development from ductal cells, local invasion, distant metastasis, cachexia, and point mutations in the K-ras gene (34–37). In addition, studies have shown that the Syrian hamster cholangiocarcinoma model induced by the combination of Clonorchis Sinensis infection and dimethyl nitrosamine resulted in chronic inflammation, bile duct injury and atypical bile duct hyperplasia, with progression to cholangiocarcinoma, histopathologically similar to human liver fluke infection-associated cholangiocarcinoma (38–40). The chemically induced Syrian hamster cheek pouch carcinogenesis model can accurately reflect a series of common processes seen in human oral precancerous lesions and carcinogenesis, including mutations and expression changes of oncogenes and tumor suppressor genes. Histologically, the cells showed varying degrees of atypia and differentiation, similar to those seen in human squamous cell carcinoma (41–46). Researchers used 9,10-dimethyl-1,2-benzthracene (DMBA) to induce the formation of cheek pocket squamous cell carcinoma in Syrian hamsters and established the Syrian hamster cheek pocket squamous cell carcinoma cell line. Subsequently, the cell lines were transplanted into the subcutaneous and cheek pouch of hamsters and treated with the oncolytic adenovirus HAdV5 exhibiting significant antitumor effects (28). In addition, it has been reported that chemical carcinogens could induce lung cancer in Syrian hamsters (47–52), and the N-nitrosobis (2-oxopropyl) amine (BOP) induced Syrian hamster lung cancer model faithfully mimics human small cell and non-small cell lung cancer (NSCLC) (47, 51, 52). Histopathologically, it shows a subtype of adenocarcinoma, which is very similar to the type of adenocarcinoma of human non-small cell lung cancer (NSCLC), and the common feature with human lung cancer is that tumor tissues overexpress cyclooxygenase-2 (COX-2) and nuclear factor kappa B (NF-kappaB), which are important factors in the pathogenesis of lung cancer (44). Compared with mice and rats, the streptozotocin-induced Syrian hamster hepatocellular carcinoma tumor model has the advantage of high incidence and short latency, making it an ideal animal model for assessing hepatocarcinogenesis (53). Researchers have also used N-methyl-N-nitrosourea (MNU) to induce hamster breast cancer, and histopathological analysis showed that this animal model resembled human high-grade poorly differentiated breast adenocarcinoma. At the same time, they established the first immortalization of a Syrian hamster breast cancer cell line HMAM5, with a high tumorigenic rate in female hamsters (31). Additional carcinogen-induced cancers in Syrian hamsters include kidney cancer (51, 54, 55), cholangiocellular tumors (52), endometrial adenocarcinoma (56) and laryngeal cancer (57).



2.3 Xenograft tumor models

Human xenograft tumor models are established by transplantation of human-derived tumor cell lines or tumor tissues into immunocompromised Syrian hamsters (
Figure 1C
). Recently, we created a new pancreatic cancer xenograft model using IL2RG gene knockout Syrian hamsters (named ZZU001) with IL-2, IL-4, IL-7, IL-9, IL-15, and IL- 21 receptor function deficiencies, resulting in a significantly decrease in T lymphocyte activity and non-functional B and NK cells, producing a severely immunocompromised state (8, 11). Subcutaneous and orthotopic transplantation of a panel of human pancreatic cancer (PC) cell lines into ZZU001 Syrian hamsters and immunodeficient mice demonstrated that only in ZZU001 did multi-organ metastases similar to those seen in human pancreatic cancer develop. PC tissue from Syrian hamsters exhibited desmoplastic reactions in both stromal and epithelial-to-mesenchymal transition phenotypes, whereas PC tissues from immunodeficient mice did not show this feature. In addition, we transplanted an established human esophageal cancer (EC) cell line (SBRC-EC01) into immunodeficient ZZU001 Syrian hamsters, resulting in a subcutaneous tumor with a pathological structure similar to the primary tumor, but SBRC-EC01 has no tumorigenicity in B-NDG mice and BALB/c nude mice. This suggests the Syrian hamster is a very valuable animal model for studying treatment responses in human PC and EC (8).

Most commonly, human tumor models are established by subcutaneous inoculation of human tumor cells into immunodeficient mice, however, in these models, the histological features of the primary tumor are not reflected (17) The cheek pouches of hamsters possess immune-privileged sites that allow human tumor transplantation to form a distinctive xenograft tumor model. Sakakibara et al. (58) showed that when human malignant tumor tissue-derived cell lines were transplanted into the cheek pouches of Syrian hamsters, the histology of these tumors was consistent with the primary tumor. This was not reflected when the same model was established in mice (59). In addition, serial transplantation of human lymphomas in neonatal hamsters has also been reported, a model that may be a practical system for the study of immunotherapeutic agents, however, no similar reports have been reported in neonatal mice (60, 61). The establishment of human osteosarcoma model in newborn Syrian hamsters has also been reported (62). In conclusion, although xenograft mouse models have become common models for evaluating tumor progression and the efficacy of cancer drugs, they do not faithfully reflect human tumor progression. However, the immune-deficient Syrian hamster model ZZU001 can be used to better simulate human tumors and show the histological and pathological characteristics of human tumors.



2.4 Genetically engineered tumor models

Genetically engineered models involve the application of genetic engineering techniques to modify hamster genes to induce cancer development (
Figure 1D
). Currently, hamster transgenic models mainly include KCNQ1 knockout, TP53 knockout and IL2RG knockout as discussed above (8, 63, 64). KCNQ1 is a gene encoding a potassium channel that is widely expressed in human and rodent tissues, and KCNQ1 functions as a tumor suppressor gene in the gastrointestinal tract of both humans and mice (65). Li et al. created the first genetically engineered KCNQ1 knockout hamster cancer model by CRISPR/Cas9 genetic engineering technology, and the homozygous KCNQ1 knockout hamsters showed severe physical discomfort response at day 70. 85.7% of the hamsters had visible cancers at necropsy, including T-cell lymphoma, plasma cell tumors, hemangiosarcomas, and suspected myeloid leukemia, and developed multi-organ infiltrates (63). In addition, Miao et al. used CRISPR/Cas9 genetic engineering technology to generate TP53 knockout hamsters. In TP53 homozygous mutant hamsters, lymphomas, hemangiosarcomas, and myeloid leukemias were the predominant types of cancer developed, while TP53 heterozygous hamsters mainly developed lymphomas (64). Of note, in contrast with TP53 homozygous KO mice, hamsters developed carcinomas in several epithelial tissues that were not observed in TP53 KO mice. TP53-deficient acute myeloid leukemia (AML) in human is highly malignant, has a low response rate to chemotherapy, and has a mediate overall survival of only 5-10 months (66), so there is an urgent need for effective animal models to develop new treatments. Most importantly, TP53-deficient hamsters can develop acute myelogenous leukemia, however, TP53-deficient mice generally do not develop acute myelogenous leukemia (64). Thus, hamsters can be used to evaluate new therapeutic modalities for TP53-deficient acute myeloid leukemia. Recently, Miao et al. established a novel SHARPIN knockout (KO) Syrian hamster using the CRISPR/Cas9 system, and eosinophil infiltration in esophagus and other organs was observed in SHARPIN KO transgenic hamsters, which may represent early symptoms of human eosinophilic esophagitis (EoE). Therefore, it is expected that SHARPIN KO transgenic hamsters will encapsulate the syndrome of human autoinflammatory diseases (67).




3 Cancer immunotherapy in the Syrian hamster model

Cancer Immunotherapy (CIT) was the breakthrough of the year 2013 (68). More than a dozen immunotherapies have been approved for cancer treatment to date, however, there are many more immunotherapies in preclinical trials and there is an urgent need for suitable preclinical models to effectively assess their suitability. CIT methods currently evaluated in Syrian hamsters include immune checkpoint inhibitors (14, 69), cytokines (13, 70–72), adoptive cell therapy (15, 60, 73), cancer vaccines (19, 74) and oncolytic viruses (14, 26, 29, 75). A summary of Syrian hamster models used for evaluation of CIT is presented in 
Table 1
.


Table 1 | 
The Syrian Hamster Models in Cancer Immunotherapy.





3.1 Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICI) are by far the most thoroughly studied and clinically advanced form of immunotherapy. PD-1/PD-L1 and CTLA-4 are the two most common immune checkpoint inhibitor targets and several ICI drugs have been approved by the FDA for cancer treatment. Although ICI produces more durable responses than conventional chemoradiation, response rates remain low in many cancers (3, 96), a situation that may be improved by the application of more suitable animal models during pre-clinical testing of these agents.

It has been reported that in a Syrian hamster PC subcutaneous tumor model, αPD-1 (anti-mouse) combined with oncolytic adenovirus (AdV) co-expressing IL-12, GM-CSF, and RLX (Relaxin), which can inhibit the synthesis of extracellular matrix (ECM) and degrade the overexpressed ECM in tumor tissue, to allow full dispersion of the therapeutics,exhibited stronger tumor inhibition compared with the αPD-1 group (69). In the Syrian hamster orthotopic PC model, αPD-1 combined with oncolytic AdV significantly inhibited the growth of primary and metastatic tumors without ascites formation, whereas the αPD-1 group exhibits extensive tumor metastasis and ascites formation. Further studies showed that application of oncolytic Ad/IL12/GM-RLX enhanced penetration of α-PD1 into tumor tissues, and enhanced T cell activation and infiltration into tumors (69). Both the Syrian hamster orthotopic and intraperitoneal dissemination models can faithfully mimic the characteristics of human PC and like human PC, the Syrian hamster PC models are insensitive to ICI. However, combination therapy sensitized PC to αPD-1 treatment and enhanced antitumor effects.



3.2 Cytokines

Cytokines were the first type of immunotherapy to be used in the clinic and have a history of over 40 years of clinical use. IFNα and IL-2 have been approved for the treatment of malignant tumors (97, 98). Cytokines are key mediators of cell-to-cell communication in the tumor microenvironment (TME) and dysregulation of cytokine expression is present in all human cancers (99). Cytokine therapy refers to the direct stimulation of immune cell growth and activity by injected cytokines. Former commonly used cytokines treatments involved mono-therapeutic use of interferons, interleukins, or granulocyte-macrophage colony-stimulating factor (GM-CSF) (3). However, studies have shown that, except for a few cancers, such as melanoma and renal cell carcinoma, single cytokine therapy in clinical trials is not satisfactory (99) and testing of multiple agents in suitable pre-clinical models is necessary for future application of cytokine therapy.

Interestingly, it appears that the similarities between hamster and human disease pathology extend to the immune system and many human cytokines are functional in the Syrian hamster. Parviainen et al. (70) reported that human GM-CSF has immunological functions in immunocompetent Syrian hamsters. In the Syrian hamster PC model, oncolytic Vaccinia virus expressing human GM-CSF can enhance specific anti-tumor immune responses by recruitment and activation of natural killer cells, monocytes, and granulocytes to enhance the anti-tumor effect. However, human GM-CSF is not functional in mice. We reported that human IL-12 stimulated the proliferation of hamster, but not murine peripheral blood mononuclear cells and induced the expression of interferon-γ and tumor necrosis factor-alpha. At the same time, we constructed an oncolytic AdV expressing non-secreting IL-12 to achieve local low-dose release of IL-12, solving the problems of short half-life and high systemic toxicity associated with IL-12. Using the Syrian hamster PC peritoneal dissemination model and orthotopic tumor models, we demonstrated a good anti-tumor effect and prolonged survival with no toxic side effects observed (13). We also demonstrated that the oncolytic Vaccinia virus (VV) expressing human IL-21 prolongs survival in an intraperitoneal dissemination hamster model of pancreatic cancer (14). Joao Manuel Santos et al. (73) demonstrated that oncolytic AdV expressing human IL-2 achieved the local release of IL-2 in hamster pancreatic cancer, improved the efficacy of adoptive cell therapy, and significantly enhanced the infiltration of CD8+ T cells into the tumor microenvironment, while avoiding systemic toxicity caused by a intravenous delivery of IL-2. In addition, it was reported that human IFN-α is also immunologically functional in hamsters and prolongs survival in a hamster lymphosarcoma model (71, 72). Thus, many human cytokines are biologically active in Syrian hamsters, suggesting this model as a highly suitable immunocompetent model for direct assessment of the role of human cytokines in antitumor activity. This model will also provide robust toxicity information regarding the side-effects of cytokine treatment that can only be determined in mice by use of the murine cytokine counterparts.



3.3 Adoptive cell therapy

Adoptive cell therapy (ACT) mainly utilizes tumor-infiltrating lymphocyte (TIL)-derived T cells or genetically engineered T cells to express tumor-recognition receptors, resulting in durable anti-tumor responses (100). TIL-based ACT relies on (i) non-myeloablative lymphoid exhaustion, (ii) tumor-specific T cells isolated from tumor tissues, expanded in vitro, and injected into the host, and (iii) IL-2 administration after TIL infusion (100). Currently, TIL therapy has a durable antitumor effect in melanoma patients (101), but to make TIL therapy widely available, many researchers have improved the efficacy and safety of ACT through combination therapy strategies.

Mikko Siurala et al. (60) reported for the first time that tumor-infiltrating lymphocytes (TILs) from Syrian hamsters combined with oncolytic AdV enhanced tumor cell killing ability in vitro, and oncolytic adenovirus enhanced the efficacy of TIL therapy. However, systemic administration of high doses of IL-2 can lead to severe systemic toxicity and even death (73). It has been reported that using ACT to treat hamster PC, the local high-dose release of IL-2 achieved by co-treatment with Ad5/3-E2F-d24-hIL2 avoided toxicity associated with systemic administration. More interestingly, Ad5/3-E2F-d24-hIL2 increased CD8+ T cells in the tumor microenvironment compared with systemic IL-2 administration. Therefore, Syrian hamster models have demonstrated that in ACT therapy, local release of IL-2 can effectively replace systemic administration and reduce toxicity associated with this form of therapy (73). The Syrian hamster is crucial for this modelling as they not only have immune responses that are reflective of the human scenario and support human IL-2 functions, but critically hamster models are supportive of AdV replication, a feature not shared by murine models. The first step in ACT therapy is host lymphoid depletion, but this can lead to severe cytopenia, systemic inflammatory responses, and damage to vital organs (15, 100). In order to overcome this problem, João Manuel Santos et al. (15) used a hamster PC model to demonstrate that oncolytic AdV armed with human IL-2 and human tumor necrosis factor alpha (TNF-α) could achieve antitumor effects without lymphoid depletion. Indeed, compared with lymphoid depletion, hamsters receiving oncolytic adenovirus and TILs had a significantly longer survival time and repeated AdVtreatment resulted in durable antitumor effects. The mechanism for this is postulated as dependent on AdV-induced upregulation of major histocompatibility complex (MHC) class II in draining lymph nodes, which effectively stimulates CD4+ T cells. These data suggest that the Syrian hamster provides a reliable preclinical animal model for ACT, accurately modeling the toxicity of treatments with human cytokines and that they are critical models for evaluating the ACT combination with oncolytic AdV therapy. Data obtained from Syrian hamster models provide more relevant and reliable evidence for the clinical translation of this therapeutic strategy.



3.4 Therapeutic cancer vaccines

Therapeutic cancer vaccines are designed to induce tumor regression and eradicate cancer cells by boosting a patient’s immune response and developing durable antitumor memory immune responses (102). Dendritic cells (DCs) are the most functional antigen-presenting cells (APCs) in the body and play a key role in coordinating the innate and adaptive immune responses against the tumor (103). In 2010, the first therapeutic cancer vaccine (SiPuleucel-T) was approved by the FDA, which improved overall survival for patients with refractory prostate cancer (104, 105).

To understand the potential for a DC vaccine in hamster PC, Akiyama et al. (74) reported that hamster bone marrow (BM)-derived DC (BM-DC) stimulated with hamster tumor cell lysate had an obvious anti-tumor effect on hamster subcutaneous PC. Further studies showed that tumor lysate-pulsed hamster DC could enhance activity of tumor-specific cytotoxic T lymphocytes (CTL). Akiyama et al. (19) also reported that in the hamster PC intraperitoneal dissemination tumor model, tumor lysate-treated DCs significantly inhibited the growth of orthotopic tumor cells and the formation of ascites. Further studies showed that the antitumor effect of tumor lysate-pulsed DCs was mainly due to the activation and expansion of tumor-specific CTLs. Given the lack of success in development of successful therapeutic cancer vaccines to date, the Syrian hamster tumor model should be considered for the development and testing of these regimes as it can better demonstrate the complexity of human cancer and thus has many advantages over mouse models.



3.5 Oncolytic virus therapy

Oncolytic viral therapy is a promising strategy for CIT. Naturally tumor-tropic viruses, or viruses genetically modified for tumor tropism are used to generate anti-tumor activity. The mechanisms by with oncolytic viruses achieve this are (i) selective replication in and killing of tumor cells, (ii) release of tumor-related antigens to induce a systemic anti-tumor immune response, and (iii) induction of potent anti-tumor immune responses via infiltration and activation of innate and adaptive immune cells (106). While the prospects for oncolytic viral therapy are positive, with 4 licensed treatments to date, animal models to evaluate these vectors have significant limitations. Oncolytic AdV was the first approved oncolytic virus, licensed in 2005 in China for treatment of refractory head and neck cancer. Since then, AdV has been intensively studied as an oncolytic agent as their genome and biology are well understood, safe, and easily manipulated. However, replication of AdV is species-selective and immunocompetent mouse models are not supportive of AdV replication. Therefore, the evaluation of oncolytic AdV vectors is often performed in immunodeficient mice with human xenograft tumors that do support virus replication. This limits the useful information that is produced through in vivo experimentation, as these models cannot adequately assess the safety of viral vectors and their role in host immune responses. Furthermore, as human AdV replicates poorly in normal and tumor tissues of mice, off target effects are difficult to determine (19, 77, 107).

The Syrian hamster is both immunocompetent and allows human AdV replication in normal and tumor tissues, and many research papers have detailed the usefulness of Syrian hamster models for investigation on oncolytic AdV (9, 13, 23–26, 28, 76–80, 82, 84–87, 90–95, 108–111). Phillips et al. (24) established the first immunocompetent Syrian hamster glioma model that is oncolytic AdV replication-permissive, which is novel platform for studying the interactions between the host immune system, tumors, and oncolytic adenoviral therapy. Further studies showed that T-cell infiltration in the tumor microenvironment was significantly increased after treatment with the oncolytic AdV Delta-24-RGD and significant prolongation of survival was achieved compared to the control group (24). Moreover, it was reported that in the Syrian hamster xenograft human esophageal tumor model, AdV-TD-nsIL12 showed strong anti-tumor effects and inhibited tumor cell proliferation and reduced microvascular density in tumor tissue (17). In addition to its advantages for testing oncolytic AdV, the immune response elicited following VV virus infection in Syrian hamsters has been shown to be partly mediated by natural killer cells in a similar manner to human infection, and this phenomenon is not seen in mice (112), suggesting the Syrian hamster as a suitable model for assessing the immune competence of the oncolytic VV (8, 9, 14, 70, 83, 88). The immune-competent Syrian hamster has also been used to evaluate oncolytic Herpes Simplex Virus (HSV) (29, 89), Reovirus (75), and Newcastle disease virus (NDV) (26), thus providing reliable preclinical studies for the development of oncolytic virus drugs. Nakano et al. (29) demonstrated that the antitumor ability of HSV G207 in athymic-free mice was significantly lower than that in immunocompetent Syrian hamsters, indicating that T-cell-mediated immune response played an important role in the local and systemic anti-tumor effects of G207. This demonstrates the necessity of using animal models with intact immune responses to evaluate oncolytic virus therapy. Interestingly, a novel therapeutic regime to eradicate established tumors by sequential use of two different oncolytic viruses was demonstrated in immunocompetent Syrian hamster PC (HPD-1NR) and kidney cancer (HaK) models (9). Sequential administration of low-dose oncolytic adenovirus and Vaccinia virus exhibited stronger antitumor effects compared to the reverse combination or single agent therapy. Further studies showed that AdV-VV treatment increased tumor-infiltrating lymphocytes and induced a higher tumor-specific immune response (9). Therefore, the immunocompetent Syrian hamster is an appropriate animal model to evaluate the combined treatment strategy of oncolytic AdV and VV as well as other oncolytic viruses.




4 Conclusions and prospects

The number of cancer immunotherapy drugs approved by the FDA has been increasing and cancer immunotherapy is an exciting new paradigm in cancer therapy. An ideal preclinical animal model is urgently needed to evaluate cancer immunotherapy. The US Food and Drug Administration indicates a suitable model is similar to humans in disease onset, progression, symptoms, pathology, and pathophysiology. The Syrian hamster complies with this requirement and immunocompetent hosts can accurately mimic the human scenario in terms of immune responses to disease states and pathogens. Indeed, we and others have recently reported its relevance over mouse models for modelling of SARS-CoV2 infection and disease (113). The Syrian hamster tumor model is more representative of the occurrence and development of human tumors and faithfully recapitulates the complexity of the tumor microenvironment (23, 41). Many human cytokines, including GM-CSF, IL-21, and IL-12, have immunological functions in the hamster (13, 14, 70) and this model is also favored for the examination of species-selective oncolytic viruses such as AdV, which replicate poorly in immunocompetent mice (88).

Challenges do remain with the use of the Syrian hamster model. For example, there are fewer syngeneic tumor cell lines and genetically engineered cancer models available compared with mice and a lack of specific immune reagents can hamper in-depth investigation of immune responses and cytokine changes in the TME after CIT. Moreover, there is currently no humanized Syrian hamster model. We and others are working hard to overcome these constraints, building banks of Syrian hamster tumor cell lines, transgenic hamster models, and developing research reagents to assess immune functions accurately. Thus, we believe that soon, the Syrian hamster will become a widely-used preclinical animal model that accurately simulates various human disease states. This will allow a more accelerated, refined analysis of CIT that can be confidently applied to clinical practice in a more timely manner.
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Introduction

Humanized mice are emerging as valuable models to experimentally evaluate the impact of different immunotherapeutics on the human immune system. These immunodeficient mice are engrafted with human cells or tissues, that then mimic the human immune system, offering an alternative and potentially more predictive preclinical model. Immunodeficient NSG mice engrafted with human CD34+ cord blood stem cells develop human T cells educated against murine MHC. However, autoimmune graft versus host disease (GvHD), mediated by T cells, typically develops 1 year post engraftment.



Methods

Here, we have used the development of GvHD in NSG mice, using donors with HLA alleles predisposed to autoimmunity (psoriasis) to weight in favor of GvHD, as an endpoint to evaluate the relative potency of monoclonal and BiSpecific antibodies targeting PD-1 and CTLA-4 to break immune tolerance.



Results

We found that treatment with either a combination of anti-PD-1 & anti-CTLA-4 mAbs or a quadrivalent anti-PD-1/CTLA-4 BiSpecific (MEDI8500), had enhanced potency compared to treatment with anti-PD-1 or anti-CTLA-4 monotherapies, increasing T cell activity both in vitro and in vivo. This resulted in accelerated development of GvHD and shorter survival of the humanized mice in these treatment groups commensurate with their on target activity.



Discussion

Our findings demonstrate the potential of humanized mouse models for preclinical evaluation of different immunotherapies and combinations, using acceleration of GvHD development as a surrogate of aggravated antigenic T-cell response against host.
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Introduction

Immunotherapy has emerged in recent years as a novel approach for treatment of cancer through modulation of the patient’s immune system. Antibodies targeting immune checkpoint inhibitors such as programmed cell death-1 (PD-1) its ligand (PD-L1), or cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) have greatly contributed to advances in cancer treatment in diverse tumour types (1–4). Regulation of immune responses through PD-1 and CTLA-4 is mediated by non-redundant mechanisms (5). While both are negative signals for T cell activation, CTLA-4 is expressed exclusively on T cells and regulates the amount of CD28 co-stimulatory signalling a T cell receives during both activation and also at later stages of differentiation (5, 6). By contrast PD-1 is more broadly expressed and regulates T cells at later stages of immune activation in peripheral tissues or at the tumour site (5). Though recent evidence points to an overlap in the PD-1 and CTLA-4 pathways, given the novel finding that CD80, a ligand for CTLA-4, can dimerise in cis with PD-L1 (7). Hence, combined blockade of both immune checkpoints could lead to additive or synergistic effects and improve the response rate to these therapies compared to their use as monotherapies. In this line, clinical data demonstrates the impact of combined therapy with increases in overall survival observed in patients with different solid tumours (8–10).

Syngeneic mouse models are relevant for the study of immunotherapies as they consist of immunocompetent mice engrafted with tumour tissues derived from the same genetic background and can help to understand the immune response after immunotherapy treatment. However, a number of limitations complicate the translational value of these models for humans (11). First, mouse cancer cell lines are limited and do not carry many of the relevant mutations associated with clinical disease. Second, surrogate antibodies, which are functionally equivalent to the therapeutic antibody candidate but binding to the target ortholog expressed in mice, are sometimes difficult to be generated and usually have affinities and binding domains that may not closely resemble the biology of the candidate drug, rendering the data of limited use to understand the pharmacology of the drug on the immune system (11, 12).

Immunodeficient mice engrafted with a functional human immune system are emerging as useful models to evaluate some human immune responses in different pre-clinical scenarios, however they have a number of caveats given their incomplete human immune reconstitution (13–16). The most common immunocompromised strain of mice used for humanization is the NOD-scid IL2Rγnull (NSG) (17, 18). These mice can be engrafted with either PBMCs (13) or human haematopoietic stem cells (HSCs), isolated from umbilical cord blood (UCB) (19), bone marrow (BM) (20) or foetal liver (21). This latter model leads to the generation of a diverse repertoire of human immune cells in the mice, including B, T, NK cells, monocytes and dendritic cells, and humanization is improved if newborn mice are used instead of adult mice (22). It typically takes 16 weeks to obtain stable human cell engraftment in mice, and they can survive for more than one year without developing T cells-mediated graft-versus-host disease (GvHD). In these humanized mice, injected stem cells are educated against the murine major histocompatibility complex (MHC) during their differentiation into T cells, making them tolerant to the mouse environment, compared to the PBMC model (13), with higher thresholds for their activation (23, 24). The use of human HSCs cells with certain human leucocyte antigen (HLA) types associated with development of autoimmune disorders such as psoriasis or rheumatoid arthritis has been previously reported to accelerate the development of GvHD in this model (25, 26).

In this study, we first compared the in vitro biological functionality of different immune checkpoint inhibitors: anti-PD-1 monoclonal antibody (mAb), anti-CTLA-4 mAb, a combination of anti-PD-1 & anti-CTLA-4 mAbs and MEDI8500 that is bivalent for both targets (27) but has reduced affinity to the CTLA-4 receptor. For in vivo comparisons, we used UCB-derived CD34+ HSCs from donors with HLA alleles predisposed to psoriasis to humanize newborn NSG mice, in order to accelerate development of GvHD, as previously described (25, 26). In these mice we compared the ability of anti-PD-1 and anti-CTLA-4 mAbs as single agents, in combination, and MEDI8500 to break tolerance to the mouse environment, using the development of GvHD lesions as a surrogate to evaluate aggravated antigenic T cell response and as an endpoint to determine relative potency. We demonstrate that both the combination of anti-PD-1 & anti-CTLA-4 mAbs and MEDI8500, show enhanced potency compared to anti-PD-1 or anti-CTLA-4 monotherapy both in vitro and in vivo. This study provides further evidence for the utility of humanized mice for the evaluation of comparative potency of different immunotherapeutics and combinations.



Materials and methods



Antibodies

Anti-PD-1 LO115 is a fully human IgG1 mAb with an affinity for human PD-1 of KD = 0.81nM. Anti-CTLA-4 TM is a fully human IgG1 mAb with an affinity for human CTLA-4 of KD = 0.42nM. Anti-PD-1/CTLA-4 BiS 5 (MEDI8500) is a bivalent BiSpecific antibody where the Fab domains are specific for PD-1, and where the scFv domains are specific for CTLA-4 and are tethered to the CH3 domain. In the BiSpecific format the affinity for human PD-1 is KD = 1.23nM and human CTLA-4 is KD = 1.22nM (Supplementary Figure 1). All antibodies were generated by AstraZeneca.



PD-1 reporter assay

CHO K1 OKT3-CD14 (low) hB7H1 (high) cl 2 cells (expressing anti-CD3 and PD-L1) were seeded at 0.6 × 104 cells in RPMI1640 GlutaMAX™ medium (Gibco, Paisley, UK) supplemented with 10% FBS, in 384-well tissue culture-treated plates and incubated for 18 hours at 37°C. Supernatants were removed and fresh culture medium added with 1.5 × 104 Jurkat NFAT Luc2 PD1 clone 3L-B9 cells (expressing PD-1 and possessing NFAT promoter driven luciferase expression) supplemented with 2.31 nM anti-CD28 antibody (BD Biosciences, Oxford, UK). Single agents anti-PD-1 and anti-CTLA-4 were added to this co-culture in a 3-fold dose titration from 0.005 nM to 300 nM. MEDI8500 was added in a 3-fold dose titration from 0.016 nM to 1000 nM. Co-cultures were incubated for 5 hours and 40 minutes at 37°C followed by 20 minutes at room temperature. Steady-Glo Buffer (Promega, Southampton, UK) was added to tissue culture wells for 10 minutes to lyse cells and luminescence was detected using the using the ultra-sensitive luminescence settings on an Envision spectrophotometer (Perkin Elmer, Seer Green, UK).



CTLA-4 reporter assay

2 × 104 Raji cells (expressing CD80 and CD86) and 8 × 104 Jurkat CTLA4 IL2 luc2 cells (expressing CTLA-4 and possessing IL-2 promoter driven luciferase expression) were seeded in RPMI1640 GlutaMAX™ medium supplemented with 10% FBS and 1% non-essential amino acids), in 96-well tissue culture-treated plates supplemented with 2.5 µg/mL anti-CD3 (eBioscience, UK). Single agents anti-PD-1 and anti-CTLA-4 were added to this co-culture in a 3-fold dose titration from 0.008 nM to 500 nM. MEDI8500 was added in a 3-fold dose titration from 0.160 nM to 1111 nM. Co-cultures were incubated for 6 hours at 37°C. Steady-Glo Buffer was added to tissue culture wells for 10 minutes to lyse cells and luminescence was detected using the ultra-sensitive luminescence settings on an Envision spectrophotometer.



Human anti-CD3/SEB assay

Human PBMCs were isolated and re-suspended in assay medium, RPMI1640 GlutaMAX™ medium supplemented with 10% FBS and 1% penicillin-streptomycin and a total of 2 × 105 PBMCs/well were added in triplicates to a 96-well flat-bottomed tissue culture-treated plate, pre-coated for 2 hours at 37°C with 0.5 µg/mL mouse anti-human CD3 antibody (Invitrogen, Paisley, UK), then Staphylococcal enterotoxin B (SEB) (Sigma-Aldrich, St. Louis, MO, USA) was added to a final concentration of 100 ng/mL. Next, anti-PD-1, anti-CTLA-4, MEDI8500, or a combination of anti-PD-1 + anti-CTLA-4 monotherapies were added in a 4-fold dose titration from 400 nM. Cell cultures were incubated at 37°C with 5% CO2 for 3 days, supernatants were harvested, and IL-2 secretion was evaluated by ELISA (R&D Systems, Minneapolis, MN, USA).



Mice

Human CD34+ haematopoietic stem cell-engrafted NSG™ females (huNSG) were purchased from The Jackson Laboratory (Sacramento, CA, USA) with specific HLA types predisposed to autoimmunity (Table 1). Mice were housed in individually ventilated cages under SPF conditions and used at ̴19 weeks of age. Animals were checked daily for morbidity and mortality. At the time of routine monitoring, the animals were checked for any effects of treatments on normal behaviour such as mobility, visual estimation of food and water consumption, body weight gain/loss, eye/hair matting and any other abnormal observations. All study procedures were conducted following an approved IACUC protocol and Crown Bioscience San Diego Standard Operating Procedures.


Table 1 | HLA profile for each donor.





In vivo study design

Two different in vivo studies were run using the same design. Before grouping and treatment all animals were weighed. The grouping was performed by using StudyDirector™ software (Studylog Systems, Inc. CA, USA). One optimal randomization design (generated by Matched distribution) that showed minimal group to group variation was selected for group allocation. Animals within a single HLA cohort were evenly distributed throughout the groups. Randomization was based on body weight and donor HLA type. Prior to dosing, cheek bleeds were collected from each animal for flow cytometry to detect the baseline immune cell population prior to treatment.

The data presented is a compilation of two different studies. There were 5 treatment groups in total: vehicle (n = 35), anti-PD-1 (n = 15), anti-CTLA-4 (n = 15), combination of anti-PD-1 + anti-CTLA-4 (n = 20) and MEDI8500 (n = 35). Mice received 3 mg/kg of the corresponding single agent or MEDI8500, or a combination of 3mg/kg + 3 mg/kg in the anti-PD-1 + anti-CTLA-4 combination group subcutaneously every 3 days, followed by termination on day 46 (Supplementary Figure 2). Body weight and clinical observations were made 3 times a week. Signs and clinical observations of GvHD were established as follows: Grade 0 = Normal; Grade 1 (mild) = 5-10% weight loss, mildly decreased activity, hunching only at rest and/or mild ruffling; Grade 2 (moderate) = 10-20% weight loss, moderately decreased activity, hunching only at rest and/or moderate alopecia; Grade 3 (severe) = >20% weight loss, stationary until stimulated, impaired movement and/or severe ruffling.

Animals were terminated for humane reasons if body weight loss was > 20% over a period of 72 hours. Upon termination, blood was collected for plasma processing and flow cytometric analysis. Lungs, liver and half of the spleen were collected for histology and immunohistochemistry. The other half of the spleen was processed for flow cytometric analysis. For any animals found dead, tissues were not taken for analysis.



Histopathology and immunohistochemistry

Samples of liver, lung and spleen were fixed in 10% neutral-buffered formalin, and processed to paraffin blocks using routine methods. Previous observations (unpublished) had shown that these organs were the most consistently and strongly affected in animals that developed GvHD. Tissues were sectioned at 4 μm thickness and stained with hematoxylin and eosin (H&E), or with immunohistochemistry using a rabbit monoclonal antibody specific for human CD45 (D9M81, Cell Signaling Technology, Leiden, The Netherlands) at a 0.05 µg/mL dilution, on an automated Leica Bond-RX immunostainer (Leica Biosystems, Wetzlar, Germany), using DAB as a chromogen. This antibody was demonstrated not to cross-react with mouse CD45 in wild-type mouse lymphoid tissues (unpublished observations).

For histopathology evaluation, H&E stained sections were examined by a board-certified veterinary pathologist with experience in mouse pathology, and evaluated for inflammatory/immune changes. Changes that were considered by the pathologist to be a consequence of GvHD (rather than background/incidental changes) were characterised and scored for severity on a subjective scale of 1 to 4, depending on the extent of the change thoughout the tissue. A total GvHD score (0-12) was calculated by adding the lesion scores from each tissue (if more than one change was observed per tissue, only the highest lesion score was used for that tissue).

For immunohistochemistry evaluation, sections stained for huCD45 were digitally scanned at 20x magnification, using an Aperio scanner (Leica Biosystems). The extent of huCD45 cell infiltration in the tissues was quantified using Halo image analysis software (Indica Labs, Albuquerque, NM, USA). Briefly, the tissue region of interest (ROI) was annotated by the pathologist, targeting the maximal amount of tissue, but excluding large tissue artifacts (debris, folds, etc…) and extraneous tissue. Positive huCD45 staining was quantified, using the Halo Area Quantification algorithm (v.2.1.3), adapted to the staining characteristics of the study. An area-based detection was considered more representative than cell-based quantification, because the intensity of huCD45 staining and the tendency of huCD45-positive cells to form dense clusters made single-cell recognition difficult. The huCD45-positive area was reported as percentage of total tissue area (excluding clear spaces).



Flow cytometry

Flow cytometric analysis was conducted on whole blood from cheek bleeds prior to dosing, and also on blood and spleen from all mice taken at termination, except for those found dead. Upon collection of blood samples, red blood cells (RBC) were lysed first with 1x RBC Lysis Buffer (Invitrogen, Waltham, MA, USA), followed by mouse Fc blocking with TruStain FcX™ (anti-mouse CD16/32, BioLegend, San Diego, CA, USA) and human Fc blocking with Human TruStain FcX™ (BioLegend) prior to the staining. The spleens were smashed through PBS pre-wet 70-μM cell strainers, followed by RBC lysis and Fc blocking before staining. Single cells were stained with the following anti-human antibodies obtained from BioLegend: CD45 (clone 2D1), CD3 (clone HIT3a), CD8 (clone SK1), CD4 (clone RPA-T4), CD154 (CD40L) (clone 24-31) and CD134 (OX40) (clone Ber-ACT35). Stained samples were run on a BD LSRFortessa™ flow cytometer (BD Biosciences, San Jose, CA, USA). Data were analysed with the Kaluza Analysis Software (Beckman Coulter, Brea, CA, USA). Human cells were phenotyped following the gating strategy presented in Supplementary Figure 3.



Statistical analysis

Data analysis was conducted using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Survival curves were represented with Kaplan-Meier plots and statistical differences calculated using the Mantel-Cox test. A Mixed-effects analysis followed by Sidak’s multiple comparisons test was used to evaluate statistical differences between pre-treatment and post-treatment groups. A one-way ANOVA followed by Tukey’s multiple comparison was used to evaluate statistical differences between treatment and control groups. Differences in incidence of histologic GvHD lesions between groups were evaluated with chi-square tests.




Results



In vitro functionality of monoclonal antibodies and MEDI8500 targeting PD-1 and CTLA-4

We performed two separate reporter assays to evaluate the in vitro potency of the different antibodies blocking both pathways: PD-1/PD-L1 and CTLA-4/CD80&86. In the PD-1 reporter assay, we observed that the potency for human PD-1 reporter blockade of anti-PD-1 mAb as single agent (EC50 = 0.92 nM) was similar to that of MEDI8500 (EC50 = 1.30 nM) (Figure 1A). In the CTLA-4 reporter assay, the potency for human CTLA-4 receptor blockade of anti-CTLA-4 mAb as single agent (EC50 = 3.57 nM) was ̴ 4-fold higher compared to that of MEDI8500 (EC50 = 12.61 nM) (Figure 1B).




Figure 1 | Increased in vitro potency with antibody combination and MEDI8500 compared to monotherapies (A) Bioluminescence levels in a PD-1/PD-L1 blockade bioassay after 5 hours and 40 minutes of incubation with increasing doses (3-fold) of either anti-PD-1, anti-CTLA-4 or MEDI8500. (B) Bioluminescence levels in a CTLA-4 blockade bioassay after 6 hours of incubation with increasing doses (3-fold) of either anti-PD-1, anti-CTLA-4 or MEDI8500. Data are represented as Mean ± SD of duplicates in each point. (C) Levels of IL-2 secretion by human PBMCs after 72h of in vitro treatment with increasing doses (4-fold) of either anti-PD-1, anti-CTLA-4, combination of anti-PD-1 + anti-CTLA-4 or MEDI8500, on an anti-huCD3 + SEB stimulation assay. Data are represented as Mean ± SEM for 4 independent donors. A two-way ANOVA followed by Tukey’s multiple comparison was used to evaluate statistical differences between antibody combination or MEDI8500 and single agents at each concentration; statistically significant differences are noted when *P < 0.05.



Moreover, treatment of primary PBMCs with MEDI8500 significantly increased the levels of IL-2 secreted by PBMCs at all concentrations after 72 hours, compared to the respective single agents (Figure 1C). Similarly, the combination of anti-PD-1 + anti-CTLA-4 mAbs significantly raised the levels of IL-2 secreted at different concentrations compared to the single agents, but to a lesser extent than MEDI8500. No significant differences were observed in the level of IL-2 secretion between MEDI8500 and combination treatment (Figure 1C).



In vivo functionality of monoclonal antibodies and MEDI8500 targeting PD-1 and CTLA-4

Acceleration of GvHD in huNSG mice after immunotherapy treatment was used as an endpoint to evaluate the relative potency of monoclonal & BiSpecific antibodies targeting PD-1 and CTLA-4. Most animals treated with the single agents did not develop symptoms of GvHD (Grade 0) or had mild signs of rough coats and hunching (Grade 0-1) between day 24-46, and the majority survived until the end of the study (12 out of 15 in the anti-PD-1 mAb group and 14 out of 15 in the anti-CTLA-4 mAb group). However, survival was significantly decreased in the anti-PD-1 group compared to vehicle (Figure 2A). In the mice that received the anti-PD-1 + anti-CTLA-4 combination significantly reduced survival was noted compared to the control group, and when compared to the anti-PD-1 or anti-CTLA-4 single agent groups (Figure 2A), with some animals terminated as soon as 11 days after the start of treatment due to the onset of Grade 3 adverse signs, including moderate rough coats and hunching, in addition to weight loss (Supplementary Figure 4), and just 6 out of 20 mice (30%) surviving until the end of the study with mild (Grade 0-1) or moderate (Grade 2) symptoms of GvHD. Similarly, mice in the MEDI8500 group showed a significantly decreased survival compared to the control animals, and animals receiving anti-PD-1 or anti-CTLA-4 as single agents, with mice terminated from day 19 onwards due to development of Grade 3 GvHD phenotype, including moderate rough coats, hunching and emaciation. Just 11 out of 35 mice (31%) survived until the end of the study with mild (Grade 0-1) or moderate (Grade 2) symptoms of GvHD. There was no significant difference in survival between the antibody combination and MEDI8500 groups.




Figure 2 | Acceleration of GvHD with antibody combination and MEDI8500 compared to monotherapies (A) Kaplan-Meier plot showing overall survival in the different groups of treatment. The control (n=35) and MEDI8500 (n=35) groups include data from two independent experiments, while the data for the anti-PD-1 (n=15), anti-CTLA-4 (n=15) and antibody combination (n=20) groups are from a single experiment. (B) Survival curves in the antibody combination group depending on the HLA type of the donor. Each donor showed was used to reconstitute 4-6 mice per treatment group. (C) Survival curves in MEDI8500 group depending on the HLA type of the donor. Each donor showed was used to reconstitute 4-6 mice per treatment group. The Mantel-cox test was used to assess statistical differences between groups; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



We observed differences in survival rate after treatment between some of the donor HLA types in both the antibody combination (Figure 2B) and MEDI8500 group (Figure 2C). Mice reconstituted with cells from donor 5443 showed a significant reduction in overall survival after treatment with either the antibody combination or MEDI8500, with all mice terminated due to adverse GvHD signs Grade 3 between days 16-24 after the start of treatment in the antibody combination group (Figure 2B) or after 16-37 days in MEDI8500 group (Figure 2C). Donor 5443 was unusual, in that this donor was homozygous for a total of 7 out of 9 HLA alleles: HLA-B, HLA-C, HLA-DRB1, DRB4, DQA1, DQB1 and DPA1, with specific HLA alleles more predisposed to autoimmunity (Table 1). By contrast, the other donors were more heterozygous, with at most 4 homozygous alleles, and mice reconstituted with stem cells from more heterozygous donors survived significantly longer with both treatment regimens (Figures 2B, C).



Expansion of T cells in humanized mice after administration of PD-1 and CTLA-4 targeting antibodies

Analysis of the percentage of huCD3+ T cell population in dissociated spleen at termination revealed significant T cell expansion in the antibody combination (> 60%) and MEDI8500 (> 55%) groups compared to the control group (~ 20%) and the single agent groups (~ 30%) (Figure 3A). Similarly, the percentages of huCD4+ and huCD8+ T cells were significantly increased solely in the antibody combination and MEDI8500 groups (huCD4+ > 35%; huCD8+ ~ 18%) compared to the control (~ 10%) and single agent groups (Figures 3B, C).




Figure 3 | Significant expansion of T cells with antibody combination and MEDI8500 compared to monotherapies. Flow cytometry analysis of the percentages of (A) huCD3+ T cells, (B) huCD4+ T cells and (C) huCD8+ T cells in spleen of mice at sacrifice. Data are represented as percentage within huCD45+ population for each individual mouse and as Mean ± SD of all mice in each treatment group. Mice numbers are the same as in Figure 2A. A one-way ANOVA followed by Tukey’s multiple comparison was used to evaluate statistical differences between treatment and control groups; ****P < 0.0001.



Likewise, a significant increase on the percentage of huCD3+ T cell population was found in blood at termination in the different groups after treatment compared to the pre-treatment levels (Supplementary Figure 5A). This rise in huCD3+ T cells corresponded with a significant increase of circulating huCD4+ and huCD8+ T cells in the antibody combination and MEDI8500 groups after treatment (huCD4+ > 50%; huCD8+ > 20%), when compared to the control and anti-PD-1 groups (Supplementary Figures 5B, C). The percentage of huCD4+ T cells was also significantly higher in the anti-CTLA-4 single agent group (> 35%) after treatment (Supplementary Figure 5B), but not the percentage of huCD8+ T cells (Supplementary Figure 5C).



Activation of T cells in humanized mice after administration of PD-1 and CTLA-4 targeting antibodies

We evaluated the expression levels of different activation markers on human T cells circulating in blood in the different groups of mice at sacrifice. We observed that T cells from mice from the antibody combination and MEDI8500 groups showed a significantly increased percentage of OX40+ ( ̴ 13% and ̴ 11%, respectively) and CD40L+ ( ̴ 18% and ̴ 14%) huCD4+ T cells compared to the control group (Figure 4). Similarly, we found a significant increase of huCD8+ T cells expressing these markers in the antibody combination and MEDI8500 groups (OX40+ ̴ 4% and ̴ 3%, respectively; CD40L+ ̴ 4% and ̴ 3%, respectively) when compared to control, but the extent of increase in the percentage of cells expressing these markers was lower on huCD8+ T cells than on huCD4+ T cells (Figure 4).




Figure 4 | Significant activation of T cells with antibody combination and MEDI8500 compared to monotherapies. Percentage of huCD4+ and huCD8+ T cells expressing T cell activation markers in terminal blood of mice in the different groups of treatment. Data were analysed by flow cytometry and represented as mean of all mice in each treatment group. Mice numbers are the same as in Figure 2A. A Mixed-effects analysis followed by Dunnett’s multiple comparisons test was used to evaluate statistical differences between control and treated groups. A significant difference (***P < 0.001) was noted in the antibody combination and MEDI8500 groups compared to the control group in the percentage of huCD4+OX40+ T cells, huCD8+OX40+ T cells and huCD8+CD40L+ T cells. *P < 0.05 was noted in the antibody combination and MEDI8500 groups compared to the control group in the percentage of huCD4+CD40L+ T cells.





Highest incidence of GvHD lesions after antibody combination or MEDI8500 in humanized mice

Sections of liver, lung and spleen stained with H&E were examined to detect inflammatory changes consistent with GvHD (Figure 5). In the liver (Figure 5A), inflammatory changes consisted mostly of infiltration of the portal spaces by immune cells, predominantly lymphocytes but frequently accompanied by macrophages. This infiltrate often breached the portal limiting plate to extend into the lobular parenchyma, and was occasionally associated with the presence of single necrotic hepatocytes within the infiltrate. This immune infiltrate was also occasionally observed perivascularly, around centrolobular veins, as well as in random foci in the lobular parenchyma. In the more severe cases the immune infiltrate was very abundant, with miliary foci throughout the tissue. In some cases the infiltrate had a distinctly granulomatous component, with prominent macrophages and multinucleated giant cells.




Figure 5 | Greater GvHD lesion score with antibody combination and MEDI8500 compared to monotherapies. (A) Representative images of GvHD lesions in tissues: (1) lung, with vascular intimal, perivascular and interstitial lymphocytic infiltration (20x magnification) (2) Liver, with portal infiltration with lymphocytes and macrophages extending to the lobular parenchyma (20x magnification) (3) spleen, with expansion of white pulp by lymphocytes, and small macrophage nodules in the red pulp (10x magnification) (4) spleen, with diffuse granulomatous infiltration with coalescing macrophage nodules (12x magnification) (B) Histopathologic scoring of GvHD lesions, shown as mean ± SD per treatment group. Total score is sum of liver, lung and spleen scores. Mean total scores are calculated either for the whole group (including animals without any lesions), or excluding the animals without lesions. a significant difference (*P < 0.05) with vehicle, b significant difference (*P < 0.05) with vehicle, anti-PD-1 and anti-CTLA-4, c significant difference (*P < 0.05) with vehicle and anti-PD-1, d significant difference (*P < 0.05) with vehicle and anti-CTLA-4 (C) huCD45 positive cell infiltration in liver, lung and spleen, expressed as proportion of total tissue area. **P<0.01, ***P<0.001, ****P<0.0001.



In the lung (Figure 5A), the observed inflammatory changes consisted predominantly of perivascular immune cell infiltrates around small and medium sized vessels, sometimes associated with leukocyte margination in the vascular lumen and focal intimal immune cell infiltration. The immune cells were predominantly lymphocytes, with the macrophage component observed in the liver not as prominent in the lung lesion. The alveolar parenchyma around the vessels with perivascular infiltrates often contained small foci of interstitial immune cell infiltration. In the more severe cases, the perivascular infiltrates formed thick cuffs, with the intima markedly thickened by immune cells, and the surrounding parenchyma showing significant interstitial infiltration.

In the spleen (Figure 5A), the changes were variable. Expansion of the periarteriolar white pulp areas by a dense population of immune cells, mostly lymphocytes, was frequently observed, but in some cases significant numbers of macrophages were also present. Another frequently observed change was infiltration of the red pulp area with small nodules of macrophages and occasional multinucleate giant cells; in more severe cases this infiltration became almost diffuse throughout the red pulp, significantly expanding the spleen, and associated with areas of necrosis. Often, a significant and variable degree of extra-medullary hematopoiesis (EMH) was observed. This is a common observation in mouse spleen, and this was not interpreted as associated with GvHD. However, individual variability in EMH likely had a confounding effect on relative huCD45+ area measurements.

The incidence of mice with GvHD lesions in at least one tissue and the severity score of GvHD lesions per group are shown in Figure 5B. The incidence of histologic lesions was clearly higher than the incidence of pre-mortem clinical signs. Overall, there were more frequent GvHD lesions in the anti-PD-1 and anti-CTLA-4 groups than in the vehicle group, and more frequent lesions in the antibody combination and MEDI8500 groups than in the vehicle and monotherapy groups. A similar pattern was noted in the total lesion severity scores, with the antibody combination and MEDI8500 groups showing higher mean scores than the monotherapy groups, and the latter groups showing higher severity scores than the vehicle group. This overall pattern was preserved when animals without lesions were excluded. This indicates that, when present, lesions tended to be more severe in the antibody combination and MEDI8500 groups than in the monotherapy and vehicle groups. In the monotherapy groups, when present, lesions were more severe in the anti-PD-1 group than in the vehicle group, but there was no statistically significant difference in lesion severity between the CTLA-4 group and vehicle. Finally, there were no differences in lesion incidence or overall severity between the antibody combination and MEDI8500 groups. Potential effect of donors on the incidence and severity of GvHD lesions was difficult to reliably assess, because of the small number of animals per donor within each treatment group, and the individual variability in GvHD lesion scores.

Immunohistochemical staining of liver, lung and spleen section with a huCD45-specific antibody was carried out in an attempt to quantify GvHD-linked immune cell infiltration, and compare these results to histopathologic evaluation (Figure 5C and Supplementary Figure 6). Significant increases in huCD45 staining were noted in the livers of some treatment groups, mainly the antibody combination and MEDI8500 groups which showed significantly higher huCD45 infiltration than the vehicle and monotherapy groups. In the lung, the anti-CTLA-4, antibody combination and MEDI8500 groups showed higher huCD45 staining than the vehicle group, with MEDI8500 group showing the most marked increase in huCD45 staining. These results tended to mirror the results from the GvHD lesion scores, although GvHD lesion scores tended to show more statistically significant differences between groups than huCD45 staining (Supplementary Table 1). In the spleen, some differences in huCD45 staining were noted between groups, but these did not correlate with GvHD lesion severity, and therefore huCD45 staining was not helpful in quantifying GvHD lesions in the spleen (Supplementary Figure 6).




Discussion

In this study we have analysed the in vitro functionality of the immune checkpoint inhibitors anti-PD-1 and anti-CTLA-4 antibodies as either single agents or in combination, along with MEDI8500, which is an anti-PD-1/CTLA-4 BiSpecific antibody. PD-1 and CTLA-4 are immune checkpoint inhibitors that provide negative signals for T cell activation after interaction with their ligands, helping to maintain immune tolerance (5). In the clinic, when anti-PD-1 and anti-CTLA-4 mAbs are administered as monotherapy, patients who respond can have significantly increased survival. However, only a proportion of patients respond to these monotherapies (28), hence there was rationale for combining PD-1 and CTLA-4 inhibitors, as it could lead to synergistic increases in T cell activation and patient response rate (28). The combination of anti-PD-1 and anti-CTLA-4 mAbs has shown improved responses in the clinic and a sustained survival benefit, compared to those in the monotherapy groups (8–10, 29–31), and is approved for different types of solid cancers (32). However these combinations can lead to an increase in immune related adverse events. Development of an anti-PD-1/CTLA-4 BiSpecific antibody is a novel approach aiming to release the full potential of the combination into a single molecule. MEDI8500 has a similar potency against human PD-1 as the anti-PD-1 mAb, but it has a lower affinity for the CTLA-4 receptor and a 4-fold lower potency than the anti-CTLA-4 mAb. The first-in-class anti-PD-1/CTLA-4 bispecific to be recently approved for the treatment of advanced cervical cancer has been Cadonilimab (33), which is a quadrivalent bispecific with similar format to MEDI8500. Similarly, MEDI5752, which is a monovalent anti-PD-1/CTLA-4 BiSpecific (34), is currently under evaluation in patients and durable responses have been seen across diverse tumour types (35–37). In this line, our in vitro data demonstrate that both the anti-PD-1 and anti-CTLA-4 combination and MEDI8500 induced increased activity on primary immune cells compared to the single agents treatment.

We next evaluated the in vivo potency of anti-PD-1 and anti-CTLA-4 mAbs as monotherapies, combination and MEDI8500 in non tumour-bearing humanized mice, using GvHD development as a potential predictor of toxicity and potency of these immunotherapies and combinations. Our model used mice reconstituted with CD34+ HSCs cells derived from donors with HLA alleles predisposed to autoimmune disorders. The use of HLA donors predisposed to autoimmunity has previously been described for studies of the pathogenesis of GvHD (25, 26). For our purposes, use of such donors was designed to increase the incidence of GvHD after treatment with immunotherapies and potentially shorten the study duration. However, for other study purposes these HLA type donors should be avoided in order to lengthen the survival of the humanized mice.

As expected, we observed a significantly lower survival rate due to accelerated development of GvHD in the checkpoint inhibitor treated groups compared to the controls, consistent with enhanced immune activation in humanized mice treated with these agents. The anti-PD-1 + anti-CTLA-4 combination and MEDI8500 groups showed lower survival, and accelerated onset of clinical GvHD compared to vehicle and to the single agents anti-PD-1 and anti-CTLA-4, and generally higher GvHD lesion levels compared to the single agent treated mice.

Certain HLA types are more likely to be susceptible to autoimmune disorders, viral infections or development of cancer (26, 38). Patients with autoimmune disorders treated with immune checkpoint inhibitors may show aggravation of their disease, more severely when given in combination (39). In our study, there was evidence of an effect of the donor HLA type on the onset and severity of GvHD reactions. Specifically, mice reconstituted with cells from one homozygous HLA type donor (D5443) appeared to have lower survival rate and acceleration of GvHD development compared with mice reconstituted with HLA donors with higher heterozygosity, in response to anti-PD-1 + anti-CTLA-4 combination and MEDI8500.

Flow cytometric analysis of circulating human lymphocyte profiles in the mice revealed a significant increase in the percentage of huCD3+ T cells in all groups, including the controls. This increase in controls was likely due to a baseline immune activation associated with incipient development of GvHD, as was seen histologically in several of the control animals. The choice of human cell donors predisposed to autoimmunity would be expected to lead to quicker development of GvHD reactions even in the absence of immune stimulatory drugs, and therefore this should be carefully considered when interpreting data from this model; effect of administered drugs should be interpreted in light of the baseline immune activation present. This was the case in this study, where we saw a significant increase in the percentage of huCD3+, huCD4+ and huCD8+ T cells in groups treated with either the anti-PD-1 + anti-CTLA-4 combination or MEDI8500, compared to the control or anti-PD-1 or anti-CTLA-4 monotherapy groups. PD-1 and CTLA-4 act at different stages of T cell activation, thus, combined blockade of both immune checkpoint inhibitors has synergistic effects on T cell activation and proliferation, as aforementioned (28). The increase in percentage of circulating human lymphocytes has been reported previously after treatment of humanized mice with either anti-PD-1 or anti-CTLA-4 mAbs (40, 41), and it likely reflects an increased production of these cells as a response to induction of GvHD reactions in various tissues by PD-1 and CTLA-4 blockade. Furthermore, it was also associated with an increase in T cell activation. We used 2 different cell markers associated with T cell activation: OX40, which is not constitutively expressed on resting naïve T cells and expressed after 24 to 72 hours following activation (42); and CD40L, which is predominantly expressed by activated huCD4+ T cells shortly after T cell activation (43). We observed a significant increase in activated T cells in terminal blood with antibody combination and MEDI8500 treatments, compared to vehicle and monotherapy groups.

Histologic evaluation of liver, lung and spleen confirmed the presence of GvHD type lesions in these mice. This evaluation not only revealed lesions in mice culled prematurely due to adverse clinical signs, but also in mice that survived until the end of the study. However mice that were culled prematurely showed more severe lesions, an increased GvHD score and greater influx of huCD45+ based on IHC analysis.

Although some of the control group animals had GvHD lesions, these were mild, and not associated with adverse clinical signs or body weight loss (Supplementary Figure 4). This early development of GvHD was likely related to the use of donors predisposed to autoimmunity, and there was some evidence for donor-related differences in the incidence of lesions. The presence of such lesions underscores the need for careful study design when using such a model, with a need to use multiple donors and distribute donors evenly throughout the treatment groups to avoid confounding effects of variable degrees of donor predisposition to GvHD.

The histopathological lesions observed in these mice were consistent with those previously reported for humanized mice (14, 44) and with some of the changes reported for chronic human GvHD (45, 46), although overall the mouse lesions tended to be less variable than the fairly broad spectrum of changes reported in humans. This is not surprising, considering the consistent and well-controlled methodology, limited genetic variability of the host mice, and use of a limited pool of donors in this model compared to the myriad possible variations in the human population. One frequent feature of the mouse lesions was the presence of a significant, often abundant, macrophage component within the immune cell infiltrate of the liver or spleen; in some cases macrophages were the dominant immune population, forming granulomatous nodular infiltrates. This has also been previously reported in this model (14), but it is unclear why this cell population becomes stimulated to this extent, and why it is prominent in some mice and not others. There did not appear to be an association of this observation with specific treatments or donors.

In order to be able to compare different treatments based on histopathology, we evaluated the incidence of GvHD lesions per group, and developed a semi-quantitative histopathologic scoring system based on lesion severity. Both incidence and severity showed clear differences between groups, with the severity score providing more granularity to the analysis, and better differentiation between groups. When considering the total severity score (combined scores for the liver, lung and spleen), significant differences were evident between the anti-PD-1 or anti-CTLA-4 monotherapy groups and the control group, as well as between the antibody combination or MEDI8500 groups and the monotherapy and vehicle groups. This confirmed the additive immune-stimulatory activity of anti-PD-1 and and-CTLA-4, when combined as single agents or as a BiSpecific. We could not detect clear differences in activity between the antibody combination and MEDI8500 treatment.

Immunohistochemical staining for huCD45 was applied to the liver, lung and spleen, with image analysis quantitation of positive cells, in an effort to develop a quantitative tool for GvHD evaluation. This proved a useful way to obtain more quantitative and objective data on human immune cell infiltration in liver and lung, with huCD45 positivity generally mirrorring the GvHD lesion scores; however it proved to be somewhat less sensitive than histopathologic evaluation in identifying the early, milder lesions. This is most likely because immune cell infiltration in GvHD lesions must attain a threshold in order to be detectable above of the normal baseline level of huCD45 cells in tissues, which are either circulating through the vasculature or resident tissue immune cells. In line with this notion, liver and lung huCD45 staining in the antibody combination and MEDI8500 groups, which had higher lesion severity scores, clearly was significantly increased when compared to controls and monotherapy groups, whilst huCD45 staining in monotherapy groups were generally not high enough to show statistically significant differences from controls, despite presence of mild histopathologic lesions. In the spleen, huCD45 staining did not consistently detect GvHD lesions. This was likely due to the fact that human cells administered to these mice would be expected to home in to normal lymphoid tissue sites like the spleen, and therefore a large proportion of cells within the spleen of reconstituted mice would normally be huCD45+ in the absence of any GvHD reaction.

In summary, evaluation of mice with a humanized immune system showed it was a useful model for comparing the in vivo potency and safety profile of PD-1 and CTLA-4 based immuno-oncology therapeutics. Analysis of blood and tissue responses provided quantitative and semi-quantitative data with sufficient granularity to differentiate the potency of different treatment modalities. Induction of GvHD in these mice was a consistent endpoint for demonstration of immunotherapeutic potency. This aggravated antigenic T-cell response against host due to checkpoint blockade is a surrogate of the antigenic T-cell response that can be potent in targeting cancer cells or any other foreign antigens. Histopathologic evaluation of liver, lung and spleen was the most sensitive indicator of GvHD, compared to huCD45 IHC or clinical observations. Administration of anti-PD-1 or anti-CTLA-4 as single agents induced a significant degree of immune stimulation, but significantly less than a combination of the two or MEDI8500. However, the results in the monotherapy groups do not completely correlate with the safety profile of anti-CTLA-4 mAbs in the clinic, where these therapies have much more severe immune mediated adverse reactions than anti-PD-1 mAbs when given as monotherapies (47). Taken together, the use of humanized mice may be a useful platform to evaluate the function of human immunotherapies, where no other preclinical models exist. These models may also provide information on the potential for immune related adverse reactions with immunotherapies combination, but like all animal models, this model has limitations which must be understood and improved upon to increase their translational predictivity to the clinical situation.
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The development and growth of tumors remains an important and ongoing threat to human life around the world. While advanced therapeutic strategies such as immune checkpoint therapy and CAR-T have achieved astonishing progress in the treatment of both solid and hematological malignancies, the malignant initiation and progression of cancer remains a controversial issue, and further research is urgently required. The experimental animal model not only has great advantages in simulating the occurrence, development, and malignant transformation mechanisms of tumors, but also can be used to evaluate the therapeutic effects of a diverse array of clinical interventions, gradually becoming an indispensable method for cancer research. In this paper, we have reviewed recent research progress in relation to mouse and rat models, focusing on spontaneous, induced, transgenic, and transplantable tumor models, to help guide the future study of malignant mechanisms and tumor prevention.
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1 Introduction

According to the World Health Organization, there were 19.3 million new cancer cases worldwide in 2020, resulting in nearly 10 million related deaths (1). Furthermore, with the acceleration in population growth and social aging, the global cancer burden will continue to increase. It is estimated that by 2040, the number of newly diagnosed cancer patients will reach 28.4 million per year, an increase of 47% when compared with 2020 (2). Recently, new therapeutic strategies, such as immunotherapies and targeted therapies, have significantly improved the survival rates of tumor patients when compared with traditional therapies; however, there are fewer sensitive and beneficial people, and the problem of drug resistance is almost inevitable (3). Therefore, in-depth exploration of the occurrence and development mechanisms of cancer and the improvement of diagnosis and treatment strategies are of critical global importance, and consequently, this is a major focus of academic research.

Animal tumor models are valuable for experimental analysis as the animal tumors can have similar characteristics to human tumors. We can study the occurrence and development of tumors by observing animal tumor models, and study the effect of genes on tumorigenesis and development by knocking out or knocking in a certain gene, and we can also establish PDX models for drug screening and preclinical trials. Furthermore, this experimental strategy is also advantageous as these experiments are low cost, the animals have short life cycles, and it can help to avoid human experiments. Thus, the use of animal models is extremely valuable for tumor research (4). At present, based on the causes of tumor formation, we divide the animal model into four categories: spontaneous, induced, transgenic, and transplant. Among them, the spontaneous tumor model, the induced tumor model, and the transgenic model belong to the primary tumor of animals, and the transplantable tumor models include allogeneic transplantation and xenogeneic transplantation; the most used transplantable tumor model is human tumor xenografts in immunodeficient mice. Compared with non-mammals, mammals have a higher degree of similarity to humans, especially mice and rats, and the short reproduction cycle of mice greatly improves the efficiency of these experiments. The mouse genome sequencing project was completed in 2002, and it revealed that 99% of human genes exist in mice; gene homology is as high as 78.5% (5). Consequently, mice are the most commonly used animals in tumor research. This paper introduces the research progress that has been made with various human tumor models in mice and rats, and analyzes their development processes, advantages and disadvantages, applications, and future development prospects.




2 Animal models for spontaneous tumors

Spontaneous animal tumor models are utilized to investigate tumors that occur naturally in experimental animals without any conscious artificial intervention, and this occurrence type and incidence vary greatly with different species and strains of experimental animal (Figure 1). The advantage of the spontaneous animal tumor model is that the process of tumor formation is similar to that of human tumors, and the long period of tumor occurrence and development can be treated comprehensively with the intervention of many factors, and the role of genetic factors in tumorigenesis can be observed. However, the disadvantage of the spontaneous animal tumor model is that the experimental cycle is long, many experimental animals are required, and the cost is high; in addition, the spontaneous tumors of animals are often heterogeneous and there are individual growth differences, making it difficult to obtain a large number of tumor-bearing animals with uniform growth at the same time.




Figure 1 | The incidence of various spontaneous tumors in different strains of mice (rat).





2.1 Breast tumors

The incidence and mortality of breast cancer worldwide are increasing and have surpassed lung cancer in 2020 to become the most predominant cancer in the world (1). Mice have a high incidence of breast cancer (6). The occurrence of breast tumors in mice is affected by many factors, including factors such as viruses, hormones, heredity, and feed (7). Mouse mammary tumor virus (MMTV) is the most common cause of breast cancer, which causes breast cancer and lymphoma in mice mainly by insertion mutations and clone amplification in the genome; therefore, mice carrying MMTV have a higher incidence of breast tumors (8). C3H/He mice were inbred by Strong after crossing Bagg albino female mice with a high incidence of the breast tumor strain DBA male mice in 1920. C3H/He female mice carried MMTV, and the average incidence of spontaneous breast tumors reached 99% at an average of 7.2 months, but the average age of tumorigenesis in the virgin mice was approximately 2 months older than that in postpartum mice (9). DD mice also carry MMTV, and the incidence of breast tumors is 84% at the age of 7–8 months (9). BALB/c and other mouse strains do not carry MMTV, and the incidence of breast tumors is low; in 1932, the 26th generation of mice bred by MacDowell from Bagg albino mice through inbred lines was named BALB/c mice, and the incidence of breast cancer in the BALB/c mice was only 20% at 16–17 months (9), and the incidence of breast tumors in C57BR, C57BL, AKR, and other mice without MMTV was lower (10). However, some strains of mice without MMTV had a high incidence of breast tumors, such as the A mice, SHN mice, and TA2 mice; A mice were inbred by Strong after inbreeding with the offspring of the local albino mice and Bagg albino mice in 1921, which is a highly spontaneous breast tumor strain, but the A mice do not carry MMTV, and Strain A female mice had an average breast tumor incidence of 40% at the age of 12.4 months (9). SHN mice were bred by Nagasawa et al. on the basis of the Swiss albino mice, and the incidence of breast tumors in female SHN mice was 97.2% at an average age of 6.6 months, and 88.3% in virgin female SHN mice at 8.7 months (10). In addition, the inbred strain TA2 mice bred by Sun et al. also had a high incidence of spontaneous breast cancer, and pathological analysis showed that the breast cancer cells of the TA2 mice were triple-negative. The incidence of spontaneous breast cancer reached 84.1% after 11 months in the TA2 mice, 41.4% in the virgin TA2 mice at 15 months, and 32% in the male TA2 mice at 18 months (11). Wistar, SD, F344, and other rat strains also had a high incidence of breast cancer; Wistar rats were bred by the Wistar Institute of the United States in 1907, and SD rats were bred by Wistar rats in 1925. The incidences of breast fibroadenoma, breast adenoma, and breast cancer in female SD rats were 21.3%, 16.9%, and 10.1%, respectively, while those in female Wistar rats were 12.9%, 9.5%, and 3.4%, respectively (12). F344 rats were inbred and established by Dunning in subline 344 of the Fischer strain, and the incidence of breast fibroadenoma in the F344 rats was 41.2% (13).




2.2 Lung tumors

Lung cancer is one of the most common cancers and the leading cause of cancer-related death worldwide, with an estimated 2 million new cases and 1.76 million deaths annually (14). The histopathological subtypes of lung cancer include non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), which can be further divided into adenocarcinoma and squamous cell carcinoma (SCC) (15). The incidence of spontaneous lung tumors in mice is high, and the pathological types are mainly adenoma and adenocarcinoma, depending on the mouse strain. A mice and SWR mice have a higher incidence of lung tumors, followed by BALB/C mice, CBA mice, and C3H mice, which have a lower incidence of lung tumors, and the lowest incidence of lung tumors was observed in DBA and C57BL/6 mice (16). A mice are a high spontaneous lung tumor strain, and lung tumors can be detected at 3–4 weeks of age. The incidence of lung tumor was 7.3% (6/83) at 6 months of age, 40.0% (71/178) at 12 months of age, 77.1% (105/136) at 18 months, and almost 100% at 24 months (17). SWR mice were bred by Lynch et al. in 1926 using Swedish mice for inbreeding. The spontaneous rate of lung tumors in SWR mice over 18 months was 80%, and the incidence of lung tumors in mice whose parents had spontaneous lung tumors was higher than that in mice whose parents had lung tumors alone, while the incidence of lung tumors in mice whose parents had no lung tumors was lower (18), suggesting a role for genetic factors in tumorigenesis. Although the incidence of lung tumors in SWR mice is high, the long culture period limits the use of this strain in lung tumor research. FVB/N mice were established in the 1970s, and they have a high spontaneous lung tumor rate. The mean incidence of lung tumors in male and female mice at 24 months was 55% and 66%, respectively, and the fertilized egg of FVB/N mice has a large and significant pronucleus and is easy to be microinjected with DNA. Consequently, FVB/N mice have been widely used as animal tumor models (19).




2.3 Liver tumors

Primary liver cancer is the fourth leading cause of cancer death worldwide, and its incidence is increasing every year. Histologically, it can be divided into hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (20). Spontaneous liver tumors in mice often originate from hepatocytes, cholangiocarcinoma is rare, and sarcomas are even rarer. The incidence of liver tumors is different in different strains of mice, but the incidence in male mice is usually higher than that in female mice (21). Male C3H/He mice are a highly spontaneous liver tumor strain, and Heston et al. found that the incidence of liver cancer in 14-month-old male C3H/He mice could reach 85% (9). In Japanese FLS mice, inbred mice with non-obese spontaneous fatty liver developed a fatty liver shortly after being fed a normal diet, but were not visibly obese; multiple white protruding nodules appeared in the liver of mice over 12 months of age, and were histologically diagnosed as hepatocytic adenoma and HCC. The incidence of HCC in male mice was 40% at an average of 15–16 months, and that in female Japanese FLS mice was 0% (0/36) at 13–16 months and 9.5% (4/42) at 20–24 months (22). B6C3F1 mice are the first generation of female C57BL/6 and male C3H hybridizations, and the incidence of liver tumor was 42.2% in male B6C3F1 mice and 23.6% in female B6C3F1 mice (13). LEC rats are inbred mutant rats established by Joseph A. Long and Herbert M.E. Vans of the University of California, USA. Approximately 40% of LEC rats develop acute posthepatitic death 3–4 months after birth and approximately 60% of rats experience chronic hepatitis and develop HCC a year later (23, 24). Some studies have pointed out that the cause of spontaneous hepatitis and HCC in LEC rats is the excessive accumulation of copper in the liver, which produces a large amount of ROS hydroxyl radicals, followed by oxidative stress, which is similar to the development of HCC in humans. Therefore, LEC rats have been widely used in HCC models (25).




2.4 Other tumors

In 1958, Claude et al. described an animal model of renal adenocarcinoma in C+ mice. The incidence of renal adenocarcinoma in C+ mice was between 10% and 40%, and the incidence of tumors increased with age (26). The AKR mouse is a new strain established by further inbreeding of AK mice by the Rockefeller Institute in 1936; AKR mice are born with carcinogenic RNA virus, the incidence of leukemia after 8 months is approximately 60%–90%, and that of 18-month-old mice can be as high as 90% (27). The incidence of reticulocytic sarcoma in the SJL mice was high, and the incidence of reticulocytic sarcoma in 13.5-month-old female and 12.5-month-old male mice was 88% and 91%, respectively (28). Dragani et al. established hybrid mice (C57BL/6J × C3Hf) F1 (B6C3F1) and (C57BL/6J × BALB/c) F1 (B6CF1); the incidence of lymphoma in male B6C3F1 and B6CF1 mice was 16% and 20%, respectively, and that in female B6C3F1 and B6CF1 mice was 36% and 12%, respectively (21).





3 Animal models of induced tumor

The induced tumor model refers to the use of exogenous carcinogens to cause changes in the cellular genetic characteristics, resulting in the abnormal growth of active cells and the formation of tumors (Figure 2). Induction methods include physical, chemical, and biological methods, of which the chemical methods are the most extensive and effective for the induction (Table 1), and have the advantages of easy application, short experimental time, and high reproducibility (45). However, the disadvantage is a high animal mortality rate, and the time, location, and number of lesions are not uniform among individuals.




Figure 2 | Different types of compounds can induce tumors in different organs of mice (rat).




Table 1 | Construction method of animal tumor model induced by chemical drugs.





3.1 Urethan

Urethan was originally used as a herbicide and was later found to inhibit cell division and, thus, utilized as a chemotherapeutic drug for leukemia (46). Urethan is structurally one of the simplest carcinogens; it is soluble in both water and lipids and was the first water-soluble carcinogen to be discovered (47). The biological effects of urethan depend on the direct inhibition of nucleic acid synthesis, especially of the pyrimidine bases, and an apparent antagonism between urea and pyrimidines also exists (47). In the 1950s, a study on a model of lung tumors induced by urethan as a carcinogen found that 100% of highly sensitive mice could induce lung tumors (48). Mice are highly sensitive to urethan, especially newborn mice, and studies have shown that the rate of clearance of the urethan in newborn mice is 1/10 of that in adult mice, and 0.5 mg/g urethan can be metabolized in adult mice within 8 h, while the same dose takes 72 h in newborn mice (49). Strain A mice have highly spontaneous lung tumor development; while >75% of mice can develop lung tumors at 18 months, 75% of A mice can develop lung tumors at 6 months after a single injection of 1,000 mg/kg urethan (29). For BALB/c mice, Koohdani et al. injected 600 mg/kg intraperitoneally with urea three times every 2 days and the incidence of lung tumors in the BALB/c mice reached 70% at 20 weeks (7/10) (30). In 1962, De Benedictis et al. induced lung tumors in Swiss mice, and the parental female mice were administered 30 mg of urea 1, 3, and 5 days after delivery; the results showed that the incidence of lung tumors in the offspring was 52% and 78% at 3 months and 7 months, respectively, and another group of offspring received a single subcutaneous injection of 2 mg in the interscapular area within 24 h after birth, and the incidence of lung tumor was 100% in 3 months (31). However, the C57BL/6 mice commonly used in genetic engineering have high resistance to lung tumors induced by urethan, and consequently, multiple injections of urethan are required to overcome their genetic resistance and induce lung cancer. C57BL/6J mice were intraperitoneally injected with 1,000 mg/kg once a week for 10 weeks, and the results showed that the incidence of lung tumors in C57BL/6J mice was close to 100% at 30 weeks (32).




3.2 NNK

NNK, also known as (methylnitrosamine)-1-(3-pyridine)-1-butanone, is one of the main chemical carcinogens in cigarette smoke (50), and it can effectively induce lung cancer in mice, rats, and hamsters (51). The α-hydroxylation of NNK catalyzed by a cytochrome 450 scan easily binds to DNA and forms DNA adducts, causing gene mutations that lead to tumor development (33, 52). Belinsky et al. showed that in 6-week-old A/J mice, a single intraperitoneal injection of 100 mg/kg NNK resulted in the development of hyperplasia along the alveolar septum after 14 weeks, and the frequency of lung adenomas in A/J mice at 34–42 weeks resulted in a significant increase to 50% (53). In another independent study, 7-week-old female A/J mice were given intraperitoneal injections of NNK 3 μmol weekly for 8 weeks, and 100% of the mice developed lung adenomas after 26 weeks (34). NNK can also induce lung cancer in offspring, as Anderson et al. gave 100 mg/kg NNK doses to female A/J mice on days 14, 16, and 18 of their pregnancies, and it was found that lung tumors occurred in 12 of the 66 offspring and 13 of the 14 female mice (54). The effects of NNK on young mice were also studied in Swiss mice. Mice were given 50 mg/kg NNK i.p. on postnatal days 1, 4, 7, 10, and 14, and the incidence of lung tumors was 57% in male mice and 37% in female mice at 13–15 months (35).




3.3 DMN/DEN

Dimethylnitrosamines (DMN) and diethylnitrosamines (DEN) are nitrosamines, which can induce various tumors in mice and rats, but predominantly liver and lung tumors. Nitrosamines are activated by CYP450 enzymes in vivo and converted into a strong alkylating agent, forming adducts in the DNA (active chemicals and cellular macromolecules form stable complexes through covalent bonds), resulting in carcinogenicity (55). Kohda et al. confirmed the mutagenicity of nitrosamines by treating Chinese hamster V79 cells with nitrosamines (56). After DEN exposure, A/J mice developed lung adenocarcinoma, 82% of which possessed KRAS mutations (57). FVB/N mice also have a high incidence of lung cancer, as Zsolt injected 15 μg/g DEN intraperitoneally into 15-day-old FVB/N mice, and the incidence of lung cancer (papillary cancer) was 72% (28/39) after 12 months. Interestingly, there were no mutations in the Kras and EGFR genes (36). In a study by Chen et al., C57BL/6 male mice were intragastrically administered 0.014% DEN for 6 days a week and given normal drinking water on the 7th day for 15 weeks, and 100% of these mice developed fibrosis (3–6 weeks), cirrhosis (7–10 weeks), and HCC (11–15 weeks) at 3–15 weeks (37). The incidence of liver tumors caused by the combination of DEN and CCl4 was significantly higher than that of DEN or CCl4 alone. Uehara et al. used 14-day-old B6C3F1/J male mice and administered 1 mg/kg DEN intravenously, and 40.2 ml/kg CCL4 was injected intraperitoneally every week from weeks 8 to 14. The incidence of liver adenoma and liver cancer was 40% and 20% at 17 weeks, and the incidence of liver adenoma and liver cancer was 100% and 50% at 22 weeks (38). In 1974, Cardesa et al. divided 8-week-old Swiss mice into two groups: subcutaneous injection of DMN or DEN 8 mg/kg; the results showed that the incidence of tumors in mice was 79% (31/39) and 87% (34/39), and the incidence of lung tumors was 67% and 61%, respectively. Lung tumors in the two groups were mainly adenocarcinoma, adenoma, and atypical adenomatoid hyperplasia (58).




3.4 ENU

Acetylnitrosourea (ENU) is a strong mutagenic agent that can cause rapid oncogenic genetic mutations in mice (59). Raju et al. reported that SD rats were administered a single intravenous injection of ENU (50 mg/kg) on day 20 of their pregnancy, and almost 100% of the offspring had central and peripheral nervous system tumors at 1 year of age (39).




3.5 NTCU

N-nitroso-tris-chloroethylurea (NTCU) is a nitrosoalkylurea compound, which has been shown to induce lung SCC in mice. Wang et al. treated eight different strains of female mice by smearing NTCU on the skin to establish a model. In their study, the back skin of 7-week-old mice was scraped, and they were injected with NTCU 25-μl drop of 0.04 M, twice a week, with a 3-day interval; 8 months later, five strains of the mice had successfully induced lung SCC in situ or lung SCC [the induction rates were as follows: SWR/J, 100% (3/3); NIH Swiss, 83% (10/12); A/J, 75% (6/8); FVB/J, 44% (4/9); and BALB/cJ, 38% (3/8)]. The other strains (AKR/J, 129/svJ, and C57BL/6J) failed to develop the carcinomas, and histological and pathological analysis showed that mouse SCC induced by NTCU had the same pathological process as human SCC, which is “normal-proliferative-metaplastic-abnormal-SCC” (40, 60).




3.6 DMBA

Dimethylbenzanthracene (DMBA) is frequently used as a model for polycyclic aromatic hydrocarbon (PAH)-induced mammary tumorigenesis because of its potent carcinogenic and immunosuppressive activities (61). Female SD rats at the age of 7 weeks were diluted with 80 mg/kg DMBA in 0.5 ml of corn oil and gavaged once, and after 12 weeks, animal models of breast cancer lesions could be established in all rats (41).




3.7 NMBA

Methyl benzylnitrosamine (NMBA) is also an important carcinogenic compound that is classified as a nitrosamine. NMBA is currently the most effective inducer of rat esophageal tumors, as they can be induced in 15 weeks or less (62). SD rats were given 0.5 mg/kg NMBA three times a week for 5 weeks or once a week for 15 weeks, and the esophageal tumor incidence was 100% at 20 weeks (42).




3.8 MCA

Methylcholanthracene (MCA) is a potent carcinogen that is often used to induce the transformation of cultured cells, and it was found that repeated intratracheal injection of MCA into BC3Fl [(C57BL×C3H)F1] and DBA/2 mice could induce respiratory tract SCC, and the induced SCC had obvious infiltration and metastasis (43). BC3F1 mice were injected with 0.5 mg of MCA six times a week, and the incidence of respiratory tract SCC was 86% at 10–28 weeks. In contrast, DBA/2 mice that received intratracheal injections of 0.5 mg of MCA four times a week resulted in 6% incidence of SCC of the respiratory tract at 7 months (43).




3.9 AOM

Azomethane (AOM) is a chemical reagent that can promote base mismatch and cause cancer through the alkylation of DNA, which is often used in colonic carcinogenicity (63); 10 mg/kg AOM was injected intraperitoneally into A/J or FVB/N mice once a week for 6 weeks, and resulted in 80%–100% of mice having spontaneous colon tumors within 30 weeks (44).




3.10 Fattening diet

Nonalcoholic fatty liver disease (NAFLD) is a condition characterized by the excessive accumulation of fat in the liver without chronic alcohol intake; it is estimated that the global prevalence rate is approximately 24% (64). NAFLD and nonalcoholic steatohepatitis (NASH) are the liver manifestations of metabolic syndrome, and some patients with NAFLD develop into NASH with associated inflammation and fibrosis, which can progress to HCC (64). Asgharpour et al. successively established a model by following a fattening diet (high fructose-glucose solution and high-fat, high-carbohydrate diet—42% calorie fat and 0.1% cholesterol) in 8- to 12-week-old male mice; 89% of the mice developed HCC at 32–52 weeks, and each mouse had three or more tumor foci (65).




3.11 Ionizing radiation

Moderate to high doses of radiation are well-established causes of cancer (66), and ionizing radiation such as x-rays, α-rays, β-rays, and γ-rays can break through genetic material and cause DNA fracture damage and gene mutations (67). Some studies have shown that irradiated mice may develop a series of malignant tumors, including sarcomas, and single high-dose radiation significantly increases the incidence of tumors when compared with fractionated radiation (68). Edmondson et al. locally irradiated the right hindlimb of C3Hf/Kam and C57BL/6J mice with a high dose (10–70 Gy) or a fractionated dose (40–80 Gy, 2 Gy per day, five times a week, for 4–8 weeks), and after 800 days, 210 tumors were induced in 788 mice. The observed tumors were primarily sarcoma (n = 201), and the occurrence frequency of cancer was low (n = 9). The incidence of tumor after single irradiation was 36.1%, and that of graded irradiation was only16.4% (68).





4 Transgenic models

In recent years, increasing evidence has shown that gene mutation is an important cause of tumorigenesis, and targeted therapies for driving genes have achieved good results in tumor patients with a specific genetic background, but the problem of drug resistance still restricts the further benefits (3). Understanding the mechanism of driving mutations in tumorigenesis and development is thus crucial. Due to the high similarity between mouse and human protein coding genes, transgenic mice have been used to study the effects of gene mutations on tumorigenesis and development since the mid-1980s (5) (Table 2). The advantages of transgenic animal tumor models are that they have great advantages in studying tumorigenesis mechanisms and tumor immune escape. However, the establishment process of transgenic animal models is long, the feeding costs are high, and it is difficult to obtain a large number of experimental animals, which hinders rapid and high-throughput research (76).


Table 2 | The type of tumor caused by gene mutation.





4.1 KRAS

Approximately 30% of human tumors carry ras gene mutations, and the ras gene family includes Kras, Nras, and Hras. Kras is the most commonly mutated gene in the lung, colon, and pancreatic tumors (77), with a mutation rate of approximately 70%–90% in pancreatic cancer, 50% in colon cancer, 25%–50% in lung cancer (69), and 15%–25% in lung adenocarcinoma (78, 79). Point mutations (including G12D, G12V, G12C, G13D, AMP, and G12R) are the most common Kras mutations (70). Under normal circumstances, the activation and inactivation of Kras are finely regulated, as wild-type Kras is temporarily activated by tyrosine kinases such as active epidermal growth factor receptor (EGFR). Activated Kras can motivate downstream signaling networks to execute diverse bioactivities, and Kras is then rapidly inactivated (80). Mutant Kras proteins are uncontrollable, as they can be continuously activated in the absence of an EGFR activation signal, inducing uncontrolled cell proliferation and malignant invasion (80). Most mutations in lung cancer models are Kras dependent; Kras mutations are found in 90% of spontaneous and chemically induced lung tumors in mice, and genetically engineered Kras mice have been widely used in lung cancer research, which is very similar to the genetic and pathophysiological characteristics of human lung cancer (45, 81, 82). Johnson et al. constructed a new type of mouse with a potential KrasG12D allele (KrasLA), and mice carrying these mutations easily formed a variety of tumor types, predominantly lung tumors, and 100% of mice developed numerous kinds of lung tumors at an early stage (68). However, KrasLA mice were found to die of respiratory failure caused by lung lesions at a very young age, and the incidence of other tumors is difficult to predict, which restricts the application of this model (69). Kras gene mutations account for 6% and 18% of diffuse-type and intestinal-type gastric cancers, respectively (83). Brembeck et al. established Kras transgenic mice under the control of the cytokeratin 19 (K19) promoter; parietal cell decrease and mucous neck cell proliferation were found in 3- to 6-month-old mice (84). In pancreatic cancer, the Kras mutation occurs in the early stages of tumorigenesis and accounts for approximately 90% of pancreatic ductal adenocarcinomas; it is often combined with other classical mutations (PTEN, etc.) to induce pancreatic cancer, which will be mentioned in the following article (85).




4.2 TP53

Somatic mutations in the tumor protein P53 (TP53) gene are the most common changes in human cancers (86). The incidence of TP53 mutations in ovarian, esophageal, colorectal, head, neck, laryngeal, and lung cancers is 38%–50%, and the mutation rate is approximately 5% in primary leukemia, sarcoma, testicular cancer, malignant melanoma, and cervical cancer, and it is more common in advanced or invasive cancer subtypes (71). Most TP53 mutations are missense mutations, followed by truncated mutations, intra-frame mutations, and synonymous and uncoded mutations, which are mainly concentrated in known hot spots (the most common sites are 157, 158, 179, 245, 248, 249, and 273) (72). Normally,TP53 functions by activating or inhibiting the transcription of numerous critical genes in diverse bioactivities, including cell cycle arrest, DNA repair, metabolism, senescence, and apoptosis (86). Trp53 (TP53 is called Trp53 in mice) knockout mice are common transgenic animal models that formulate spontaneous tumors at the age of 6 months (including breast cancer, sarcoma, brain tumor, and adrenocortical carcinoma) (87). Compared with homozygous mice, mice with the Trp53 allele heterozygotes had later spontaneous tumors; the most common tumor type in homozygotes was malignant lymphoma, and the main heterozygotes were osteosarcoma and soft tissue sarcoma (88). In C57BL/6 or 129/Sv mice, the Trp53 deletion preferentially induces sarcoma and lymphoma, and the incidence of breast cancer has gradually increased from 21.4%-46.2% in the fourth generation after backcrossing with BALB/c mice for many generations (89). It has been reported that the incidence of gastric invasive adenocarcinoma in Trp53−/− mice is significantly higher than that in WT mice (90). Ralph et al. established a mouse model of neuroendocrine lung tumors by conditionally inactivating Rb1 and Trp53 in mouse lung epithelial cells, and its morphology and immunophenotype were significantly similar to those of SCLC (91). However, increasing evidence shows that the TP53 gene still has antitumor effects after the loss of these classical activities (92). Using a mutant mouse model of p53-3KR (K120R, K161R, and K162R), researchers found that Trp53 can still inhibit cancer initiation, mainly by regulating cell metabolism, despite losing the antitumor effect of inducing cell cycle arrest, apoptosis, and senescence (93).




4.3 PTEN

Pten (phosphatase and tensin homolog deleted on chromosome ten) is a classical tumor suppressor gene with a mutation rate of approximately 12% in breast cancer, 1% in thyroid cancer, 2.6% in endometrial cancer, 1.6% in renal cell cancer, 5% in colon cancer, and 2% in malignant melanoma (73). The PTEN deletion was also reported in 15% of poorly differentiated serous ovarian cancers (94), and Pten mutations were also found in 20% of endometrioid ovarian cancers (95); approximately 53% of patients with primary bladder cancer showed a decrease or deletion of the Pten protein in the cytoplasm or nucleus of their tumor cells (96). The tumor inhibitory activity of PTEN depends to a large extent on its phosphatase activity, which regulates the activity of many important cellular pathways, such as PI3K/AKT; thus, it can regulate many cell processes, including proliferation, survival, energy metabolism, cell structure, and movement (97). The current transgenic model of Pten is widely used in the study of tumorigenesis mechanisms; however, half of the Pten knockout mice died within 1 year after birth, and the rest developed a variety of tumors, including lung, breast, thyroid, endometrial, and prostate cancer, and T-cell lymphoma (98). AlbCrePten (flox/flox) mice established by Horie et al. using the Cre-loxP system showed hepatocyte specific knockouts of Pten, and AlbCrePten (flox/flox) mice showed huge liver hypertrophy and steatohepatitis, as well as triglyceride accumulation similar to human nonalcoholic steatohepatitis (NASH); at 78 weeks of age, all AlbCrePten (flox/flox) mice had liver adenomas, and 66% of AlbCrePten (flox/flox) mice had HCC (99). Yanagi et al. specifically knocked out the Pten gene in bronchiolar alveolar epithelial cells of mice under the control of doxycycline to establish SOPten (flox/flox) mice, of which 90% of the SOPten (flox/flox) offspring mice died of hypoxia shortly after birth (100). Ninety weeks later, all SOPten (flox/flox) mice born showed significant visible lung tumors: 13 tumors were adenocarcinoma and 1 tumor was SCC, as determined by histological examination (100). Russo et al. found that the Pten deletion increases cell migration, invasion, and upregulation of WNT4, which is a key regulator of Müllerian duct development during embryogenesis (101). Tsuruta et al. used the Cre-loxP system to specifically knock out the Pten gene in the urine epithelium of mice to obtain FPten (flox/flox) mice; histologically, the urine epithelium cells of the mice showed enlargement of the nucleus and cell volume, and ultimately, approximately 10% of FPten (flox/flox) mice spontaneously developed into pedicled papillary transitional cell carcinoma (TCC) (96).




4.4 EGFR

Epidermal growth factor receptor (EGFR) is a member of the HER family, which includes HER1 (erbB1, EGFR), HER2 (erbB2, NEU), HER3 (erbB3), and HER4 (erbB4) (102). Studies have shown that there is high or abnormal expression of EGFR in many solid tumors, which is related to tumor cell proliferation, angiogenesis, invasion, metastasis, and inhibition of apoptosis (103). In a study using EGFR knockout mice, the types of cells most affected by the EGFR deletion were epithelial cells and glial cells, while the types of cells overexpressing EGFR in the human tumors were epithelial cells and glial cells (104, 105). A large number of EGFR mRNA deletions have been observed in a number of neoplasms, first in glioblastoma, but recently in non-small-cell lung cancer, breast cancer, pediatric gliomas, medulloblastomas, and ovarian cancer (74). There are four main types of EGFR mutations: exon 19 deletion, exon 21 point mutation, exon 18 point mutation, and exon 20 insertion (75). The most common EGFR mutations are the exon 19 deletion mutations (19DEL) and exon 21 mutations (21L858R), followed by exon 18 G719X, exon 20 S768I, exon 21 L861Q mutation, and T790M mutation in exon 20, which are associated with acquired drug resistance in the first and second generations of EGFR-TKIs (75). EGFR knockout mice were stunted and died at different developmental stages (implantation, second trimester, or early postpartum), and mainly characterized by epithelial cell defects (including skin, lung, gastrointestinal tract, teeth, and eyelid defects), impaired intestinal proliferation, reduced stem cell area, and mucosal structure disorder (105). In order to study the role of activated EGFR mutations in lung cancer, Ohashi et al. established transgenic mice carrying EGFR mutations (five nucleotides encoding five amino acids were deleted, which was equivalent to the EGFRdelEN746-A750 mutation found in lung cancer patients) specifically in type II alveolar epithelial cells through its specific SP-C promoter and found that 9 of 47 newborn mice were positive for EGFR gene mutations, 3 mice of the positive type developed lung adenocarcinoma, only 1 mouse carrying lung adenocarcinoma could reproduce, and all of its offspring developed lung tumors after 7 weeks (106). Ohashi et al. also used EGFR-mutated mouse models to study the evolution of lung adenocarcinoma. Transgenic mice were killed at different time points for pathological examination; atypical adenomatoid hyperplasia (AAH) appeared at 3–4 weeks, diffuse bronchiolo-alveolar carcinoma (BAC) appeared at 4–5 weeks, adenocarcinoma with solid features was observed at 7 weeks, and multiple tumor nodules were observed on the lung surface (106). Ohashi et al. used a similar method to construct transgenic mice expressing EGFRL858R in type II alveolar epithelial cells; 8 mice had L858R deletion mutations in 27 newborn mice, and 2 mice with the positive mutation developed multifocal adenocarcinomas at 7 weeks. All the offspring of these two mice had BAC at 4–5 weeks and adenocarcinomas at 7 weeks (107).




4.5 Combined mutations

Tumors are often caused by multiple gene mutations, the most common of which is the activation of oncogenes and inactivation of tumor suppressor genes (108). Kras and TP53 are common combined gene mutations in human cancer, and KP mice with both Kras and Trp53 mutations are the most classic transgenic model; all KP mice developed primary lung tumors. Six weeks after the lung lesions of mice developed from atypical adenomatous hyperplasia to lung adenomas, the tumors of these mice showed a high degree of nuclear atypia, causing interstitial connective tissue hyperplasia, invasiveness, and metastasis (109). Kras mutations were found in 95% of pancreatic ductal adenocarcinomas. KPC mice were triple mutants with aKrasLSL-G12D, p53LoxP, and Pdx1-CreER for tamoxifen-inducible pancreatic ductal adenocarcinoma. Pancreatic ductal metaplasia and pancreatic intraepithelial neoplasia occurred in KPC mice at 8–10 weeks, and invasive pancreatic ductal adenocarcinoma occurred at 14–16 weeks, and metastasized to the liver, lung, and peritoneum (110). Combined mutations of Kras and Pten are also common in human cancers, and the Ptf1aCre-ERTM, KrasLSL-G12D, and Ptenflox, tamoxifen-inducible triple mutant strain (KPP) may be useful as a model for pancreatic adenocarcinoma (PDA)-induced cachexia-a wasting syndrome characterized by the pronounced loss of skeletal and cardiac muscle and adipose tissues (111). Mutation activation of BRAF is the earliest and most common genetic change in human melanoma; mice specifically expressing BRAF(V600E) showed benign melanocyte proliferation, but did not develop melanoma after 15–20 months, and BRAF(V600E) expression combined with PTEN gene silencing could induce malignant melanoma and metastasis to lymph nodes and lungs (112). The Rb1 deletion, TP53 deletion, and Myc amplification are all common mutations in SCLC (113). RPM mice carried three gene mutations: Rb1fl/fl, Trp53fl/fl, and MycLSL/LSL; 100% of these mice developed SCLC after 6–8 weeks (113). It is worth noting that these common classical gene mutations are often combined with new gene mutations to study the function of these new genes in carcinogenesis.





5 Transplantable animal tumor models

Human tumor generated mouse models are established by transplanting human tumor cells and/or tissues of research interest into recipient animals (almost always possessing immune function deficiencies) (Figure 3). The advantage is that most types of human tumors can establish transplantable tumor models in immunodeficient animals, and under the same inoculation conditions, the growth rate of animals is the same, the difference in tumor formation rate is small, and the inoculation tumor formation rate is high. The disadvantage is that the recipient host animal needs to be in an immunodeficient state requiring special housing in an aseptic environment, which is expensive to maintain. Furthermore, not all cell types of human tumors can be successfully established in rodent models and the stroma of the human tumor tissue obtained may contain the components of the recipient animals. It is worth noting that the key to developing an optimal transplanted tumor model lies in the immune status of the host (immunodeficiency state) and the composition of the graft (containing important or all components of the tumor).




Figure 3 | The development of immunodeficient mice and the construction method of the humanized mice model.





5.1 Immunodeficient mice

The immune status of the host has undergone many improvements, which is the key to the development of a successful transplant tumor model. Transplantable tumors are divided into allogeneic transplantation and xenogeneic transplantation, and the most used is the xenotransplantation of human tumors. Due to the existence of immune rejection, wild mice cannot be used for xenotransplantation of human tumor. However, human tumors can be implanted in immunodeficient mice, and the tumors can maintain the histological, immunological, and biological characteristics of original tumors. Nude mice were first identified by Grist in 1962, and they were called nude mice as they are hairless. Flanagan found that nude mice lack thymus and T lymphocytes, and thus, they lacked T cell-mediated immune responses and could be used as recipients for human tumor xenotransplantation (114). However, because nude mice still have B cells and NK, they are not suitable for use as hosts for lymphoma and leukemia, which limits the extensive application of nude mice in relation to transplanted tumors. Severe combined immunodeficiency (SCID) mice were first reported by Bosma in 1983 (115). SCID mice are more severely immunodeficient than nude mice, and the mutant genes of the SCID mice were identified in 1996. The maturation defects of B lymphocytes and T lymphocytes in SCID mice were caused by a point mutation in the Prkdc (protein kinase, DNA-activated, catalytic subunit) gene, which causes the affected lymphocytes to die prior to maturation or be cleared by the macrophages, granulocytes, and NK cells in the body (116, 117). However, it is usually difficult to establish a successful model for lymphoma and metastatic tumors in SCID mice because of leakage (some SCID mice will restore the function of some T and B lymphocytes with age) (118). In addition, NK cells and other innate immunoreactive substances in SCID mice were present at high levels, which limits the success rate of transplantation, such as human hematopoietic stem cell (HSC) transplantation (119). Subsequently, the establishment of NOD/SCID mice ushered in a new breakthrough in transplanted animal tumors, which are a type of spontaneous type 1 diabetic mice, caused by T lymphocytes infiltrating and destroying islets, as well as complement loss and impaired function of NK, macrophages, and dendritic cells (120, 121). NOD/SCID mice were established through the hybridization of NOD and SCID mice, and NOD/SCID mice will not develop type 1 diabetes, as they lack an adaptive immune system and the loss of effector T cells; moreover, due to extensive defects in innate and adaptive immunity (low activity of NK cells and loss of T- and B-cell function), NOD/SCID mice have become a stable and excellent animal model for human HSCs and human solid tumor transplantation (122). At the beginning of the 21st century, scientists introduced IL-2Ry mutations on the basis of NOD/SCID mice, resulting in NSG and NOG mice, which, in addition to being the mice with the highest degree of immunodeficiency at present, could also be used to construct humanized immune system mice to study the antitumor effects of chimeric antigen receptor T-cell immunotherapy (CAR-T) and immune checkpoint inhibitors (ICIs) (123), and will be discussed in detail later.




5.2 PDX

Transplant components have also been the focus of transplantable tumor model research in recent years, and in the past, we transplanted tumor cell lines into animals, which are simpler and easier to use, but the defects cannot be ignored: first, this tumor model cannot fully represent the unique characteristics of each cancer patient; furthermore, this model cannot reconstruct the remaining non-tumor cell components in the tumor tissues, which plays an important role in tumorigenesis and development. Consequently, the patient-derived xenotransplantation (PDX) model has been actively generated and applied, and the PDX model can directly implant cancerous tissues from the patient’s tumor into immunodeficient mice, thus preserving both the cell–cell interaction and the tumor microenvironment (124). The PDX model retains the characteristics of the primary patient tumor, including the gene expression profile and drug response, and offers great advantages for drug screening, biomarker development, and the evaluation of therapeutic effects (125). The PDX model usually takes approximately 6 months to 2 years to establish, and the success rate varies (10%–90%), depending on the tumor source and disease characteristics (125). Specifically, invasive, recurrent, and the transplantation rates tend to be higher for highly metastatic tumors (126). Gastrointestinal tumors (such as colon and pancreatic cancers) have higher transplantation success rates than other cancers, and the transplantation rate in breast cancer is low (127). The success rates of the PDX model is as follows: colon cancer [63.5% (54/85) in nude mice and 87% (74/85) in NOD/SCID mice] (128, 129), pancreatic cancer [61% (42/69) in nude mice and 67% (8/12) in SCID mice] (130, 131), and breast cancer [12.5% (25/200) in nude mice and 27% (13/49) in NOD/SCID mice] (132, 133).

Animal models also play an important role in drug development and screening. In the past, the average success rate of translating animal research into human clinical trials was approximately 8%, and <5% of antineoplastic drugs were approved to enter the market (134, 135). Although the accuracy of the PDX model on drug efficacy and drug resistance was up to 90% (136), the traditional PDX model takes a long time to construct; owing to this, it cannot quickly reflect the drug sensitivity of patients and cannot meet clinical needs. China Lidi Biological has developed a new rapid PDX drug sensitivity detection technique (OncoVee ®MiniPDX) for screening clinically related programs of cancer, which uses patient-derived tumor cells arranged in hollow fiber capsules after 7 days of subcutaneous culture. The active morphology and pharmacokinetics of the tumor cells in MiniPDX capsules were evaluated systematically, and the morphological and histopathological characteristics of the tumor cells in MiniPDX capsules were consistent with those of the PDX model and primary tumor (137).




5.3 Humanized mice model

Recently, ICI and CAR-T have enabled new breakthroughs in the treatment of tumors (138, 139). Although PDX, which depends on immunodeficient mice, has been widely used in the research of tumor immunity and the development of new therapies, the lack of models for the human immune system and tumor immune microenvironment limits the study of immune mechanisms and transformation of immunotherapy to a great extent. The humanized mouse model is a mouse model that reconstructs the human immune system by implanting human hematopoietic cells, lymphocytes, or tissues into immunodeficient mice, which can effectively reconstruct the human immune system and better simulate the characteristics of human immunity (140). From the earliest nude mice to the later SCID and NOD/SCID mice, the success rate of human cell implantation has been low either due to the existence of innate immunity or because of high sensitivity to radiation and the limited life cycle. Owing to this, all these models limited the application of immune system-humanized mice in practical research to some extent. In NOG mice, mature T/B cells and NK cells are lacking, complement activity is decreased, and the function of macrophages and dendritic cells is impaired; therefore, NOG mice are an ideal model for human immune cell transplantation (141). Subsequently, the IL-2 receptor γ mutation was further developed. NSG mice had a complete IL-2 receptor γ chain-invalid allele, similar to NOG mice, with a loss of T/B and NK cells, lack of complement activity, and defects in macrophages and dendritic cells (142). In addition, other highly immunodeficient mice, such as BRG and BRGS mice, have been established as humanized mouse models that lack T/B cells and NK cells (143). Although NOG and NSG mice are very useful humanized models, they still lack the ability to reconstruct myeloid and NK cells, and a new generation of super immunodeficiency models HuNOG-EXL and HuNSG-SGM3 have been developed, which can express some growth factors to promote myeloid regeneration (142, 144). According to the method of human immune system reconstruction, the humanized mouse model can be divided into three categories: Hu-PBMCs (humanized-peripheral blood mononuclear cells), Hu-HSCs (humanized-hematopoietic stem cells), and Hu-BLTs (humanized-bone marrow, liver, thymus) (145). The Hu-PBMC model is a simple and economical humanized mouse model in which mature lymphocytes from peripheral blood mononuclear cells (PBMCs) are injected into immunodeficient host mice through intraperitoneal (i.p.) or intravenous (i.v.) injection (145). This method was first described in CB17-SCID mice in 1988 and has been widely used to study the human immune response in autoimmunity and infectious diseases (117). However, graft-versus-host disease (GvHD) occurs in the Hu-PBMC model in 2–3 weeks, and the survival time is short (146). At present, this model is often used to study the activation of human effector T cells and to evaluate immunosuppressive drugs; in the Hu-HSC mouse model, human CD34+ HSCs from human umbilical cord blood, adult bone marrow, or fetal liver were injected into adult mice (intravenous or intrafemoral) or newborn mice (intracardiac or intrahepatic) (147, 148), and sublethal irradiation of host mice is needed to eliminate HSC and promote the transfer of human HSC (145). Fetal liver and umbilical cord blood are the most commonly used sources of human CD34+ HSCs, which are easier to colonize in immunodeficient mice than that in adult HSCs. Although this method can produce a variety of HSCs in adult mice, the number of T cells produced is small and the model does not possess functional immune cells (149). In newborn mice (less than 4 weeks old), good human cell transplantation can be obtained, and T cells, B cells, macrophages, NK cells, and DCs can be produced (150). At present, it is believed that the Hu-HSC model can establish the human innate immune system and lymphocytes, with little or no occurrence of GvHD, which can be used for long-term research; however, owing to the species differences between humans and mice, there is a lack of human cytokines in mice, and the development of human stem cells in mice is limited (149). The method of establishing Hu-BLT is to transplant human fetal liver and thymus tissue into the renal capsule of adult immunodeficient recipient mice after sublethal irradiation, and at the same time, fetal liver or bone marrow-derived CD34+ HSCs from the same individual is injected intravenously (i.v.) into recipient mice (151). The Hu-BLT model is often used to study adaptive immune responses, such as HIV infection. However, the incidence of GvHD in the Hu-BLT model is higher than that in other CD34+ HSC transplantation models (145), and complex and precise surgical procedures are required, thus limiting the application of the Hu-BLT model in the research and development of tumor immune drugs.





6 Prospects

The use of animal models to develop human healthcare can be traced back to the 6th century BC (152). During this time, there have been significant developments in biotechnology and animal models that have contributed to the development of mechanisms of disease and drug discovery. Since the establishment of the earliest spontaneous animal tumor model, we have obtained a great deal of information about tumor generation and progression. However, we have gradually eliminated this method because of its randomness, high cost, and long cycle of tumorigenesis. Then, we used chemical drugs to induce tumors in mice to establish tumor models and study the carcinogenic effect of a certain factor. In fact, induced tumor is the most widely used method for establishing animal tumor models at present, due to the low technical requirements and cost, most of the laboratories can perform this biotechnique. With the development of the transgenic animal model and the PDX model, we have made great progress in understanding specific gene function, building animal models of human diseases, and evaluating the safety and effectiveness of new drugs, and it is hopeful that it will be a bright light for the study of animal tumor models in the future.

However, they still have significant limitations in modeling human cancer, which is mainly reflected in the immune microenvironment and tumor microenvironment, or the more subtle differences caused by species-specific differences. Although we have developed the PDX model and humanized model to reduce these differences, it is urgent that we develop and establish more effective animal tumor models to facilitate more detailed investigation of the tumor development process.
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Background

Treatment of ER+ breast cancer with intramuscular formulation of Formestane (4-OHA) shrinks the tumor within weeks. Since the tedious way of intramuscular administration and side effects are not suited for adjuvant treatment, Formestane was withdrawn from the market. A new transdermal formulation of 4-OHA cream may overcome the defects and retain the effect of shrinking the breast cancer tumor. However, the  effects of 4-OHA cream on breast cancer need further confirmatory studies.





Methods

In this work, in vivo, the influence of 4-OHA cream on breast cancer was evaluated using the mode of 7,12-dimethylbenz(a)anthracene (DMBA) induced rat mammary cancer. We explored the common molecule  mechanisms of action of 4-OHA cream and its injection formulation on breast cancer through RNA- sequencing-based transcriptome analysis and several biochemical experiments.





Results

The results showed that the cream substantially reduced the entire quantity, size, and volum of tumors in DMBA-treated rats consistent with 4-OHA injection, and indicated that there were comprehensive signals involved in 4-OHA antitumor activity, such as ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway, and proteoglycans in cancer. In addition, we observed that both 4-OHA formulations could enhance immune infiltration, especially CD8+ T cells, B cells, natural killer cells, and macrophages infiltration, in the DMBA-induced mammary tumor tissues. The antitumor effects of 4-OHA partly depended on these immune cells.





Conclusion

4-OHA cream could inhibit breast cancer growth as its injection formulation and may provide a new way for neoadjuvant treatment of ER+ breast cancer.





Keywords: Formestane cream, DMBA-induced mammary cancer, PI3K-Akt signaling pathway, tumor immune microenvironment, RNA transcriptome sequencing




1 Introduction

More than 50% of breast cancers are estrogen receptor alpha (ERα)-positive and their development and growth depend on estrogens (1, 2). Consequently, the major treatment strategy is deprivation of estradiol (E2). In postmenopausal women, estrogen deprivation is achieved by inhibiting aromatase, which is a key enzyme of estrogen synthesis from adrenal precursor molecules (3). 4-hydroxyandrostenedione (4-OHA), named Formestane, is the first specific steroidal aromatase inhibitor (AI) in clinical use (4). Its intramuscular depot preparation (Lentaron®Depot) is administered at a single dose of 250 mg/patient/application once every 2 weeks. High serum concentrations of the aromatase inhibitor (AI) are aimed at taking the desired action in the tumor, and exploring whether it would lead to systemic side effects by both reducing the systemic estrogen levels and inhibiting the autocrine production of estrogens. Unfortunately, because the tedious way of administration and side effects are not suited for adjuvant treatment, Lentaron was withdrawn from the market. Nevertheless, clinical trials have found that 4-OHA could be still effective when the tumor showed a relapse in spite of thoroughly removing the E2 by nonsteroidal AIs (5–7). This clinical effect must be due to a mechanism independent from the deprivation of E2. To reuse the clinical benefits of 4-OHA on mammary carcinoma and overcome its disadvantages, Heinrich Wieland and his colleagues developed a new formulation of 4-OHA cream which could be topically applied to the mammary gland and then penetrate through the skin and concentrate in the fatty tissue (8). The cream was clinically evaluated by Savetherapeutics®, a Germany-based biotech company. Four studies were conducted, in which resorption, tolerability, and efficacy of the topically applied formestane were shown. However, these promising results need further confirmatory studies to finally achieve market authorization for the transdermal formestane cream.

Brodie et al. had previously shown that 4-OHA markedly shrank dimethylbenz(a)anthracene (DMBA)-induced mammary carcinoma in rats (9). DMBA-induced tumors of rats were the most widely used in vivo model of breast cancer (3, 10–12). Therefore, in the study reported here, we also used this model to evaluate the effects of 4-OHA cream on breast cancer (Figure 1A). In addition, the effects of 4-OHA on the immune microenvironment in rats’ breast cancer model were assessed as well. Moreover, we clarified the underlying mechanisms of 4-OHA action on breast cancer (Figure 1B). This study is the first report to identify the global gene expression profile and the intra-tumor immune landscape of DMBA-induced mammary tumor after treatment with 4-OHA.




Figure 1 | Study design and mechanism of 4-OHA cream anti-breast cancer. Study design. Mammary tumors were initiated with DMBA at PND 49, and when the first tumor per rat reached a size of 1.5 cm in diameter but less than 2 cm, 4-OHA was given to the rats as indicated in the Materials and Methods. (A) Tumors responding to 4-OHA were harvested for RNA-seq. (B) The mechanism of action of 4-OHA cream.






2 Materials and methods



2.1 Animal

Female Sprague-Dawley (SD) rats were supplied by Chengdu dashuo experimental animal Co. Ltd. Rats are housed at five per cage under a regimen of 14 h of light and 10 h of darkness (lights on at 05:00 a.m.). Animals received rat chow and water ad libitum. The animal experiments were performed under the ‘Guideline for Care and Use of Experimental Animals’ and were approved by the Institutional Review Board (or Ethics Committee) of The Affiliated Hospital of Southwest Medical University, Southwest Medical University (protocol code 201903-37 and date of approval 2019-03-05).




2.2 Mammary tumor model

Six-week-old female SD rats, weighing approximately 150 g, were used in this study. Mammary carcinomas were induced by two oral administrations of DMBA (Sigma Chemical Co.) at a total dose of 20 mg/body at 6 and 7 weeks of age. Starting 40 days after DMBA treatment, animals were examined weekly by palpation; the rats with at least one tumor reaching 1.5 cm in diameter were placed sequentially into experimental groups (10 rats/test group). The body weights of the rats were also measured weekly. Animals with no tumors were discarded 150 days after DMBA treatment. The two perpendicular tumor axes were measured with calipers twice a week. Tumor volume was calculated by the formula d2 × D/2, where d is the minimal and D is the maximal diameter.




2.3 Drug and treatment schedule

4-OHA (Sigma Chemical Co.) was dissolved in benzyl alcohol and diluted in peanut oil when given subcutaneously (s.c.) (defined as 4-OHA injection) or made into cream as the formulation of the patent (US 20030092693A1) (designate as 4-OHA cream). Rats were then divided into four groups of 10 animals each. Rats in group A received 1 ml/kg of peanut oil as subcutaneous vehicle daily; rats of group B were applied transdermally with 1 ml of placebo cream twice daily; rats in group C were treated subcutaneously with 1 ml/kg of oil suspension of 4-OHA (50 mg/kg/day) twice daily; group D was administered transdermally with 1 ml of 2.5% 4-OHA cream twice daily. All treatments were maintained for 4 weeks. The doses chosen for testing the antitumor effect of 4-OHA in this study were based on Brodie’s previous studies (13) and the patent of 4-OHA ointment. Tumor growth was expressed as a percent value to the initial tumor volume, measured on the first day of treatment and taken as 100%. At the end of the treatment period, the rats were euthanized with cervical dislocation; tumors were removed and measured. The tissues were removed from fat and necrotic areas, weighed, and stored at -80° or placed in 10% buffered formalin solution until assayed.




2.4 UPLC analysis of 4-OHA in cream chemical components

4-OHA cream 10 mg was ultrasonically extracted with 10 ml acetonitrile for 20 min following matrix impurity removal with saturated sodium chloride. The extract was evenly distributed to a 10 ml volumetric flask and the volume was adjusted to 10 ml with methanol to obtain a 1 mg/ml sample solution. After filtration with a 0.22 μm filter membrane, sample injection was determined. UPLC was then used to analyze the sample solution to quantify the content of 4-OHA. The samples were subjected to UPLC analysis on a C18 column (2.1 mm i.d × 100 mm length, 1.6 μm) by a single injection of 5 μl detected at 278 nm; isometric mobile phase: Water (A); Acetonitrile (B) = 50:50; column temperature: 30°C; flow rate: 0.3 ml/min. 4-OHA was identified by their characteristic absorption spectra and their typical retention time corresponding to its standards. The concentration of 4-OHA in cream was determined using a four-level calibration curve based on a concentration series at 10, 20, 30, and 40 μg/ml. The calibration curve showed good linearity (correlation coefficients >0.999).




2.5 Cell viability

Cell viability was evaluated by MTT assay. Briefly, MCF-7 and ZR-75-1 cells were seeded in a 96-well culture plate (1000 cells/well). After 24 h, cells were treated by 4-OHA at a dose of 1 μM or left untreated in a 5% CO2 incubator for the indicated time. The incubation time and the concentrations of compounds were used based on previous studies (14). At the end of incubation, 10 µl of 5 mg/ml MTT solution was added to each well. After a 3-h incubation, 100 μl DMSO was added to dissolve the resultant purple formazan crystals. The absorbance was measured at 570 nm on a Thermo Scientific Varioskan Flash Multimode Reader.




2.6 Colony formation assay

About 2 × 103 breast cancer cells were seeded in six-well plates and exposed to 1 μM 4-OHA in a 5% CO2 incubator. After 7 days, cells were fixed with 4% polyoxymethylene and stained with crystal violet. The images for colony formation were recorded by a high-resolution scanner.




2.7 Cell cycle

The cell cycle was measured by flow cytometry assays. Breast cancer cells (2 × 105 cells/well) were plated in a 6-well plate and treated with DMSO, or 4-OHA (1 μM) for 72 h. For cell cycle analysis, cells were harvested with trypsin without EDTA to obtain single-cell suspensions and then washed once with ice-cold 1× PBS. After that, cells were fixed overnight in 70% ice-cold ethanol. The fixed cells were washed once with ice-cold 1× PBS, stained with PI solution (50 mg/ml PI, 0.1% NP-40, 0.1% sodium citrate, 0.1% Triton X-100), and then analyzed on a FACS Calibur (BD Biosciences).




2.8 RT-PCR and qRT-PCR

Total RNAs were isolated from DMBA-induced tumor tissues of rats or cells using TRIzol reagent (Life Technologies). cDNAs were synthesized by M-MLV reverse transcriptase (Life Technologies) as the manufacturer’s instructions, followed by real-time PCR using SYBR Green mix. Oligonucleotide sequences are listed in Supplementary Table 1, 2.




2.9 Western Blot Analysis

Total proteins were extracted in RIPA buffer (25 mM Tris·HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 1× phosphotase inhibitor and protease inhibitor cocktail. The resultant proteins in the supernatants were stored at -80°C or directly subjected to SDS-PAGE. Proteins were resolved on SDS-PAGE gels and transferred onto PVDF membranes. The membrane was blocked for 1 h at room temperature in 5% non-fat dry milk or bovine serum albumin (BSA) in TBST buffer (20 mM Tris-HCl, pH 7.5,150 mM NaCl, and 0.1% NP-40), then incubated with the primary antibody at 4°C overnight, washed, and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h. The signals were detected using ECL reagents (Life Technologies). The antibodies used are shown in Supplementary Table 3.




2.10 Immunohistochemistry and immunofluorescence

Tumor tissues obtained from the rat bearing DMBA-induced mammary carcinoma were subjected to immunohistological analysis. Immunohistochemistry was performed as previously described (15). The tissue sections were blocked by goat serum and incubated with primary antibody (1:200) and then incubated with biotinylated secondary antibody (1:200). Finally, the ImageJ software was used to analyze the data. For IF, sections were incubated with rat anti-mouse CD8, CD19, and CD56/CD16 antibodies, followed by staining with goat anti-rat (Abcam, ab150088) antibodies. DAPI (Invitrogen) was added to counterstain the nuclei. Finally, images were acquired by a slice section scanner (Pannoramic DESK) scanning microscope system and analyzed using the CaseViewer software. The antibodies used are shown in Supplementary Table 3.




2.11 Flow cytometry analysis

Single-cell suspensions were prepared from tumor tissue homogenates. Contaminated red blood cells were hemolyzed using ammonium chloride solution (IMGENEX). The resulting single-cell suspensions were incubated with the Abs for 30 minutes on ice. Isotype-matched control Igs were used to detect the nonspecific binding of Ig in the samples. The stained cells were analyzed on a CytoFLEX S system (Beckman Coulter, Brea, CA), and the obtained data were analyzed using the FlowJo_v10 software.




2.12 Subacute toxicity assessment

The safety of 4-OHA cream in vivo was evaluated by serum biochemical analysis, H&E staining. Briefly, following topical administration of 4-OHA cream or placebo cream in SD rats, the peripheral blood samples were collected using heparin and centrifuged for serum biochemical analysis. The tissue samples were simultaneously excised and fixed in 10% buffered formalin. The ALT, AST, TBIL, ALB, BUN, and total protein analyses in serum were performed using blood chemistry assay kits (BioAssay Systems). The tissue samples were embedded in paraffin, then cut into 5-μm-thick paraffin sections and subsequently placed on a glass slide. The slides were stained with H&E. Finally, images were acquired by a slice section scanner (Pannoramic DESK).




2.13 RNA Transcriptome sequencing

RNAs 3 μg were used to generate a sequencing library using NEBNext Ultra™ RNA Library Prep Kit for Illumina (New England BioLabs) as the manufacturer’s instructions. Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer, and the resultant PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer’s recommendations. After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2500 platform.




2.14 Statistical analysis

The data are presented as the mean ± SD of at least three independent experiments. Statistical analysis among groups was conducted using the two-tailed Student’s t-test and one-way analysis of variance on GraphPad Prism (GraphPad Software). The p-values <0.05 were considered statistically significant and marked with an asterisk (*, p < 0.05; **, p < 0.01; ***, p < 0.001).





3 Results



3.1 Effects of 4-OHA cream on breast cancer

Previous studies had shown that 4-OHA given s.c. to rats markedly shrank DMBA-induced mammary carcinoma (9, 16). To investigate whether 4-OHA cream had a similar effect to 4-OHA injection on breast cancer, we established a model of DMBA-induced mammary carcinoma in SD rats, developed the 4-OHA cream based on the formulation of patent, and assessed the antitumor efficacy of 4-OHA cream (Figure 2 and Supplementary Figure 1).




Figure 2 | The effects of 4-OHA cream on breast cancer growth. At an age of 50–54 days, female Sprague-Dawley rats were dosed intragastrically with 20 mg DMBA. Animals were selected for experiments when at least one tumor per rat had reached a diameter of 1.5 cm but less than 2 cm. The skin covering the tumor was shaved and the animals were divided into four groups. In 4-OHA and placebo cream groups, tumors were treated by direct application of the cream. (A–E) Tumors in the 4-OHA injection group were treated with twice-daily s.c. injections of 1 ml/kg of 4-OHA (50 mg/kg/day), and control animals received injections of the 4-OHA-suspending vehicle (peanut oil) at the same time. (A) Representative images of the tumors. (B) Expression of the proliferation marker Ki67 in tumor tissues was measured by immunohistochemistry. Scale bar, 20 μm. (C) Rat weight evolution during the experiment. The values are expressed as the mean. (D) Tumor growth curve. Average number of tumor nodules before and after treatment. (E) The data represent six sets of independent experiments and are shown as the means ± SD. *p < 0.05 vs. control group. The effects of 4-OHA on the growth of the cells. (F–I) Cells were cultured in 10% PRF-CT with E2 1 nM for 3 days before the experiment. (F, G) Cells were seeded in 96-well or six-well plates and 24 h later they were exposed to 1 μM of 4-OHA for 8 days. MTT (F) and Colony formation (G) assay were performed. Analysis of the cell cycle of MCF-7 (H) and ZR-75-1 (I) by flow cytometry as described in the Materials and Methods. Data represent a mean ± SEM of three independent experiments, each in triplicate; bars, SEM. *p ≤ 0.05 vs. control. control. PC, Placebo cream; 4C, 4-OHA cream; VI, vehicle; 4I, 4-OHA injection.



Starting 60 days after DMBA treatment, mammary tumors were successfully induced as shown in Supplementary Figures 1A–C. Neoplasias occur with a frequency of >90% (data not shown). DMBA-induced mammary cancer had been proved to be estrogen and progesterone receptor positive (9). Similarly, our immunohistochemical results showed to be ER- and PR-positive in DMBA-induced tumors (Supplementary Figure 1C). Then, we used this model to repeat Brodie’s results that 4-OHA at a dose of 50 mg/kg per day could diminish tumors by more than half. Likewise, the 4-OHA cream caused a significant regression of tumors (Figures 2A, D, and Supplementary Figure 1D). Immunohistochemical results showed that the proliferation marker Ki67 was reduced by 4-OHA cream or injection as compared with control (Figure 2B). The average number of tumor was 1.25 ± 0.15 tumors per rat at the beginning of the treatment for all groups. Values of 3.0 ± 1.2, 3.2 ± 1.3, 1.0 ± 0.7, and 1.2 ± 0.4 were found after 28 days of treatment with vehicle, placebo cream, 4-OHA injection, and 4-OHA cream, respectively. Both 4-OHA dosage forms significantly decreased the number of new tumors at the end of the experiment compared to their respective control (Figure 2E). The weight of rats in drug groups increased slightly after 4 weeks of treatment (Figure 2C). Subsequently, to confirm that the antitumor effects of the cream derived from the compound of 4-OHA, we performed UPLC to detect the concentration of active ingredients in the cream. The main peak of the cream was identical to the peak of a single compound of 4-OHA (Supplementary Figure 2A). Then, according to the calibration curve, the 4-OHA content of the cream was determined to be 2.5%–2.7% (Supplementary Figure 2B). In consequence, these findings indicated that 4-OHA cream worked in tumors as 4-OHA injection.

Additionally, as shown in Figures 2F, G, 4-OHA inhibited the proliferation of MCF-7 and ZR-75-1 cells at a dose of 1 μM. This antiproliferative action of 4-OHA correlated well with the results of the cell-cycle analysis in breast cancer cells. 4-OHA significantly arrested the cell cycle, increasing the portion of MCF-7 and ZR-75-1 cells in the G1 phase and decreasing the portion in the S phase (Figures 2H, I), which further demonstrated that the compound of 4-OHA we used worked. In summary, the above results supported the notion that 4-OHA could work in breast cancer through transdermal absorption.




3.2 Safety evaluation of 4-OHA cream

In vivo, pathological studies in SD rats were performed to evaluate 4-OHA cream safety. The female SD rats were topically applied with placebo cream, 4-OHA cream, or without treatment. Because 1 g/kg was the efficacious dose of 4-OHA cream to suppress DMBA-induced tumor growth in rats (14), the high dose of 10 g/kg was used to evaluate 4-OHA cream toxicity. The serum biochemistry data showed that 4-OHA cream had no hematological or liver toxicity (Figure 3B). The H&E staining indicated that there were no obvious necrotic cells or tissues in the major organs, including heart, liver, spleen, lung, and kidney (Figure 3A). Moreover, the side effects (vomiting, diarrhea, and significant decrease in rat body weight) were not observed in rats (data not shown). Thus, 4-OHA cream at a 10 g/kg dose was safe.




Figure 3 | Safety evaluation of 4-OHA. Seven-week-old female SD rats were topically applied with cream at a dose of 10 g/kg. (A) H&E staining of main organs in SD rats after treatment with placebo or 4-OHA cream, or without treatment. (B) Serum biochemical parameters, including ALT, AST, TBIL, ALB, BUN, and TP, in rats treated with or without cream. Nor, normal; PC, placebo cream; 4-OHA, 4-OHA cream. There is no significance between the group of placebo cream or 4-OHA cream and normal group. p > 0.05, ns. ns means no significant difference.






3.3 RNA-Seq gene expression profiling in DMBA-induced tumor treated with 4-OHA cream

To understand the molecular mechanism of action of 4-OHA cream anti-breast cancer, we used high-throughput sequencing technology to determine the differentially expressed genes (DEGs) in the experimental vs. control group. As shown in Figures 4A, B, 4-OHA cream caused 378 up-regulated genes (normalized FPKM of experimental group ≥40) and 220 down-regulated genes (normalized FPKM of control ≥40) compared to its control by ≥2-fold (i.e. average |log2 (fold-change)| ≥2). 4-OHA injection vs. vehicle had 201 up-regulated genes and 135 down-regulated genes. Hierarchical clustering based on differentially expressed RNA transcripts (Figure 4A) revealed clear clustering of 4-OHA-treated DMBA-induced tumors from the control. Venn diagram showed that 102 up-regulated genes and 69 down-regulated genes were shared by 4-OHA cream and injection (Figure 4B), and the remaining DEGs were unique to each individual.




Figure 4 | RNA-seq gene expression analysis of DMBA-induced mammary tumors treated with or without 4-OHA. (A) Heatmap of detected genes differentially expressed in the control and experimental group. (B) Venn diagram of 4-OHA-induced up-regulated or down-regulated DEGs in DMBA-induced tumors treated by 4-OHA cream or 4-OHA injection formulation. Kyoto Encyclopedia of Genes and Genomes (KEGG) (C) and Gene Ontology (GO) term (D) analysis of common differentially expressed genes between 4-OHA cream and 4-OHA injection group.



To further explore the biological implications of the common DEGs, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis and Gene Ontology (GO) term analysis were performed with these common DEGs, and the results were shown in Figures 4C, D. For KEGG term analysis, it demonstrated that 4-OHA cream as its injection had significant effects on ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway, and axon guidance (Figure 4C). In the GO term analysis, as expected, DEGs were mainly related to extracellular matrix (ECM) structural components (Figure 4D), which have been reported to be associated with PI3K-Akt signaling pathway and tumor proliferation (17).




3.4 The effects of 4-OHA on extracellular matrix and PI3K-Akt signaling pathway

It is well known that 4-OHA is an aromatase inhibitor that can block estrogen biosynthesis (18). Estrogen activity can modulate components of the ECM in the tumor microenvironment, upregulating transcripts of COL1A1, and several matricellular proteins such as TNC, FN1, and POSTN (19). As shown in Figure 5A, both 4-OHA treatment methods downregulated transcripts of ECM-related genes in DMBA-induce tumors, such as Col1a1, Tnc, Fn1, and Itga5. Meanwhile, the expression levels of these genes in MCF-7 and ZR-75-1 cells were downregulated by 4-OHA at a dose of 1 μM, which suggested that 4-OHA could cause an extracellular matrix remodeling of ER+ breast cancer cells.




Figure 5 | The effects of 4-OHA on extracellular matrix, cell cycle, and PI3K-Akt signaling pathways related genes or proteins. (A) The qRT-PCR was carried out to validate indicated DEGs in both 4-OHA cream and 4-OHA injection groups. (B) Representative levels of cell cycle-related genes by qRT-PCR. The key protein levels of the cell cycle and the PI3K-Akt signaling pathways were analyzed by western blotting (C) and immunohistochemistry (D) after 4-OHA treatment in DMBA-induced breast cancer tumors. Scale bar, 50 μm. (E–G) The expression levels of cell cycle, PI3K-Akt signaling pathways related genes, and tumor suppressors by qRT-PCR and western blotting in MCF-7 and ZR-75-A cells exposed to 1 μM of 4-OHA for 72 h. (H–J)Following Akt overexpression in MCF-7 cells, MTT (I) and Colony formation (J) assay were performed. The protein expression of Akt and P-AkT were analyzed by western blotting (H). Vec, Vector; OE, overexpression; Veh, Vehicle. Data are represented as the mean ± SEM of three independent experiments, each in triplicate; bars, SEM. ***p ≤ 0.001, *p ≤ 0.05 vs. control.



Multiple studies have demonstrated remodeling ECM was accompanied by alteration of signals activation in tumor, including focal adhesion kinase, MAP kinases, and the PI3K-AKT cascade (19–21). In this study, our results suggested that 4-OHA could inactivate the PI3K-Akt signaling pathway (Figure 4C), which was further confirmed by immunoblotting and immunohistochemistry assays. The results showed that phosphorylated Akt, but not Akt, was significantly reduced by 4-OHA treatment in vivo and in vitro (Figures 5C, D, G; Supplementary Figures 3A, B). In addition, Akt overexpression in MCF-7 cells can counteract the ability of 4-OHA inhibiting breast cancer growth (Figures 5H–J; Supplementary Figure 3C).

It is well known that cell cycle transitions are regulated by the PI3K-Akt signaling pathway. To confirm the expression levels of cell cycle-related genes and proteins that decreased with the reduction of PI3K-Akt signaling, qRT-PCR and immunoblotting were carried out following 4-OHA treatment. As shown in Figures 5B–G, the expression levels of cell-cycle-related genes significantly decreased, while the expression of cyclin kinase inhibitor P27Kip1 was significantly upregulated by 4-OHA. In tumor tissues, the variation of CyclinD1 and P27Kip1 were further verified by immunohistochemistry again (Figure 5D).

Above all, results suggested that 4-OHA arrested the cell cycle of breast cancer cells by reduction of PI3K-Akt signaling caused.




3.5 4-OHA antitumor growth by upregulating tumor suppressors

As shown in Figure 4C, both 4-OHA formulations had a significant impact on axon guidance in mammary tumors. The expression levels of Lrrc4 and Sema3b in axon guidance were significant upregulation in vivo and in vitro (Figures 5A, E). Another two tumor suppressor genes Btg1 and Nbl1 were also significantly upregulated following 4-OHA treatment (Figures 5A, E).




3.6 4-OHA enhanced the infiltration of immune cells into tumor tissues

It is reported that ECM degradation could improve the infiltration of immune cells into tumor tissues and achieve strong immune response to antitumor immunity (22). As mentioned above, both 4-OHA formulations reduced the components of ECM. To verify whether 4-OHA promoted immune infiltration in DMBA-induced mammary tumors, we performed the CIBERSORT algorithm to calculate the relative proportion of immune cells in tumor tissues treated with/without 4-OHA (Figure 6A). The results showed that the proportion of naive B cells, resting NK cells, and naïve CD8+ T cells dramatically increased. In contrast, the proportion of M2 macrophages and activated DCs were reduced in both 4-OHA formulations groups as compared with controls. Additionally, several types of immune cells exhibited statistically significant differences between the 4-OHA injection group and the 4-OHA cream group, including activated CD8+ T cells, immature DCs, and Th17 cells. They increased in the 4-OHA injection group alone. Furthermore, the expression levels of interferon-signaling genes (e.g., Stat1, Stat3) were up-regulated after 4-OHA treatment (Figure 6B), while the immunosuppressive cytokine genes Vegfa in the 4-OHA cream and injection group displayed 2.04- and 1.39-fold downregulation, respectively (Figure 6B).




Figure 6 | 4-OHA treatment remodeled the tumor immune microenvironment. Female SD rats with at least one tumor reaching a size of 1.5 cm in diameter received vehicle peanut oil, placebo cream, 4-OHA cream, or 4-OHA injection for 4 weeks, as indicated in the Materials and Methods. (A) Heatmap of relative infiltrations of immune-cell populations in tumor tissues. (B) Expression levels of immune-related genes. (C) Representative images of tumors stained for CD8, CD19, or CD16/CD56. DAPI (nuclei) was also shown with each antibody. Scale bar, 20 μm. (D) Percentage of CD8, CD19, or CD161 positive cells. Counts were quantified from five representative high-powered fields from each sample. (E, F) Flow cytometric analysis of the number of CD45+CD3+CD8+ and CD3- CD161+ NK cells in the tumor tissues. E shows an exemplary gating, F gives an overview of the results versus WT. Data are represented as the mean ± SEM. bars, SEM. *p ≤ 0.05 vs. control. PC, Placebo cream; 4C, 4-OHA cream; VI, vehicle; 4I, 4-OHA injection.



To verify the results of bioinformatic analysis, we further conducted the immunofluorescence analysis to evaluate the distribution patterns of CD8+ T cells, CD19+ B cells, and NK cells in tumors treated with 4-OHA or not. Representative tumor sections stained for the CD8, CD19, or CD16/CD56 antibody labeled with dye, and cell nucleus labeled with DAPI are shown in Figure 6C. Both formulations of 4-OHA resulted in significantly increasing numbers of tumor-infiltrating CD8+ T cells, CD19+ B cells, and NK cells as compared with their respective control (Figure 6D). The results of flow cytometry analysis also confirmed that CD8+ T cells and NK cells play a role in 4-OHA against breast cancer growth (Figures 6E, F).

The above results indicated that 4-OHA could significantly promote the infiltration of immune cells into DMBA-induced mammary tumors, but with some differences between the two formulations, such as there were more active CD8+ T cells, immature DCs, and Th17 cells in the 4-OHA injection group than in the 4-OHA cream group.





4 Discussion

Previously, the potent aromatase inactivator (= suicide inhibitor) 4-OHA was developed by Ciba and Novartis, respectively, as intramuscular depot injection preparation (Lentaron®Depot) for treatment of the postmenopausal patients with advanced breast cancer. The medication proved to be very effective and showed high systemic tolerability but was hampered by local tolerability problems, which also did not allow increasing the dosing for higher efficacy. These aspects and the availability of new potent oral aromatase inhibitors led to the strategic decision to stop the marketing of Lentaron®Depot by Novartis. However, clinical studies had shown that 4-OHA still worked, when the nonsteroidal AIs failed, which led to a desire to exploit this compound again.

In the late 90s of the last century, researchers at Freiburg postulated that a topical formulation of steroidal aromatase inactivators would be of benefit and could overcome the limitations (local intolerance at higher concentrations) of intramuscular formulation of Lentaron®. The novel concept to treat breast cancer with a topical formulation of formestane is based on two rationales: (i) Formestane is by chemical nature a steroid like molecule; this molecule is known to be well resorbed via the skin. Estrogen-containing creams are used for a variety of diseases, such as estrogen patches for the treatment of certain menopausal conditions. As Formestane differs only by minor modification from estrogen it should be applied by the transdermal route. (ii) It is well described that breast cancer tissue itself can produce its estrogen by expressing the necessary quantities of the aromatase enzyme. Thus, exposure of the tumor to an aromatase inhibitor via topical transdermal application should allow achieving significant inhibitory levels in the tumor being eventually higher than via the systemic route. However, so far no literature reported the effects of these new formulations of aromatase inhibitors on breast cancer and their mechanism of action.

In the present study, we developed 4-OHA cream and compared its effect on DMBA-induced mammary tumors with that of 4-OHA subcutaneous injection. Moreover, we used high-throughput sequencing technology to explore the molecular mechanism of action of this cream anti-breast cancer.

Brodie had proved that 4-OHA could reduce ovarian estrogen production and cause regression of carcinogen (DMBA)-induced mammary tumors (9). As shown in Figure 2A, we got the same results as Brodie’s when 4-OHA was subcutaneously injected in rats at a dose of 50 mg/kg per day. Of course, this antitumor effect was not due to 4-OHA toxicity, because the toxicity assessment assay showed that 4-OHA cream at the dose was safe (Figures 3A, B). The cream absorbed directly via the skin might cause a locally high concentration of 4-OHA in the tumor, which efficiently and directly reduced estrogen biosynthesis in tumors and led to an inhibition of tumor growth. Furthermore, analysis of the cell cycles by flow cytometry clearly showed an arrest of breast cancer cells in the G1/G0 phase (Figures 2H, I), indicating that the 4-OHA antiproliferative effect on breast cancer cells was due to the cell cycle retardation.

Next, through high-throughput sequencing, we identified the differential expression genes (DEGs) after 4-OHA treatment the DMBA-induced tumors for 28 days. DEGs were primarily associated with extracellular matrix (ECM) ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway, axon guidance, and tumor suppressors. Literature reported that estradiol (E2) could increase ECM remodeling, accompanied by upregulating transcripts for COL1A1, and several matricellular proteins, including TNC, FN1, and POSTN (19). 4-OHA as a well-known aromatase inhibitor could efficiently reduce estrogen biosynthesis in tumor tissues, which might cause a reduction of ECM remodeling in the tumor microenvironment. As shown in Figures 5A, E, 4-OHA decreased the components of ECM in breast cancer cells by downregulating the expression levels of ECM-related genes, such as Col1a1, Tnc, Fn1, and Itga5. Moreover, these ECM-related genes play a role in the PI3K-Akt signaling pathway (20, 23, 24). The reduction of phosphorylated AKT, a key protein of the pathway, was determined by Western blot and immunohistochemistry (Figures 5C, D, G). These findings indicated that 4-OHA could reduce the PI3K-Akt signaling. And then, the reduction of the PI3K-Akt signaling downregulated the cell cycle-related gene or protein expression (Figures 5B, C, F, G), which resulted in the arrest of breast cancer cells in the G1/G0 phase. In addition, the downregulation of ECM-related genes might influence breast cancer metastasis, which would be the topic of future research.

Furthermore, 4-OHA significantly up-regulated the expression levels of tumor suppressors, such as Lrrc4, Sema3b, Btg1, and Nbl1. Of these tumor suppressors, Btg1 had higher expressed levels in the 4-OHA treatment group than the control group (4-OHA cream 798.8 vs. control 297.8; 4-OHA injection 888.1 vs. 328). BTG1 belongs to the BTG/Tob families, had been proved to inhibit various cancer cells growth, and expresses primarily in the G0/G1 phase transition, with levels decreasing as cells enter S phase (25). Literature also reported that overexpression of BTG1 decreased the levels of phosphorylated CDC2, cyclin B1, cyclin D1, and cyclin E1 in the MCF-7 cells (26). As for the two tumor suppressors Lrrc4 and Sema3b, they were rich in the axon guidance signaling pathway. LRRC4 could arrest the cell cycle in late G1 phase by upregulating the level of cell cycle inhibitory molecules and downregulating the expression of cell cycle regulatory proteins (27–29). Sema3b inhibited axonal extension and exerted an antitumor effect on lung and ovarian cancer cells in vitro (30). Nbl1 also had a work on preventing cells from entering the final stage (G1/S) (31). Therefore, the upregulation of the four tumor suppressors partly accounted for the antitumor activity of 4-OHA cream.

Moreover, increasing evidence indicates that small-molecule inhibitors can remodel the tumor immune microenvironment and improve immune-mediated tumor destruction (32–34). It was reported that the dense ECM blocks the infiltration of immune cells into tumor tissue, limiting the antitumor effect of immunotherapy (35, 36). On the other hand, the degradation of tumor ECM can promote the infiltrations of immune cells into tumors (22). Given these views, 4-OHA also could reduce the components of breast cancer ECM, such as collagens, integrins, and fibronectins (Figure 4 and Figure 5). Hence, 4-OHA increased the number of infiltrated immune cells in DMBA-induced tumors, including naive B cells, resting NK cells, and naïve CD8+ T cells, but reduced that of M2 Macrophage and DC Active (Figure 6A). Immunofluorescence analysis confirmed the proportion of CD8+ T cells, NK cells, and B cells increased in DMBA-induced tumor tissues after treatment with 4-OHA or not (Figures 6C, D). The antitumor role of NK cells and cytotoxic T cells has long been well-documented. However, the role of B cells is still controversial in tumor immune microenvironment. Recently, literature reported that tumor-infiltrated B-cells were significantly associated with improved survival in breast cancer patients (37–39). In contrast, M2 macrophages support tumor growth and progression through hypoxia and the secretion of cytokines (e.g. IL-4). Although according to the results of bioinformatic analysis, the 4-OHA treatment decreased the proportion of activated DCs; facilitated the infiltration of naive B cells, resting NK cells, and naïve CD8+ T cells into tumor tissue; and did not activate these three immune cells, qRT-PCR results showed that the expression levels of interferon-signaling genes (e.g., Stat1) and immunosuppressive cytokine genes (e.g., Vegfa) were up- and down-regulated in response to 4-OHA treatments, respectively (Figure 6B). This result indicated that 4-OHA could induce a proinflammatory immune response in the tumor microenvironment. Taken together, we concluded that 4-OHA treatment promoted recruitment of lymphocyte in tumor tissue to regulate tumor growth. From this perspective, 4-OHA inducing the lymphocyte infiltration is a promising strategy to convert poorly infiltrated breast cancer from a ‘cold’ tumor to a ‘hot’ tumor.

Additionally, in 4-OHA injection group tumor tissues, there were more active CD8+ T cells, immature DCs, and Th17 cells than in 4-OHA cream group tumor tissues, which suggested that there were other mechanisms of action of 4-OHA injection formulation on DMBA-induced of tumors. 4-OHA injection agents might reach multiple organs of rats through the blood circulation system and have complex metabolic pathways and metabolites, which might produce different drug effects in the body of rats, and then promoted the infiltration of more types of immune cells. Whereas, the 4-OHA cream directly infiltrated into the tumor lesion by penetrating the skin without passing through the liver and other organs, which caused a relatively simple metabolic pathway and simpler drug effects.

Moreover, the morphologic changes of 4-OHA cream entering the body might lead to different effects of drugs remodeling the immune environment from 4-OHA injection. This will be the topic of future research.




5 Conclusions

This study showed that 4-OHA cream could penetrate the skin and play a role in antitumor action as intramuscular depot preparation (Lentaron®Depot). Further, we preliminarily elucidated the molecular mechanism of 4-OHA against breast cancer. The results suggested that Formestane was being reintroduced as a cream for breast cancer therapy. Importantly, the results of the study gives us a way out for new use of old drugs straddling another therapeutic niche, such as atypical immunotherapy like this study.
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Biologics have become an important component of treatment strategies for a variety of diseases, but the immunogenicity of large immune complexes (ICs) and aggregates of biologics may increase risk of adverse events is a concern for biologics and it remains unclear whether large ICs consisting of intrinsic antigen and therapeutic antibodies are actually involved in acute local inflammation such as injection site reaction (ISR). Ozoralizumab is a trivalent, bispecific NANOBODY® compound that differs structurally from IgGs. Treatment with ozoralizumab has been shown to provide beneficial effects in the treatment of rheumatoid arthritis (RA) comparable to those obtained with other TNFα inhibitors. Very few ISRs (2%) have been reported after ozoralizumab administration, and the drug has been shown to have acceptable safety and tolerability. In this study, in order to elucidate the mechanism underlying the reduced incidence of ISRs associated with ozoralizumab administration, we investigated the stoichiometry of two TNFα inhibitors (ozoralizumab and adalimumab, an anti-TNFα IgG) ICs and the induction by these drugs of Fcγ receptor (FcγR)-mediated immune responses on neutrophils. Ozoralizumab-TNFα ICs are smaller than adalimumab-TNFα ICs and lack an Fc portion, thus mitigating FcγR-mediated immune responses on neutrophils. We also developed a model of anti-TNFα antibody-TNFα IC-induced subcutaneous inflammation and found that ozoralizumab-TNFα ICs do not induce any significant inflammation at injection sites. The results of our studies suggest that ozoralizumab is a promising candidate for the treatment of RA that entails a lower risk of the IC-mediated immune cell activation that leads to unwanted immune responses.
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1 Introduction

Rheumatoid arthritis (RA) is one of a number of systemic autoimmune diseases that are accompanied by inflammation and both joint pain and swelling due to the inflammation. The roles of TNFα in the pathogenesis of RA have been reported (1, 2), and biologics that inhibit TNFα have made significant improvements in the treatment of RA (3–7). Five TNF inhibitors are now available for clinical use in RA, and the following four of them (the exception being certolizumab pegol) contain the Fc (Fragment crystallizable) portion: etanercept, a TNF receptor Fc fusion protein (3); infliximab, an anti-TNFα chimeric monoclonal antibody (4); adalimumab and golimumab, anti-TNFα human monoclonal antibodies (5, 6); and certolizumab pegol, a pegylated anti-TNFα humanized antibody Fab’ fragment (7).

The Fc portion of IgG antibodies mediates various immune response by interacting with the complement system or with Fcγ receptor (FcγR), which is widely expressed on several types of immune cells (dendritic cells, mast cells, neutrophils, monocytes, and macrophages). The effector functions of IgG antibodies, such as complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC), are thought to be important mechanisms underlying the actions of therapeutic antibodies aimed at cytotoxicity, such as rituximab and trastuzumab (8). However, these Fc-mediated responses also entail the risk of inducing various unwanted immune responses (9). Accumulating evidence has shown that the unwanted inflammatory response is closely associated with injection site reactions (ISRs) or systemic hypersensitivity reactions (10–12). These unwanted immune responses can be an important factor in deciding to discontinue biotherapy and in selecting biological therapeutics (13–15).

Cross-linking of FcγRs by multimerized IgG as a result of immune complex (IC) formation is known to be one of the triggers of these unwanted immune responses (9, 16, 17). The extent of FcγR-mediated activation has been reported to be correlated with IC size (18). The traditional IgG antibodies, such as adalimumab and infliximab, can generate extremely large ICs under certain conditions, because an IgG antibody interacts with only one TNFα molecule of TNFα trimers in the complex as the result of the low flexibility of IgG in the distance between two antigen binding domains (19, 20). Moreover, studies that used a reporter assay have found a correlation between the size of the ICs and FcγRII and FcγRIII receptor-downstream signaling (21), suggesting that ICs composed of anti-TNFα antibodies and TNFα would be capable of inducing an unwanted immune response. However, the results were obtained in studies that used FcγR-overexpressing cells, and no studies have ever been performed using primary cells directly isolated from the hematopoietic system. Moreover, it is unclear whether the activation of FcγR-expressing cells by ICs leads to acute inflammation at the local injection site.

The next-generation anti-TNFα therapeutic ozoralizumab is a 38kDa humanized trivalent NANOBODY® compound that consists of two anti-human TNFα NANOBODY® VHHs and an anti-human serum albumin (HSA) NANOBODY® VHH, and it is structurally different from anti-TNFα IgGs such as adalimumab (22–24). Unlike previously reported IgG mAbs (19, 20), the very flexible geometry of three small NANOBODY® VHHs fused together with a 9GS linker enables both anti-human TNFα NANOBODY® VHHs to bind to two of the TNFα molecules of same TNFα trimers, and as a result ozoralizumab tends not to form large ICs with TNFα trimers. Moreover, since ozoralizumab lacks an Fc portion, ICs containing ozoralizumab might not be recognized by FcγRs expressed on immune cells. Consequently, ozoralizumab is expected to cause fewer immune responses caused by cross-linking of FcγRs with ICs. Treatment with ozoralizumab has been shown to have beneficial effects in the treatment of RA comparable to those of other TNF inhibitors and has been shown to have acceptable tolerability in Phase II/III clinical trials (25). The incidence of ISRs has been as low as 2%. The incidence of ISRs in the clinical studies of ozoralizumab has been similar to the incidence observed in clinical studies of certolizumab pegol (26), which also lacks an Fc portion, suggesting that the immune response via the Fc portion in antibody therapeutics is associated with the incidence of ISRs. In our previous paper, we demonstrated the immunogenicity assessment of biologics from biologics induce ADA production, indicating that the different structure of ozoralizumab compared to other TNF inhibitors is advantageous for the adaptive and systemic immune response induced by repeated administration (24). However, it remained unclear whether ozoralizumab is involved in localized acute inflammation.

In the present study, we therefore compared the effects of ICs formed with ozoralizumab or adalimumab (the latter as representative of antibodies that contain an Fc portion) on FcγR-mediated immune responses. We determined the molecular masses and hence stoichiometries of ICs by Size Exclusion Chromatography (SEC) and investigated whether ozoralizumab-TNFα ICs are capable of activating FcγR-expressing immune cells. We also developed a model of anti-TNFα antibodies and TNFα IC-induced subcutaneous inflammation to predict the potential clinical benefit of ozoralizumab in avoiding or reducing certain types of unwanted immune responses.




2 Materials and methods



2.1 Size exclusion chromatography

Ozoralizumab or adalimumab (0.65 nmol) was mixed with 0.072, 0.217, 0.65, or 1.95 nmol of TNFα trimer in 250 μL of PBS. Each mixture was incubated overnight at 4°C and then loaded onto a Superdex 200 Increase 10/300 column equilibrated with PBS. Representative results from two independent experiments are shown in Figure 1. The molecular weight estimated by the elution volume at the column has been calibrated by using a Gel Filtration Calibration Kit (Cytiva, United States), Carbonic Anhydrase (29 kDa, Sigma, United States), Cytochrome C (12.4 kDa, Sigma, United States), and Aprotinin (6.5 kDa, Nakarai, Japan). The molecular masses of the complexes obtained were estimated by SEC Principles & Methods (Cytiva, United States). After mixing 0.65 nmol of ozoralizumab with 1.3 nmol HSA (Sigma-Aldrich, United States) and 0.072, 0.217, 0.65, or 1.95 nmol of TNFα trimer in 250 ul of PBS, each mixture was incubated overnight at 4°C and loaded onto a Superdex 200 Increase 10/300 column equilibrated with PBS. Molecular mass was estimated as described above.




Figure 1 | Size Exclusion Chromatography (SEC) of immunocomplexes of TNFα with ozoralizumab or adalimumab. (A) chromatograms of ozoralizumab-TNFα mixtures in various molar ratios. (B) chromatograms of adalimumab-TNFα mixtures in various molar ratios. All molecular weights were estimated by calibration with molecular weight markers.






2.2 In silico modeling and MD simulations

Molecular modeling and visualization of the TNFα-ozoralizumab complex were performed using the Molecular Operating Environment (MOE) 2019.01 software platform (27). The initial complex structure of the two anti-TNFα NANOBODY® VHHs in ozoralizumab and hTNFα trimer was built based on the crystal structures of a TNFα and an anti-h TNFα NANOBODY® VHH complex (PDB ID: 5M2J) (23). The structure of an anti-TNFα NANOBODY® VHH ozoralizumab was modeled with a #VHH2 template by using the protein modeler tool in the “MOE/Homology Modeler” suite. The structure of an anti-HSA NANOBODY® VHH was also modeled using the “MOE/Antibody Modeler” tools. The linkers (9 amide acids: GGGGSGGGS) between the anti-TNFα and anti-HSA NANOBODIES ® were constructed by using the “MOE/Loop/Linker Modeler” tools. The structure (protonation, cap and build loop) for the crystal TNFα trimer structure was prepared with the “MOE/Structure Preparation” tools. In addition, the model structures were optimized by using the Amber10: EHT force field in generalized Born approximation, and all heavy atoms were fixed at the X-ray structure coordinates, except the two linkers. Molecular dynamics (MD) simulations of the ozoralizumab and TNFα trimer complex were then performed with GROMACS 2020.6 software (28) to confirm the validity of our predicted model. MD simulations were performed according to the procedure described below. The complex was placed in a truncated octahedron simulation box with a periodic boundary condition filled with TIP3P model water molecules (29). The water molecules were replaced with Na+ and Cl− ions to an NaCl concentration of 150 mM. The ff99SB force field parameter was assigned to the protein. To equilibrate the simulation system, a 20,000-step structural optimization and a 0.2 ns NVT MD simulation with position restraints for heavy atoms except water molecules were carried out. Then, the 0.2 ns MD without restraints under NPT conditions was continued. The temperature was maintained at 310 K and the pressure at 1 bar by using the stochastic dynamics algorithm (30) and the Berendsen algorithm (31), respectively. The long-range electrostatic interaction was processed by using the particle mesh Ewald method (32). An additional 0.2 ns MD simulation and a 100 ns production MD simulation were performed by applying the Nosé-Hoover and Parrinello-Rahman algorithm (33–35).




2.3 Isolation of primary mouse neutrophils

Mouse neutrophils were isolated from bone marrow by using a Neutrophil Isolation Kit (Cayman Chemical, United States) according to the manufacturer’s instructions. Neutrophils were isolated from blood at room temperature by using sterile, endotoxin-free reagents. Cells were kept at room temperature in CL medium (a modified RPMI 1640 medium without phenol red and sodium hydrogen carbonate [Merck, Germany] containing 20 mM HEPES [Thermo Fisher Scientific, United States]) as described previously (36) until used (usually within 60 min). Cells were pre-treated for 20 min with 50 ng/ml TNFα prior to IC stimulation and then incubated for 10 minutes with/without BUF041B, FcγRII/CD32, and RIII/CD16 neutralized antibodies.




2.4 Detection of reactive oxygen species

Ozoralizumab was generated at Wyeth Research in the manner previously described (37). Adalimumab was purchased from Eisai Co., Ltd (Japan). Recombinant human TNFα alpha was purchased from R&D Systems (United States). All samples were diluted with PBS (Thermo Fisher Scientific, United States) or saline (Otsuka, Japan). A 20.3 μM solution of ozoralizumab or adalimumab was mixed with 2.3 μM, 6.6 or 6.8 μM, 20.3 μM, or 60.8 μM solution of TNFα trimer and incubated overnight at 4°C. Mixtures of the respective antibodies and TNF were added to mouse neutrophils to a final antibody concentration of 33-34 nM. Reactive Oxygen Species (ROS) were measured by using L-012 sodium salt (8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d] pyridazine sodium salt) (38). Neutrophils (5 x 105 cells/well) in CL medium containing 50 μM L-012 (FUJIFILM Wako Pure Chemical, Japan) were transferred to white microplates (Greiner Bio-One, Austria), and ROS-dependent chemiluminescence was measured with an ARVO microplate reader (PerkinElmer, United States). ROS released by the neutrophils were monitored for 1 min at 37°C.




2.5 Mice

Six-eight-week-old C57BL/6J male mice were purchased from Charles River Japan (Japan). The animals were housed under controlled temperature (23°C ± 3°C), humidity (55% ± 20%), and lighting (lights on from 0700 to 1900 hours) conditions. All animal experiments reported here were reviewed and approved by the Institutional Animal Care and Use Committee of Taisho Pharmaceutical Co., Ltd., and were in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 2006).




2.6 Immune complex-induced subcutaneous inflammation

The dorsal skin of anesthetized mice was shaved, and 30 μL of PBS, ozoralizumab (6.6 μM, 0.25 mg/mL or 26.3 μM, 1 mg/mL), and adalimumab (6.8 μM, 1 mg/mL) mixed with 10 μg TNFα were injected intradermally at specific sites. Then, 0.5% Evans blue dye was immediately injected via the tail vein. The mice were sacrificed 4 hours after being injected, and the skin was removed at the fascia level above skeletal muscle, and reversed. Photographs were taken immediately and used to quantitate the degree of plasma exudation elicited by IC-induced subcutaneous inflammation. The blue dye intensity at each injection site was quantified with ImageJ software (National Institutes of Health, Bethesda, MD). The injection sites were then removed with a disposable sterile 6-mm punch biopsy (Kai, Japan), and after weighing them to evaluate edema, the tissues were immediately flash-frozen in liquid nitrogen and stored at −80°C.




2.7 Determination of MPO levels in skin

The flash-frozen skin tissues were blended and homogenized with RIPA Lysis and Extraction buffer (Thermo Fisher Scientific, United States) containing Halt Protease and Phosphatase Inhibitor (Thermo Fisher Scientific, United States). The homogenates were centrifuged at 10,000 g for 5 min, and the supernatant was collected. MPO levels in the tissue supernatant were measured by using a mouse ELISA kit (Abcam, United Kingdom) according to the manufacturer’s instructions.




2.8 Histopathology

The injection sites collected from the dorsal skin of the mice (n = 3/group) were fixed in 10% neutral buffered formalin fixation, trimmed, and embedded in paraffin. Hematoxylin and eosin stained slides were prepared, and they were examined histopathologically with a BX53; microscope (Olympus Corporation, Japan).




2.9 Determination of ADCC activity

Infliximab and adalimumab were locally purchased from Med World Pharmacy. 7AAD staining solution was purchased from BD Biosciences (United States). NS0-TNF-D13 cells were produced by transfecting NS0 cells with a plasmid encoding the membrane bound form of TNFα. NK cells were isolated from the blood of healthy donors by negative selection with the RosetteSep™ Human NK cell enrichment cocktail obtained from Stemcell Technologies (Canada). NS0-TNF-D13 cells labeled with CSFE were used as targets to assess ADCC activity. The assays were run in RPMI, 1% heat-inactivated FBS, 2 mM L-glutamine, 10 mM HEPES, 50 U/ml penicillin, and 50 μg/ml streptomycin. A 0.25 x 105 number of NS0-TNF-D13 cells (targets cells) in 50 μl in a 96-well U-bottom plate was mixed with 50 μl of appropriately diluted anti-TNF agents or control antibody. After incubating the plates at 37°C for 20 min, effector cells were added at a target:effector ratio of at least 1:4, i.e., >0.12 x 106 cells/well in 50 μl. The plates were then incubated for 4 hours at 37°C. 7AAD was added for the last 10 min, and the cells were acquired by flow cytometry. The flow cytometry data were analyzed with FlowJo software 7.2.2 (BD Biosciences, United States), and % ADCC activity was calculated by gating on the CSFE+ target cell population and calculating the percentage of cells that were 7AAD+. ADCC activity was determined at Wyeth Research, United States.




2.10 Determination of CDC activity

Infliximab, adalimumab, and etanercept were locally purchased from Med World Pharmacy. Sterile baby rabbit complement was purchased from Cedarlane Laboratories (Canada). Propidium Iodide staining solution was bought from BD Pharmingen (United States). The CHO- TNFα-NC2 cell line was produced by using CHO.DUKX cells that were transfected with a plasmid encoding a form of TNFα that is expressed both on the cell surface and in a secreted form. The cells were adapted to suspension media (CHO cell Media) containing R5CD1, 50 U/ml penicillin, 50 μg/ml streptomycin, 2 mM L-glutamine, and 20 nM Methotrexate and grown in a shaker flask at a 37°C in a shaker incubator under a 5% CO2 atmosphere. The plates were incubated in a 5% CO2 incubator for 3 hours 30 min at 37°C. To measure CDC activity, propidium iodide (6 μg/ml), a viability probe, was added to the cells, and after incubating them for 10 min at room temperature, 150 ul of PBS was added to all the wells. PI uptake was determined by using an HTS plate reader on a Becton-Dickinson LSR II flow cytometer, and the data were analyzed with FlowJo software 7.2.2 (BD Biosciences, United States). CDC activity was determined at Wyeth Research, United States.




2.11 Statistical analysis

Tukey’s post-test was used to compare the neutrophil activation chemiluminescence data. One-way ANOVA with Tukey’s post-test was used to compare the data obtained in the IC-induced subcutaneous inflammation model and to analyze differences in means among the groups.





3 Results



3.1 Differences in complex formation with TNFα between IgG antibody and trivalent NANOBODY® compound

We previously demonstrated that ozoralizumab does not form large ICs in Ouchterlony double diffusion assays (24). However, since the stoichiometries of the ICs consisting of ozoralizumab and TNFα trimer are unclear, we evaluated the binding stoichiometry of ozoralizumab and adalimumab with TNFα trimer by SEC.

When ozoralizumab was pre-incubated with a threefold molar excess of TNFα trimers, SEC yielded three peaks. The major peak eluted at 14.17 ml (MW 96 kDa) was attributed to an ozoralizumab/TNFα trimer complex with a 1:1 stoichiometry, and the minor peak at 12.40 ml (MW around 222 kDa) was estimated to be an ozoralizumab/TNFα trimer complex with a 2:3 stoichiometry (three ozoralizumab molecules to two TNFα trimers) (Figure 1A). Unbound TNFα trimer was eluted at an elution volume of 15.56 ml (MW 50 kDa). When ozoralizumab and TNFα trimers were pre-incubated in equal molar ratios, two major peaks, at 11.38 ml (MW 359 kDa) and 10.07 ml (MW 665 kDa), attributed to heterogeneous ozoralizumab-TNFα ICs, and a small peak with an apparent MW of 96 kDa, attributed to an ozoralizumab/TNFα trimer complex with a 1:1 stoichiometry, were observed. When a threefold or ninefold molar excess of ozoralizumab was pre-incubated with TNFα, a peak at 12.87 ml (MW 178 kDa) attributed to an ozoralizumab/TNFα trimer complex with a 3:1 stoichiometry and a peak at 16.03 ml (MW 40 kDa) corresponding to unbound ozoralizumab were observed.

Similar experiments were performed with adalimumab. When adalimumab was pre-incubated with a threefold molar excess of TNFα trimers, broad peaks eluted ranging from 8.73 ml (void volume, MW ≥2000 kDa) to 10.92 ml (MW 443 kDa), attributed to heterogeneous sizes of adalimumab/TNFα trimer complexes, and a minor peak at 15.56 ml (MW 50 kDa) corresponding to TNFα trimer, were observed (Figure 1B). The ratio of the largest ICs was maximal when adalimumab and TNFα trimer were preincubated in equal molar ratios. The results demonstrated that ozoralizumab was unable to form large ICs eluted at void volume with TNFα at any molar ratio tested.




3.2 Structural in silico modeling and MD simulation of ozoralizumab and TNFα trimer complexes

As stated above, ozoralizumab is capable of forming a 1:1 complex with TNFα trimer under certain conditions. To confirm that one ozoralizumab is able to simultaneously bind to two TNFα in the TNFα trimer molecule, we predicted the 3-dimensional structure of the ozoralizumab-TNFα complex by in silico modeling and MD simulation. First, we modeled the structure of the TNFα - anti-TNFα NANOBODY® VHH domain of the ozoralizumab complex by using the crystal structures of an IC between TNFα and - anti- TNFα NANOBODY® VHH (#VHH2), whose amino acid sequence differs by 5 amino acids (PDB ID: 5M2J) (23). The 3-dimensional structure of the anti-HSA NANOBODY® domain of ozoralizumab was then modeled in the same way with MOE software. Finally, the entire structure of ozoralizumab in which the two anti-TNFα NANOBODIES® and anti-HSA NANOBODY® VHH were connected with a 9-amino acid linker (GGGGSGGGS) was constructed by using the “MOE/Loop/Linker Modeler” tools.

Since, based on the co-crystal structure of #VHH2 (23), these residues do not seem to be involved in the binding to the TNFα, it was considered appropriate to use #VHH2 as a template structure for in silico modeling of ozoralizumab TNFαNANOBODY®. We then performed MD simulations of the predicted TNFα-ozoralizumab complex structure to determine whether the 1:1 complex form was sufficiently stable. Figure 2 shows the final snapshot of the 100 ns MD simulation of the TNFα-ozoralizumab complex. The average distance between the C-terminus of one anti-TNFα NANOBODY® VHH and the N-terminus of the other anti-TNFα NANOBODY® VHH was 58.1 angstrom (standard deviation: ± 5.9 angstrom), which seemed to be a reasonable length for the anti-HSA NANOBODY® VHH located between the two anti-TNFα NANOBODIES® by the amino acid linkers. The TNFα trimer — ozoralizumab complex we had modeled was maintained during the MD simulations described in Section 2 (Materials and Methods).




Figure 2 | Front (Left) and bottom (Right) views of the predicted 3-dimensional structure of the ozoralizumab-TNFα trimer complex. The TNFα trimer molecule is shown with the molecular surface of each TNFα monomer unit colored dark yellow, light yellow, and light gray, respectively. The framework of the anti-TNFα NANOBODY® and the framework of the anti-HSA NANOBODY® are colored green and white, respectively. The CDRs are defined according to the Kabat numbering scheme and colored orange (CDR 1 and 2) and red (CDR3), respectively, and the two linkers are colored dark gray.






3.3 The Fc portion is indispensable to the generation of oxidative bursts in mouse neutrophils in response to antibody-TNFα IC-dependent stimuli

Low-affinity FcγRs, IgG receptors that avidly bind to ICs, are key determinants of leukocyte activation (39). We evaluated oxidative bursts in mouse neutrophils in response to ozoralizumab-TNFα and adalimumab-TNFα, and the results confirmed the Fc portion - FcγRs contribution to anti-TNFα antibody-TNFα ICs-mediated stimulation. We isolated neutrophils from mouse bone marrow and incubated them with each of the TNFα inhibitor-TNFα ICs. Oxidative bursts were assessed by evaluating the production of mMPO-dependent ROS, which is considered a hallmark of neutrophil activation. Adalimumab-TNFα ICs significantly induced ROS production by mouse neutrophils in vitro, but no ROS production was induced by ozoralizumab-TNFα ICs under the same conditions. In parallel studies, mouse neutrophil activation by stimulation with adalimumab-TNFα ICs was abrogated by the inclusion of blocking antibodies against both FcγRII/CD32 and RIII/CD16 (Figure 3A).




Figure 3 | Production of ROS in mouse neutrophils activated by anti-TNFα antibody-TNFα ICs. Representative chemiluminescence values of extracellular MPO-dependent ROS as measured by the L-012 chemiluminescence assays are shown. ROS production by neutrophils (5 × 105 cells/well in CL medium) after incubation for 1 min at 37°C with uncomplexed TNFα, adalimumab-TNFα ICs (Ada-TNFα), adalimumab-TNFα ICs with MOUSE SEROBLOCK FcR (Ada-TNFα/Fc Blocker), and ozoralizumab-TNFα ICs (Ozo-TNFα) was monitored. Equimolar amounts of anti-TNFα antibodies and TNFα were mixed for IC preparation in experiment (A). In experiment (B), ICs were prepared by adding anti-TNFα antibodies to TNFα in four different molar ratios. PBS, ozoralizumab, and adalimumab alone were used as controls in the experiments. Data are representative of three independent experiments, and values are expressed as the mean ± SEM. n.s., not significant; n=3 ∗∗∗p <0.001 vs. TNFα. (Tukey’s test).



Large ICs have been reported to show stronger affinity for low-affinity FcγRs than smaller ICs do (18). Since the stoichiometry of ICs varies with the antigen-antibody molar ratio, each TNF inhibitor was mixed with TNFα in different molar ratios ([TNFα trimer]:[TNF inhibitor] = 1:3, 1:1, 3:1, and 9:1) and assessed for neutrophil activation. Marked ROS production was observed with the adalimumab-TNFα ICs at all molar ratios, and maximum activation occurred at the 1:1 molar ratio. ROS production in response to all adalimumab-TNFα IC molar ratios tested was completely suppressed by the inclusion of FcγRII/CD32 and RIII/CD16 blocking antibodies (Figure 3B). Expectedly, no ROS production was observed with the ozoralizumab-TNFα ICs under any of the conditions tested. The results suggest that the neutrophil activation induced by the TNFα inhibitor-TNFα ICs was caused by the interaction between the Fc portion of TNFα inhibitor and low-affinity FcγRs. While ROS production that results from cross-linking of Fc receptors differs depending on the stoichiometry of the ICs, the Fc-FcgR interaction is, however, critical for this response.




3.4 Administration of ozoralizumab-TNFα ICs did not induce a significant inflammatory response in a model of IC-induced subcutaneous inflammation

ISRs are the major adverse events reported after the administration of TNF inhibitors (10, 11). Although ISRs are a type of hypersensitivity reaction caused by an excessive immune response (11), the contribution of IC formed between TNFα trimers and TNF antibodies to the occurrence of such a reaction is unclear. We therefore investigated whether intradermally administered ozoralizumab-TNFα ICs and adalimumab-TNFα ICs would induce topical inflammation in animals. Vascular permeability and plasma neutrophil extravasation, which are hallmarks of the IC-induced immunopathologic cascade, can be visualized by the extravasation of intravenously injected Evan blue dye and quantified by tissue weight.

To maximize the size of the ICs, ozoralizumab (6.6 μM, 0.25 mg/mL: ozoralizumab-TNFα IC1) and adalimumab (6.8 μM, 1 mg/mL) were mixed with equimolar TNFα (6.5 μM), and ozoralizumab (26.3 μM, 1 mg/mL: ozoralizumab-TNFα IC2) was mixed with 6.5 μM of TNFα to evaluate the size dependency of the ICs for topical inflammation. After pre-incubation, these ICs or PBS was intradermally injected into mice. The blue dye intensity was significantly higher at sites injected with adalimumab-TNFα ICs (P < 0.001) than at the sites injected with PBS (Figures 4A, B), whereas the blue dye intensity at the sites injected with ozoralizumab-TNFα IC1 and 2 was almost the same as at the sites injected with PBS (Figures 4A, B). Similar results were obtained when the wet weight of skin biopsy specimens from IC injection sites were measured as an indicator of edema (Figure 4C). The skin injected with adalimumab-TNFα ICs weighed significantly more (P < 0.001) than the skin injected with PBS (Figure 4C). By contrast, no weight changes were observed in the skin injected with ozoralizumab-TNFα IC 1 or 2, or with TNFα alone. No changes in dye intensity or skin weight were observed at the sites injected with antibody alone (Supplementary Figure 1). These results indicated adalimumab-TNFα ICs, which can form large ICs containing the Fc portion, induced edema and vascular hyperpermeability at the injection site, but the ozoralizumab-TNFα ICs did not. It is noteworthy that the adalimumab-TNFα ICs had sufficient ability to induce a local response, whereas similarly administered ozoralizumab-TNFα ICs did not induce any significant local immune response.




Figure 4 | Inflammatory responses in skin tissue injected with pre-incubated ICs. C57BL/6J mice were intradermally injected with PBS, TNFα, ozoralizumab-TNFα IC1 (Ozo-TNFα IC1), ozoralizumab-TNFα IC2 (Ozo-TNFα IC2), or adalimumab-TNFα ICs (Ada-TNFα ICs). Degree of plasma exudation was evaluated by monitoring after intravenous injection of 0.5% Evans blue. (A) Representative macroscopic appearance of the subcutaneous inflammation. The circles surround the exuded Evans blue dye at each injection site. (B) Blue dye intensity quantified with ImageJ software. (C) Weight of 6-mm skin punch biopsy specimens. (D) MPO levels in tissue supernatant extracted from the 6-mm skin punch biopsy specimens. Data are expressed as mean ± SE. n = 7-8 ∗∗p <0.01, ∗∗∗p <0.001 vs. PBS (Tukey’s test).






3.5 Ozoralizumab-TNFα ICs dose MPO induction, but do not induce any marked neutrophil infiltration at injection sites

MPO is a peroxidase enzyme that is expressed most abundantly in neutrophil granules, and it is a critical component of the phagocytic microorganism-killing activities of the innate immune system (40). Measuring MPO in the skin is a well-established method of estimating its neutrophil content in cutaneous inflammation (41, 42). In this study we evaluated neutrophil accumulation by measuring the MPO content of skin punches by an ELISA. The results showed that the local MPO concentration in the skin 4 hours after injection with adalimumab-TNFα ICs was markedly higher (118.22 ± 5.66 ng/mL) than in the skin injected with PBS (27.34 ± 2.99 ng/mL) (Figure 4D). By contrast, ozoralizumab TNFα IC2-injected sites or TNFα-injected sites were not significantly different from PBS-injected sites (24.65 ± 1.32 ng/mL and 37.94 ± 3.34 ng/mL, respectively). Local MPO concentrations at the ozoralizumab TNFα IC1 injection site (49.15 ± 5.62 ng/mL) were significantly different from PBS injection site and lower than local MPO concentrations at the adalimumab injection site. Since ozoralizumab TNFα IC2 is thought to form smaller ICs than ozoralizumab TNFα IC1, the results indicate that MPO level is dependent on the size of the ICs.

To visualize the intensity and characteristics of the inflammation in response to the IC challenges, the skin sections taken from each group of mice were subjected to histopathological examination (Figure 5, Table 1). Skin sections from the adalimumab-TNFα IC-injected mice revealed an inflammatory cell infiltration predominantly composed of neutrophils, recognized by their multilobulated nuclei (Figures 5M–O), and representative pictures demonstrated that higher numbers of neutrophils had been recruited than in the mice injected with PBS (Figures 5A–C) or TNFα (Figures 5D–F). The arrows in the photomicrographs indicate focal neutrophil infiltration in the subcutaneous tissue at an adalimumab-TNFα IC-injected site (Figure 5M). By contrast, the skin sections from the mice injected with ozoralizumab-TNFα IC1 (Figures 5G–I) or ozoralizumab-TNFα IC2 (Figures 5J–L) did not show evidence of inflammatory cell infiltration, nor did the skin sections from the PBS-injected mice (Figures 5A–C). These histopathological findings confirmed the results obtained by the dye extravasation method (Figure 4), suggesting that, adalimumab-TNFα ICs are capable of triggering an IC-induced immune response accompanied by neutrophil infiltration, but that ozoralizumab-TNFα ICs are not.




Figure 5 | Histopathological examination of injection sites in a mouse model of IC-induced subcutaneous inflammation. The skin biopsy specimens collected from injected areas of PBS (A–C), TNFα (D–F), ozoralizumab-TNFα IC1 (G–I), ozoralizumab-TNFα IC2 (J–L), and adalimumab-TNFα ICs (M–O) were examined histopathologically after hematoxylin and eosin staining. The center column and right column are high magnification views of the blue boxes and red boxes, respectively, in the left column. The arrows point to focal neutrophil infiltration in the deeper layer of the subcutaneous tissue in the TNFα (D) and adalimumab-TNFα IC (M) injected areas. Neutrophils had also sporadically infiltrated the superficial layer of subcutaneous tissue (arrowheads) in the TNFα (E) and adalimumab-TNFα IC (N) injected areas. By contrast, the areas injected with ozoralizumab-TNFα IC1 (G–I), ozoralizumab-TNFα IC2 (J–L), and PBS (A–C) did not show any evidence of inflammatory cell infiltration. Scale bars: 200 µm (left), 50 µm (center and right).




Table 1 | Histopathologic findings in a mouse model of immune complex (IC)-induced subcutaneous inflammation.







4 Discussion

The first step in the immune response is recognition of a foreign substance by tissue-resident innate immune cells, such as by mast cells and macrophages sensing ICs by their FcγRs, complement receptors and pattern recognition receptors (PRR) (43, 44), which results in the production of secondary mediators such as TNFα and chemokines, and subsequently promotes neutrophil infiltration (45). Large ICs consisting of intrinsic antigen and therapeutic antibodies are more likely to be recognized by FcγRs on the surface of innate immune cells, and they can induce immune responses in vitro, such as the secretion of pro-inflammatory cytokines and chemokines (46). However, it is not clear whether these ICs consisting of anti-TNFα antibodies and TNFα can induce acute inflammation at local site.

The properties of the target molecules are also important to the formation of large ICs. Theoretically, large ICs can be formed only by a combination of multimeric antigen and multivalent antibodies. TNFα forms a trimer and TNFα trimers tend to be to form large ICs with bivalent antibodies. However, as demonstrated in Figure 1, ozoralizumab did not form large ICs eluted at void volume in the SEC under any of the conditions tested; in contrast, adalimumab did form them under certain conditions. The difference may be attributable to the TNFα trimer binding styles of the IgG antibody and ozoralizumab. It may be impossible for conventional IgGs to bind to two TNFα molecules in the same TNFα trimer with its two antigen-binding sites because of the large size of Fab and limited flexibility of the hinges. Actually, no elution peaks corresponding to adalimumab-TNFα trimer (1:1) complexes were observed under any of the conditions tested (Figure 1B). Thus, anti-TNFα IgGs are naturally prone to form larger ICs by cross-linking two TNFα trimers. On the other hand, as shown in Figure 2, ozoralizumab was well designed to be able to capture two TNFα molecules in the same TNFα trimer with its two anti-TNFα NANOBODY® VHHs, which have flexibility linkers, resulting in improved binding affinity and neutralizing activity (23, 24). Indeed, ozoralizumab-TNFα trimer (1:1) complexes were observed under certain conditions (Figure 1A). Ozoralizumab contains an anti-HSA NANOBODY® VHH that can bind to HSA, but it was unclear whether ozoralizumab/TNFα/HSA heterotrimers are formed. After addition of a 2-fold molar excess of HSA, the ozoralizumab/TNF IC elution peak and single ozoralizumab elution peak were no longer seen, and an ozoralizumab/TNFα/HSA heterotrimer peak corresponding to HSA binding was observed under all conditions (Supplementary Figure 2). Interestingly, the heterogeneous ozoralizumab-TNFα IC (Ozo n: TNFα trimers n) peak at 11.38 ml (MW 359 kDa) observed in the absence of HSA (Figure 1A, Ozo : TNFα (1:1)) was no longer seen, and a dominant peak with an apparent MW of 250 kDa attributed to ozoralizumab/TNFα/HSA complexes with a 1:1:1 stoichiometry was observed (Supplementary Figure 2, Ozo : TNFα [1:1]). The results demonstrated that ozoralizumab binding to HSA did not inhibit binding to TNFα, but may instead reduce the formation of high-order ICs. Thus, because of its unique structure, ozoralizumab appears to be superior to other anti-TNFα IgG antibodies which tend to form larger ICs.

A minimal threshold of interaction between ICs and low affinity FcγRs is required for FcγR-expressing cell activation. In our in vitro experiment, adalimumab-TNFα ICs significantly induced ROS production by mouse neutrophils, whereas no ROS production was induced by ozoralizumab-TNFα ICs under the same conditions. The difference between the induction of ROS production by the two ICs suggested a difference between the interactions of the two ICs and FcγRs on neutrophils. The ROS induction by adalimumab-TNFα ICs was completely abrogated by the addition of anti-FcγRII and anti-FcγRIII neutralizing antibodies, and the ozoralizumab-TNFα ICs, which lack an Fc portion, did not induce ROS production (Figure 3). These findings suggest the important role of the Fc portion in adalimumab in neutrophil activation via cross-linking of FcγRs. As shown in Figure 1B and previously reported (18, 47), adalimumab is able to form large ICs with TNFα trimers (≥2000kDa) under certain conditions. The neutrophil activation by adalimumab-TNFα ICs (Figure 3B) seemed to be correlated with the amounts of large ICs (Figure 1B). Adalimumab-TNFα ICs prepared from equimolar amounts of the antibodies and TNFα trimers have been reported to induce maximal FcγRII- and FcγRIII-mediated cell signaling, as shown in reporter cell lines (21), a finding that is in consistent with the findings in our studies using primary cells. The small ICs formed by ozoralizumab do not establishe the threshold between ICs and low affinity FcγRs, thus indicating that ozoralizumab-ICs are not part of the FcγR-mediated activation. In addition, did not induce ADCC, one of the effector responses that are regulated by FcγRs (Supplementary Figure 3). Taken together ozoralizumab could be freed from the unwanted immune response of the FcγR function.

We developed a model of anti-TNFα antibodies and TNFα IC-induced subcutaneous inflammation and demonstrated that adalimumab-TNFα ICs can induce acute subcutaneous inflammation at injection sites in animals, but that ozoralizumab-TNFα ICs cannot (Figures 4A–C). FcγRIII-deficient mice, which lack IgG-mediated mast cell degranulation, are resistant to IgG-dependent passive cutaneous anaphylaxis, and exhibit an impaired Arthus reaction, which suggests the importance of FcγRs in the IC-mediated immune response (48). The FcγR-mediated signaling deficiency led to a reduction in extravasation and neutrophil accumulation of at the inflammation site, consistent with our observations. Ozoralizumab-TNFα ICs did not induce increased vascular permeability and plasma extravasation, which were visualized with Evans blue dye (Figures 4A–C). The complement system is known to be involved in vascular permeability and plasma extravasation, and complement depletion with cobra venom factor has been shown to abrogate extravasation in FcγIII α chain–deficient mice (48, 49). Ozoralizumab did not cause CDC in an assay using transmembrane TNFα-expressing CHO- TNFα-NC2 cell line as target cells and baby rabbit complement, although adalimumab, infliximab, and etanercept did (Supplementary Figure 3). Unexpectedly, ozoralizumab-TNFα IC1 induced slight neutrophil recruitment based on the MPO levels (Figure 4D), suggesting that they were sensed by tissue-resident innate immune cells via another mechanism besides FcγRs. Ozoralizumab-TNFα IC2, which contains more ozoralizumab, did not induce any marked MPO induction, indicating that the sensing was not due to recognition of the foreign sequence in ozoralizumab. The sensing of biologic aggregation by PRRs, such as TLRs, is known to lead to significant increases in inflammatory cytokine secretion (50, 51). Ozoralizumab-TNFα ICs may be sensed by innate immune systems via PRRs. It has been suggested that the immune response activation by aggregated biologics depends on the number of particles and their surface area (52). Since IC size decreases under antibody excess conditions (Figure 1), the difference between the ozoralizumab-TNFα IC1 and ozoralizumab-TNFα IC2 immune responses suggests that the size of ICs may contribute to the Fc portion-independent immune response. Despite no neutrophil recruitment was seen in the histopathological examination (Figure 5), the increased MPO levels seen in Figure 4D. The increase in MPO levels in local injection site may have been induced by immune cells such as macrophages; it is possible that the immune response seen with ozoralizumab-TNFα IC1 administration was not sufficient to recruit neutrophils and subsequently not have led to the induce inflammatory symptoms such as extravasation and edema. These results indicated that ICs composed of anti-TNFα antibodies and TNFα ould induce acute inflammation at the local injection site, and therefore ozoralizumab, which does not interact with complement and does not cross-link FcγR is easy to operate biologics that is free from the acute inflammation caused by the FcγR and complement-related effector functions.

Our findings suggest that differences between the characteristics of ICs formed by different antibody formats can partially explain the different incidences of ISRs observed during treatment with anti-TNFα antibodies (Figures 4, 5) (10, 11, 25, 26). The administered biologics diffuse from the site of administration (subcutaneous tissue) and are absorbed through capillaries and transferred into the bloodstream. During these diffusion processes, microscopically, they are thought to undergo antigen-antibody ratios that tend to form large ICs, such as those shown in the SEC. Large ICs are recognized by tissue-resident innate immune cells and complement, leading to neutrophil recruitment. In addition, the deposition of ICs under the subcutaneous tissue and capillary endothelium can exacerbate further inflammation. These reactions are a kind of type III hypersensitivity reactions (ICs-mediated reaction) and can cause symptoms of ISRs. Indeed, ISRs were reported in a small proportion of patients treated with ozoralizumab (2%) and with certolizumab pegol (4.3%), which like ozoralizumab lacks the Fc portion and forms small ICs. Taken together, these findings suggest that biologics without Fc portion and with small ICs formation capacity has shown the potential to lead to a mitigation in local acute inflammation.

In summary, unlike adalimumab, ozoralizumab mitigates FcγR‐mediated immune responses on neutrophils and does not induce any significant inflammation at injection sites. The differences were most likely attributable to the size of ICs and involvement of the Fc portion. Based on our finding, biologics without Fc portion and with low immune complex formation capacity has shown the potential to lead to a mitigation in local hypersensitivity reactions. Therefore, ozoralizumab mitigates the risk of acute inflammation, which may be reflected in the low incidence of ISRs. The unique structure of ozoralizumab provide a beneficial treatment for RA patients.
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Supplementary Figure 1 | Inflammatory responses in the skin of mice to intradermally injected with anti TNFα antibody alone and pre-incubated ICs. Mice were intradermally injected with PBS, ozoralizumab-TNFαICs (Ozo-TNFα IC1, the same conc/ratio as in Figure 4), adalimumab-TNFαICs (Ada-TNFα ICs, the same conc/ratio as in Figure 4), ozoralizumab (Ozo) and adalimumab (Ada) and then intravenously injected with 0.5% Evans blue. (A) Representative macroscopic appearance of the subcutaneous inflammation. The circles surround exuded Evans blue dye at each injection site. (B) Blue dye intensity was quantified with ImageJ software. (C) Skin weight of 6-mm skin punch biopsy specimens. n = 6 *** p <0.001 vs. PBS (Tukey’s test).

Supplementary Figure 2 | Size Exclusion Chromatography (SEC) of immunocomplexes of ozoralizumab-TNFα-HSA. All molecular weights were estimated by calibration with molecular weight markers.

Supplementary Figure 3 | (A) ADCC activity of infliximab, adalimumab, and a control IgG1 antibody (a human IgG1 antibody raised against the HIV envelop) were compared with ozoralizumab by using CFSE-labeled NS0-TNFD13 cells as targets and human NK cells as effectors. % ADCC activity values were calculated as the percentage of target cells that were 7AAD+. (B) CDC activity of etanercept, adalimumab, infliximab, and a control IgG1 antibody (a human IgG1 antibody raised against the HIV envelope) was compared with the CDC activity of ozoralizumab on the CHO-TNF NC2 line in vitro in the presence of baby rabbit complement. Cytotoxicity was assessed by measuring PI uptake of the dead cells. Values plotted are percentages of PI+ cells with the test and control subtracted from % PI- cells in the presence of complement alone.
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Anti-tumour T cell responses play a crucial role in controlling the progression of colorectal cancer (CRC), making this disease a promising candidate for immunotherapy. However, responses to immune-targeted therapies are currently limited to subpopulations of patients and specific types of cancer. Clinical studies have therefore focussed on identifying biomarkers that predict immunotherapy responses and elucidating the immunological landscapes of different cancers. Meanwhile, our understanding of how preclinical tumour models resemble human disease has fallen behind, despite their crucial role in immune-targeted drug development. A deeper understanding of these models is therefore needed to improve the development of immunotherapies and the translation of findings made in these systems. MC38 colon adenocarcinoma is a widely used preclinical model, yet how it recapitulates human colorectal cancer remains poorly defined. This study investigated the tumour-T cell immune landscape of MC38 tumours using histology, immunohistochemistry, and flow cytometry. We demonstrate that early-stage tumours exhibit a nascent TME, lacking important immune-resistance mechanisms of clinical interest, while late-stage tumours exhibit a mature TME resembling human tumours, with desmoplasia, T cell exhaustion, and T cell exclusion. Consequently, these findings clarify appropriate timepoint selection in the MC38 model when investigating both immunotherapies and mechanisms that contribute to immunotherapy resistance. Overall, this study provides a valuable resource that will enable appropriate application of the MC38 model and expedite the development and clinical translation of new immunotherapies.
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1 Introduction

Murine tumour models have been crucial for the preclinical development and optimisation of many cancer therapies (1, 2). However, in the case of immunotherapies, progress has been hindered in part by the lack of suitable models that accurately predict successful clinical responses in humans (1). Mounting evidence illustrates that human tumours and the composition of their immune infiltrates are highly heterogeneous (3, 4) and that effective anti-tumour immunity can be hindered by numerous immune evasion and suppression mechanisms (5). Consequently, various clinical studies have focussed on identifying biomarkers and immune signatures that can predict responses to immunotherapy (4, 6–9). In addition, there is an increasing emphasis on elucidating the immunological landscapes of different cancers and cancer subtypes (10–12), even down to the inherent immunological status of individual cancer patients (13). In the context of colorectal cancer (CRC), clinical studies examining the immune landscape of distinct CRC subtypes have occurred at such pace that they have outstripped our understanding of preclinical tumour models and how these relate to human disease. Consequently, a deeper understanding of preclinical tumour models and how these models resemble human CRC is vital for the clinical translation of results obtained in these systems.

The MC38 cell line was originally derived in 1975 from a colon adenocarcinoma induced by subcutaneous injection of dimethylhydrazine in a female C57BL/6 mouse (14). Due to the intact immune system of syngeneic C57BL/6 hosts, this cell line (among others derived from different tumour types) has been extensively used as a transplantable tumour model for investigating anti-tumour immunity and novel immunotherapies (15–17). As in other syngeneic tumour models, MC38 tumour cells are implanted subcutaneously owing to the advantages of this approach – namely the simplicity and reproducibility of inoculation and the ease of monitoring subsequent tumour growth (1, 18). While this approach obviously fails to recapitulate the complexity of colorectal carcinogenesis in situ, the MC38 model has been reported as a reliable representation of advanced disease that has escaped immune selection (19). One obvious limitation of this approach is that the immune microenvironment in subcutaneous tissue is significantly different from the gastrointestinal tract (20). Consequently, orthotopic models have been developed using the MC38 cell line, which involve tumour cell implantation in the mouse colon wall (20, 21). This approach is advantageous over subcutaneous inoculation in that it mimics the growth of primary tumours within the colonic microenvironment (1). However, the complexity of surgical implantation procedures limits the feasibility of this approach, while trauma and inflammation arising from the surgical procedure can create a non-physiologic tumour microenvironment (TME) (20, 21). In addition, it is difficult to monitor tumour growth in the mouse colon. Hence, despite its caveats, subcutaneous implantation of the MC38 cell line remains a useful and practical preclinical model for the study of anti-tumour immune responses.

In contrast to the extensive molecular characterisation of human CRC (22–24), contemporary studies have only recently begun to define the features of preclinical tumour models and how they recapitulate human disease (19, 25, 26). Of note, the genomic and transcriptomic landscape of the MC38 cell line has been characterised using whole-exome sequencing, single-nucleotide polymorphism (SNP) array analysis, and RNA sequencing (19). This study found that the MC38 cell line exhibited DNA mismatch-repair (MMR) deficiency and a propensity for C > A/G > T transversions – mutational signatures that are associated with hypermutated human CRC tumours containing defects in the DNA polymerases Pol δ (POLD1) and Pol ϵ (POLE) (19, 27). Consistent with this notion, the MC38 genome was shown to harbour mutations in POLD1 and the MMR gene, MSH3 (19). In terms of known CRC driver mutations present in the MC38 genome, striking similarities to human CRC (23, 24) are present, with genetic alterations in components of the WNT/β-catenin, TGF-β, EGFR and downstream MAPK signalling pathways (19). Consequently, the MC38 cell line has been purported as a valid model for hypermutated and/or microsatellite instability-high (MSI-H) human CRC (19).

In accordance with its characterisation as a valid model of hypermutated/MSI-H human CRC – and consistent with human consensus molecular subtype 1 (CMS1) tumours (28, 29) – the MC38 model is responsive to immune checkpoint inhibition of the PD-1/PD-L1 axis (15, 30). Consequently, MC38 tumours are widely considered as immunogenic and this model has been used extensively for the preclinical development and optimisation of new immunotherapeutic strategies (17, 30, 31). Studies investigating therapeutically-induced immune responses in the MC38 model have shown that these tumours evade anti-tumour immunity through a variety of different mechanisms, including the recruitment of regulatory CD4+ T cells (TREG) (19), the expression of inhibitory ligands such as PD-L1 by tumour and myeloid cells (15), and by inducing the dysfunction of infiltrating CD8+ T cells (32, 33). Importantly, these immune features closely emulate those observed in human CRC tumours and are associated with unfavourable patient outcomes in CRC and other malignancies (34–38). However, despite widespread use of the MC38 model in cancer immunotherapy research, spontaneous or ‘naturally-occurring’ T cell responses against this cell line (that occur in the absence of therapeutic interventions) are poorly characterised. Furthermore, the spatiotemporal dynamics of T cell infiltration in MC38 tumours during their establishment and progression is largely undefined. Given the importance of the immune landscape in human CRC tumours – both for patient prognosis and predicting therapeutic responses to immunotherapy (9, 39, 40) – a deeper understanding of the immune microenvironment in MC38 tumours is needed.

This study therefore investigated the tumour-T cell immune landscape in the MC38 model, using histology, immunohistochemistry (IHC) and flow cytometry to longitudinally profile endogenous T cell responses in outgrowing tumours. We demonstrate that the progression of MC38 tumours following subcutaneous implantation is a dynamic process, with profound changes in the nature of T cell infiltration and the structural architecture of the MC38 TME. Our findings demonstrate the importance of appropriate timepoint selection when investigating novel immunotherapies and mechanisms of immunotherapy resistance in this model. Collectively, this study provides a resource that may improve the translation of effective immunotherapies to human patients.




2 Materials and methods



2.1 Mice and cell culture

6- to 10-week-old female C57BL/6 mice were obtained from the Hercus-Taieri Research Unit (HTRU) at the University of Otago, Dunedin, New Zealand. All mice were maintained under specific pathogen-free conditions and all experiments were conducted in accordance with protocols approved by the University of Otago Animal Ethics Committee. The MC38 colon adenocarcinoma cell line was maintained in DMEM media (Gibco, Waltham, MA, USA) supplemented with 10% heat-inactivated FCS (Moregate Biotech, Hamilton, NZ), 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco) and harvested using DPBS (Gibco) containing 0.02% EDTA. Cells were routinely tested for mycoplasma contamination using a commercial mycoplasma detection kit (QuickTest, Bimake, Houston, TX, USA) in accordance with the manufacturer’s instructions. Primary murine cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% FCS (Moregate Biotech), 100 U/mL penicillin, 100 U/mL streptomycin and 50 μM 2-mercaptoethanol (2-ME, all from Gibco). Bone marrow-derived dendritic cells (BMDCs) were generated by culturing bone marrow progenitors (isolated from C57BL/6 mice) with 20 ng/mL recombinant murine GM-CSF (BioLegend, San Diego, CA, USA) as previously described (41). To assess PD-L1 and MHC class I (MHC-I, H-2Kb) expression in vitro, MC38 tumour cells were cultured in the presence or absence of 10 ng/mL recombinant murine interferon-γ (IFN-γ, Prospec-Tany TechnoGene, Rehovot, Israel). At indicated timepoints, cells were stained with PerCP-Cy5.5 anti-H-2Kb and PE-Cy7 anti-PD-L1 antibodies (both from BioLegend, refer to Supplementary Table 1) and assessed by flow cytometry.




2.2 MC38 tumour model

MC38 tumour cells were harvested, washed extensively, and resuspended in DPBS (Gibco). C57BL/6 mice were inoculated with 1 × 105 MC38 cells (suspended in 100 µL DPBS) by subcutaneous (s.c.) injection in the right hind flank. In some experiments, mice were inoculated with 0.5 × 106 or 1.0 × 106 MC38 cells. Injections were performed using 0.5 mL insulin syringes with 0.33 mm (29G) x 12.7 mm needles (BD, Franklin Lakes, NJ, USA). Tumour size (mm2) was monitored daily or every two days using a digital calliper and calculated as the product of the largest perpendicular diameters. Mice were euthanised once tumours reached an area of 150 mm2.




2.3 Histology, immunohistochemistry and image acquisition

Tumours were fixed in 10% neutral buffered formalin (Sigma-Aldrich) for 24 hours at room temperature, dehydrated, and embedded in paraffin. Sequential 3 μm tissue sections were cut from tumours at the region of greatest diameter and mounted on slides for staining procedures.

Haematoxylin and eosin (H&E) and reticular fibre staining was performed according to standard procedures by the Otago Micro and Nanoscale Imaging (OMNI) Histology Unit (University of Otago). For H&E staining, Gill II haematoxylin and eosin were obtained from Leica Biosystems, Wetzlar, Germany. Potassium permanganate, oxalic acid, ferric ammonium sulphate, ammoniacal silver solution, gold chloride, sodium thiosulphate and Nuclear Fast Red solution used for reticular fibre staining were all obtained from Sigma-Aldrich. Stained sections were dehydrated through ethanol and xylene, and then coverslipped with DPX mountant (Sigma-Aldrich).

Immunohistochemistry (IHC) for CD3, CD4, CD8 and CD31 was performed by the OMNI Histology Unit (University of Otago) on a BOND RXm automated stainer (Leica Microsystems, Bannockburn, IL, USA). Staining was performed using the BOND Polymer Refine Detection kit (Leica Biosystems) according to optimised protocols. Briefly, 3 µm tumour sections were deparaffinised and rehydrated, before blocking endogenous peroxidase activity with 3 – 4% (v/v) hydrogen peroxide (Peroxidase Block, Leica Biosystems). Heat-induced epitope retrieval was performed using either BOND Epitope Retrieval Solution 1 (ER1, citrate-based, pH 6.0) or BOND Epitope Retrieval Solution 2 (ER2, EDTA-based, pH 9.0; both from Leica Biosystems). After blocking in 2 – 10% (w/v) BSA, sections were incubated with primary antibodies for optimised durations. Primary antibodies were diluted 1:1000 in BOND Primary Antibody Diluent (Leica Biosystems) or Da Vinci Green Diluent (Biocare Medical, Pacheco, CA, USA) and are listed as follows: recombinant rabbit monoclonal anti-CD31 (clone EPR17259, ab182981, Abcam), rabbit polyclonal anti-CD3 antibody (ab5690, Abcam), recombinant rabbit monoclonal anti-CD4 (clone EPR19514, ab183685, Abcam), and rabbit monoclonal anti-CD8 (clone SP16, ab101500, Abcam). Following the manufacturer’s instructions (BOND Polymer Refine Detection kit, Leica Biosystems), primary antibody binding was visualised using 3,3’-diaminobenzidine (DAB) tetrahydrochloride hydrate and counterstained with haematoxylin. The sections were then washed, dehydrated, and coverslipped using DPX mountant (Sigma-Aldrich). In all IHC staining, murine spleen tissue was used for positive anatomical controls, and tumour tissue with primary antibodies omitted was used for negative controls (no-primary controls).

Whole slide images of stained sections were generated using an Aperio ScanScope automated scanner (Leica Biosystems) using the 20× (0.50 µm/pixel resolution) and ×40 (0.25 µm/pixel resolution) objectives to produce uniplanar digital slides. Aperio ImageScope software (Leica Biosystems) was used to extract images of entire tumour sections for subsequent analysis (TIFF format, full resolution at 20× magnification). Quantitative evaluation of IHC images was performed according to published methodology (42) using ImageJ software (NIH) and is described in Supplementary Material (Supplementary Figures 1–3).




2.4 Enzyme-linked immunosorbent assay for total TGF-β1

To generate tumour-conditioned media, MC38 cell culture supernatants were harvested after 24 and 48 hours and centrifuged to remove tumour cells. Tumour homogenate samples were prepared from MC38 tumours excised 14- and 21-days post-inoculation. Briefly, resected tumours were weighed and then homogenised in controlled volumes of RPMI media, before collecting the supernatants after centrifugation. Total TGF-β1 levels in MC38 tumour-conditioned media and resected tumour homogenates were quantified using a murine TGF-β1 ELISA kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. RPMI media (no FCS) and complete DMEM media (containing 10% FCS) were used as background controls for tumour homogenates and tumour-conditioned media samples, respectively. Absorbance was measured at 450 and 570 nm using a Victor X4 plate reader (Perkin Elmer) and absorbance values for samples were blank and background subtracted. TGF-β1 concentrations (pg/mL) were interpolated from a standard curve generated using Prism 8.0.1 software (GraphPad). For tumour homogenate samples, the total amount of TGF-β1 per tumour (pg) was normalised to tumour mass (pg/mg).




2.5 Tissue processing and tumour-infiltrating lymphocyte isolation

Mice were euthanised after 7, 14 and 21 days (post tumour inoculation) and single-cell suspensions prepared from tumours and tumour-draining inguinal lymph nodes (LNs). Mechanical dissociation was employed for the isolation of TILs, following a validated protocol with slight alterations (43). Briefly, resected tumours were weighed and then processed into <1 mm3 pieces using a scalpel in cold RPMI 1640 media. Tumour fragments were transferred into mechanical dissociator C tubes (Miltenyi Biotec) and homogenised on a GentleMACS dissociator (Miltenyi Biotec). Cell strainers and C tubes were rinsed to collect residual cells and tumour homogenates were passed through 70 µm cell strainers, which were rinsed repeatedly with cold media. Filtrates were collected and centrifuged, before the resulting cell pellets were resuspended in DPBS and layered onto Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden) for density gradient centrifugation (as per the manufacturer’s instructions). Cells were collected from the high-density solution interface using a transfer pipette and washed twice in DPBS containing 5% FCS at 4°C. LNs were processed on ice in cold DPBS containing 5% FCS and homogenised by forcing the tissue through 70 µm nylon cell strainers. Resulting homogenates were then passed through 40 µm nylon cell strainers to remove residual tissue. Isolated tumour and LN cells were resuspended in media or DPBS at the appropriate density for subsequent procedures.




2.6 Flow cytometry and antibodies

Single-cell suspensions were stained using the Zombie Yellow Fixable Viability kit (BioLegend) or the LIVE/DEAD Fixable Violet Dead Cell Stain kit (Invitrogen) to exclude dead cells. Non-specific antibody binding was blocked using anti-mouse CD16/CD32 Fc Block solution (BD Biosciences, San Diego, CA, USA) following the manufacturer’s protocol. For cell surface staining, cells were incubated with fluorophore-conjugated antibodies in FACS buffer (PBS with 0.1% w/v BSA, 0.01% w/v sodium azide, 0.2 mM Na2 EDTA, pH 7.4) for 15 minutes at 4°C. Intracellular staining for transcription factors and cytokines was performed using the True-Nuclear Buffer Set (BioLegend) according to the manufacturer’s protocol. All antibodies used for flow cytometry are detailed in Supplementary Table 1. After antibody staining, cells were washed extensively in FACS buffer and analysed on a Gallios flow cytometer (10 colour configuration equipped with blue (488 nm), red (633 nm) and violet (405 nm) lasers) using Kaluza Acquisition and Analysis software (all from Beckman Coulter, Fullerton, CA, USA). A standard gating strategy was employed for data analysis, involving doublet exclusion based on forward scatter (FSC) and side scatter (SSC) characteristics, and the exclusion of dead cells based on viability staining. Populations of interest were subjected to further analysis after gating on fluorescence parameters for lineage-specific markers (e.g. CD3 and CD4/CD8). Fluorescence-minus-one (FMO) controls were used to establish gating thresholds for positivity (44).




2.7 Ex vivo T cell stimulation assays

For phorbol 12-myristate 13-acetate (PMA)/ionomycin stimulation, CD3+ T cells were enriched from D14 and D21 MC38 tumour dissociates using the Pan T Cell Isolation kit (negative selection), autoMACS columns, and an autoMACS Pro automated separator according to the manufacturer’s instructions (all from Miltenyi Biotec). Following enrichment, cells were rested overnight in complete medium supplemented with 5 ng/mL recombinant murine interleukin-7 (IL-7, Prospec-Tany TechnoGene) and then stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin (both from Sigma-Aldrich) or left untreated (unstimulated controls). Cells were incubated for 5 hours in the presence of 5 μg/mL brefeldin A (BFA; BioLegend) and then harvested, washed, and stained for flow cytometric analysis. Intracellular staining for IFN-γ, IL-2, IL-10, TNF and granzyme B (GzmB) was performed using the True-Nuclear Buffer Set (BioLegend) according to the manufacturer’s protocol.

For peptide stimulation, CD8+ T cells were isolated from D14 and D21 MC38 tumours and tumour-draining lymph nodes (TdLNs) using the CD8α+ T cell isolation kit (Miltenyi Biotec) and then rested overnight in complete medium supplemented with 5 ng/mL rmIL-7 (Prospec-Tany TechnoGene). BMDCs were either left untreated (no peptide) or pulsed with 1 µg/mL of the following peptides (all from Mimotopes, Mulgrave, VIC, AU): MuLV p15E604-611 (KSPWFTTL), AdpgkR304M (ASMTNMELM), Dpagt1V213L (SIIVFNLL), or OVA257–264 (SIINFEKL; irrelevant peptide). BMDCs were incubated for 3 hours, washed, and then plated in triplicate wells per condition (105 cells/well). CD8+ T cells were added to BMDCs at a 10:1 ratio and incubated for 6 hours in the presence of 5 μg/mL BFA (BioLegend). Cells were then harvested, washed, and stained for flow cytometric analysis. Antigen-specific CD8+ T cell responses were detected via intracellular staining for TNF and IFN-γ as described above.




2.8 Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0.1 software (GraphPad Software, La Jolla, CA, USA). Specific statistical tests performed are indicated in corresponding figure legends. p-values of <0.05 were considered statistically significant and significance levels are annotated as: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. All graphs depict the mean ± the standard error of the mean (SEM; error bars).





3 Results



3.1 Growth kinetics and histological characteristics of MC38 colon adenocarcinoma in vivo

Firstly, the optimal number of tumour cells required to reproducibly induce slow growing subcutaneous tumours was determined. In our hands, inoculation with 0.1×106 MC38 cells produced consistent engraftment and desirable tumour growth kinetics (compared to higher inoculums), with tumour size reaching ≥150 mm2 after a mean of 23 days (Figure 1A).




Figure 1 | Growth kinetics and histological features of MC38 tumours. (A) Growth kinetics of MC38 tumours in vivo. Syngeneic C57BL/6 mice were inoculated with indicated numbers of MC38 cells by subcutaneous injection at the right hind flank (n = 10 per group). Growth curves depict the mean and standard error of the mean (SEM, error bars). (B) Study design to characterise T cell infiltration. MC38 tumours were resected 7-, 14- and 21-days post-inoculation and processed for histology, immunohistochemistry, or flow cytometry. (C) Histological features in haematoxylin and eosin (H&E) stained MC38 tumour sections. Arrows indicate characteristics of high-grade neoplasms, including hyperchromatic nuclei containing multiple, prominent nucleoli (PN; arrow, top left inset), mitotic figures (MF; arrows, bottom left and top right insets) and pleomorphism (PM; arrows, bottom right inset). (D) H&E images depicting structural changes in the outer (top row) and inner (middle row) regions of MC38 tumours during outgrowth (D7, D14 and D21) and high magnification images of adjacent stroma at the tumour margin (bottom row, ROI shown in top row). Arrows indicate stromal cells with morphological features typical of normal fibroblasts in D14 tumours (thin, wavy, spindle-shaped cells), and cancer-associated fibroblasts (CAFs) in D21 tumours (large cells with plump nuclei). Asterisks (*) denote the side of the tumour in images of the tumour margin. Scale bar dimensions are shown at the right of each row (10, 20, 50 and 100 μm).



To understand the evolution of the MC38 TME over progressive outgrowth, tumours resected at days 7, 14 and 21 (after inoculation; D7, D14 & D21) were processed for analyses (Figure 1B). Across all timepoints, H&E staining revealed MC38 tumours exhibited hallmarks of high-grade neoplasms in vivo, with frequent mitotic figures and pleomorphic, hyperchromatic nuclei containing prominent nucleoli (Figure 1C). Changes in stromal architecture during tumour progression were apparent, particularly at the invasive tumour margin (Figure 1D). At the earliest timepoint (D7), MC38 tumours displayed diffuse margins with tumour cells infiltrating surrounding adipose tissue (outer tumour region; Figure 1D). D14 MC38 tumour margins were more defined with an increase in extracellular matrix (ECM) deposition, while D21 MC38 tumours displayed well-defined margins exhibiting desmoplasia with pervasive deposition of fibrous ECM (Figure 1D, adjacent stroma). Stromal cells embedded within this ECM exhibited morphological characteristics of cancer-associated fibroblasts (CAF), with spindle-shaped profiles and plump nuclei (Figure 1D, arrows).

Within the inner tumour region (core), adipocytes were present throughout D7 tumours, while D14 and D21 tumours exhibited dense, hypercellular cores with spindle-shaped tumour cells forming a sarcomatoid-like pattern of haphazard, interlacing bundles (inner tumour region; Figure 1D). In established MC38 tumours (D14), focal areas of both ischemic and haemorrhagic necrosis were evident, suggestive of inadequate or defective tumour vasculature (Supplementary Figure 4A).




3.2 T cell infiltration in MC38 tumours progressively decreases during outgrowth, culminating in an immune-excluded phenotype

Given the prognostic importance of T cell infiltration in CRC (39), IHC for CD3, CD4 and CD8 was performed to define the spatiotemporal dynamics of T cell infiltration in MC38 tumours. Staining was quantified in two tumour compartments: the ‘outer tumour region’ defined as the area 250 µm inwards from the stromal–tumour interface (tumour margin); and the ‘inner tumour region’ (tumour core) defined as the area encompassed by the outer tumour region. Identical trends for all T cell markers were observed, whereby the density of infiltration by CD3+, CD4+ and CD8+ cells progressively decreased during tumour outgrowth in terms of the total tumour area (Figures 2A, B) and within the outer and inner tumour regions (Figures 2C–E). Higher densities of CD3+, CD4+ and CD8+ cells were also localised to the outer tumour region compared to the inner tumour core (Figures 2C–E). In late-stage D21 tumours, areas of dense T cell accumulation were evident at the tumour margin and adjacent tissue, with pronounced restriction of T cells at the stromal–tumour interface (Figure 2F).




Figure 2 | T cell infiltration in MC38 tumours during progressive outgrowth. (A) MC38 tumours were resected from mice 7-, 14- and 21-days post-inoculation (n = 3 biological replicates per timepoint) and processed for IHC. Images depict immunohistochemical staining for CD3, CD4, or CD8 (DAB, brown with haematoxylin counterstain) in the outer (left panel) and inner (right panel) regions of MC38 tumours (D7, D14 and D21). All scale bars depict 100 μm. (B) Quantification of CD3, CD4, and CD8 infiltration in MC38 tumours (total tumour area) during progressive outgrowth. (C–E) Quantification of CD3 (C), CD4 (D), and CD8 (E) infiltration in the outer and inner regions of MC38 tumours at indicated timepoints. CD3+, CD4+, and CD8+ density was quantified as the absolute number of positive cells per mm2 (positive cells/mm2). (F) Representative image depicting dense accumulation of CD3+ cells at the stromal–tumour interface (dashed line) in late-stage D21 tumours. Asterisks (*) denote the side of the tumour in images of the tumour margin. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using one-way ANOVA with post-hoc Tukey test to correct for multiple comparisons (B) or two-tailed paired Student’s t-tests (C–E). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.






3.3 MC38 tumours exhibit structurally abnormal vasculature and progressive reticulin fibre deposition at the tumour margin

Increasing metabolic demands of outgrowing tumours requires the generation of new blood vessels (angiogenesis), while T cells are dependent on tumour vasculature to infiltrate and execute their anti-tumour functions. To assess angiogenesis and the microvasculature in MC38 tumours, IHC for the endothelial cell marker CD31 was performed over the course of tumour outgrowth (Figure 3A). In early D7 MC38 tumours, vascularisation was pronounced (in terms of both CD31+ area and vessel density) compared to intermediate and late-stage tumours (Figures 3B, C). There was a trend towards increased vascularisation in D21 versus D14 tumours, however, this was not statistically significant (Figure 3B). In relatively avascular D14 tumours, extensive areas of necrosis were present (Supplementary Figure 4A), suggesting that tumour vasculature was inadequate for nutrient and oxygen demands at this stage of outgrowth.




Figure 3 | Angiogenesis, reticulin fibrosis, and immune exclusion in MC38 tumours. (A) MC38 tumours were resected from mice 7-, 14- and 21-days post-inoculation (n = 3 biological replicates per timepoint) and processed for CD31 IHC and reticulin staining. Images depict immunohistochemical staining for CD31 (brown with haematoxylin counterstain, top row) and reticulin silver staining of argyrophillic ‘reticular fibres’ (black, arrows) with Nuclear Fast Red counterstain (nuclei, red). Scale bars depict 100 μm and 50 μm in low and high magnification images, respectively. (B) Vascularity of MC38 tumours determined as the CD31+ area proportional to the total tumour area (%CD31+ area of total tumour). (C) CD31+ vessel density in the outer and inner regions of MC38 tumours at indicated timepoints. Vessel density was quantified as the absolute number of CD31+ blood vessels per mm2 (CD31+ objects/mm2). (D) CD3 IHC and reticulin staining of sequential D21 tumour sections. Top row images depict immunohistochemical staining for CD3 (brown) with haematoxylin counterstain (blue) and bottom row images depict reticulin staining for collagenous ‘reticular fibres’ (black) with Nuclear Fast Red counterstain (red). Asterisks (*) denote the side of the tumour in images of the tumour margin. Scale bars depict 100 μm and 20 μm in low and high magnification images, respectively. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using one-way ANOVA with post-hoc Tukey test to correct for multiple comparisons (B) or two-tailed paired Student’s t-tests (C). *p ≤ 0.05; **p ≤ 0.01.



The inner core of D7 tumours exhibited higher vessel density compared to the outer regions of these tumours (CD31+ objects/mm2), while there were no statistical differences in the distribution of CD31+ vessels in D14 and D21 tumour regions (Figure 3C). Structurally, MC38 tumour vasculature was highly disorganised, with an irregular pattern of interconnection that became increasingly pronounced in late-stage D21 tumours (Figure 3A). CD31+ vessels in adjacent connective tissue surrounding MC38 tumours appeared dilated but exhibited relatively normal vessel structure characterised by intact CD31+ endothelium supported by fine, perivascular connective tissue (Supplementary Figure 4B). By contrast, CD31+ vessels in both the periphery and centre of D21 MC38 tumours were structurally defective, with aberrant endothelium which was either reduced in thickness or entirely absent (Supplementary Figure 4B).

In addition to abnormal tumour vasculature, excessive production of ECM components leading to tumour fibrosis (desmoplasia) can mediate the physical exclusion of T cells from tumours (45). To assess the ECM architecture in the MC38 TME, tumours were subjected to reticulin staining – a non-specific silver impregnation method that visualises argyrophillic ECM fibres (reticulin fibres). Extensive fibrosis was evident throughout the MC38 TME, with reticulin fibres increasing in both frequency and thickness during progressive outgrowth (Figure 3A). Distinct differences in the architecture and orientation of reticulin fibres were also observed between the outer and inner tumour regions. Within the tumour core, early tumours (D7) exhibited a delicate meshwork of fine reticulin fibrils, which transitioned to thick, elongated fibres in intermediate (D14) and late-stage (D21) tumours (arrows, Figure 3A). In D14 and D21 tumours, these thick intratumoural fibres were orientated along aggregates of interlacing tumour cell bundles, forming a supportive reticular network (Figure 3A, insets). At the tumour margin, D7 tumours exhibited a network of fine reticulin fibrils (similar to that in the inner tumour region/core), while D14 and D21 tumours displayed extensive deposition of thick reticulin fibres in the stroma along the invasive front (Figure 3A). In contrast to the core of these tumours, these thick reticulin fibres were largely aligned in parallel to the tumour margin, forming a prominent barrier that mirrored the exclusion of infiltrating T cells in D21 tumours (dashed line, Figure 3D).




3.4 TGF-β secretion and PD-L1 expression are intrinsic immune-suppressive mechanisms present in MC38 tumour cells

Tumour cells employ a variety of mechanisms to evade anti-tumour immunity, including the secretion of cytokines and expression of inhibitory cell surface molecules. To elucidate potential mechanisms utilised by MC38, we assessed TGF-β secretion and PD-L1 expression – two well-established immune-suppressive and evasive mechanisms of clinical interest. Secretion of TGF-β by MC38 tumour cells in vitro was quantified in tumour-conditioned media, while ex vivo TGF-β within the MC38 TME was determined from resected MC38 tumour supernatants. TGF-β was detected in MC38-conditioned media and increased with the duration of culture, indicating secretion of this cytokine by MC38 tumour cells (Figure 4A). TGF-β was also abundant in the MC38 TME but decreased in D21 tumours compared to D14 tumours (normalised to tumour mass, pg/mg; Figure 4B). Interestingly, there was a relationship between TGF-β levels and the size of MC38 tumours, wherein TGF-β concentrations exponentially decayed with increasing tumour burden (Figure 4C).




Figure 4 | TGF-β secretion and PD-L1 expression by MC38 tumour cells. (A) Total TGF-β secreted by MC38 tumour cells over indicated durations in vitro (pg/mL). Data are representative of three independent experiments. (B) Total TGF-β concentrations in supernatants obtained from D14 and D21 MC38 tumours (n = 10 biological replicates per timepoint). TGF-β levels were normalised to tumour mass (pg/mg). (C) Scatter plot showing the relationship between TGF-β concentrations within MC38 tumours (pg/mg) and tumour size/burden (mg). (D, E) PD-L1 and MHC class I (H-2Kb) expression in untreated and IFN-γ-stimulated (10 ng/mL) MC38 tumour cells (median fluorescence intensity, MFI). Representative histogram overlays (right) depict expression in untreated and IFN-γ-stimulated cells after 48 hours and corresponding fluorescence-minus-one (FMO) controls. Data are representative of three independent experiments. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-tailed unpaired Student’s t-test (B), or two-way ANOVA with post-hoc Sidak test to correct for multiple comparisons (comparing IFN-γ-treated samples to untreated controls; (D, E)). *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001.



PD-L1 can be constitutively expressed by tumour cells or induced by exposure to interferons – in particular IFN-γ produced by tumour-specific T cells (46, 47). Hence, while IFN-γ promotes tumour cell recognition via the upregulation of MHC-I (48), simultaneous upregulation of PD-L1 can suppress T cell-mediated killing in a process known as adaptive immune resistance (47). Therefore, expression of PD-L1 and MHC-I (H-2Kb) was assessed at both baseline and in response to IFN-γ exposure. MC38 cells constitutively expressed PD-L1 in vitro, which was markedly upregulated in response to IFN-γ and peaked in expression after 24 hours (Figure 4D). Similarly, H-2Kb expression increased dramatically in response to IFN-γ but exhibited differing kinetics with expression peaking after 48 hours (Figure 4E). These results suggest that TGF-β secretion and PD-L1 upregulation are potential mechanisms utilised by MC38 tumour cells to evade anti-tumour immunity.




3.5 Dynamic changes in the composition of tumour-infiltrating T cells during MC38 tumour development

Having determined the spatiotemporal dynamics of T cell infiltration in MC38 tumours, the phenotype and functional orientation of these cells were characterised. Changes in the composition and phenotypes of tumour-infiltrating lymphocytes (TILs) were examined by performing flow cytometric analysis on tumour dissociates isolated throughout the course of MC38 tumour progression (D7, D14 & D21; Figure 1B). Relative ratios of various T cell subsets in MC38 tumours were examined as a surrogate marker for the inflammatory status of tumour infiltrates. During MC38 tumour outgrowth, tumour infiltration by CD8+ T cells markedly increased relative to CD4+ T cells (decreasing CD4+/CD8+ ratio, Figure 5A), with the proportion of CD8+ effectors (TEFF) increasing relative to regulatory CD4+ T cells (TREG; decreasing CD4+FoxP3+/CD8+T-bet+ ratio, Figure 5B). Similarly, the proportion of CD4+ T helper 1 (TH1) effectors increased relative to regulatory CD4+ TREG cells in intermediate (D14) and late stage (D21) tumours (decreasing CD4+FoxP3+/CD4+T-bet+ ratio, Figure 5C). These data suggest that the T cell infiltrate in MC38 tumours becomes increasing inflammatory over the course of tumour progression, with an increase in the proportion of effector cell populations and T cell subsets associated with anti-tumour immunity (49).




Figure 5 | General features of T cell infiltration in MC38 tumours and expression of activation markers by CD4+ and CD8+ TILs. MC38 tumours were resected 7-, 14- and 21-days post-inoculation (D7, D14 and D21; n = 5-10 biological replicates per timepoint) and mechanically dissociated. Tumour-infiltrating lymphocytes (TILs) were then isolated from tumour homogenates and analysed by flow cytometry. (A–C) Graphs depict the ratio of CD3+CD4+ to CD3+CD8+ TILs (CD4+/CD8+ ratio, (A), FoxP3+CD3+CD4+ to T-bet+CD3+CD8+ TILs (CD4+ TREG/CD8+ TEFF ratio, (B)) and FoxP3+CD3+CD4+ to T-bet+CD3+CD4+ TILs (CD4+ TREG/CD4+ TH1 ratio, (C)) during tumour outgrowth (D7, D14 and D21). All ratios were calculated as the quotient of the absolute number of events collected for each of the indicated populations. Pie charts depict relative proportions of indicted populations. (D, F) Representative histogram overlays depicting the expression of activation markers (CD25, CD69 and CD137) by total CD3+CD4+ ((D), green) and CD3+CD8+ ((F), red) tumour-infiltrating lymphocytes (TIL) isolated from MC38 tumours 7-, 14- and 21-days post-inoculation (D7, D14 and D21). Corresponding fluorescence-minus-one controls (FMO, grey) are also shown. (E, G) Frequencies of total CD3+CD4+ ((E), green) and CD3+CD8+ ((G), red) TIL expressing indicated activation markers during MC38 tumour outgrowth (D7, D14 and D21). All data are representative of 5-10 biological replicates per timepoint. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using one-way (A–C) or two-way (E, G) ANOVA with post-hoc Tukey test to correct for multiple comparisons. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.






3.6 Activated effector memory (TEM) CD4+ and CD8+ TILs increase during MC38 tumour progression

Next, the activation status of TILs was analysed as a surrogate marker for anti-tumour T cell responses within the endogenous T cell repertoire. Within the CD4+ TIL compartment, there was a progressive increase in proportion of cells expressing the T cell activation markers CD25, CD69, and CD137 (4-1BB), consistent with increased infiltration or expansion of activated CD4+ T cells within the MC38 TME (D7→D21; Figures 5D, E). Notably, CD25 and CD137 were co-expressed by CD4+ TILs (data not shown). Over the course of MC38 tumour progression, there was a significant increase in CD8+ TILs expressing CD69 (15→86%; Figures 5F, G), with these cells also co-expressing PD-1 (data not shown). The majority of CD8+ TILs did not express CD25 or CD137 (<5% and <14% of total CD8+ TILs, respectively), with CD25+ and CD137+ CD8+ TIL frequencies remaining stable throughout tumour outgrowth (Figures 5F, G). Altogether, these data indicate an endogenous T cell response against MC38 tumours, which is characterised by increased recruitment and/or expansion of activated CD4+ and CD8+ effectors within the TME.

To further characterise TILs infiltrating MC38 tumours, the differentiation status of CD4+ and CD8+ TILs over the course of MC38 tumour progression was investigated. To this end, the distribution of naïve, memory and effector subsets within MC38 TILs was assessed on the basis of CD44 and CD62L expression (50, 51). In both CD4+ and CD8+ TIL compartments, the proportion of effector memory (TEM; CD44HICD62L−) cells progressively increased, while the proportion of naïve (TN; CD44LOCD62L+) and central memory (TCM; CD44HICD62L+) subsets decreased (Figures 6A, B). TEM cells were the predominant population throughout the course of tumour outgrowth (>63% and >52% of total CD4+ and CD8+ TILs, respectively), but early-stage tumours (D7) exhibited substantial infiltration by naïve CD44LOCD62L+ TN cells (24% and 25% of total CD4+ and CD8+ TILs, respectively; Figures 6A, B). Infiltration by TCM (CD44HICD62L+) CD4+ and CD8+ subsets was consistently low throughout tumour outgrowth (>13% and >20% of total CD4+ and CD8+ TILs, respectively; Figures 6A, B).




Figure 6 | Distribution of CD4+ and CD8+ T cell subsets infiltrating MC38 tumours. (A, B) Frequencies of naïve (CD44LOCD62L+), central (CD44HICD62L+), and effector (CD44HICD62L−) memory T cells among CD3+CD4+ (A) and CD3+CD8+ (B) TILs during progressive MC38 tumour outgrowth (D7, D14 and D21). (C, E) Representative flow plots depicting the distribution of T cell subsets (based on CD44 and CD62L expression) and CD127 (IL-7Rα) and PD-1 expression in naïve (CD44LOCD62L+; blue), central memory/TCM (CD44HICD62L+; green) and effector memory/TEM (CD44HICD62L−; red) T cell subsets within CD3+CD4+ (C) and CD3+CD8+ (E) TIL isolated from D21 MC38 tumours. (D, F) Expression of both CD27 and CD28 (%CD27+CD28+), CD127 (MFI) or PD-1 (%PD-1+) within CD44 and CD62L subsets of CD3+CD4+ (D) and CD3+CD8+ (F) TIL isolated from D21 MC38 tumours. In graphs depicting CD127 expression, dotted lines represent the threshold for CD127 positivity determined from fluorescence-minus-one controls. All density plot percentages indicate frequencies as the proportion of the gated population (indicated in bold titles with square brackets). All data are representative of 8-10 biological replicates per timepoint. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-way (A, B) or one-way (D, F) ANOVA with post-hoc Tukey test to correct for multiple comparisons. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



To further define these TIL subsets, their expression of CD27, CD28, CD127 (IL-7Rα) and PD-1 was analysed in late-stage D21 MC38 tumours. Within both CD4+ and CD8+ TIL compartments, naïve (TN, CD44LOCD62L+) and TCM (CD44HICD62L+) subsets exhibited high co-expression of costimulatory molecules (CD27 and CD28), and high CD127 expression, consistent with the less-differentiated status of these T cell subsets (Figures 6C–F). Indicative of terminal differentiation, CD4+ and CD8+ TEM (CD44HICD62L−) cells displayed low (CD4+) or no (CD8+) expression of CD127 and down-regulated CD27 expression (Figures 6D, F). PD-1 expression was enriched within both CD4+ and CD8+ TEM TIL subsets (Figures 6D, F) but absent in less-differentiated CD8+ TN (CD44LOCD62L+) and TCM (CD44HICD62L+) subsets (Figure 6F). Consistent with observations in human CRC (52, 53), these data demonstrate that the progression of MC38 tumours is characterised by increased infiltration of CD4+ and CD8+ TEM cells (as a proportion of total CD4+ and CD8+ T cells). Furthermore, in late-stage D21 tumours, a subset of these cells within the CD8+ TIL compartment exhibit features of terminal differentiation.




3.7 Infiltration of MC38 tumours by CD4+ TH1 effector cells and suppressive regulatory T cells increases during tumour outgrowth

The functional polarisation of MC38 TILs was then assessed by examining expression of the TH1/cytotoxic T lymphocyte (CTL) transcription factors, T-bet and Eomes, and FoxP3, the master regulator of TREG function. CD4+ TILs exhibited heterogeneous expression of both T-bet and FoxP3 in established tumours (D14 & D21), while CD4+ TILs in early-stage tumours (D7) were mainly FoxP3-T-bet- (75% of total CD4+ TILs; Figure 7A). These data imply that MC38 tumours are initially infiltrated by naïve CD4+ T cells, given that a significant proportion of D7 CD4+ TILs also exhibit a naïve CD44LOCD62L+ phenotype (Figure 6A).




Figure 7 | Differentiation status of CD4+ and CD8+ T cells infiltrating MC38 tumours. (A) Frequencies of T-bet and FoxP3 subsets within total CD3+CD4+ TIL. (B) Frequencies of T-bet and Eomes subsets within total CD3+CD8+ TIL. (C) Representative flow plots depicting the distribution of T-bet and FoxP3 subsets and their expression of PD-1 in CD3+CD4+ TIL isolated from D21 MC38 tumours. (D) Expression of PD-1 (%PD-1+) within FoxP3 and T-bet subpopulations of D21 CD3+CD4+ TIL. (E) Representative flow plots depicting the distribution of T-bet and Eomes subsets and their expression of PD-1 in CD3+CD8+ TIL isolated from D21 MC38 tumours. (F) Expression of PD-1 (%PD-1+) within T-bet and Eomes subpopulations of D21 CD3+CD8+ TIL. All density plot percentages indicate frequencies as the proportion of the gated population (indicated in bold titles with square brackets). All data are representative of 8-10 biological replicates per timepoint. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-way (A, B) or one-way (D, F) ANOVA with post-hoc Tukey test to correct for multiple comparisons. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



As tumours progressed, the frequency of CD4+ FoxP3-T-bet- TILs decreased but still accounted for 55% of total CD4+ TILs in D21 tumours, while TH1 (FoxP3-T-bet+) and TREG (FoxP3+T-bet-) subsets remained relatively stable (Figure 7A). Given the high proportion of CD4+ TILs exhibiting an effector memory phenotype (CD44HICD62L-) in intermediate and late-stage tumours (D14 & D21; Figure 6A), these data suggest that as MC38 tumours progress, they are infiltrated by CD4+ effector subsets other than TH1 and TREG cells, likely TH2 or TH17 cells. Accompanying these changes in the composition of CD4+ TILs, the proportion of CD4+ FoxP3+T-bet+ cells increased during tumour outgrowth (Figure 7A).

To gain further insight into the functional status of CD4+ TIL subsets present, PD-1 expression in CD4+ TILs isolated from late-stage MC38 tumours (D21) was examined (Figure 7C). Consistent with an activated or exhausted effector phenotype, a significant proportion of CD4+ TH1 (FoxP3-T-bet+) and TREG (FoxP3+T-bet- and FoxP3+T-bet+) cells expressed PD-1 (51%, 25% and 55% PD-1+, respectively), whereas most naïve-like cells (FoxP3-T-bet-) lacked PD-1 expression (84% PD-1-; Figure 7D). Notably, PD-1 expression was highest in CD4+ TH1 (FoxP3-T-bet+, 51% PD-1+) and FoxP3+T-bet+ TREG (55% PD-1+) subsets, which may reflect exhaustion (54) and enhanced suppressive function (55, 56) in these subsets, respectively (Figure 7D). Altogether, these results indicate that during progressive outgrowth, MC38 tumours are increasingly infiltrated by both anti-tumour TH1 effector and suppressive TREG CD4+ subsets. However, the polarisation of a large proportion of CD4+ TILs (40-75% FoxP3-T-bet-) cannot be confirmed, suggesting that MC38 tumours are also infiltrated by other T helper subsets not identified here.




3.8 Terminally differentiated CD8+ effector cell infiltration of MC38 tumours increases during progressive tumour growth

T-bet and Eomes expression within CD8+ TILs was also examined to further define their differentiation status. CD8+ TILs exhibited distinct single-positive and double-positive T-bet and Eomes populations (Figures 7B, E). Similar to observations in CD4+ TILs, a large proportion of CD8+ TILs in early-stage tumours (D7) were double-negative for both transcription factors (T-bet-Eomes-, 66% of total CD8+ TILs; Figure 7B). Again, given the CD44LOCD62L+ phenotype of a significant proportion of D7 CD8+ TILs (Figure 6B), these data suggest that MC38 tumours are initially infiltrated by naïve CD8+ T cells. During subsequent tumour outgrowth, the frequency of T-bet-Eomes- CD8+ TILs decreased, while the proportion of effector memory-like (57, 58) T-bet-Eomes+ and T-bet+Eomes+ CD8+ TILs remained relatively constant (Figure 7B). There was also an increase in the proportion of CD8+ T-bet+Eomes- cells, which composed 30-32% of the total CD8+ infiltrate in D14 and D21 MC38 tumours (versus 9% at D7; Figure 7B).

To further characterise CD8+ TIL populations, the expression of PD-1 in late-stage tumours (D21) was assessed. T-bet-Eomes+ and T-bet-Eomes- CD8+ TILs largely lacked PD-1 expression (12% and 18% PD-1+, respectively), in accordance with their memory- and naïve- like transcription factor profiles, respectively (Figures 7E, F). In contrast, a large proportion of the T-bet+Eomes+ CD8+ subset expressed PD-1 (46%), consistent with the acquisition of an activated or exhausted effector phenotype (Figure 7F). PD-1 expression was highest in T-bet+Eomes- CD8+ TILs, with majority of these cells expressing PD-1 (81%; Figure 7F). Given the high expression of T-bet by these cells, this subset likely represents a population of terminally differentiated effectors with a more severe exhausted phenotype (59, 60). Hence, similar to the kinetics of CD4+ TIL infiltration, MC38 tumours are increasingly infiltrated by CD8+ effectors during progressive tumour outgrowth. However, in later stages of tumour outgrowth, a large proportion of these cells exhibit features of terminal differentiation, particularly the subset distinguished by a T-bet+Eomes- phenotype.




3.9 CD8+ TILs undergo progressive exhaustion during tumour outgrowth and display a severely exhausted phenotype in late-stage MC38 tumours

Expression of the inhibitory receptors PD-1 and TIM-3 can be used to classify T cells along a spectrum of dysfunction toward terminal differentiation and exhaustion. At opposing ends of this functional spectrum, PD-1+TIM-3+ cells are considered severely dysfunctional or ‘terminally exhausted’, whereas PD-1−TIM-3− cells represent functional effectors (33, 59, 61). In between these phenotypic extremes, PD1+TIM3− cells are thought to represent T cells in a transitional status, termed ‘transitional exhausted’ cells (62). Therefore, to clarify the exhaustion status of MC38 TILs, the distribution of PD-1/TIM-3 subsets within CD4+ and CD8+ TILs were examined along with the expression of additional exhaustion-associated markers in these subsets. The composition of PD-1 and TIM-3 subsets within CD4+ TILs remained relatively stable throughout the course of MC38 tumour progression, with distinct PD-1-TIM-3- (34-44%), PD-1+TIM-3- (24-26%) and PD-1+TIM-3+ (29-39%) populations apparent (Figures 8A, B). In contrast to CD4+ TILs, the composition of PD-1 and TIM-3 subsets within CD8+ TILs changed over the course of tumour outgrowth (Figures 8C, D). In early-stage tumours (D7), CD8+ TILs were predominantly PD-1-TIM-3-, but as tumours progressed, there was a decrease in the proportion of PD-1-TIM-3- cells (37→20%) and a concomitant increase in the proportion of terminally exhausted PD-1+TIM-3+ cells (19→59%; Figure 8D). Meanwhile, the proportion of transitional exhausted PD-1+TIM-3- cells remained relatively stable (Figure 8D). Consistent with progressive T cell exhaustion, the simultaneous expression of additional inhibitory receptors – specifically LAG-3 and CD39 – increased across PD-1 and TIM-3 subsets in both CD4+ and CD8+ TILs in a hierarchical manner (%CD39+LAG-3+; PD-1-TIM-3-<PD-1+TIM-3-<PD-1+TIM-3+; Figures 8E–H). Notably, the majority of PD-1+TIM-3+ cells co-expressed CD39 and LAG-3 (61% and 81% for CD4+ and CD8+ subsets, respectively; Figures 8F, H). Furthermore, CD8+ TILs exhibited hierarchical downregulation of CD127 across PD-1 and TIM-3 subsets, wherein the terminally exhausted PD-1+TIM-3+ subset lacked CD127 expression – a hallmark of terminal differentiation (63) (Figure 8H). Altogether, these data suggest that CD8+ TILs undergo progressive exhaustion during the outgrowth of MC38 tumours.




Figure 8 | Expression of inhibitory receptors associated with exhaustion by CD4+ and CD8+ T cells infiltrating MC38 tumours. (A, C) Representative density plots depicting the distribution of PD-1 and TIM-3 subsets within total CD3+CD4+ (A) and CD3+CD8+ (C) TILs. (B, D) Frequencies of naïve-like (PD-1-TIM-3-), progenitor exhausted (PD-1+TIM-3-) and terminally exhausted (PD-1+TIM-3+) T cells among CD3+CD4+ (B) and CD3+CD8+ (D) TILs. (E, G) Representative flow plots depicting LAG-4, CD39 and CD127 expression in naïve-like (PD-1-TIM-3-; blue), progenitor exhausted (PD-1+TIM-3-; light red) and terminally exhausted (PD-1+TIM-3+; dark red) T cell subsets within CD3+CD4+ (E) and CD3+CD8+ (G) TIL isolated from D21 MC38 tumours. (F, H) Expression of both CD39 and LAG-3 (%CD39+LAG-3+) and CD127 (MFI) within PD-1 and TIM-3 subsets of CD3+CD4+ (F) and CD3+CD8+ (H) TIL isolated from D21 MC38 tumours. All density plot percentages indicate frequencies as the proportion of the gated population (indicated in bold titles with square brackets). All data are representative of 8-10 biological replicates per timepoint. Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-way (B, D) or one-way (F, H) ANOVA with post-hoc Tukey test to correct for multiple comparisons. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001.






3.10 Tumour-infiltrating CD4+ and CD8+ T cells that express PD-1 are polyfunctional and display rapid effector functions ex vivo

The functional qualities of CD4+ and CD8+ T cells infiltrating D14 and D21 tumours were examined ex vivo following tumour dissociation. Effector function was assessed by intracellular cytokine staining following acute PMA and ionomycin stimulation and in unstimulated controls. Following stimulation, CD4+ TILs mainly produced TNF, with low frequencies of cells producing IFN-γ or both cytokines (<10%; Figure 9A). Compared to CD4+ TILs, a greater proportion of CD8+ TILs produced IFN-γ and were polyfunctional, producing both IFN-γ and TNF (13% versus 5%; Figure 9B). A similar proportion of CD8+ TILs also expressed granzyme B (9-13% GzmB+; Figure 9B). However, production of IL-2 or IL-10 in either CD4+ or CD8+ TILs could not be detected (data not shown) and unstimulated controls did not exhibit significant frequencies of cytokine-producing cells (~1%; Figures 9A, B, representative density plots). In response to stimulation, there were no significant differences in the frequencies of cytokine-producing CD4+ or CD8+ cells between D14 and D21 tumours (%IFN-γ+, %TNF+, %IFN-γ+TNF+ and %GzmB+; Figures 9A, B).




Figure 9 | Tumour-infiltrating CD4+ and CD8+ T cell subsets exhibit distinct functional properties. (A, B) Frequency of cytokine producing cells within total CD3+CD4+ (A) and CD3+CD8+ (B) TILs. Representative density plots depict IFN-γ and TNF-α production by total CD3+CD4+ and CD3+CD8+ TILs in unstimulated controls (top) and following PMA+ionomycin stimulation (bottom). (C, D) Representative density plots depicting PD-1 (C) and FoxP3 (D) subset gating in CD3+CD4+ TILs and frequencies of cells producing both IFN-γ and TNF-α (%IFN-γ+TNF-α+) within PD-1 and FoxP3 subsets. (E) Representative density plot depicting PD-1 and TIM-3 subset gating in CD3+CD8+ TILs and frequencies of cells producing both IFN-γ and TNF-α (%IFN-γ+TNF-α+) within these subsets. (F) Frequency of cells producing granzyme B (%GzmB+) within PD-1 and TIM-3 subsets (CD3+CD8+ TILs) and representative histogram overlays. All density plot percentages indicate frequencies as the proportion of the gated population (indicated in bold titles with square brackets). Graphs represent the mean and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-way ANOVA with post-hoc Tukey test to correct for multiple comparisons, or by multiple unpaired Student’s t-tests, using the Holm-Sidak method to correct for multiple comparisons. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



In addition to the progressive upregulation of inhibitory receptors (particularly PD-1), T cell exhaustion is typically characterised by the stepwise loss of effector functions such as cytokine polyfunctionality and lytic activity (64, 65). Therefore, we investigated whether PD-1 expression was associated with the loss of effector functions within CD4+ and CD8+ TILs. Co-production of IFN-γ and TNF was analysed within CD4+ TIL subsets based on the presence or absence of PD-1 or FoxP3 expression (Figures 9C, D). Polyfunctional CD4+ TILs (IFN-γ+TNF+) were enriched within cells lacking FoxP3 expression (compared to FoxP3+ counterparts) and within PD-1+ cells (compared to PD-1- counterparts; Figures 9C, D). There was no difference in the proportion of polyfunctional PD-1+ CD4+ TILs between D14 and D21 tumours, suggesting that their functionality did not decline during progressive tumour growth (Figure 9C). These data support the notion that FoxP3+ CD4+ TILs represent subsets of TREG cells, while CD4+ TH1 effectors are enriched in the PD-1+ TIL fraction.

In CD8+ TILs, IFN-γ and TNF co-production along with granzyme B expression was assessed within PD-1 and TIM-3 subsets (Figures 9E, F). Despite their exhausted phenotype, a greater proportion of PD-1+TIM-3+ CD8+ TILs produced both IFN-γ and TNF and displayed increased cytolytic potential (with a higher frequency of granzyme B-positive cells) compared to the PD-1+TIM-3- and PD-1-TIM-3- subsets (Figures 9E, F). Within all CD8+ TIL subsets, there were no differences in the frequencies of polyfunctional or granzyme B-expressing cells between D14 and D21 tumours, suggesting that these subsets also maintain their functional status during tumour progression (Figures 9E, F). Together, these data indicate that despite their exhausted phenotype, PD-1+TIM-3+ CD8+ TILs retain rapid effector functions ex vivo and display enhanced polyfunctionality compared to other CD8+ TIL subsets. Furthermore, both CD4+ and CD8+ T cells with anti-tumour functionality (particularly IFN-γ and TNF co-production) are enriched within the PD-1+ fraction of MC38 TILs.




3.11 Endogenous CD8+ T cell responses to MC38 are dominated by recognition of the p15E tumour antigen over Adpgk and Dpagt1 neoantigens

Three MHC-I-restricted neoantigens have been reported in the MC38 colon adenocarcinoma cell line (66). These neoantigens derive from non-synonymous point-mutations in the genes encoding ADP-dependent glucokinase (Adpgk), dolichyl-phosphate N-acetylglucosaminephosphotransferase 1 (Dpagt1) and RalBP1-associated Eps domain-containing 1 (Reps1) (66). To validate these neoantigens as potential targets for endogenous CD8+ T cell responses, the presence of these mutations was assessed in our MC38 cell line. Two mutated neoantigens (AdpgkR304M and Dpagt1V304L) were detected, while the C→G point mutation reported in Reps1 (Reps1P45A) was absent in our version of the MC38 cell line (Supplementary Figure 5).

Having confirmed that MC38 cells harboured mutations in Adpgk and Dpagt1, the recognition of neo-epitopes derived from these mutations by endogenous CD8+ T cells was assessed (AdpgkR304M, ASMTNMELM; Dpagt1V213L, SIIVFNLL). In addition, CD8+ T cell responses to p15E (p15E604–611, KSPWFTTL) – an envelope protein of a murine endogenous retrovirus (MERV) and an immunodominant tumour antigen expressed by the MC38 cell line (67, 68) – was also examined. CD3+CD8+ T cells were isolated from D14 and D21 tumour-bearing mice and stimulated ex vivo with peptide-pulsed bone marrow-derived dendritic cells (BMDCs). Antigen-specific CD8+ T cell responses were then evaluated by intracellular cytokine staining for IFN-γ and TNF (Figure 10A). No antigen-specific activation of CD3+CD8+ T cells isolated from tumour-draining lymph nodes (TdLN) could be detected (Figure 10B). However, CD8+ TILs strongly responded to p15E604–611, with p15E-reactive CD8+ TILs readily detectable in D14 and D21 tumours (Figure 10C). Polyfunctional responses against the AdpgkR304M neo-epitope could be detected in some mice, although to a lesser magnitude than p15E, composing up to 3.3% and 3.6% of total CD3+CD8+ in D14 and D21 tumours, respectively (Figure 10C). Although Dpagt1V213L-reactive CD8+ TILs were detectable in some animals, this neo-epitope did not elicit strong activation of CD8+ TILs from either D14 or D21 tumours (Figure 10C). These data suggest that the CD8+ T cell response against MC38 tumours is dominated by recognition of the endogenous retroviral envelope protein, p15E, over the identified neoantigens, AdpgkR304M and Dpagt1V213L. Importantly, CD8+ T cell responses against p15E and AdpgkR304M occur spontaneously in MC38 tumour-bearing mice, making these tumour antigens relevant immunotherapeutic targets in this model.




Figure 10 | The endogenous CD8+ T cell response to MC38 is dominated by recognition of the p15E tumour antigen. (A) Representative density plots showing TNFα and IFNγ production by CD8+ TILs stimulated ex vivo with BMDCs pulsed with 1 µg/mL of H-2Kb/Db-restricted tumour antigen peptides (p15E604-611, KSPWFTTL; AdpgkR304M, ASMTNMELM; and Dpagt1V213L, SIIVFNLL), unpulsed BMDCs (no peptide) or BMDC pulsed with 1 µg/mL OVA257–264 peptide (SIINFEKL; irrelevant peptide). Percentages indicate peptide-reactive CD8+ T cell frequencies (%IFNγ+TNFα+) as the proportion of total CD3+CD8+ cells. (B, C) Frequency of polyfunctional CD3+CD8+ cells – isolated from TdLNs (B) and TILs (C) – producing IFNγ and TNFα in response to indicated treatments (%IFNγ+TNFα+). (D) Representative density plots showing PD-1 and TIM-3 expression by total CD3+CD8+ TILs (top) and p15E-reactive CD3+CD8+ TILs (IFNγ+TNFα+, bottom) isolated from D21 MC38 tumours. Percentages indicate subset frequencies as the proportion of the gated populations. (E) Comparison of PD-1 and TIM-3 subset compositions in total CD3+CD8+ TILs (•) and p15E-reactive CD3+CD8+ TILs (♦) from D14 and D21 MC38 tumours. (F) Comparison of PD-1 and TIM-3 subset compositions in p15E-reactive CD3+CD8+ TILs from D14 and D21 MC38 tumours. All data are representative of five biological replicates per timepoint. Graphs represent the mean (line) and standard error of the mean (SEM, error bars). Statistical analyses were performed using two-way ANOVA with post-hoc Dunnett’s test, comparing tumour antigen peptide-reactive frequencies to irrelevant peptide controls (B, C), or multiple unpaired Student’s t-tests using the Holm-Sidak method to correct for multiple comparisons (E, F). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.






3.12 p15E-reactive CD8+ TILs display phenotypic features of exhaustion which exacerbate during tumour progression

After confirming the presence of functional tumour-specific CD8+ T cells in MC38 tumours, their phenotypic status was examined – specifically, the expression of inhibitory receptors by p15E-reactive CD8+ TILs. Bulk CD8+ TILs from D14 and D21 tumours were heterogeneous in their expression of both PD-1 and TIM-3, while virtually all p15E-reactive CD8+ TILs were PD-1+ (>99% in both D14 and D21 tumours) with a subset of these cells co-expressing TIM-3 (Figures 10D, E). Hence, despite their functional status ex vivo (IFN-γ and TNF production), these tumour-specific CD8+ T cells exhibited phenotypic features of exhaustion, containing populations of both transitional exhausted (PD-1+TIM-3-) and terminally exhausted (PD-1+TIM-3+) cells. Further analysis of p15E-reactive TILs revealed that the proportion of terminally exhausted PD-1+TIM-3+ cells increased during tumour progression, with a concomitant decrease in the proportion of transitional exhausted PD-1+TIM-3- cells (D21 versus D14 tumours; Figure 10F). These data demonstrate that tumour-specific T cells within MC38 tumours acquire the expression of inhibitory receptors in a stepwise manner during tumour progression.





4 Discussion

Immune-competent murine tumour models are crucial tools for the development and optimisation of cancer immunotherapies. However, understanding how these models recapitulate the biology of human disease is vital for the translation of preclinical findings into the clinical setting. In this study, the landscape of T cell infiltration in MC38 tumours was systematically examined, with the aim of determining how this model reflects features of human CRC.

We present an overview of the tumour-T cell immune landscape in subcutaneous MC38 tumours and how the MC38 TME evolves over the course of tumour progression (Figure 11). Early MC38 tumours (D7) exhibit a nascent TME, with perfuse infiltration throughout the tumour mass by T cells that predominately display naïve and early effector phenotypes. Subsequently, T cell infiltration is increasingly restricted from the tumour core, which coincides with the accumulation of fibrotic, desmoplastic stroma and the deposition of dense reticular fibres at the invasive margin. Intermediate MC38 tumours (D14) begin to acquire features of a mature TME – with ECM remodelling and a shift in the composition and phenotype of infiltrating T cells towards effector populations – while late-stage tumours (D21) exhibit a mature TME reminiscent of human tumours, with desmoplasia, CD8+ T cell exhaustion, and T cell exclusion from the tumour core. MC38 tumours also display extensive vascularisation throughout the tumour mass. However, while T cell extravasation is permitted by vessels in adjacent connective tissue and more structurally ‘normal’ vessels at the periphery of tumours, T cells are unable to access the tumour interior via intratumoural vasculature. Hence, MC38 tumour progression is characterised by the development of an T cell-excluded phenotype, which appears to be mediated by physical barriers, particularly dense ECM and aberrant tumour vasculature.




Figure 11 | The tumour-T cell immune landscape in MC38 tumours during progressive outgrowth. Extensive characterisation of outgrowing MC38 tumours revealed dynamic histological changes and shifts in the nature and functional orientation of infiltrating T cells. Histological changes included stromal alterations, particularly peritumoural ECM deposition and remodelling that resulted in the formation of dense desmoplastic stroma at the tumour margin. This coincided with decreasing T cell infiltration into the tumour core, with late-stage MC38 tumours exhibiting a T cell-excluded phenotype. In addition, necrosis, angiogenesis, and vascular abnormalities were apparent within the MC38 tumour microenvironment. Longitudinal immunophenotyping of TILs in MC38 tumours revealed dynamic changes in the composition, phenotype, and function of these cells. Notably, the T cell infiltrate in MC38 tumours shifted from cells with a naïve-like phenotype toward a more pro-inflammatory composition during progressive outgrowth. This was characterised by an increase in CD8+ effectors and a decrease in the CD4+/CD8+ ratio within MC38 tumours. In parallel, CD8+ TILs progressively acquired phenotypic features of dysfunction, which cumulated in a profoundly exhausted phenotype in late-stage MC38 tumours. Our data also indicate that unfavourable immune populations such as suppressive CD4+ regulatory T cells also accumulate in outgrowing MC38 tumours.



Relevant to these changes, we observed that MC38 tumour cells secreted TGF-β in vitro and that high levels of this cytokine were present within the MC38 TME. Notably, TGF-β plays a central role in the recruitment of fibroblasts to tumours and their conversion to cancer-associated fibroblasts, while increased TGF-β expression correlates with the accumulation of fibrotic desmoplastic stroma (69) and is strongly associated with T cell exclusion in human tumours (17, 70, 71). Thus, high TGF-β concentrations within the MC38 TME – coinciding with the development of desmoplastic stroma and T cell exclusion at the tumour margin – may imply a role for this cytokine in the induction of this phenotype. Consistent with this notion, others have identified TGF-β as a mechanism of immune evasion employed by MC38 tumours, acting to impair anti-tumour T cell function while promoting T cell exclusion (17).

In the context of human CRC, high levels of TGF-β and ECM remodelling are defining features of CMS4 tumours (mesenchymal subtype), which exhibit the poorest prognosis across all CRC subtypes (22). Akin to our observations in MC38 tumours, CMS4 tumours frequently display an immune-excluded phenotype with prominent desmoplasia and are dependent on a TGF-β-driven stromal gene program, in which cancer-associated fibroblasts promote tumour progression (72–74). However, CMS4 tumours are predominately microsatellite stable (MSS) and exhibit high chromosomal instability (CIN), whereas the MC38 model is hypermutated and exhibits high microsatellite instability (MSI-H) which are defining characteristics of human CMS1 tumours (MSI immune subtype) (19, 22). Despite this disparity between the genomic features of human CMS4 tumours and MC38, our findings show that late-stage MC38 tumours recapitulate archetypal features of the TME in human CMS4 tumours. This study therefore supports the use of MC38 as a relevant model for the immune-excluded phenotype observed in CMS4 tumours and for investigating therapeutic strategies that aim to reverse T cell exclusion.

Longitudinal immunophenotyping of TILs over the course of MC38 tumour progression revealed dynamic changes in the composition, phenotype, and function of these cells (Figure 11). Notably, decreases in the ratios of CD4+/CD8+, CD4+FoxP3+/T-bet+CD8+ and CD4+T-bet+/CD4+FoxP3+ TILs were observed during progressive tumour outgrowth, suggesting that the T cell infiltrate in MC38 tumours shifts toward a more pro-inflammatory composition during progressive outgrowth. However, at the same time, T cells are increasingly excluded from the vicinity of tumour cells. Immune exclusion – as well as other immunosuppressive mechanisms – may therefore explain the unabated growth of these tumours despite a strong endogenous anti-tumour T cell response.

While pronounced T cell infiltration in tumours is generally considered a manifestation of an ongoing host immune response against malignant cells, the mere presence of TILs is not necessarily indicative of an effective anti-tumour immune response. Rather, the ability of TILs to mediate tumour regression relies on both the quantity and the quality of responding T cell infiltrates (75, 76). Consequently, the phenotypes of T cells isolated from MC38 tumours were examined, revealing striking alterations over the course of tumour progression. Regarding CD8+ T cells, infiltration by CD8+ effectors increased during outgrowth of MC38 tumours, but these cells progressively acquired phenotypic features of exhaustion. Interestingly, PD-1 and CD69 were co-expressed within a large proportion of CD8+ TILs, which may imply these cells are tissue-resident memory cells (TRM cells) (77, 78), although further phenotypic analysis is required to confirm this phenotype. However, as TRM formation is strictly dependent on TGF-β (79, 80), it is plausible that abundant TGF-β within the MC38 TME drives CD8+ TRM differentiation, while also mediating the exclusion of these cells from the tumour parenchyma (71).

In late-stage MC38 tumours, CD8+ TILs displayed a profoundly exhausted phenotype characterised by simultaneous expression of multiple inhibitory receptors (PD-1, TIM-3, LAG-3 and CD39) and low expression of CD127. In addition, an increasing proportion of CD8+ TILs exhibited high T-bet expression and low expression of Eomes as tumours progressed. Given the association of high T-bet expression with the acquisition of effector function (81, 82), and the requirement for Eomes expression in memory formation (57, 58), these CD8+ T-bet+Eomes- TILs likely represent dysfunctional, terminally differentiated effectors. We also observed that tumour-specific CD8+ TILs recognising the p15E tumour antigen displayed phenotypic features of exhaustion and that the proportion of these cells displaying a terminally exhausted PD-1+TIM-3+ phenotype increased with tumour progression. Interestingly, in contradiction to their dysfunctional phenotype, these cells were capable of rapid IFN-γ and TNF production ex vivo, while CD8+ TILs with anti-tumour functionality ex vivo (IFN-γ and TNF co-production) were predominately PD-1+. While these data imply that these cells are not exhausted, it more likely reflects their highly differentiated state skewed toward potent effector function when simulated ex vivo. By contrast, these cells would be highly vulnerable to suppression within the TME given their expression of multiple inhibitory receptors (PD-1, TIM-3, LAG-3 and CD39), which could render them dysfunctional and unable mediate effective tumour control in situ. Although the factors driving the exhaustion of CD8+ T cells in MC38 tumours is unclear, chronic tumour antigen stimulation (83) and/or suppressive factors within the tumour microenvironment (65) are likely involved. Indeed, PD-L1 expression by both MC38 tumour cells and tumour-infiltrating myeloid cells has been shown to suppress of anti-tumour CD8+ T cell responses in this model (15, 84). Consequently, this study supports the use of the MC38 model in studies investigating immunotherapies targeting T cell exhaustion and the PD-1/PD-L1 axis and as a model for microsatellite instable-high (MSI-H) human CRCs that exhibit high PD-L1 expression and responsiveness to PD-1 blockade (28, 85).

While CD8+ TILs isolated from MC38 tumours displayed well-defined phenotypes, CD4+ TILs were highly heterogenous and difficult to define in this study. Indeed, CD4+ T cell polarisation and function is extremely diverse, requiring more comprehensive phenotyping than that used in this study to delineate subpopulations. Notably, the majority of CD4+ TILs in MC38 tumours did not express FoxP3 or T-bet (40-75%), suggesting that MC38 tumours are heavily infiltrated by effector subsets other than TH1 and TREG cells, likely TH2 or TH17 cells. Nevertheless, tumour progression was accompanied by increased infiltration of activated effector memory CD4+ T cells and TH1 (FoxP3-T-bet+) and TREG (FoxP3+T-bet-) subsets were present in established tumours. We also observed a proportion of CD4+ TILs with a FoxP3+T-bet+ phenotype that increased during tumour outgrowth. Interestingly, CD4+ T cells exhibiting this phenotype have been identified as a subset of highly suppressive TREG cells which accumulate at sites of type-1 inflammation and potently inhibit local TH1 immune responses (86–88). CD4+ TIL subpopulations also exhibited CD25+CD137+ and CD39+TIM-3+ phenotypes (data not shown), supporting the notion that CD4+ TREG cells accumulate in MC38 tumours given that these markers are highly and selectively expressed by this subset (89–92). In established tumours, CD4+ TH1 TILs displayed high PD-1 expression, which was also associated with polyfunctional IFN-γ and TNF production ex vivo. Altogether, these data suggest that recruitment of TREG cells is an active immunosuppressive mechanism in the MC38 model and that CD4+ TH1 effectors may undergo a similar fate to CD8+ TILs, acquiring an exhausted phenotype within the MC38 TME.

Aside from the phenotypic features of T cell infiltration in MC38 tumours, this study also characterised the frequency of CD8+ TILs responsive to peptide stimulation with tumour antigens (TAs) identified in the MC38 model. In an interesting observation, detectable tumour-specific CD8+ T cell responses were dominated by recognition of the p15E ERV antigen over two defined mutated neoantigens, with functional p15E-reactive clones composing up to ~20% of total CD8+ TILs in late-stage tumours. Although mutated neoantigens have generated intense interest as immunotherapy targets (93), TAs derived from endogenous retroviral elements are increasingly promising alternatives (94). Unlike neoantigens – which derive from mutations and are often unique to individual patients – ERV-derived TAs arise through epigenetic dysregulation of the cancer genome and are shared across different patients and tumour types (95, 96). Consequently, this class of TAs is amenable to the development of off-the-shelf therapies for patients with shared HLA class I alleles. MC38 and the p15E tumour antigen may therefore represent a useful preclinical model for developing immunotherapies that target shared ERV TAs.

One limitation of this study is the use of peptide stimulation, which can only detect responsive or ‘reactive’ T cells and is therefore prone to underestimating the true frequency of antigen-specific T cells. Indeed, other studies using more reliable peptide-MHC tetramer staining have reported higher frequencies tumour-specific T cells in the MC38 model, with Dpagt1-specific CD8+ T cells composing over 20% of CD8+ TILs in D13 tumours (97). A recent study also identified another neoantigen in the MC38 model derived from a mutation in the ribosomal protein L18 (Rpl18) (98). Strikingly, recognition of this neo-epitope was shown to dominate endogenous CD8+ T cell responses compared to other identified neoantigens, including AdpgkR304M (98). Future studies utilising peptide-MHC tetramers should comprehensively examine the immunodominance of defined TAs in the MC38 model, including ERV-derived TAs, mutated neoantigens, and unaltered self-proteins that are overexpressed (such as p53 (99), survivin (100) and topoisomerase II-α (101)). Another question that remains to be addressed regards the identity of MHC class II-restricted tumour antigens recognised by CD4+ T cells in the MC38 model. Indeed, there is increasing interest in targeting MHC class II-restricted antigens in immunotherapies (102–104) and mutated neoantigens that stimulate anti-tumour CD4+ T cell responses have recently been identified in other syngeneic tumour models (103, 105, 106). A deeper understanding of the immunodominance of different TA classes will help to inform the development of effective immunotherapies.

In human patients with clinically-manifest or advanced disease, tumours have been shaped by years – if not decades – of tumour-immune interactions (107) and are frequently resistant to immunotherapeutic interventions (108). By contrast, tumour-immune interactions in preclinical mouse models occur over a timeframe of days to weeks and studies typically begin therapeutic inventions only days after tumour inoculation. Consequently, how accurately these models recapitulate tumour-immune interactions in humans and the selection of appropriate timepoints in these studies are issues frequently overlooked.

Our observations have important implications for optimal timepoint selection in the MC38 model. Many seminal immunotherapy studies that provide rational for subsequent clinical trials initiate treatment 5-9 days post-inoculation when MC38 tumours are newly established (17, 30, 31, 84, 109–112). However, at these timepoints, we show that MC38 tumours exhibit a nascent TME which lacks both important hallmarks of human tumours and pre-empts the manifestation of the immune-resistance mechanisms that these therapies target (such as T cell exhaustion and immune exclusion). Consequently, at early timepoints, the ability of these immunotherapies to induce tumour regression likely reflects their efficacy before immune-resistant mechanisms in the MC38 TME are established, rather than their ability to reverse these mechanisms or permit anti-tumour immunity in the context of a mature TME. Indeed, antibodies targeting CTLA-4 or TIM-3 have been shown to be effective in various mouse tumour models when administered early (day 3 post-inoculation) but are largely ineffective against established tumours (day 11 post-inoculation) (113). Premature timepoint selection in preclinical tumour models may therefore contribute to disparities between the results of these studies and subsequent clinical trials.

The application of more relevant timepoints (when tumours more accurately reflect the TME in human tumours) may improve the clinical translation of immunotherapies developed in preclinical models such as MC38. Our findings demonstrate that MC38 tumours more faithfully resemble human tumours after 14 days and advocate for the initiation of therapeutic interventions at this timepoint in studies investigating immunotherapies. However, one important caveat concerns balancing the use of more appropriate timepoints with the ethical use of laboratory animals. Although more relevant, the implementation of later timepoints in murine tumour studies may encroach on humane endpoints (based on tumour size) and impair animal welfare. This is a vital consideration, as researchers have a responsibility to perform studies to the highest quality whilst also ensuring the ethical and humane care and use of animals. Ultimately, more accurate application of preclinical models will improve clinical translation and, in accordance with the 3Rs (Replacement, Reduction and Refinement), aid in reducing animal usage.

To conclude, this study describes the dynamics of endogenous T cell responses in the MC38 model, including the spatiotemporal features, composition, phenotype, function, and nature of tumour antigen recognition. Future work should characterise the broader immune context of the MC38 TME, particularly the tumour-infiltrating myeloid compartment given the important role of these cells in tumour immunity and the MC38 model (15, 114). We also identify immune-resistance mechanisms in this model that recapitulate aspects of human CRC subtypes and highlight the importance of appropriate timepoint selection when investigating features of the TME – particularly T cell exclusion and exhaustion. Although cancer immunotherapies hold immense promise, human tumours are heterogeneous and utilise multiple resistance mechanisms that restrain anti-tumour immunity. Therefore, targeting the specific mechanisms active in any given tumour is likely a prerequisite for therapeutic response. Accordingly, personalised combination strategies that are tailored to individual patients’ specific TMEs hold immense promise for the next generation of cancer immunotherapies (115). However, the development of rational combination strategies will be dependent on the appropriate application of preclinical models matched to distinct tumour-immune profiles seen in human patients. Collectively, our findings provide a valuable resource that enables appropriate application of the MC38 model in preclinical studies and will aid in the development and clinical translation of new immunotherapies.
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Prostatitis is a common urological condition that affects almost half of all men at some point in their life. The prostate gland has a dense nerve supply that contributes to the production of fluid to nourish sperm and the mechanism to switch between urination and ejaculation. Prostatitis can cause frequent urination, pelvic pain, and even infertility. Long-term prostatitis increases the risk of prostate cancer and benign prostate hyperplasia. Chronic non-bacterial prostatitis presents a complex pathogenesis, which has challenged medical research. Experimental studies of prostatitis require appropriate preclinical models. This review aimed to summarize and compare preclinical models of prostatitis based on their methods, success rate, evaluation, and range of application. The objective of this study is to provide a comprehensive understanding of prostatitis and advance basic research.




Keywords: prostatitis, chronic non-bacterial prostatitis, animal models, evaluation criteria, infectious prostatitis




1 Introduction

Prostatitis is an inflammatory disease of the prostate glands with a variety of complicated symptoms, including generalized pain in the pelvic and lower abdomen areas and obstructive and erectile dysfunction (1). Prostatitis is classified into four categories: acute bacterial prostatitis (I)), chronic bacterial prostatitis (II), chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS)(III), and asymptomatic inflammatory prostatitis (IV) (Table 1). Type III CP/CPPS is further divided into IIIA and IIIB based on the presence or absence of leukocyte infiltration in prostate specimens (3). The prevalence of prostatitis is 8–25% in the urological surgery clinic, with Type III CP/CPPS being the most common, accounting for about 90–95% of cases (2, 4). Prostatitis, especially non-bacterial ones, is etiologically and pathogenetically complex. Prostatitis is associated with infectious and non-bacterial factors, such as spontaneousness, immune disorders, hormones, diet, stress, chemicals, urine reflux, exosomes, and autonomic nerves. There are several treatments for prostatitis, including antibiotics, painkillers, Alpha blockers, physiotherapy, prostate massage and lifestyle changes. These current treatments for prostatitis depend largely on the underlying cause and severity. Antibiotics fight bacterial infections; painkillers relieve pain and discomfort, and Alpha blockers relax the muscles around the prostate and relieve urinary symptoms. In the pelvic region, physiotherapy reduces pain and improves muscle function (5, 6). However, most treatments treat the symptoms but not the root cause, mainly because the mechanism is not clear. The causative factors of prostatitis are so diverse that it is essential to promptly choose the associated preclinical models from the various models to easily and efficiently investigate the condition. This review compared and summarized anatomy and histology of the human and rodent prostate, site of origin, function, symptoms, progression and immune system, as well as current preclinical models of prostatitis in method, successful rate, evaluation, and range of application.


Table 1 | Categories of prostatitis.






2 Differences between men and rodents’ prostatitis



2.1 Prostate anatomy, histology and sites of prostatitis

The human prostate is a complex gland with diverse histological structures situated below the urinary bladder and anterior to the rectum. Comprising the prostatic urinary tract, the prostate gland encompasses the central zone (CZ), peripheral zone (PZ), and transitional zone (TZ), with the seminal vesicles located on both sides of the foundation. The CZ constitutes most of the base of the prostate and surrounds the ejaculatory ducts, while the PZ envelopes most of the central area and stretches caudally, partially enveloping the distal part of the urethra (7).

The glandular epithelium is composed of acinus and ducts lined with three types of cells, including luminal cells, basal cells, and neuroendocrine cells. Luminal cells are specialized cells that secrete a variety of products into the lumen, including prostate-specific antigen (PSA). Immunohistochemistry for PSA is strongly positive in luminal cells. The interstitium of the prostate is fibromuscular with abundant smooth muscle cells mixed with fibroblasts, blood vessels, and nerves. Notably, adipose tissue is absent in the prostate. This fibromuscular interstitium is much more pronounced than the comparatively thin fibromuscular interstitium found in the mouse prostate (8).

In rodents, the prostate is also located below the bladder, enveloping the prostatic urethra, but it does not form a singular anatomical structure like in humans. Instead, the rodent prostate consists of four distinct lobular structures: the anterior lobe (also known as the coagulation gland), dorsal lobe, ventral lobe, and lateral lobe (Figure 1). The final appearance of each lobe is different due to differences in lobe-specific branching morphogenesis (9). The cytological distribution of rodent prostate tissue is of the identical type, but PSA is expressed and secreted in human, rather than mouse, intraluminal prostate cells. The most striking histological difference lies in the stromal component, which is highly developed as a pre-fibro-muscular region in humans, whereas in mice, it is sparse with very few smooth muscle cells. Moreover, the main histological features necessary for the different murine lobes vary (10).




Figure 1 | The anatomy of normal prostate and microscopic changes of prostatitis in a man and rodent. (A) is the schema human prostate. It consists of the central zone (CZ), the peripheral zone (PZ) and the transitional zone (TZ). (B) is the schema of rodents’ prostate. It consists of four distinct lobular structures: the anterior lobe the dorsal lobe, the ventral lobe and the lateral lobe, distributed on the left and right flanks. (C) shows the typical histology of prostatitis from a biopsy specimen, with inflammatory cell infiltration between the epithelial cells and in the interstitium. (D) shows the typical histology of prostatitis in a gonadectomized rats, with inflammatory cells in the interstitium and lumen.



Besides, the human PZ is a primary site of prostatitis and prostate cancer (7). The human prostate usually displays a variety of modifications in the epithelium and stroma. Atrophy of the epithelium and hyperplasia of the basal cells are extremely frequent. Chronic inflammation is also very prevalent, with varying degrees of acute inflammation seen, ranging from localized to widespread, forming abscesses (8). However, in rodents, the bulk of prostatitis occurs in the dorsal, ventral, and lateral lobes, with little inflammation occurring in the anterior ones. It has been shown that the proximal and distal regions of each prostate lobe in mice are most related to the ductal and acinar regions, respectively, and that the mouse lateral lobes are most closely related to the peripheral region in humans (11). Immune-mediated prostatitis models, hormone-disordered prostatitis models, and diet-related models appear to have dorsolateral/ventral lobe prostatitis in most models, similar to human prostatitis. This is consistent with the frequent occurrence of prostatitis in the peripheral zone, which facilitates the study of prostatitis. However, in the autonomic disorder model, prostatitis appears to occur predominantly in the anterior lobes.




2.2 Immune response during prostatitis

The immune response to antigenic stimulation in humans and rodents is broadly similar, involving cellular and humoral immunity (12). However, there are significant differences in the development, activation, and antigen response of the innate and adaptive immune systems in humans and rodents (13). The proportion of immune cells involved in inflammatory responses also varies, with neutrophils being more abundant than lymphocytes in humans, and lymphocytes being more dominant in mice (13). Notably, the rodent immune system is more similar to that of neonatal humans, with lower innate immune activation and naiver lymphocytes (14). While rodent models of prostatitis may not consistently reflect human immune system responses, they remain valuable tools for investigating the pathogenesis and treatment of the disease. Immunodeficient mice, in particular, have proven useful in a variety of medical research areas, including preclinical trials, regenerative medicine, transplant rejection studies, and immunotherapy (15).

Overall, current models of prostatitis have limitations. The anatomy, cytology, pathogenic zone, and disease pathogenesis of human and rodent prostate tissue differ, and rodent models fail to fully mimic the age of onset of human prostatitis. These limitations stem mainly from evolutionary differences between humans and rodents. However, the rodent prostate LP is most similar to the human peripheral zone, and immune-mediated, hormone-disordered, and diet-related models of prostatitis often show DLP/VP involvement, which are also affected in human prostatitis. This highlights the potential value of rodent models for studying the disease. This review focuses on currently reported models of prostatitis, including those involving specific bacterial infections, aging, autoimmune responses, hormonal disorders, dietary metabolic problems, stress-induced, chemical injury, exosome injection, mechanical introduction, and autonomic abnormalities. However, no definitive models of prostatitis caused by psychiatric, frequent sexual intercourse, pelvic floor dysfunction, or other factors have been reported in animal models.





3 Infectious prostatitis models

Infectious prostatitis is a disease caused by bacteria that infects the prostate gland. This inflammation has acute or chronic symptoms. The common pathogenesis is pathogens infection, including UPEC strain CP9 or C85, p. aeruginosa strain ATCC 27853, E. coli, or Chlamydia psittaci.



3.1 Acute bacterial prostatitis (I)

The prostate is predisposed to acute inflammation caused by bacterial infection. In rats and mice, pathogens damage tissues, causing acute inflammation, including UPEC strains CP9 and C85 (16), p.aeruginosa strain ATCC 27853 (17), E. coli (18–22) or Chlamydia psittaci (23). Acute bacterial prostatitis provides a better understanding of pathological changes, the location of pathogen entry, and the relationship between genetic background and bacterial invasion. Prostates can be infected by pathogens in two different ways. Mice can be injected with bacteria into their prostates (16, 18, 19, 23), or Wistar rats or Sprague-Dawley rats can be injected with pathogens through catheters into their prostates (17). During the first 18 days after infection, acute bacterial prostatitis causes lesions in the dorsolateral and ventral lobes, characterized by inflammation in the glandular lumens and interstitial tissue. After day 18, there was little evidence of inflammation (18). The intensity and concentration of pathogens determine the severity of acute prostatitis. Most bacteria damage the prostate of mice over 80%; specifically, Chlamydia psittaci and E coli infections cause 100% of mice to develop acute prostatitis (16, 22, 23).




3.2 Chronic bacterial prostatitis(II)

Prostatic damage caused by pathogens causes chronic bacterial prostatitis, typically taking 1–3 months longer. Pathology involves neutrophils and mononuclear cells infiltration in the interstitium or glandular cavity, as well as abnormal lesions of prostate tissue including occlusive changes and atrophy in acinus, epithelial hyperplasia and dysplasia. Chronic inflammation is challenging to cure, recurrent, and can be studied using mouse and rat chronic models for therapeutic research; after two months of exposure to Escherichia coli Z17 (O2: K1: H-), 86.7% or 62% of Wistar rats developed chronic inflammation (24, 25), compared to 100% two weeks after Chlamydia psittaci infection (23). Two weeks after the onset of symptoms, Wistar rats displayed severe inflammation in the dorsolateral and ventral lobes, and 2–3 months later, they developed mild monocyte infiltration (23). C3H/HeOuJ mice manifested acute prostatitis with E. coli on the fifth day. It developed chronic inflammation 12 weeks later, characterized by reactive epithelial changes, including epithelial hyperplasia and dysplasia, as well as the level of Ki-67 increased which was known as a cellular marker for proliferation (21).

In acute and chronic inflammation, rodents are linked and differentiated from humans. In rodent bacterial prostatitis, there is a significant increase in neutrophils and macrophages in the interstitial, intraluminal or interepithelial cells of the prostate in the early acute phase, with T lymphocytes and macrophages infiltrating the tissue in the late acute stage (26). Yet, in humans, an acute inflammatory response occurs after the organism has recognized bacteria, stimulating the recruitment of neutrophils, monocytes and macrophages at the site of prostate infection (27, 28).

Upon development of chronic prostatitis, in the human prostate, the majority of infiltrating inflammatory cells are chronically activated T lymphocytes and macrophages (29, 30). Mouse models of inflammation show an infiltrative component closely resembling that of human prostate inflammation. A large number of lymphocytes infiltrate the mesenchyme, between the epithelium or in the lumen of the gland, including Th1, Th2 and Th17 cells (26, 31).

Prostatitis is usually caused by bacterial infection, and chronic bacterial prostatitis is often the result of prolonged acute infection. The lipid-like membrane barrier on the prostate surface is highly resistant to some therapeutic antibiotics, thus reducing desired medical concentrations and limiting potential therapeutic levels. Therefore, it is essential to develop models of bacterial prostatitis for research into a more effective treatment. While animal models are similar to humans regarding the clinical pattern of morbidity and histological lesion, they are predisposed to severe infection to death and remove bacteria so that chronic prostatitis is not quickly developed. Wistar or Sprague-Dawley rats are more susceptible to acute prostatitis (100%) than chronic prostatitis (50% or 62%). However, C3H/HeOuJ mice are more acceptable because they can develop chronic inflammation in the prostates and acute inflammation, and their success rate is 100%. These mice can be applied to the search for effective therapies. The advantages of cell models in noble medical analysis are that they are inexpensive, easy to access, and stable compared to mice. Cell models are also time-saving, successful, and can be used effectively for microscopic studies. However, these simple models do not represent the actual condition of complex multisystem patients. Optimization of animal and cell models should consider their limitations and maximize their benefits.





4 Non-bacterial prostatitis models

Chronic prostatitis has more complicated pathological changes than infectious prostatitis and is more obscure. Currently, there are several accepted animal models, such as spontaneousness, immune mediation, hormonal disorders, diet, lactation, stress, chemicals, urinal reflux, autonomic nervous dysfunction, and exosome (Figure 2).




Figure 2 | The pathogenesis of chronic prostatitis.





4.1 Spontaneous prostatitis models

Rats and mice are predisposed to chronic non-bacterial prostatitis according to their genetic background and age in the absence of any treatment. This process takes a long time, but it is easy, and there are no medications or traumatic treatments. Inflammatory cells can be studied as part of the immune response by using this technique (32), the comparison of inflammation under different gene backgrounds (33, 34), different parts of inflammatory reaction in the prostate (33), the relationship between the occurrence and development of prostatitis and age (35, 36), oxidative stress response (37), and the role of specific genes in the occurrence and development of chronic prostatitis can also be explored. Rats of distinct types were more prone to spontaneous prostatitis than others Lewis rats are known to have an elevated susceptibility to the induction of many experimental inflammatory diseases such as inducible arthritis, glomerulonephritis, experimental myocarditis, autoimmune encephalitis, autoimmune thyroiditis and small bowel colitis (38). A total of 72% of Lewis rats developed spontaneous prostatitis by the age of 10–13 months (39, 40). In Wistar rats aged 10-13 months, 27% had spontaneous prostatitis (32, 39). After 13 weeks, 80% of older or younger developed spontaneous inflammation (41). In contrast to them, however, Sprague-Dawley rats are less sensitive to autoimmune related diseases. Only 16.6% of adult male Sprague-Dawley rats manifested prostatitis after a regular diet for 11 weeks (34). Noble rats of 9 months also developed prostatitis, but the success rate was uncertain (37).

Mice can be used to study prostatitis severity across genetic backgrounds. Spontaneous prostatitis occurred in Nonobese Diabetes-Resistant (NOR) and Nonobese Diabetic (NOD) mice at seven weeks of age, which became more severe and remained stable at 28 weeks (35, 36). They have a genetic susceptibility to autoimmune diabetes, and also have a tendency to other autoimmune diseases, including autoimmune thyroid disease and salpingitis (42). NZB (New Zealand Black, H-2d) mice are typically characterized by markedly receding thymus tissue, a functional defect in thymic epithelial cells compared to normal mice and an important autoimmune susceptibility factor (43). NZB strains also showed prostatitis at 14 weeks but were less sensitive and showed a lower inflammation score than NOD mice. At 18 weeks, prostatitis disappeared (36).

In summary, this spontaneous prostatitis occurred under natural conditions with fewer artificial factors and reduced artificial trauma. The models are stable and can be maintained for an extended period. This spontaneous non-bacterial prostatitis has a pathological picture similar to that of clinical patients and therefore is suitable for human chronic prostatitis research. Accordingly, it is more reliable than other models. Wistar rats can develop spontaneous prostatitis because they are more likely to succeed (80%), take less time to develop (13 weeks), and have a pathological picture closer to that of clinical patients. It is important to note that this model has numerous uncontrolled experimental factors and low targetability. The repeatability of this model is poor with prostatitis, as it takes three to thirteen months.




4.2 Immune-mediated prostatitis models

Autoimmunity is a double-edged sword. Too much strength or disorder can cause damage to the body’s tissues, including the prostate. Thymectomy, autoimmunity, and specific cell transplants can cause immune-mediated prostatitis, which was studied to determine the relationship between immune reaction and prostatitis pathogenesis.



4.2.1 Thymectomy-related prostatitis models

The nonactivated suppressor T cells played a crucial role in preventing spontaneous prostatitis. CD4+CD25+ T cells appear as energetic regulators in the peripheral immune system at three days. After thymectomy for the postnatal three days, regulatory CD4+CD25+ T cells were significantly reduced, and spontaneous prostatitis occurred (Figure 3) (44–48). There is a correlation between autoimmune disorders and prostatitis that can be explored. Besides suffering from prostatitis after a thymectomy three days after birth, mice also suffered from inflammation in other organs after 150 days due to a systemic immune system disorder. A total of 73% (C3H/HeMs x 129/J) F1 developed prostatitis in this way, characterized by lymphocyte infiltration and parasecretion in epithelial cells within the anterior and dorsal lobes. The mice also developed gastritis, epididymitis, sialadenitis, and thyroiditis (44, 45). It was found that 58.6% of B6A mice also presented with lacrimal gland adenitis in addition to prostatitis (46). A total of 73% of NZM2328 mice had prostatitis along with thyroiditis and dacryoadenitis (48). Postnatal three-day thymectomy of SNF1 mice was associated with 61.5% prostatitis, orchitis, and aortitis (47).




Figure 3 | Mechanism of prostatitis induced by thymectomy. CD4+ T cells are crucial in the development of prostatitis. CD4+ CD25- T cells recognize prostate tissue-specific antigens and produce autoimmunity to attack prostate tissue. CD4+CD25+ T cells, on the other hand, inhibit this autoimmune response and only appear in the peripheral immune system 3 days after birth, stimulated by prostate tissue-specific antigens and promoted by the thymus. Prostate tissue-specific suppressor T cells are generated to suppress prostate tissue-specific antigens induced autoimmunity and produce immune tolerance. Moreover, the prostate tissue-specific suppressor T cells inhibit CD4+ CD25- T cells. Removal of the thymus at 3 days of life leads to an increase in CD4+CD25+ T cells, and a relative increase in CD4+CD25- T cells, which leads to an imbalance and the development of prostatitis.



This model provides an opportunity to study the basic principles of suppressor T cells, activated T cells, and androgen involved in self-tolerance. NZM2328 mice are more predisposed to prostatitis (73%) than other strains to investigate the autoimmune pathogenesis and function of various subpopulation T cells in prostatitis. However, it is complex and time-consuming to perform and administer a thymectomy due to the need for tracheal intubation and respiratory support. Furthermore, they have prostatitis and respond to other organs such as the testis, aorta, thyroid, lacrimal gland, and others.




4.2.2 Experimental autoimmune prostatitis models

Experimental autoimmune prostatitis (EAP) is a disease that can be viewed as an experimental model of non-bacterial prostatitis in humans. Using specific antigens to induce autoimmunity produces specific autoantibodies to attack prostate tissue (Figure 4). Therefore, the prostate tissue is subsequently damaged, resulting in prostatitis. Specific antigens include male accessory gland (MAG) homogenate (prostate, seminal vesicles, and coagulating glands) (35, 49–59), prostate extract (36, 60–63), peptide T2 (64–66), rat prostatic steroid-binding proteins(PSBP) (35, 59, 61, 67–69), prostatic acid phosphatase(PAP) (70), ethanol plus dinitrobenzene sulfonic acid (DNBS) (71, 72), MBP-SVS2 or MBP (73) or prostate-specific proteins p25 (74). To increase the likelihood of prostatitis, adjuvants that boost the immune response are often used, such as CFA, aluminum hydroxide adjuvant, and liposomes. It is important to note that antigenic immunity can occur within a species or among species. Prostate tissue from mice or rats can be extracted to induce autoimmune disorders in the same species of mice or rats (49–53, 60–63, 67, 69, 75), and prostate tissue from rats can also be used to induce other species of mice (35, 36, 56, 58, 59, 68). Both methods can induce prostatitis. Autoimmune reactions are one of the pathogenesis of chronic prostatitis that has been widely accepted and adopted. Furthermore, the procedure is relatively straightforward and requires two to three injections. There is less sensitivity in rats, with 38% of Wistar rats and 33% of Lewis rats presenting prostatitis.




Figure 4 | Mechanism of prostatitis induced by injection of prostatic antigen or adoptive immune cells. The principle of the EAP model is that proteins extracted from rat or mouse prostate tissue are injected subcutaneously to stimulate the mouse’s autoimmune response to produce inflammatory cells such as B cells and T cells associated with the injected prostate proteins, which migrate to the prostate tissue, infiltrate, and attack the prostate tissue, causing prostate damage and prostatitis. Cell transplantation-related prostatitis models are based on the principle that relevant immune cells are extracted from a model that has already produced prostatitis and injected into new mice, and that these adaptive immune cells may be specific enough to specifically travel to prostate tissue and attack it, causing damage and prostatitis.



Mice were more susceptible to EAP models than rats, including nonobese diabetic (NOD) (35, 36, 56, 58, 59, 68, 69, 76), C57BL/6 (56, 63, 65, 66, 72, 73), C57bl/6 lpr, SJL, AJ (63), NZB, SWR (36), BALB/c (36, 63, 69) and SWXJ (H-2q, s) (74). Most of these mice have autoimmune susceptibility. NOD mice have a genetic susceptibility to autoimmune diabetes and a predisposition to other autoimmune diseases, including autoimmune thyroid disease. C57bl/6 lpr mice develop within 3-6 moths a range of abnormalities of congenital disease, which describe the ‘lpr phenotype’ and permit them to progress to autoimmune abnormalities and multi-organ damage (77–79). Swiss James Lambert(SJL)mouse (80–82), A/J mouse (83), SWR mouse (84) and SWXJ (H-2q, s) mouse (85) have also been used for their increased susceptibility to autoimmune disease. The New Zealand Black (NZB) strain has the most similar clinical disease and genetic complexity to human disease (86, 87). BALB/c and C57Bl/6 mice also have autoimmune susceptibility because of a specific genetic background. The two mice have distinct structural and functional parameters of the immune system. secretion of IL-2, IL-3, IL-4, IL-10 and TNF-α is significantly higher in BALB/c mice than in C57Bl/6 mice. C57Bl/6 mice possess higher splenic NK cell inhibitory activity (88). Thus, injection of specific prostate tissue antigens triggers an autoimmune response in these mice, whereby the prostate tissue is assaulted by inflammatory cells, damage occurs, and prostatitis develops. These autoimmune diseases in mice often entail inflammation of multiple organs. The issue of what specific pathophysiological features of the prostate gland lead to prostatitis is not conclusive. However, it has been suggested that IgG4-related disease (IgG4-RD) manifests as autoimmune pancreatitis (AIP), but also as prostatitis. Histopathologically, there is a dense inflammatory infiltrate in the prostate interstitium and immunohistochemical morphometry shows 10 IgG4-positive plasma cells/high-power fields (HPF). There may be specific genes in the prostate that lead to inflammatory cell infiltration in the prostate tissue in autoimmunity, resulting in prostatitis (89). It has also been shown that prostate-specific antigen (PSA)-related autoimmune reactions develop, leading to the development of prostatitis (90).

C57BL/6 mice are commonly used for this model. The prostate supernatant was extracted from rats and emulsified with an equal quantity of complete Freund adjuvant (CFA), with a final antigen concentration diluted to more than 500 µg/ml. CFA is an immune adjuvant that enhances the immune response. It was challenging to induce autoimmune prostatitis with too low concentrations of prostate tissue extract, indicating that antigen concentration was the key to successful modeling. C57BL/6 mice have been subcutaneously injected into multiple sites with 0.5ml of this extract and 1 ng/200 µl Bordetella pertussis (BP) toxin. BP induced an autoimmune response in mice. After 30 days, all of them were perceived to have lymphocytic infiltration in the prostatic stroma, periglandular and perivascular areas (63).

The autoimmune disorder is a pathogenesis of chronic abacterial prostatitis that has been widely accepted and adopted. Treatment and immune changes are currently unclear and require more comprehensive studies in EAP models. C57BL/6 mice immunized with singular homologous prostate extracts are more likely to develop prostatitis than rats, with 100% showing signs of inflammation after 30 days. Nevertheless, this model had many disadvantages, such as the experiment always lasted 30-50 days, even 1-3 months, so the exact duration was not known; intricate factors affected the temporal consumption. The success of this experiment depended on the type of antigen, strain, and age of the rats, but also on the frequency, time, and parts of the inoculation. Due to 1–3 times immunizations and long or short interval time to establish prostatitis models, the method was complicated; the success rate differed from 33% to 100%.




4.2.3 Cell transplantation-related prostatitis models

Cell transplantation-related prostatitis models are animals inoculated with isolated splenocytes from treated animals (immunization, hormonal treatment, or special gene background) (45, 73, 75, 91–93), GMTAMP-C1/C2 cells, TRAMP-C1/C2 cells (94), B7-TC1 cells (95) or T-cell receptor transgenic T-cells (91, 96–98). These splenocytes can attack the prostate tissue, leaving it damaged and inflamed (Figure 4).

The role of T and B cells in the pathogenesis of chronic prostatitis can be investigated using a cell transplantation model. It is also important to study and understand the function of immunocytes in chronic prostatitis. These observations suggest that immunological induction of prostatitis requires specific antigen organs, depletion of specific immune suppressive cells, or activation of suppressor cells. These models illustrate the basic principles of specific immunity, immune tolerance, and immune activity of chronic prostatitis. They also play an important role in researching the relationship between hormonal therapy and immunity, prostate cancer, and inflammation. To conduct research on the T cell response to specific antigens within prostatitis conveniently and proficiently, transgenic mice expressing prostate ovalbumin (POET) mice can generate a high level of membrane-bound ovalbumin/transferrin receptor fusion protein (mOVA) in prostate lobes under the action of ARR2PB promotors. Adaptive transfer with mOVA-specific T cells, will result in specific immunity (91, 96–98). This model can be applied to T cells that respond to specific organs of antigens. The POET mouse specifically contains mOVA expressed in prostate tissue but not in other organs. When the POET mouse is infused with mOVA-specific T cells, these T cells specifically bind to the mOVA expressed in the prostate and attack the corresponding area, resulting in tissue damage and prostatitis. This approach is designed to investigate the development and regulation of prostatitis, which occurs in the EAP but is also induced in other organs due to autoimmunity. However, the POET mouse allows inflammation to occur specifically in the prostate gland only by allowing specifically labelled T cells to attack prostate tissue directly. Furthermore, this model allows a clear and unambiguous view of the specific prostate lobe where inflammation occurs, ventral and dorsolateral lobes more sensitive to inflammation than anterior ones.

In addition, this POET mouse model can be applied to detect the effect of inflammation on the development and progression of prostate cancer. Because the duration of prostatitis in this model is longer compared to the EAP model, where inflammation lasts about 15 days, whereas the POET model lasts 70-80 days, it is beneficial to study the relationship between long-term stimulation of inflammation and the development of prostate cancer.

The Transgenic adenocarcinoma of the mouse prostate (TRAMP) model can also be studied for the association of inflammation with the development of prostate cancer. The GMTRAMP-C vaccine is derived from TRAMP epithelial cells and is tumorigenic. The GMTRAMP-C vaccine was administered to enhance the response of TRAMP to antigenic challenge, and TRAMP mice with strong antigenic challenge were then treated with anti CTLA-4, a protein on T cells that prevents T cells from killing other cells, including cancer cells, and anti-CTLA-4 Treatment causes T cells in TRAMP mice to be active and attack prostate tissue, causing damage and thus prostatitis. In addition to TRAMP mice, wild-type mice and non-transgenic C57BL/6 male mice sensitized with GMTRAMP-C1/C2 vaccine and treated with anti-CTLA-4 showed inflammatory infiltration of prostate tissue and even tissue damage including destruction of alveolar structures. Normal mice injected with GMTRAMP-C1/C2, a prostate tumor cell, promote immunogenetics, including T cells. T cells assault the prostate tissue, leading to structural destruction and prostatitis (94).

Adaptive transfer with spleen cells from female mice or castrated male mice at birth, C3.129 nu/nu mice are susceptible to prostatitis (45). The presence of specific antigens on the prostate tissue allows CD4+ CD25- T cells in the humoral fluid to recognize and induce autoimmunity on the one hand and promotes the production of prostate tissue-specific suppressor T cells to tolerate the immune response on the other (Figure 3). Female or castrated male mice at birth fail to produce prostate tissue-specific suppressor T cells to tolerate the immune response and instead have large numbers of CD4+ CD25- T cells, which are relayed to C3.129 nu/nu mice. C3.129 nu/nu mice have no thymus and are consequently immunodeficient, meaning that they are unable to mount an immune response to foreign substances. After relaying, CD4+ CD25- T cells recognize specific antigens on the prostate tissue of C3.129 nu/nu mice and induce autoimmunity to occur, which attacks the prostate tissue and damage occurs, resulting in prostatitis. It indicated that prostate tissue-specific suppressor T cells and nonactivated suppressor T cells play an important role in immune tolerance against prostate antigens.




4.2.4 Knockout prostatitis models

IFN-γ -deficient NOD mice were perceived to significantly reduce the number of cell infiltration (35, 36). Interferon-γ (IFNγ) is an important mediator of the cellular immune response and is an inflammatory cytokine secreted by T lymphocytes and natural killer cells (NK cells), involved in the immune response in vivo (99). Mice lacking IFN-γ expression had significantly less inflammatory cell infiltration in prostate tissue relative to controls in autoimmunity, indicating that IFN-γ -producing cells played a vital role in the development of infiltration in the prostate.

Autoimmune regulator (Aire) is essential for establishing central immune tolerance and preventing autoimmunity, and abnormalities or knockouts of Aire contribute to multi-organ autoimmune abnormalities in the body (100). It has been shown that Aire-KO mice inflamed multiple organs, in addition to inflammation in eyes, salivary glands, ovaries, stomach, and inflammatory cell infiltration in prostate tissue (101, 102). Autoimmune abnormalities resulting from Aire deficiency also contribute to inflammatory cells reaching, infiltrating, attacking and damaging prostate tissue, the exact mechanisms of which are unclear.

Taken these, thymectomy, autoimmunity, and specific cell transplants can cause the body to produce prostate tissue-related immune cells that attack and damage the prostate tissue, causing prostatitis. IFN-γ-deficient NOD mice and Aire-KO mice can be used as reproducible genetic models for studying the pathogenesis, prevention, control, and treatment of autoimmune prostatitis.





4.3 Gonadectomy and hormone-related prostatitis models

The relative level gives negative feedback to the hypothalamus dopamine and then promotes the pituitary gland to release prolactin, which activates specific receptors in the prostate glands to respond to androgen, thereby regulating the growth and development of the epithelium. However, by castration or hormone treatment, the hormone disorder induces a humoral and cell-mediated autoimmune reaction, the expression of inflammatory cytokines, or the destruction of the prostatic blood-lymph barrier to cause prostatitis and atrophy of prostate tissue. Hormone disorders are more likely to occur with age in humans. Therefore, hormone disorder treatment is generally accepted to establish models of abacterial prostatitis, including Hypo-gonadal (hpg) mice (103), (C3H/HeMs x 129/J)Fl mice (44, 46), Han-NMRI mice (104), Noble rats (105–107), Sprague-Dawley rats (108, 109), Lewis rats (39, 40) and Wistar rats (32, 39, 106, 110–115). Treatment methods include gonadectomy and 17β-estradiol injection, and one or both can achieve the model effect. Wistar rats were universally applied for this kind of model. This model was established within 14-36 days for some Wistar rats; for others, it took up to 18 weeks (106). Temporal consumption of this method depends on age, castration, and hormone treatment. Aged rats were more predisposed to prostatitis than young ones (32, 39, 111–113). Castration could shorten time based on hormone treatment (32, 111–115). In this model, inflammation appeared in ventral and dorsolateral lobes, while Aumüller G et al. discovered that all lobes had lesions after treatment with 17β-estradiol, testosterone, and castration in old rats (32). Furthermore, the lateral lobes manifested inflammation earlier than the dorsal lobes, and the ventral ones were the latest, characterized by neutrophil infiltration into the glandular lumen and plasma cells and lymphocytes infiltration into the interstitial area (110, 111). Wistar rats were treated daily with a total volume of 0.1ml 0.25 mg/kg 17β-estradiol for 30 days, and 100% of them demonstrated inflammation within lateral lobes, characterized with serious, multifocal, significant inflammation in a lobule, but in lateral prostates, there were no signs of inflammation (39). Different lobes of the prostate may have different sensitivities to hormonal disturbances.

Genetically modified Mice are available to research the development of prostatitis from specific genetic backgrounds. AROM+ mice are laboratory mice that have been genetically modified to overexpress aromatase in the brain. Aromatase is an enzyme that converts testosterone to estrogen, and its overexpression in the brain leads to increased local estrogen levels, which can be used to study the connection between hormone disruption and prostatitis. Eighty-eight percent of AROM+ mice were predisposed to prostatitis at 52 weeks. With androgen deficiency and rise in estrogen, multiple acute and chronic infiltration of inflammatory cells and increased chemokine and estrogen receptor alpha in prostatic epithelial cells resulted in prostatic intraepithelial neoplasia (116). Mice with different genetic backgrounds had different characteristics of prostatitis and affected the occurrence and development of prostatitis.

This model is reproducible, simple, inexpensive, and resembles the onset and persistence of chronic non-bacterial prostatitis in humans. The etiology of this disease may be similar to that of humans, which usually develops after birth when androgen levels are disturbed. Many models are evolving mice and rats, but the latter are more susceptible. Wistar rats are helpful models, as they are only treated with 17-estradiol, have a high probability of success, are reasonably straightforward to operate, and need less time to develop lesions. Both hormonal injections and castration are used in the model established by numerous researchers. However, castrated operation requires advanced aseptic techniques, and it is complex to perform and very difficult to perform on neonatal rats in some research. AROM+ mice can be used as reproducible genetic disease models for studying the pathogenesis, prevention, control, and treatment of hormone-related prostatitis.

Furthermore, model phenotypes are often significantly correlated with estrogen dosage, time of exposure, and presence of androgens, which means that modeling results are unstable. Various ratios of estradiol may play an important role in inflammation. Additionally, high doses of medicine injection may result in toxicity, hepatic injury, and endocrine disruption.




4.4 Diet and lactation-related prostatitis models

Models of diet-related prostatitis involve rats or mice that exhibit prostatitis through simple feeding rather than injection or surgery, evolving diet soy-free (34), soy-extracted genistein with daidzein-rich Isoflavone (117), high fat (118–121) and lipid (122). Several studies have been conducted on the relationship between metabolism and prostatitis. Sprague-Dawley rats demonstrated prostatitis with a soy-free diet after 11 weeks (34). Following oral administration of genistein and daidzein-rich isoflavone extracted from soy, almost 83% of these rats developed dorsolateral prostatitis. During histopathological examinations, many neutrophils and lymphocytes were found to invade the stroma and glandular lumen, but body weight, prostate weight, and serous androgen levels did not change (117). High-fat diet(HFD) for 1–3 months, and even at seven months, established prostatitis models successfully, including Sprague-Dawley rat (119), NF-κB-Luciferase transgenic mice (121), aged FVB mice (118), and C57BL/6 mice (120). With HFD for 4 weeks, C57BL/6 mice presented different degrees of lymphocyte aggregates in the dorsolateral lobes and a significant increase in IL-1β, IL-6, IL-17, and TNFα (120). Lipid diet also caused prostatitis and was associated with mice with different genetic backgrounds. C57/BL6 mice had smaller prostates, a wider lumen, and shorter epithelium with linseed oil in the ventral lobes while increasing epithelial volume with soybean oil and inflammatory infiltration with pork fat for 32 weeks. Pork fat, conversely, caused Mongolian gerbils to develop larger epithelial lesions and larger inflammatory foci, whereas linseed and soybean oil caused a reverse effect (122). With or without treatment, the majority of newborns displayed prostatitis at the age of 90 or 120 days after lactation for 25 or 56 days from dams fed at the time of gestation(GD) or neonatal period for several days with different substances, including methoxychlor, pimozide (123, 124), atrazine, bromocriptine (125), tamoxifen, 17β-estradiol (123), estradiol benzoate (108), high fat diet (119) or vinclozolin (126–128). The role of lactating mothers with abnormal metabolic levels in the occurrence and development of neonatal prostatitis can be explored. Wistar rats were predisposed to inflammation and fibrotic alteration in the ventral and lateral lobes after perinatal exposure to methoxychlor, pimozide, trazine, 17-estradiol, or bromocriptine (123–125). Sprague-Dawley rats presented prostatitis with lactation from the administration of estradiol benzoate administration (108), a high-fat diet (119), and vinclozolin (126–128). Vinclozolin is a widely used dicarboxamide fungicide whose primary action is due to its competitive androgen receptor antagonism and antiandrogenic activity. Females were administered orally daily on GD14–GD19 with 100 mg/kg vinclozolin. On postnatal day 56, all newborns developed prostatitis, with significant and focal areas of infiltration of inflammatory cells into the ducts and blood vessels, especially leukocytes and macrophages, degenerate epithelial cells, decayed duct structures, and reduced epithelial cells androgen receptors and decreased secretory epithelium (128).

In summary, oral treatment is more straightforward and inexpensive than parenteral administration. Compared to inoculation, the genistein diet is safer because it is challenging to ensure a suitable injection dosage. A high dose of genistein inoculation may cause drug toxicity, hepatic injury, and endocrine disorder. Thus, Sprague-Dawley rats effectively prevent prostatitis by taking oral isoflavones rich in genistein and daidzein extracted from soy. Metabolic disease is a constant concern, and a high-fat diet can help prevent prostatitis. C57BL/6 mice are perceived to have visible prostatitis with HFD for four weeks because they can quickly develop into severe obesity, fat accumulation, and impaired glucose tolerance to appear prostatitis. To investigate the effects of maternal hormone on newborns, vinclozolin is widely used for the induction of prostatitis. Lactation of dams taking this medicine reverted prostatitis in 100% of Sprague-Dawley rats.

Furthermore, vinclozolin does not cause maternal toxicity, or normal pregnancy. The disadvantages of these prostatitis models are that they require a longer experimental period and are influenced by variations in the ratio of diet, the type of lipids and the form of the diet. It is also essential to ensure the reproducibility and similarity of the nutrient composition for a long time. These models are affected by many other factors, including strains, age, and time. The treatment of lactation and natural mating can be complicated by the intrauterine environment, breastfeeding, parent handling, and behavioral differences.




4.5 Multifarious prostatitis models

Stress, chemicals, exosome injections, mechanical operation of urine reflux, and autonomic nervous blockers induce chronic prostatitis models.



4.5.1 Stress-related prostatitis models

The mechanism of stress induced prostatitis may be a change in the internal environment or an undiscovered mechanism needed to be further explored. When Sprague-Dawley rats were treated with stress conditions, such as starvation, 4°C temperature, and narrow cages, they developed prostatitis after ten days. Histopathological analysis in rats found an embedded acinus in the prostate, which contained active prostate epithelial stroma with less secretion. More inflammatory cells were in the acinus and stroma and a greater density of acinus and stroma. However, the foci and many inflammatory cells in the prostate prevented accurate classification (129, 130).




4.5.2 Chemical-related prostatitis models

Chronic prostatitis was produced by direct chemical injection, including λ-carrageenan (131–133), capsaicin (134–136), and doxycycline (40). This method was assigned to help study the neurobiological mechanisms of male pelvic pain, although it caused damage, destruction, or degeneration of the prostates. A high dosage of chemical treatment could cause stress reactions and even death in rats. Hence, controlling time, dose, and injection parts was critical. Chen CS et al. elucidated that 100% of Sprague-Dawley rats were perceived to have prostatitis in the ventral lobes after one day and maintained the two weeks with 3% λ-carrageenan in accordance with thermal hyperalgesia, mechanical allodynia, inflammatory cell count, COX2 expression and Evans blue (131–133). In this study, a high level of inflammatory cell infiltration was detected, such as monocytes, lymphocytes, fibrous connective tissue hyperplasia, interstitial congestion, and edema, in addition to other chronic inflammatory conditions. Furthermore, inoculation with doxycycline caused 100% of Lewis rats to develop granulocytes in the lumen and inflammation in the stroma (40).




4.5.3 Exosome-related prostatitis models

Exosomes are membrane-bound extracellular vesicles produced in the intranuclear region in most eukaryotic cells. They comprise a wide range of biomolecules, including proteins, lipids and nucleic acids such as RNA and DNA. Exosomes are involved in intercellular communication and play a role in a variety of physiological and pathological processes. They are secreted by a wide range of cells, including immune cells. Exosomes secreted by immune cells can stimulate an immune response (137). There are not currently many studies on exosome and prostatitis. Baixiong Zhao et al. established a noble prostatitis model with exosome injections (138). They extracted exosomes from prostatic fluid samples of CP/CPPS patients and then injected them into the ventral lobes of Sprague-Dawley rats. After one-week, numerous inflammatory cells infiltrated interstitial tissue because these exosomes were selectively loaded with miRNA-155 and heavily phagocytosed by prostate stromal cells to activate the immune response and induce inflammation. This model may be a novel method for studying the pathogenesis of chronic prostatitis.




4.5.4 Urine reflux-related prostatitis models

Rats were artificially assigned to prostatitis through urine reflux to study another pathogenesis of chronic prostatitis. They were perfused with urine through the urethral orifice, the interstitial area was significantly enlarged, and polymorphic cells were diffusely distributed in the prostate after seven days. The acini did not contain inflammatory cells like the bacterial prostatitis model. Moreover, no effect was observed in the bladder due to histological changes. Inflammation-related proteins (IL-1A, IL-1B, IL-6, and TNFa) and oxidative stress markers (MDA and HIF-1A) increased in this model (139).




4.5.5 Autonomic nervous dysfunction-related prostatitis models

The autonomic nervous system and the immune system are closely linked, and they communicate with each other through various pathways. For example, the sympathetic nervous system can regulate the activity of immune cells (such as T cells and natural killer cells) through the release of neurotransmitters such as norepinephrine and epinephrine (140). Likewise, immune cells generate cytokines and other signaling molecules to influence the activity of the Autonomic nervous system, and abnormal regulation of the Autonomic nervous system is relevant to a variety of immune-related disorders such as autoimmune diseases, chronic inflammation and allergies (141). Notably, the autonomic nervous system is involved in the occurrence and development of prostatitis. C57BL/6 mice received 5 mg/kg body weight of 1-adrenergic or 2-adrenergic receptor agonists intraperitoneally for five days and developed chronic prostatitis, characterized by increased pro-inflammatory cytokines TNF, IL-6, and chemokines CCL2, CCL3. After blocking the sympathetic and parasympathetic nerves, the mice developed persistent chronic prostatitis. This is a phenomenon, the detailed mechanisms of which are not yet known. It suggests, nevertheless, that there is a correlation between abnormal autonomic nerves and the development of prostatitis. Furthermore, adrenoceptor Beta 2 (Adrb2) and the accumulation of CD11b + F4/80 + macrophages were highly expressed in the prostate without sympathetic nerves. Chronic prostatitis can be studied by examining autonomic nervous and immune responses (142).

In summary, stress and urine treatment can be the pathogenesis of prostatitis, and it took less time than other models, just 7-9 days, which is advantageous for establishing this type of model. The autonomic nervous dysfunctional model related to exosomes may be novel methods for studying the pathogenesis of chronic prostatitis. The advantages of chemical treatment are simplicity, cost-effectiveness, and reproducibility, and it has strengths in research on gene-environment interactions and chemoprevention. This model tends to self-medicate and does not follow a chronic course but can cause severe lesions if administered in a high dosage of chemicals. Attention must be paid to the batch of chemicals, the breed, and source of the animal, the chemical supplier, dosage, frequency, and duration. Cellular models present advantages such as stability, high success rates, and savings of time and money. We can study microscopic examination in cells, but they are very different from the condition and consist of multiple treatment systems. It is possible to pre-estimate novel treatments in cellular models with efficient and time-saving outcomes before animal experiments.






5 Evaluation criteria

Pathological changes, biochemical analysis, behavioral testing, cutaneous allodynia evaluation, body weights or prostate, and urodynamic measurements can be used to diagnose the success of the prostatitis model.



5.1 Pathological changes

Pathology, including macro- and microscopic analysis, is critical for detecting prostatitis in animals. Macroscopic analysis is intuitive, simple, and convenient for grossly morphologically estimate the situation of inflammation within the prostates. After dissection, gross morphological analysis of infected prostates is observed for obvious signs of inflammation, including edema, congestion, and hyperemia (16, 71, 72).

Microscopic changes are more detailed and accurate than macroscopic changes, including acute and chronic prostatitis. In acute prostatitis, the dense infiltrate of acute inflammatory cells (neutrophils) in the periglandular stroma, interstitial edema, focal hemorrhage, and abundant shedding of epithelial cells into the lumen of the prostatic gland of acute prostatic tissue are revealed by the microscope (21). In chronic prostatitis, changes in the lesion were scored based on three histological conditions: edema, hemorrhage, and infiltration of leukocytes. This method depends on the subjectivity of observers by comparing the severity of appearance and diving into four grades (16, 143, 144).




5.2 Biochemical analysis

Prostatitis is characterized by an aberrant immune response and a cascade of inflammatory cytokines. These cytokines, such as interleukin-1, interleukin-6, interleukin-8 and tumor necrosis factor-alpha (TNF-alpha), play a critical role in the modulation and amplification of the immune response, as well as the propagation of inflammation. In the context of prostatitis, the overproduction of these cytokines by immune cells is closely associated with the development of the inflammatory response. Therefore, the measurement of cytokine expression, particularly IL-1, IL-6, IL-8 and TNF-α, provides a reliable indicator of the success of the prostatitis model (19, 61, 64, 68, 76, 145).

Prostate inflammation also involves various molecules and signaling pathways. Among these are the C-C motif chemokine ligand (CCL) family, a group of chemokines that play crucial roles in immune responses and inflammation. The CCL family encompasses a range of chemokines, including CCL2, CCL3, CCL4, and CCL5, all of which contribute to the development of inflammatory responses. In chronic bacterial prostatitis, there is a significant increase in the expression of CCL2 and CCL3 in prostate tissue. This upregulation of CCL2 and CCL3 is known to promote the recruitment of immune cells to the site of inflammation, thereby exacerbating the inflammatory response. Moreover, recent studies have identified CCL2 and CCL3 as significant biomarkers for inflammatory IIIA and non-inflammatory IIIB chronic pelvic pain symptoms, underscoring their potential clinical significance in the diagnosis and management of prostatitis (146).

In general, tests for IL-1, IL-6, IL-8 and TNF-α expression levels can be an indicator to verify the success of prostatitis. CCL2 and CCL3 expression levels have been found to be altered in prostatitis, although they are not necessarily markers.




5.3 Multifarious analysis

Behavioral testing, evaluation of cutaneous allodynia, body or prostate, and urodynamic measurements can be used to diagnose the success of the prostatitis model. Behavioral testing is often used in the evolution of pain assessment (57, 69, 74) and cutaneous allodynia assessment of chronic pelvic pain (76, 112). Both can be used to test for the pain of chronic prostatitis. Weights of the body or prostate can be used to determine the changes in prostate tissue before and after treatment (74, 106, 108, 113, 117). Prostatitis causes changes in urodynamic measurements, elucidating that prostatitis models reduced the frequency of urination and the prolonged urination time, and the residual urine volume of hormone-treated rats tended to increase (106, 107, 112).





6 Conclusion and prospects

Prostatitis is a common condition observed in the urology department, with a high prevalence. Despite the complexity and uncertainty of the pathogenesis and etiology, effective treatment is imperative, so it is crucial to choose the appropriate models quickly and conveniently. Based on the models of prostatitis mechanically described above, different settlements have different manufacturing methods, durations, inflammatory lobes, success rates, disadvantages, and evaluation criteria (Table 2). The search for more suitable models to explain the etiology, pathogenesis, and clinical manifestations of prostatitis should continue in the future.


Table 2 | Summary of present prostatitis models.
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Immune checkpoint inhibitors highlight the importance of anticancer immunity. However, their clinical utility and safety are limited by the low response rates and adverse effects. We focused on progesterone (P4), a hormone produced by the placenta during pregnancy, because it has multiple biological activities related to anticancer and immune regulation effects. P4 has a reversible immune regulatory function distinct from that of the stress hormone cortisol, which may drive irreversible immune suppression that promotes T cell exhaustion and apoptosis in patients with cancer. Because the anticancer effect of P4 is induced at higher than physiological concentrations, we aimed to develop a new anticancer drug by encapsulating P4 in liposomes. In this study, we prepared liposome-encapsulated anti-programmed death ligand 1 (PD-L1) antibody-conjugated P4 (Lipo-anti-PD-L1-P4) and evaluated the effects on the growth of MDA-MB-231 cells, a PD-L1-expressing triple-negative breast cancer cell line, in vitro and in NOG-hIL-4-Tg mice transplanted with human peripheral blood mononuclear cells (humanized mice). Lipo-anti-PD-L1-P4 at physiological concentrations reduced T cell exhaustion and proliferation of MDA-MB-231 in vitro. Humanized mice bearing MDA-MB-231 cells expressing PD-L1 showed suppressed tumor growth and peripheral tissue inflammation. The proportion of B cells and CD4+ T cells decreased, whereas the proportion of CD8+ T cells increased in Lipo-anti-PD-L1-P4-administrated mice spleens and tumor-infiltrated lymphocytes. Our results suggested that Lipo-anti-PD-L1-P4 establishes a systemic anticancer immune environment with minimal toxicity. Thus, the use of P4 as an anticancer drug may represent a new strategy for cancer treatment.
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1 Introduction

Immune checkpoint blockade is a powerful tool in cancer treatment. However, the overall treatment response rate is low and patients experience acute and chronic immune-related adverse events, suggesting that systemic anticancer immune responses are impaired by the establishment of a local tumor microenvironment (1, 2). Cancers of different origins have developed similar strategies for evading the immune system. For example, cancer cells frequently escape immune surveillance by downregulating the major histocompatibility complex expression and/or expressing programmed death ligand 1 (PD-L1) (3, 4). Cancer cells share these characteristics and gene expression patterns with placental trophoblasts (5). However, trophoblast invasion of the endometrium and decidua during pregnancy is highly regulated; the invasion stops in the myometrium to prevent dispersion into the maternal circulation (6, 7). After 10 months of gestation, trophoblasts are excreted or undergo apoptosis. The immune system of pregnant women is active in order to protect against infectious diseases; this was evident by the statistically insignificant difference between the death rate of pregnant women with coronavirus disease 2019 and that of non-pregnant women (8, 9). Moreover, pregnancy does not promote cancer progression (10).

We tried to construct an anticancer immune environment by using molecules involved in the immune system during pregnancy. We focused on progesterone (P4), which is produced in the placenta during pregnancy (11), because it is a multiple-target transcription factor and has various biological activities, such as regulation of the maternal–fetal tolerance (12) and anticancer effects (13, 14). P4 inhibits epithelial-to-mesenchymal transition (15), and its derivative induces the transition from endoplasmic reticulum stress to apoptosis (16). P4 also affects mitochondrial processes involved in apoptosis induction (17). Resting T cells survive and retain competency in the presence of P4 but die when activated by a high concentration of it (18). We also found that P4 treated cells expanded CD8 T cells extensively in humanized mice (18). Therefore, if a high amount of P4 is administered, both cancer cells and activated T cells that induce immune-related adverse events (irAEs) will die and naive T cells and resting memory T cells will survive; thus, cancer growth and irAEs might be reduced and naïve T cells might activate after the treatment. Especially, cytotoxic T cells might proliferate to induce high anticancer effects.

Glucocorticoids induce T cell exhaustion irrespective of activation state (18). Glucocorticoids suppress T cell effector functions by secreting IL-10 following the irreversible induction of T cell exhaustion (19). The use of glucocorticoids in patients with cancer which show irAEs may promote cancer progression owing to the immunosuppressive function of glucocorticoids (20). Thus, P4 may be a suitable alternative to glucocorticoids. However, the concentration of P4 required to induce antitumor effects and immune regulation is higher than its normal physiological levels.

Therefore, effective delivery is essential to achieve the dual benefits of P4. Large quantities of exosomes are secreted into placental villi (21), the contents of which reflect those of the parent cells (22). As syncytiotrophoblasts produce large amounts of P4, exosomes may contain high concentrations of hydrophobic P4 in their plasma and/or endoplasmic reticulum membranes. To mimic intrauterine exosomes, we encapsulated P4 in liposomes, which have been extensively investigated and whose toxicity and safety have been evaluated. To specifically target cancerous cells, P4 has been conjugated to the anti-PD-L1 monoclonal antibody atezolizumab (23). To study the effects of Lipo-anti-PD-L1-P4, it is insufficient to use conventional experimental animals, because the immune system is specific to each species (24). Therefore, we developed a humanized mouse model using NOD/SCID/γcnull (NOG) mice (25); it can be used to evaluate patient immunity—especially humoral immunity (26). We developed a second-generation immunodeficient mouse model (NOG-hIL-4-Tg) that expressed human IL-4 (27). These mice did not develop graft-versus-host disease after the transplantation of human peripheral blood mononuclear cells (PBMC). Mature human B cells can be engrafted into NOG-hIL-4-Tg mice, suggesting that the human immune environment can be recreated. We found that the immunity of healthy donors and patients with breast cancer could be compared by transplanting PBMCs into NOG-hIL-4-Tg mice (28). In this study, we evaluated the effects of Lipo-anti-PD-L1-P4 by analyzing the kinetic profile and localization of lymphocytes in vitro and in vivo using a humanized mouse model.




2 Materials and methods



2.1 Ethical approval

This study was conducted in accordance with the guidelines of the Declaration of Helsinki and Japanese federal regulations required for the privacy protection of human participants. The study protocol was approved by Tokai University (12R-002/20R211/21R277) and the Central Institute for Experimental Animals (08-01) Human Research Committees. Written informed consent was obtained from all participants. All animal procedures were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals and were approved by the Animal Care Committees of Tokai University School of Medicine (185016/191073/202049/213047/224039) and the Central Institute for Experimental Animals (20045). The study was conducted in compliance with the ARRIVE guidelines. As we created the healthy donor’s immune environment in multiple mice, the experimental design did not need blinding.




2.2 Cell lines

The human triple-negative breast adenocarcinoma (MDA-MB-231) cell line was purchased from the European Collection of Authenticated Cell Cultures, cultured in L15 medium supplemented with 15% fetal calf serum (FCS) (Sigma-Aldrich, St. Louis, MO, USA), and maintained at 37°C without CO2 equilibration. The myeloma (Karpas 707H) cell line was kindly gifted by Dr. Karpus from Cambridge University. Human placental choriocarcinoma (JEG-3 and BeWo) and embryonic kidney (HEK-293) cells were purchased from the American Type Collection Center (ATCC) (CLS Cat# 300192/p777_HEK293, RRID:CVCL_0045) and stored at the Tokai University School of Medicine. JEG-3 cells were cultured in low-glucose DMEM supplemented with 10% FCS and maintained at 37°C under 5% CO2. BeWo cells were cultured in Ham’s F12 medium supplemented with 10% FCS and maintained at 37°C under 5% CO2. HEK-293 cells were cultured in high-glucose DMEM supplemented with 10% FCS and maintained at 37°C in 5% CO2. Karpas 707H cells were cultured in RPMI-1640 medium (Nissui Co. Ltd., Tokyo, Japan) supplemented with 10% FCS and maintained at 37°C under 5% CO2.




2.3 Human PBMCs

Peripheral blood samples (approximately 30 mL) from 42 healthy donors without a history of malignancy (23 males and 19 female individuals; age, 21–64 years) were collected in Vacutainer ACD tubes containing heparin (Becton Dickinson, Franklin Lakes, NJ, USA). The samples were immediately placed in 10 mL of Ficoll-Paque PLUS (Cytiva, London, UK). PBMCs were isolated under density gradient centrifugation (500 ×g for 30 min at 20°C) and washed with phosphate-buffered saline (PBS) (300 ×g for 5 min at 4°C).




2.4 In vitro culture of PBMCs

The PBMCs (1 × 106/mL) were stimulated with 1 μg/mL of toxic shock syndrome toxin 1 (TSST-1;Toxin Technology Inc., Sarasota, FL, USA) in RPMI-1640 medium supplemented with 10% fetal FCS and antibiotics (streptomycin, 0.1 mg/mL; penicillin, 100 U/mL [Meiji Seika, Tokyo, Japan]) in the presence or absence of different concentrations of P4 (Sigma-Aldrich), cortisol (Sigma-Aldrich), atezolizumab (Chugai Pharmaceutical Co. Ltd., Tokyo, Japan), or liposome-encapsulated atezolizumab-conjugated steroids, and cultured for 72 h at 37°C under 5% CO2. The cells were harvested and washed with PBS, and 5 × 105 cells/tube were used for flow cytometry.




2.5 Flow cytometry

Fluorochrome-conjugated anti-human monoclonal antibodies were used to identify human immune cells. Cells were incubated with appropriate dilutions of fluorescently labeled mouse anti-human monoclonal antibodies (Table S1) for 15 min at 4°C, washed with PBS containing 1% (w/v) bovine serum albumin (Sigma-Aldrich), and analyzed using FACS Fortessa or Verse flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For each analysis, a live gate with white blood cells or lymphocytes was used based on human CD45 expression. The data were analyzed using FlowJo, PRID:SCR_008520 (BD Biosciences).

The culture supernatants were collected. Debris was removed by centrifugation (300 ×g 5 min at 4°C). Cytokine quantification was performed using LEGENDplex v8.0 (BioLegend, San Diego, CA, USA). Briefly, 25 µL of the supernatant was mixed with 25 µL of capture beads and incubated for 2 h at 25 °C. The beads were washed, mixed with detection antibodies, and incubated for 1 h at 25 °C. Streptavidin–phycoerythrin was added, and the mixture was incubated for 30 min at 25 °C. The beads were washed and analyzed using a FACSVerse flow cytometer (BD Biosciences). Data (pg/mL) were analyzed using LEGENDplex v8.0.




2.6 NOG-hIL-4-Tg mice

P4- or cortisol-treated human PBMCs were transplanted into NOG-hIL-4-Tg (NOD.Cg-PrkdcscidIl2rgtm1Sug/Tg(CMV-IL4)/Jic) mice, which were maintained under specific pathogen-free conditions at the animal facilities of the Tokai University School of Medicine and the Central Institute for Experimental Animals. To determine the effector function of P4- or cortisol-treated human PBMCs, T and B cells were evaluated because human PBMCs can engraft in NOG-hIL-4-Tg mice without causing graft-versus-host disease (27). Offspring expressing human IL-4 were identified as previously described (27). DNA was extracted from the ear tissue collected at the time of genotyping. Human IL-4 protein level was measured using the Human IL-4 ELISA Set BD OptEIA Kit (BD Biosciences).




2.7 Lipo-anti-PD-L1-P4

First, the following solutions were prepared: lipid solution (1,2-dioleoyl-sn-glycero-3-phosphocholine [35.8 mg (45.5 μmol)] [COATSOME MC-8181; NOF Corp., Tokyo, Japan] and N-[(3-maleimide-1-oxopropyl)aminopropyl polyethyleneglycol-carbamyl] distearoylphosphatidyl-ethanolamine [11.7 mg (4.0 μmol)] [SUNBRIGHT DSPE-020MA; NOF Corp.]) and P4 (9.56 mg [30.4 μmol]) (160-24511; FUJIFILM Wako Pure Chemical Industries Ltd., Osaka, Japan) in ethanol (5.0 mL). The lipid solution and 25 mM acetate buffer (pH 4.0) were injected into a microfluidic device (iLiNP) at flow rates of 50 and 150 μL/min, respectively, using microsyringes and microsyringe pumps (70-2208; Harvard Apparatus, Holliston, MA, USA) (29). The mixed solution from the outlet was collected in a microtube (18 ml) and dialyzed against PBS for 12 h at 4°C using Spectra/Por 4 Dialysis Membrane Standard RC Tubing (12−14 kDa cutoff) (08-667B; Spectrum Laboratories Inc., San Francisco, CA, USA). The solution containing P4 liposomes (15 mL) was concentrated to 4.5 mL using the Amicon Ultra-15 Centrifugal Filter Device (100 kDa cutoff) (UFC910024; Merck Millipore, Burlington, MA, USA) at 1,000 ×g for 70 min at 4°C. The size and ζ-potential of P4 liposomes were measured using a ZetaSizer Ultra (Malvern Instruments, Worcestershire, UK). The concentration of P4 incorporated into liposomes was quantified using high-performance liquid chromatography (column: COSMOSIL 5C18-AR-300 2.0 × 150 mm [37991-61; Nacalai Tesque, Kyoto, Japan]; eluent: linear gradient 2%→98% acetonitrile aqueous solution containing 0.1% trifluoroacetic acid for 48 min, followed by isocratic elution of 98% acetonitrile aqueous solution containing 0.1% trifluoroacetic acid for 7 min; flow rate: 0.2 mL/min; detection: 220 nm UV) (Shimadzu Prominence UFLC; Shimadzu Corp., Kyoto, Japan). This quantification revealed that out of the 8.6 mg of P4 introduced to the iLiNP device, 0.71 mg of it was encapsulated in liposomes (8%), and all experiments were performed based on this quantification. Given that all its constituent lipids (DOPC and DSPE-PEG-MAL) are incorporated into the liposome, the P4 content in the liposomes was calculated to be 1.5% (w/w).

P4 leakage test: P4-loaded liposomes (100 µL) were placed in a dialysis membrane (14 kDa cutoff, 046-30911; FUJIFILM Wako Pure Chemical Industries Ltd., Osaka, Japan) and dialyzed with more than 1,000-flod PBS at 37°C. The decrease in P4 concentration in the dialysis tube was monitored over time. These experiments revealed that P4 was gradually released over a period of approximately 12 h (Figure S1A).

Half-antibody-conjugated P4 liposomes were prepared as follows: 2-mercaptoethanol (8.8 mL [120 μmol]; final concentration: 50 mM) (135-07522; FUJIFILM Wako Pure Chemical Industries Ltd.) and ethylenediaminetetraacetic acid (3.5 mg [12 μmol]; final concentration: 5 mM) (15105-35; Nacalai Tesque) were added to atezolizumab in PBS (2.4 mL [2.0 mg/mL]). After incubation at 37 °C for 1.5 h, the solution was centrifuged using the Amicon Ultra-15 Centrifugal Filter Device (10 kDa cutoff) (UFC901024; Merck Millipore) at 2,580 ×g for 30 min at 4°C. PBS (14 mL) was added to the high molecular weight fraction and centrifuged again. This procedure was repeated thrice. Protein concentration was adjusted to 1 mg/mL and measured using a Nanodrop Lite spectrophotometer (ND-LITE-PR; Thermo Fisher Scientific, Waltham, MA, USA). Half-antibody (1 mg/mL) and P4 liposome (78.5 μg/mL) solutions were mixed in a 1:1 (v/v) ratio and shaken for 2 h at 25°C to obtain half-antibody-conjugated P4 liposomes (Lipo-anti-PD-L1-P4).




2.8 Transplantation and treatment of NOG-hIL-4-Tg mice

Human PBMCs (5 × 106 cells) were injected intravenously into 8-week-old NOG-hIL-4-Tg mice. Atezolizumab (250 μg/head), Lipo-anti-PD-L1-P4 (250 μg atezolizumab was contained in the administered liposome/head), and empty liposomes (250 μg atezolizumab was contained in the administered liposome/head) were administered intraperitoneally every five days for a total of six times. As a negative control, an equal volume of PBS was injected into NOG-hIL-4-Tg mice transplanted with human PBMCs (hu-PBL hIL-4 NOG mice). The mice were sacrificed 28 d after the PBMC transplantation.

For the tumor-bearing humanized mouse model, 5 × 106 MDA-MB-231 cells were transplanted subcutaneously into the flanks of 7-to 9-week-old NOG-hIL-4-Tg mice. After two weeks, 5 × 106 PBMCs were transplanted intravenously. Atezolizumab, Lipo-anti-PD-L1-P4, empty liposomes, and PBS were administered every five days intraperitoneally. Solid tumor diameters were measured every alternate day using a micrometer caliper. The tumor volume was calculated as {day X long diameter (mm) × short diameter (mm) × short diameter (mm) - day-0 long diameter (mm) × short diameter (mm) × short diameter (mm)}/2.




2.9 Immunohistochemistry

NOG-hIL-4-Tg mouse spleen, lung, liver, and tumor tissues were fixed in Mildform (FUJIFILM Wako Pure Chemical Industries, Ltd.) and embedded in paraffin. The paraffin blocks were micro-sectioned and deparaffinized. Post-fixed tissue sections were stained with hematoxylin and eosin.

For immunohistochemistry, the tissues were fixed in formalin, washed, and mounted onto glass slides. Endogenous peroxidase activity was blocked with 1% goat serum for 10 min at 25°C. The sections were blocked with goat serum for 30 min, washed, and incubated with primary monoclonal antibodies (Table S1). Subsequent incubation with peroxidase-labeled anti-mouse Ig antibody (Histofine Simple Stain MAX-PO; Nichirei Biosciences INC, Tokyo, Japan) was performed according to the manufacturer’s protocol.




2.10 Quantification of cytokine secretion

NOG-mouse spleen cells, previously stored at -80°C, were stained with anti-human CD4 and CD8 antibodies, and CD4 and CD8 T cells were sorted using the FACSAria Cell sorter (BD Biosciences). For the CD3+ cells, the Pan T Cell Isolation Kit (Miltenyi Biotec B.V. & CO. KG, Germany) was used for T cell sorting. Briefly, the cells were washed and incubated with the Pan T cell biotin-antibody cocktail at 4°C for 5 min. Afterwards the mixture was washed with wash buffer and 20 μL of Pan T cell micro bead cocktail was added and then incubated at 4°C for 10 min. The T cells were sorted using the Automacs system (program: depletion; Miltenyi Biotec). The purified cells (1x105/well) were stimulated with Dynabeads™ Human T-Activator CD3/CD28 (Thermo Fisher Scientific) at 37°C, 5% CO2 for 72 h. Supernatants of the cultured cells were submitted for cytokine quantitation using the bead-based multiplex LEGENDplex (BioLegend) according to the manufacturer’s instructions. Briefly, the supernatant was mixed with capture beads and incubated for 2 h at 25°C. The beads were then washed and incubated with detection antibodies for 1 h at 25°C. Subsequently, streptavidin-phycoerythrin was added, and the mixture was incubated for 30 min at 25°C. Finally, the beads were washed and analyzed using FCM as mentioned above. Then the IL-5, IL-13, IL-2, IL-6, IL-9, IL-10, IFN- γ, TNF- α, IL-17A, IL-17F, IL-4, and IL-22 cytokines were quantified. The analysis was performed using the BD FACSVerse™ Flow Cytometer (BD Biosciences). The data were analyzed in pg/mL using LEGENDPlex™ V8.0 (BioLegend).




2.11 Statistical Analysis

Data are presented as mean ± standard deviation. After the normality testing, significant differences between groups were determined using a one-way analysis of variance or two-sided Student’s t-test for in vitro analyses. Regarding the mice data, we conducted a Mann-Whitney U test and evaluated the statistical significance. All statistical analyses were performed in Microsoft Excel, RRID:SCR_016137 (Microsoft Corp., Redmond, WA, USA).





3 Results



3.1 P4 suppresses T Cell activation and tumor growth

We previously reported that a high concentration (200 μM) of P4 transiently suppresses T-cell activation (18). This was confirmed by the results presented in Figure 1A using the gating strategy shown in Figure S2. We activated PBMCs with toxic shock syndrome toxin 1 (TSST-1; a superantigen molecule that can activate non-specific T cells via antigen-presenting cells (APCs)) in the presence (2–200 μM) and absence (0 μM) of P4. T cells expressed the early activation marker CD25 and late activation marker PD-1 after 3 d in the absence of P4. However, the expression of both activation markers was suppressed in the presence of 20–200 μM P4 on both CD4 and CD8 T cells. We also examined whether P4 exerted anticancer effects on cancer cells as previously reported (13, 14). The growth of JEG-3, BeWo, MDA-MB-231, and HEK-293 cells was severely suppressed in the presence of 200 μM P4, whereas no suppression was observed in the presence of cortisol, an immunosuppressive steroid drug. The presence of 20 μM P4 did not significantly suppress the growth of Karpas 707H cells compared with cortisol. However, this suppression was comparable to that of cortisol in the presence of 200 μM P4 (Figure 1B).




Figure 1 | Effect of P4 on human T cells and cancer cell lines. (A) Peripheral blood mononuclear cells (PBMCs) were stimulated with toxic shock syndrome toxin 1 in the presence of 0, 2, 20, and 200 μM of P4. T cell activation was analyzed using flow cytometry. Upper panels: CD4+ T cells; lower panels: CD8+ T cells. The levels of activated CD25+/PD-1+ T cells are shown. (B) JEG-3, BeWo, MDA-MB-231, HEK-293, and Karpas 707H cells cultured with P4 (left panels) or cortisol (right panels). Solid black lines: 0 μM; broken black lines: 2 μM; solid gray lines: 20 μM; broken gray lines: 200 μM. Data are presented as the mean ± standard deviation of three independent experiments. P4, progesterone.



These results suggest that a high concentration (200 μM) of P4 suppresses T cell activation and tumor growth, especially in adenocarcinomas.




3.2 P4 and atezolizumab decrease the expression of immune checkpoint molecules

T cell activation was suppressed when human T cells were stimulated with a high concentration (200 μM) of P4. However, T and B cells may express immune checkpoint molecules, such as programmed death 1 (PD-1) receptor and PD-L1, promoting T cell exhaustion. Because immune checkpoint antibodies suppress T cell exhaustion by blocking the interaction between PD-1 and PD-L1, we hypothesized that the co-administration of P4 and atezolizumab (an anti-PD-L1 monoclonal antibody) may preserve the quiescent state of T cells by preventing T cell exhaustion. Therefore, we activated PBMCs with TSST-1 in the presence (20 and 200 μM) and absence (0 μM) of P4. P4 decreased PD-1 and PD-L1 expression in T cells (Figures 2A–D). In the presence of atezolizumab and in the absence of P4, PD-L1 and PD-1 single-positive (SP) cells proportion tended to decrease and increase, respectively, compared to that of the control. Double-positive (DP) cells showed intermediate patterns. Co-administration of P4 and atezolizumab further suppressed PD-1 and PD-L1 expressing T cell proportion, although effective suppression required the administration of P4 at a high concentration (200 μM) of P4. The mean fluorescence intensity (MFI) of PD-1 and PD-L1 expressing cells showed a similar tendency. These results suggest that the co-administration of P4 and atezolizumab is effective in preserving the quiescent state of T cells.




Figure 2 | Effect of atezolizumab on the expression of immune checkpoint molecules. (A) PD-L1 and (B) PD-1 expression on T cells. P4 (0–200 μM) was added to human PBMCs and stimulated with TSST-1 for 72 h. PD-L1 expression in CD3-gated cells are shown as histograms. The culture with/without atezolizumab is shown as [ATZ(+)] or [ATZ (–)]. “Day 0” means the PBMCs before culture and “0μM” means the TSST-1 treatment without P4. Percentages shown in each panel of T cells are the PD-L1(A)- and PD-1(B)-positive cell ratios. Numbers shown in each panel of ATZ, atezolizumab; P4, progesterone; PD-1, programmed death 1; PD-L1, programmed death ligand 1. (C) PD-L1/PD-1 expressing cells (%). (D) MFI of PD-L1 or PD-1 in the CD3+ cells. Data are presented as mean ± standard deviation (S.D.) **P < 0.01 (one-way analysis of variance or Student’s t-test) [n = 5].






3.3 Liposome encapsulation enhances the inhibitory effect of P4

In pregnant women, P4 is mainly synthesized by placental syncytiotrophoblasts. Placental intervillous blood contains approximately 10-fold more P4 than the peripheral blood, with a maximum concentration of approximately 20 μM. Even if P4 is proven to have an immune regulatory effect, the effective dose is too high for clinical administration because it is 10-fold higher than its normal physiological concentration. As syncytiotrophoblasts secrete large amounts of exosomes, we attempted to encapsulate P4 in liposomes (Figure 3A) for targeted delivery to cells. As shown in Figure 3B, the liposome diameter was <100 nm. The liposome size remained stable for more than one month if maintained at 4°C (Figure S1B).




Figure 3 | Preparation of Lipo-anti-PD-L1-P4. (A) Protocol for the preparation of Lipo-anti-PD-L1-P4. (B) Representative result of liposome size distribution. Average size: 44 nm; polydispersity index: 0.22; ζ-potential: –20.1 kV; P4 concentration: 78.5 μg/mL. (C) P4 leakage test. DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DSPE-PEG-Maleimide, N-[(3-maleimide-1-oxopropyl)aminopropyl polyethyleneglycol-carbamyl] distearoylphosphatidyl-ethanolamine; EDTA, ethylenediaminetetraacetic acid; Lipo-anti-PD-L1-P4, liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated P4; P4, progesterone; PBS, phosphate-buffered saline; r.t., room temperature.



Human PBMCs were cultured in the presence of Lipo-anti-PD-L1-P4. Lipo-anti-PD-L1-P4 containing 20 μM P4 significantly suppressed T cell activation, especially in PD-1+/PD-L1+ T cells (Figure 4A). The MFI was reduced (Figure 4A) and the levels of activated CD25+/PD-1+ T cells in the presence of Lipo-anti-PD-L1-P4 were similar to those of CD8+ T cells in the presence of P4 10-fold higher than the normal levels (Figure 4B), suggesting that the construct enhanced the inhibitory effect of P4 on T cells. This construct enabled P4 to regulate the immune system at physiological concentrations.




Figure 4 | Effect of Lipo-anti-PD-L1-P4 on cell proliferation. PD-1 and PD-L1 expression on T cells (A, B) and (C) cancer cells. (A) Left panel: Percentage of PD-1 and PD-L1 expressing cells in CD3+ T cells. Right panels: PD-1 and PD-L1 mean fluorescence intensities of CD3+ T cells. (B) Left panel: percentage of PD-1 and PD-L1 expressing cells in CD4+ T cells; right panel: percentage of PD-1 and PD-L1 expressing cells in CD8+ T cells. (C) MDA-MB-231, JEG-3, and Karpas 707H cells were cultured in the presence or absence of P4 (open bars) or Lipo-anti-PD-L1-P4 (solid bars). Vertical lines represent the cell number after 3 d of culture. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way analysis of variance or two-sided Student’s t-test). Data are presented as the mean ± standard deviation of four independent experiments. DN, double-negative; DP, double-positive; Lipo-anti-PD-L1-P4 (Lipo-P4), liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated P4; MFI, mean fluorescence intensity; PD-1, programmed death 1; PD-L1, programmed death ligand 1.



When JEG-3 and MDA-MB-231 cells, both of which express PD-L1, were cultured in vitro, Lipo-anti-PD-L1-P4 containing 20 μM P4 suppressed cell proliferation to the same extent as 200 μM P4. In Karpas 707H cells that did not express PD-L1, Lipo-anti-PD-L1-P4 suppressed cell proliferation to a lesser extent (Figure 4C). These results suggest that Lipo-anti-PD-L1-P4 effectively suppresses T cell activation and the growth of PD-L1-expressing cancer cells at physiological concentrations of P4.




3.4 Establishment of a tumor-bearing humanized mouse model

To evaluate the role of immune checkpoint antibodies in immunity, we established a tumor-bearing humanized mouse model using NOG-hIL-4-Tg mice transplanted with human PBMCs (Figure 5A). MDA-MB-231 cells were subcutaneously transplanted into the NOG-hIL-4-Tg mice. After two weeks of observation, the mice were transplanted with PBMCs from healthy donors. Atezolizumab was administered to a subset of tumor-bearing humanized mice. The tumors engrafted and expanded (Figure 5B). T cell infiltration was not commonly observed in control mice (Figure 5C). Along with tumor growth, the percentage of B cells also increased (Figures 6A, B, Table 1). Most B cells developed into plasmablast-like cells (Figure S3). Tumor volume did not differ significantly between the atezolizumab-treated and control groups. However, atezolizumab-treated mice showed suppressed tumor growth and increased T cell populations, especially CD8+ T cells. Tumor-infiltrating T cells were observed in the atezolizumab-treated group (Figure 5C). We checked the CD45RA and CD62L memory markers and found that almost all cells were central and effector memory cells, and no significant differences were observed between the two treatment groups (Figure S4). These results suggest that our novel tumor-bearing humanized mouse model partially mimics breast cancer immunity, supported by our previous report on the percentage of B cells being high in patients with breast cancer (30).




Figure 5 | Effect of Lipo-anti-PD-L1-P4 on tumor growth in tumor-bearing humanized NOG-hIL-4-Tgmice. (A) Protocol for establishing the NOG-hIL-4-Tg mouse model. PD-L1 expression in MDA-MB-231 cells was analyzed using flow cytometry. (B) Kinetics of tumor growth in NOG-hIL-4-Tg mice. Tumor growth was measured from PBMC transplantation (Day 0). The mean volume ± standard error was calculated for each week. After four weeks, the mice were sacrificed. **P < 0.01 (one-way analysis of variance or Student’s t-test) (PBS [n = 11], ATZ [n = 9], Lipo-P4 [n = 7], Lipo-Emp [n = 3]). (C) Representative immunohistochemistry of CD3 expression in tumor tissues. Indicated bars in the tissue sections represent 100 μm. (D) Representative cytokine production patterns of CD3 T cells purified from NOG-hIL-4-Tg mouse spleens and stimulated with CD3/CD28. ATZ, atezolizumab; FCM, flow cytometry; FCS, fetal calf serum; IHC, immunohistochemistry; Lipo-anti-PD-L1-P4 (Lipo-P4), liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated P4; Lipo-Emp, empty liposomes; MFI, mean fluorescence intensity; PBMC, peripheral blood mononuclear cell; PD-L1, programmed death ligand 1.






Figure 6 | Profile of human lymphocytes in the spleen of tumor-bearing humanized mise. (A) Typical patterns of human lymphocytes in the NOG-hIL-4-Tg mouse spleen. Cells were gated as shown in Supplementary Figure S1. The gated fractions are shown above each panel. Vertical and horizontal lines represent the markers analyzed using flow cytometry. (B) Box-and-whisker plots of lymphocyte subsets. *P < 0.05; **P < 0.01 (one-way analysis of variance or Student’s t-test) (PBS [n = 11], ATZ [n = 9], Lipo-P4 [n = 7], Lipo-Emp [n = 3]). ATZ [A], atezolizumab; Lipo-Emp, empty liposome; Lipo-anti-PD-L1-P4 (Lipo-P4), liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated P4; MA, MDA-MB-231 cells transplanted with atezolizumab; ME, MDA-MB-231 cells transplanted with Lipo-Emp; ML, MDA-MB-231 cells transplanted with Lipo-anti-PD-L1-P4; MP, MDA-MB-231 cells transplanted with PBS; PBS [P], phosphate-buffered saline.




Table 1 | Proportion of human lymphocyte subsets in the tumor-bearing humanized mouse.






3.5 Lipo-anti-PD-L1-P4 suppresses the growth of PD-L1-expressing tumor cells

Next, we used our novel tumor-bearing humanized mouse model to examine the effects of Lipo-anti-PD-L1-P4 on the tumor size and immunity. We also injected empty liposomes into tumor-bearing humanized mice to determine whether tumor growth was suppressed because liposomes themselves may have an adjuvant effect. Tumor size did not differ significantly among the control (PBS), atezolizumab-treated, Lipo-anti-PD-L1-P4-treated, and empty liposome-treated groups in the first week. Thereafter, tumor growth was suppressed in the Lipo-anti-PD-L1-P4-treated group compared with that in the other groups. After four weeks, the tumor size in the Lipo-anti-PD-L1-P4-treated group was significantly smaller than that in the other three groups. The empty liposome group showed similar kinetics as the atezolizumab-treated group, suggesting that the anticancer effect of empty liposomes was induced mainly by atezolizumab. In the atezolizumab and empty liposome groups, tumor growth was initially suppressed; however, after four weeks, the tumor size was the same as that in the control group (Figure 5B).

We also examined the T/B and CD4+/CD8+ T cell ratios in human CD45+ cells localized in the spleen. Almost all human lymphocytes engrafted in NOG-hIL-4-Tg mice differentiated into T cells after Lipo-anti-PD-L1-P4 treatment (Figures 6A, B, Table 1). Moreover, the percentage of CD19+ B cells significantly decreased, and that of CD8+ T cells significantly increased in the Lipo-anti-PD-L1-P4-treated group. Most of the T cells identified in these groups were central and effector memory T cells and no significant difference was observed in the expression of memory markers compared to the PBS or atezolizumab-treated groups (Figure S4). The proportions of B and CD8+/CD4+ T cells in the empty liposome group diverged, and on average, did not differ significantly from those in the atezolizumab-treated and control groups (Figures 6A, B, Table 1). Immunohistochemistry showed that among the three (PBS, ATZ and Lipo-anti-PD-L1-P4) groups, the infiltration of T cells into the tumor was the strongest in the Lipo-anti-PD-L1-P4-treated mice (Figure 5C). The infiltrated cells contained CD4 T cells and CD8 T cells and expressed a significant amount of IFN-γ (Figure S5). We purified and stimulated these CD3+ T cells and examined whether they were functional and secreted enough cytokines (Figure 5D). T cells from all three treatment groups secreted a significant amount of IFN- γ and low level of TNF- α. PBS-treated T cells and atezolizumab-treated T cells also secreted IL-5 and IL-13, which are Th2 cytokines. When the CD4 and CD8 T cells were purified and independently analyzed, these cytokines were detected in CD4 T cells, and CD8 T cells secreted only IFN-γ, TNF- α and IL-2, suggesting that the CD8 T cells showed typical cytokine profiles and CD4 T cells secreted only Th1 and Th2 cytokines (Figure S6). Furthermore, the amount of IFN-γ secreted by Lipo-P4-aPDL1-treated mouse T cells tended to be low compared to those secreted by the cells of PBS or atezolizumab-treated mice (Figures 5D, S6). While a significant amount of IFN-γ and TNF-α was secreted by CD4 T cells of the Lipo-anti-PD-L1-P4-treated #22 mouse, no detectable cytokine production was observed for the CD8 T cells of the same mouse.

When the same reduced dose as that used clinically was administered, the anticancer effect was still observed but at a significantly lower level compared with that observed at the higher dose administration (Figure S7). One of the three low-dose Lipo-anti-PD-L1-P4-treated mice had more B cells and another mouse had more CD4+ T cells than CD8+ T cells (Table 1). These results suggested that atezolizumab, but not liposomes, slightly affected tumor growth. Lipo-anti-PD-L1-P4 showed a greater dose-dependent anticancer effect than atezolizumab in a novel tumor-bearing humanized mouse model.




3.6 Lipo-anti-PD-L1-P4 modulates immune cell migration in non-tumor tissues in tumor-bearing humanized mice

Lipo-anti-PD-L1-P4 is an effective anticancer agent because it suppresses tumor growth and may enhance T-cell infiltration in peripheral tissues, causing severe immune-related adverse events. Therefore, we analyzed T cell infiltration in the lungs and livers of Lipo-anti-PD-L1-P4-treated mice. T cell infiltration was more pronounced in the lungs and livers of Lipo-anti-PD-L1-P4-treated mice than in the control mice. However, tissue destruction was not severe (Figure S8). CD8+ T cells localized in the spleen did not express high levels of CD25 and PD-1, suggesting that cytotoxic T cell activation was moderate in the non-tumor tissues of Lipo-anti-PD-L1-P4-treated mice (Figure S9), while the memory phenotype of T cells was not significantly different among PBS, ATZ, and Lipo-anti-PDL1-P4 treatments (Figure S4).

The engraftment of human hematopoietic stem cells in immunodeficient mice is usually evaluated using CD45+ bone marrow cells. Evaluating the engraftment of human PBMCs in immunodeficient mice is difficult because CD45+ bone marrow cells cause severe graft-versus-host disease. Therefore, the T cell population in the bone marrow can help predict the adverse effects of anticancer drugs. We compared human lymphocytes in the spleen and bone marrow and calculated the correlation coefficient. In non-tumor-bearing NOG-hIL-4-Tg mice, spleen cells were positively correlated with bone marrow cells (Figure S10).

Next, we compared the profiles of spleen and bone marrow lymphocytes of tumor-bearing humanized NOG-hIL-4-Tg mice. There was no correlation between the proportions of lymphocyte subsets in the spleen and bone marrow of the control (PBS) mice. Conversely, atezolizumab treatment induced a positive correlation between the proportion of lymphocyte subsets in the spleen and the bone marrow of conventional NOG-hIL-4-Tg mice. The effect of Lipo-anti-PD-L1-P4 was negatively correlated with CD45+, T, and B cell proportions in the spleen and bone marrow, whereas the CD4+/CD8+ ratio was highly correlated with the proportions of the two cell types (Figure 7). These results suggested that the inflammation caused in non-tumor tissues by Lipo-anti-PD-L1-P4 was moderate and not severe in our tumor-bearing humanized mouse model. Spleen and bone marrow cells are complementary and not related to engraftment, in contrast to that in conventional NOG-hIL-4-Tg mice administered with atezolizumab. Lipo-anti-PD-L1-P4 treatment increases the efficiency of human lymphocyte engraftment into peripheral lymphoid tissues. Meanwhile, severe inflammation in the peripheral non-tumor tissues was avoided.




Figure 7 | Profiles of spleen and bone marrow lymphocytes of tumor-bearing humanized NOG-hIL-4-Tg mice. The proportions (%) of human CD45+ cells/lymphocyte gated-cells, CD19+/CD45+ cells, CD3+/CD45+ cells, CD4+/CD3+ cells, and CD8+/CD3+ cells in the spleen (horizontal lines) and bone marrow (vertical lines) of NOG-hIL-4-Tg mice are plotted. Approximate straight lines and correlation coefficients are shown (PBS [n = 8], ATZ [n = 6], Lipo-P4 [n = 6]). ATZ, atezolizumab; Lipo-P4, liposome-encapsulated anti-programmed death ligand 1 antibody-conjugated P4; PBS, phosphate-buffered saline. Lower two panels of Lipo-P4 present the same graphs shown in the upper panels, but the vertical axis was expanded. Correlation lines and correlation coefficients (R2) are shown in the panels.







4 Discussion

In this study, we showed that Lipo-anti-PD-L1-P4 suppressed tumor growth without causing severe inflammation in the peripheral tissues of tumor-bearing humanized NOG-hIL-4-Tg mice. The effect was 10 times higher than that of free P4 in terms of tumor cell growth, and CD8+ T cell proliferation was considered.

We recently reported that the high-dose of P4 treatment induced transient suppression of T cell activation and enhancement of T cell localization in the spleen (18), whereas previous studies demonstrated the anticancer effects of P4 (13, 14). As MDA-MB-231 cells express the membrane P4 receptor PGRMC1 (31), and P4 suppresses cell proliferation by inhibiting PGRMC1, the anticancer effect was predicted. However, to the best of our knowledge no in vivo studies have reported tumor growth suppression or non-tumor tissue protection by P4.

Our results suggest that P4-based immunoregulatory agents are immuno-protective and possess antitumor effects, demonstrating the potential of immunoregulatory drugs for cancer treatment. Therefore, these agents may be safer than cortisol, which diminishes the immune response. However, the concentration required to effectively suppress the immune system and tumor growth was approximately 200 μM, which is 10-fold higher than its physiological concentration. This observation highlights the difficulty in using P4 as an alternative immune regulator to cortisol. Therefore, we aimed to deliver P4 to cells more efficiently.

Previously, it was believed that steroid hormones were secreted via simple diffusion (32). However, vesicle-mediated steroid hormone secretion has recently been reported in Drosophila (33). Syncytiotrophoblasts secrete large amounts of P4 (11) and exosomes into the placental villi (21). We hypothesized that exosomes would support the delivery of steroids. By encapsulating P4 in liposomes, the suppression of T cell activation and cancer cell proliferation was induced in the presence of physiological concentrations of P4 in vitro. In the tumor-bearing humanized mouse model, while tumor growth was suppressed and the proportion of CD8+ T cells increased, T cell infiltration into peripheral tissues did not significantly increase, and no symptoms of graft-versus-host disease were observed. Empty liposomes did not suppress tumor growth in the same manner as Lipo-anti-PD-L1-P4 did. Moreover, the empty liposomes did not enhance CD8+ T cell expansion in the spleen. These results suggested that the anticancer effect was induced by P4. A similar phenomenon may occur at the maternal–fetal interface to suppress anti-fetal immunity. Therefore, the effect of Lipo-anti-PD-L1-P4 may mimic the regulation of extravillous trophoblast migration and/or survival, and allo-specific immune activation.

During pregnancy, women develop an immune tolerance, which allows them to accept a semi-allogeneic fetus (34). In the mother, placental trophoblasts, which share the same characteristics as cancer cells, are confined to the uterus (6, 7). P4 has multiple functions involved in the trophoblast confinement (11). P4 has been reported to induce IL-4 secretion and Th2 shift, which do not enhance cytotoxicity, but enhance B-cell responses (12, 35). We previously reported that the proportion of CD8+ T cells was significantly increased in P4-pretreated PBMC-transplanted NOG-hIL-4-Tg mice (18). Kawata et al. (36) reported that short-term exposure of T cells to high concentrations of P4 induced the transient expression of T-bet. Therefore, a high concentration of P4 may induce transient T-bet expression in placental T cells to acquire the Th1 phenotype. During pregnancy, serum glucocorticoid levels increase because of stress (37). While glucocorticoids irreversibly diminish the immune system, increased levels of P4 may suppress glucocorticoid function to protect the mother’s immune system from T cell exhaustion. P4 suppresses glucocorticoid function, which may suppress the development of B-cell-derived plasmablasts, resulting in the absence of B cells in the humanized mouse model.

Humanized mouse models are a powerful tool for evaluating immune-related drugs because the immune system is highly divergent between species. Many platforms have been constructed to analyze the human immune microenvironment (38, 39). However, to date, no such system has been used to evaluate mature B cell responses (26). Various platforms have been constructed to evaluate the effects of antibody-based anticancer drugs on human immunity in immunodeficient mice (40). However, these models are based on T cells and the innate immune response. The humanized mouse model used in this study was established using NOG-hu-IL-4-Tg mice transplanted with human PBMCs (27). Human B cells engraft, and a large proportion differentiate into plasmablast-like cells. Interestingly, only the transplantation of cancer cell lines tended to increase B cell subsets in our humanized mouse model. Xu et al. (41) reported similar B-cell subsets in their wild-type mouse model. The cancer microenvironment may induce glucocorticoid production because glucocorticoids are stress hormones. Glucocorticoids have been reported to enhance BLIMP-1 expression (42), which may promote premature B-cell differentiation into autoreactive plasmablasts. Recently, B-reg, an IL-10-secreting B-cell subset, was reported to have a phenotype similar to that of plasmablasts (43). Thus, it is plausible that B cells contribute to the cancer microenvironment. B cells have been previously reported to promote tumor growth by producing IL-10 (44). An increase in plasmablasts may create an environment that promotes cancer immune evasion, whereas the presence of B cells in the tumor microenvironment is reported to be associated with anticancer immunity if memory B cells are dominant (45). Garaud et al. (46) reported that plasmablast-like B cells may become immunosuppressive and promote tumor growth. In humanized mice, B cells may promote tumor growth in a similar manner. We previously reported that patient-derived plasmablasts secrete antibodies but produce specific antibodies at low levels (28). The cytokines secreted by B cells may be immunosuppressive. Non-specific or autoreactive antibodies may interact with Fc receptors to block optical surveillance of opsonized cancer cells by natural killer cells and macrophages. This mouse model may be sufficient to elucidate the functions of B cells in the cancer microenvironment.

Lipo-anti-PD-L1-P4 induces T cell infiltration in cancer tissues and decreases plasma cell levels. However, the underlying mechanism is unclear, although one study showed a reduction in the number of plasmablasts in P4 cultures (47). Here, in PBMCs from healthy donors, almost all the B cells were naïve memory/transitional B cells and not plasmablasts. As non-activated naïve and memory B cells may survive in a high P4 environment, similar to the T cell fate in P4, most B cells might survive in healthy donors. If the environment is replaced by a P4-induced anticancer immune environment, plasmablasts may disappear and cytotoxic T cells may become dominant.

Lipo-anti-PD-L1-P4 did not significantly enhance peripheral tissue inflammation. This was another striking feature of P4. Previously, we reported that a high concentration of P4 suppresses T-cell activation (18). Similarly, Papapavlou et al. (48) reported that P4 inhibits T cell activation at high concentrations, which may be an immune regulatory function specific to P4. We found an increase in CD8 T cell number and a decrease in IFN-γ secretion per cell, which might increase the threshold of inflammation caused by low-affinity autoreactive T cells that have migrated in the peripheral tissues. However, we need to examine the possibility that the Lipo-anti-PD-L1-P4-treated T cells extensively attacked the cancer cells and were highly exhausted after one month of action, and the underlying molecular mechanisms need to be clarified in future studies.

While the 6 h treatment with a high-dose of P4 was enough for the remodeling of the lymphocyte profile and characteristics in humanized mice (18), the P4 leakage from the liposome was rather quick under biological conditions. Therefore, although the anticancer drug may be functional in this liposomal formulation, further studies are required for its optimization and implementation. First, the stable encapsulation of the P4 in the formula is essential. As we observed a dose-dependent effect of P4, it is crucial to encapsulate quantitative amount of P4 in liposomes. The composition of liposomes should also be determined by extensive examination of the entrapment efficiency, toxicity, and stability. The scalability of the key outcome is also important for the implementation. As for the entrapment efficacy and loading percentage, electromicroscopic analyses are needed. It is also necessary to determine how Lipo-anti-PD-L1-P4 can be used in the treatment. A large portion of liposomes tend to accumulate in the liver and lung, in which capillaries are abundant. Therefore, it might be difficult to target the liposomes to the tumor. For this purpose, the ratio of antibodies and the diameter of the liposomes should be optimized. Moreover, the route of administration should be optimized. Along with these optimization studies, pharmacokinetic and biodistribution studies should be performed.

Second, as the killing efficiency of Lipo-anti-PD-L1-P4 against Karpas 707H was lower than that against MDA-MB-231 and JEG-3 cells, its cancer treatment efficacy may be limited. Further experiments should be conducted using other cell types. Especially, since progesterone is a sex steroid so its relationship with reproductive organ-related cancers such as ovarian and prostate cancer should be examined. Moreover, as we used cancer cell lines, further analyses of heterogeneous cancer tissues should be performed. Cancer screening is required to determine the limitations of mice transplanted with patient-derived xenografts.

Third, our mice did not develop lymph nodes that contained human lymphocytes. Therefore, lymph node metastasis could not be analyzed. Fourth, B cells differentiated into plasmablasts in the mouse model. Fifth, the mice used human PBMCs for the immune humanization. Therefore, the cells have a limitation of survival period. This makes it difficult to evaluate the survival rate of tumor-bearing mice after several months, because the number of human immune cells decrease after three months and the effect of lymphocytes could not be evaluated correctly. There is a need to establish a new humanized mouse model to maintain lymphocytes in a naïve/memory state and evaluate the contribution of these cells to the anticancer effect. Other issues may be addressed using our model. However, if the relationship between in vitro and in vivo (patients and humanized mice, respectively) analyses is confirmed, the mouse system will become a useful tool for evaluating the response of patients to ICIs.

Nevertheless, our results strongly suggested Lipo-anti-PD-L1-P4 as an anticancer drug candidate. Lipo-anti-PD-L1-P4 suppressed the hyperactivation of acquired immunity and exerted a strong anticancer effect. It also induced a shift in the cancer immune microenvironment towards a state of inducing tumor T cell infiltration, tumor necrosis, and natural killer/T cell proliferation, and inhibiting plasmablast-like cell differentiation. To date, no other molecule has simultaneously achieved these effects. Lipo-anti-PD-L1-P4 enhances T-cell infiltration into the tumor tissue, resulting in the suppression of tumor growth. Thus, Lipo-anti-PD-L1-P4 is a promising anticancer drug. Our tumor-bearing humanized mouse model is a promising tool for the development of immune-related anticancer drugs.
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Introduction

Securing a well-established mouse model is important in identifying and validating new therapeutic targets for immuno-oncology. The C57BL/6 mouse is one of the most fully characterised immune system of any animal and provides powerful platform for immuno-oncology discovery. An orthotopic tumor model has been established using TBP3743 (murine anaplastic thyroid cancer [ATC]) cells in B6129SF1 hybrid mice, this model has limited data on tumor immunology than C57BL/6 inbred mice. This study aimed to establish a novel orthotopic ATC model in C57BL/6 mice and characterize the tumor microenvironment focusing immunity in the model.





Methods

Adapted TBP3743 cells were generated via in vivo serial passaging in C57BL/6 mice. Subsequently, the following orthotopic tumor models were established via intrathyroidal injection: B6129SF1 mice injected with original TBP3743 cells (original/129), B6129SF1 mice injected with adapted cells (adapted/129), and C57BL/6 mice injected with adapted cells (adapted/B6).





Results

The adapted TBP3743 cells de-differentiated but exhibited cell morphology, viability, and migration/invasion potential comparable with those of original cells in vitro. The adapted/129 contained a higher Ki-67+ cell fraction than the original/129. RNA sequencing data of orthotopic tumors revealed enhanced oncogenic properties in the adapted/129 compared with those in the original/129. In contrast, the orthotopic tumors grown in the adapted/B6 were smaller, with a lower Ki-67+ cell fraction than those in the adapted/129. However, the oncogenic properties of the tumors within the adapted/B6 and adapted/129 were similar. Immune-related pathways were enriched in the adapted/B6 compared with those in the adapted/129. Flow cytometric analysis of the orthotopic tumors revealed higher cytotoxic CD8+ T cell and monocytic-myeloid-derived suppressor cell fractions in the adapted/B6 compared with the adapted/129. The estimated CD8+ and CD4+ cell fractions in the adapted/B6 were similar to those in human ATCs but negligible in the original/B6.





Conclusion

A novel orthotopic tumor model of ATC was established in C57BL/6 mice. Compared with the original B6129SF1 murine model, the novel model exhibited more aggressive tumor cell behaviours and strong immune responses. We expect that this novel model contributes to the understanding tumor microenvironment and provides the platform for drug development.
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Introduction

Anaplastic thyroid carcinoma (ATC) is a highly aggressive malignant tumor accounting for 1–2% of all thyroid cancers (1–5). Upon initial presentation, most patients exhibit extensive local invasion or distant metastatic lesions (stage IVA-IVC) (2). Thus, the associated prognosis is poor, with a median overall survival of 5–12 months (2, 4, 6).

Tremendous research efforts have sought to characterize the genetic and molecular pathogenesis of ATC (4, 7–9), leading to the development of novel targeted therapies. For instance, the BRAFV600E mutation is frequently found in ATCs (20–50% of the cases) (7, 8, 10). The combination therapy of BRAF and MEK inhibitors has demonstrated therapeutic efficacy in BRAFV600E-mutated ATCs (11), leading to its approval in 2018 by the United States Food and Drug Administration. However, progression-free and median overall survival remain relatively low (6.7 and 14.5 months, respectively) even after the combination therapy (12).

One of requirements for the development of anti-cancer drugs is the establishment of a mouse model that replicates the histology and microenvironment of human tumors (13). The cultivated cell-line derived xenograft model (CDXM) is currently the most widely used model for drug screening and development (14). Although the CDXM exhibits rapid tumor development and excellent experimental reproducibility, it is unsuitable for investigating tumor microenvironments as it is established in immune-compromised mice. Meanwhile, the genetically engineered model (GEM) has been successfully applied to replicate and analyse tumor microenvironments. However, tumor formation requires a longer period in the GEM than in the xenograft model, and the rate of tumor formation varies among mice (15–17). Thus, by combining the advantages of the CDXM and GEM, a model for transplanting murine tumor cells from the GEM back into mice has been developed. The TBP3743 murine ATC cell line generated from mice with a thyroid-specific BrafV600E mutation and Trp53 deletion (18, 19) exhibits rapid and consistent tumor growth following orthotopic injection in B6129SF1 hybrid mice (19). Although this model has been tried to explore the tumor microenvironment and assess the anti-tumor efficacy of immune checkpoint inhibitors (20), B6129SF1 hybrid mice have little cumulative data regarding tumor biology and drug development compared to inbred C57BL/6 mice (21).

In this study, we performed in vivo adaptation of TBP3743 cells within inbred C57BL/6 mice and established an orthotopic model of ATC. We characterized the differentiation status, oncogenic molecular features, and immune signatures of the tumors from the original and the adapted TBP3743 cells. The findings of this study describe a suitable preclinical mouse model for investigating the ATC tumor microenvironment and developing anti-cancer drugs for immunotherapy.





Methods




Maintenance of tumor cells in vitro

The original TBP3743 cell line (19), generated from B6129SF1 mice with thyroid-specific BrafV600E and thyroid-specific Trp53 deletion, was kindly gifted from Dr. Sareh Parangi (Department of Surgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA). These cells were maintained in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS; WELGENE, Seoul, Korea), 2 mM GlutaMAX™ (Gibco, New York, NY, USA), and 100 U/mL penicillin-streptomycin (Gibco).





Generation of adapted TBP3743 cells in C57BL/6 mice

Six-week-old female C57BL/6 and B6129SF1 mice were purchased from Orient Bio, Inc. (Seongnam, Korea) and the Jackson Laboratory (Bar Harbor, ME, USA), respectively. A mixture of 1 × 107 original TBP3743 cells and Matrigel (BD Biosciences, Franklin Lakes, NJ) was injected subcutaneously into C57BL/6 mice (n = 5) for generating adapted TBP3743 cells. Two-dimensional tumor size was measured twice per week, and the tumor volume was calculated using Eq. (1):



where a is the longest diameter, and b is the perpendicular diameter (22). First, the mice were euthanized and the largest tumor was selected, surgically removed, minced, and incubated with phosphate-buffered saline (PBS) containing 2 mg/mL collagenase type 1 on a shaker at 37°C for 3 h. The cells were then maintained in RPMI-1640 media supplemented with 10% FBS. Expanded tumor cells were re-implanted in new C57BL/6 mice (n = 5) in the same manner as described above.





Establishment of the murine orthotopic tumor model of ATC

The orthotopic tumor model was established by intrathyroidal injection of tumor cells. For intrathyroidal injection, 1 × 105 tumor cells in 10 µL of PBS were injected into the left thyroid gland of mice using a Hamilton syringe with a 30G needle.

Six-week-old female C57BL/6 or B6129SF1 mice underwent intrathyroidal injection of the original or adapted TBP3743 cells. The original cells were injected into the B6129SF1 mice (original/129 group). Adapted cells after 3rd and 6th adaptation passage were injected into the B6129SF1 mice (adapted/129 group) or C57BL/6 (adapted/B6 group and SC6/B6 group, respectively). To evaluate the effect of tumor-host immune interactions in tumor growth, we injected the original and adapted cells into athymic mice (Orient Bio, Inc., Seongnam, Korea). Tumor size and volume were measured 9 days after tumor cell injection.





Evaluation of the in vivo anti-tumor response to BRAF inhibitor in mice injected with adapted TBP3743 cells

To evaluate the anti-tumor response to a BRAF inhibitor, we labelled adapted TBP3743 cells with luciferase protein before generating the orthotopic thyroid cancer model. Beginning three days after tumor cell injection, mice were intraperitoneally injected daily with 10 mg/kg of PLX-4032 (Selleckchem, Houston, TX, USA; n = 8) or saline (untreated group; n = 8). To obtain in vivo bioluminescence imaging, mice were intraperitoneally injected with 100 µL (3 mg/mL PBS) of D-Luciferin (Perkin Elmer, Wellesley, MA). Bioluminescence imaging (IVIS spectrum, Perkin Elmer) was performed two weeks after tumor cell injection.





Evaluation of the in vivo anti-tumor response to anti-PD-L1 antibody in mice injected with adapted TBP3743 cells

To evaluate the anti-tumor response to anti-PD-L1 antibody, we intraperitoneally injected daily with 0.2 mg/kg of anti-PD-L1 antibody (kindly gifted from Pf. Dae Hee Kim, Kangwon National University, Gangwon-do, Republic of Korea) or Ig G controls from 5 days after tumor cell injection. Tumor size and volume were measured 10 days after tumor cell injection.





Immunohistochemical staining

The harvested tumors were fixed in 4% paraformaldehyde and embedded in paraffin. Immunohistochemistry (IHC) staining was performed with the following primary antibodies: anti-CD3 (1:100, ab5690, Abcam, Cambridge, UK), anti-CD4 (1:100, ab183685, Abcam), anti-CD8 (1:100, ab209775, Abcam), F4/80 (1:50, 14-4801-81, Invitrogen, San Diego, CA, USA), anti-CD163 (1:200, ab182422, Abcam), and anti-Ki67 (1:200, MA5-14520, Invitrogen).





Cell viability assay

To compare the viability of original and adapted TBP3743 cells, 8 × 103 cells/mL were seeded into a 96-well tissue culture plate with 100 µL of media. Subsequently, 10 µL of the CCK-8 solution (Dojindo, Kumamoto, Japan) was added to each well after 12, 36, and 60 h. The cells were incubated for an additional 2 h, and the absorbance was measured at 450 nm with a microplate reader (SpectraMax 190; Molecular Devices, San Jose, CA, USA).

To assess the drug response to the BRAF inhibitor, the original and adapted TBP3743 cells (1 × 103/well) were seeded in 384-well plates and treated with PLX-4032 (0.05, 0.15, 0.46, 1.37, 4.12, 12.35, 37.03, 111.11, 333.33, or 1000 μM). Cell viability was evaluated using a CellTiter-Glo Luminescent Cell Viability Assay (Promega) after 72 h of PLX-4032 treatment.





Real-time PCR assay

Total RNA was extracted using TRIzol reagent (Invitrogen) from in vitro maintained tumor cells or in vivo orthotopic tumors, and cDNA was synthesized using the M-MLV Reverse Transcriptase kit (Invitrogen). The real-time PCR was performed with the StepOne Plus real-time PCR system (Applied Biosystems) and TB green Premix (Takara Bio Inc., Otsu, Japan). The assay was performed according to the manufacturer’s protocol. Results were presented as the average of three independent experiments. Detailed primer sequences are listed in supplementary data (Supplementary Table 1).





Cell migration assay

Cell migration was assessed using the Transwell system (Corning, NY, USA). Briefly, polycarbonate membranes with 8 µm pores were coated with 0.2% gelatin solution for 1 h and dried overnight. Cells were added to the upper chamber and placed into a 24-well plate. The lower chamber was filled with 650 µL of serum-free media. After 12 h, non-migrating cells were swabbed with a cotton-tipped applicator. Migrating cells to lower chamber were fixed in methanol for 30 min, and stained with 1% crystal violet for 30 min. The results were quantified with ImageJ.





3D invasion assay

A 3D invasion assay was performed with the original and adapted TBP3743 cells using a Cultrex 3D Spheroid Cell Invasion Assay (Trevigen, Inc., Gaithersburg, MD, USA). Briefly, 2 × 103 cells were dispensed in 50 µL of Spheroid Formation Extracellular Matrix (ECM) per well and incubated at 37 °C for 72 h. After three days, 50 µL of the Invasion Matrix was added to each well and incubated at 37°C for seven days. Cell invasion was observed microscopically using the 4× objective, and spheroid images were analysed by ImageJ.





Flow cytometry

Tumors were minced and incubated with Hanks’ Balanced Salt solution (HBSS) containing 2 mg/mL collagenase type 1 on a shaker at 37 °C for 3 h. Cells were washed and suspended in PBS supplemented with 2% FBS, followed by staining with fluorochrome-conjugated antibodies: anti-CD45 (1:250, 103138, BioLegend, San Diego, CA, USA), anti-CD3 (1:60, 35-0031-82, Invitrogen), anti-CD4 (1:60, 100422, BioLegend), anti-CD8 (1:60, 100714, BioLegend), anti-CD25 (1:10, MA5-17818, Invitrogen), anti-FoxP3 (1:10, 17-5773-82, Invitrogen), anti-CD11b (1:50, 101206, BioLegend), anti-Ly6C (1:50, 128026, BioLegend), anti-Ly6G (1:100, 560599, BD Biosciences, Franklin Lakes, NJ, USA), anti-F4/80 (1:50, 12-4801-82, Invitrogen), anti-CD80 (1:50, 562504, BD Biosciences), anti-CD206 (1:50, 46-2061-82, Invitrogen), anti-MHC Class 1 (1:50, ab95572, Abcam), and anti- NK1.1 (1:50, 61-5941-82, Invitrogen). Multicolour flow cytometry was performed using The MACSQuant® Analyzer 16 (Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) and analysed with FlowJo software (BD Biosciences, OR, USA).





Bulk RNA sequencing and data analysis

RNA was isolated from three tumor tissues in the original/129, adapted/129, and adapted/B6 groups. Total RNA was used to construct cDNA libraries with the TrueSeq RNA library kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Next, sequencing was performed using an Illumina HiSeq2000 (Illumina) platform with ~100 nt paired-end reads. The quality of raw sequence data was assessed using FastQC (FastQC 0.11.3). Sequenced reads were aligned to the mm10 mouse genome assembly (GRCm38) reference genome with HISAT2 aligner (HISAT2 2.2.1). Raw read counts were used to analyse the differentially expressed genes (DEGs) among the groups by applying the Cuffdiff workflow (Cuffdiff 2.2.1). DEGs were defined as genes with a false discovery rate (FDR)< 0.05 and an absolute log2 fold change >1.

Curated gene sets were derived from the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database and the Broad Institute Molecular Signatures Database. Over-representation analysis with the DEGs was performed using the DAVID functional annotation tool, and enriched gene sets were those with an FDR< 0.05. Single sample gene set enrichment analysis (ssGSEA) was performed with R package gene set variation analysis.

In the network analysis, nodes represented enriched gene sets that were significantly over-represented by DEGs, while edges represented gene expression profiles that were significantly correlated (similarity > 0.5) across samples/gene sets. Interpretation and plotting of the network were performed with R package igraph.

Immune cell proportions were analysed by CIBERSORT using the LM22 gene signature. Gene expression data of tumors from original/129, adapted/129, or adapted/B6, and human ATCs from the previously published data (8) were normalized as fragments per kilobase of transcript per million (FPKM) by Cuffnorm and uploaded to the CIBERSORT web portal (https://cibersort.stanford.edu/). Twenty-two human hematopoietic cell proportions per sample were provided.





Statistical analysis

Statistical analyses were performed using GraphPad PRISM version 8.0.0 (GraphPad Software, San Diego, CA, USA). Data were presented as mean ± standard deviation. The independent t-test, paired t-test, or Mann–Whitney U-test (n< 10) was used to compare continuous variables. Statistical significance was defined as two-sided P-values< 0.05. Statistical analyses and plotting for bulk RNA sequencing were performed using R Statistical Software (version 4.0.3).






Results




Establishment of the adapted TBP3743 cell line via in vivo passaging to the C57BL/6 mice

To generate the adapted TBP3743 cells in C57BL/6 mice, six rounds of in vivo serial passaging were performed (Figure 1A). Cells harvested from round-1, -3, and -6 tumors were designated as SC1, SC3, and SC6 cells, respectively, and injected into another C57BL/6 mouse for the subsequent round. Tumors after rounds 3 were stably established three weeks after the injection (Supplementary Table 2). SC3 and SC6 exhibited comparable tumor growth in vivo (Figure 1B). The gross morphology of the original cells was similar to those of SC1, SC3, and SC6 cells (Figure 1C). The BrafV600E mutation was identified in all SC1–4 cells (Supplementary Figure 1). We compared the expression of genes associated with thyroid differentiation. The mRNA expressions of Tshr, Pax8, Nis, and Ttf1 were significantly downregulated in SC3 and SC6 cells compared with the original TBP3743 cells, but comparable between SC3 and SC6 (Figure 1D). Consistently, protein expression of PAX8 was completely lost in SC3 and SC6, and that of TTF1 was lower, but still preserved in SC3 and SC6 compared with the original TBP3743 cells. TSHR protein expression was negligible in the original cell, SC3, and SC6 (Supplementary Figure 2). In addition, the expression of Igf2bp1, which has recently been identified as a marker for ATC (23), was observed to be significantly downregulated gradually from the original state to SC3 and further to SC6 (Figure 1D). In summary, the SC3 and SC6 cells were de-differentiated clones compared with the original cells. In vivo tumorigenic capacities between SC3 and SC6 in C57BL/6 mice were similar. In vitro cell morphology and the expressions of thyroid differentiation genes were all comparable between SC3 and SC6. Both SC3 and SC6 maintained the molecular characteristics of ATC. Thus, we designated SC3 as the adapted TBP3743 cells for further use.




Figure 1 | In vivo passaging of TBP3743 cells. TBP3743 cells were subcutaneously injected into C57BL/6 mice and tumor growth were observed for 21 days in 1st and 2nd round, and 10-15 days in 3rd, 4th 5th, and 6th round of in vivo passaging. At each round, the two largest tumors were harvested, primary single cell culture were performed, and established cells were used for the next round of in vivo passaging. (A) Scheme for TBP3743 adaptation into C57BL/6 mice. (B) Tumor growth curves of the original, 3rd and 6th round from day 5 to 11. (C) The morphology of TBP3743 original or subclones (scale bars: 200 µm). (D) Thyroid differentiation genes were analyzed by real-time RT-PCR. To characterize TBP3743-original or -adapted cells, (E) Cell proliferation were measured by the CCK-8 assay at the indicated time, (F) Cell migration assay were performed using Transwell system (scale bars: 50 µm), (G) Cell invasion ability were measured by spheroid culture system. SC, subclone.



Next, in vitro characteristics were investigated between the original and adapted TBP3743 cells. Cell viability was similar between two cell types (Figure 1E). The migration (Figure 1F, Supplementary Figure 3) and invasion (Figure 1G) capacity of these two cells were also comparable. Consistent with a previous report (19), loss of E-cadherin was observed in both cells. The abundances of N-cadherin and vimentin were similar (Supplementary Figure 4A). Regarding oncogenic signalling, the phosphorylation of AKT was significantly increased in the adapted TBP3743 cells compared to the original cells (Supplementary Figure 4B). Additionally, ERK phosphorylation was higher in the adapted TBP3743 cells compared to the original cells, but the difference did not reach statistical significance (Supplementary Figure 4B). Collectively, cell viability, migration, and invasion capacity were similar between the original and adapted cells, while the PI3K-AKT pathway showed a modest increase in the adapted TBP3743 cells compared with the original cells.





Establishment of an orthotopic tumor model using adapted TBP3743 cells

Orthotopic tumor growth was investigated two weeks after tumor cell injection. The mean volume and weight of tumors collected from the adapted/129 group was greater than that of the original/129 group (volume: 343.8 ± 179.2 mm3 vs. 599.1 ± 278.9 mm3, P< 0.05; weight: 0.33 ± 0.19 g vs. 0.55 ± 0.22 g, P< 0.05, respectively; Figure 2A). The Ki-67+ cell fraction was markedly higher in the adapted/129 group than the original/129 group (Figures 2B, C). Histological features were similar among the groups, presenting with spindle sarcoma-like tumor cells with pleomorphic nuclei and high mitotic count, which are consistent with ATC features (Figure 2B). Hence, the adapted TBP3743 cells exhibited more proliferative characteristics than the original cells in the B6129SF1 mice. However, the tumor volume, weight, and Ki-67+ cell fraction from the adapted/B6 group were considerably lower than those from the adapted/129 group. Additionally, the median survival was significantly shorter in the original/129 group compared to those of the adapted/B6 group (median [range], 13.5 [11-14] vs 16.5 [5-24] days, P=0.014, Figure 2D)




Figure 2 | Establishment of orthotopic tumor model using TBP3743-B6 cells. B6129SF1 mice were implanted with 105 cells of each cell line (TBP3743-original and -adapted cells) and C57BL/6 mice were implanted with 105 cells of TBP3743-adapted. After 14 days post-implantation, tumors were harvested. (A) Representative image of tumors and, quantification of tumor volume and weight. (B) Representative image of H&E staining and Ki67 immunohistochemistry staining on each tumors (H&E upper panel scale bars: 50 µm; lower panel scale bars: 10 µm; Ki67 panel scale bar: 50 µm; lower panel scale bars: 10 µm). (C) Quantification of Ki67+ area in tumors. (D) FACS analysis of MHC class 1 on TBP3743-original, -adapted, and SC6 tumors. 129, B6129SF1; B6, C57BL/6. All data are expressed as mean ± SD.







Molecular characteristics of adapted TBP3743 cell-derived orthotopic tumors

To investigate the molecular characteristics of each orthotopic tumor, total RNA sequencing analysis was performed on the tumor tissues. Compared to the original/129 group, the adapted/129 and adapted/B6 groups exhibited many DEGs. Meanwhile, a relatively small number of DEGs were detected between the adapted/129 and adapted/B6 groups (Figure 3A).




Figure 3 | Molecular characteristics of orthotopic tumors from the adapted TBP3743 cells. B6129SF1 mice were implanted with 105 cells of each cell line (TBP3743-original and -adapted cells) and C57BL/6 mice were implanted with 105 cells of TBP3743-adapted. After 14 days post-implantation, tumors were harvested. Total RNA was harvested from whole tumor lysates and sequenced. (A) Volcano plots showing changes of gene expression. (B) Heatmap of changes in oncogenic signalling pathways and (C, D) each of oncogenic pathways. (E) Proliferation of epithelial and mesenchymal stem cells and (F) cell migration analysis. 129, B6129SF1; B6, C57BL/6. All data are expressed as mean ± SD.



Gene sets involved in oncogenic signalling, including Raf, Vegf-a, and Akt, were highly enriched in the adapted/129 and adapted/B6 groups compared with those in the original/129 group (Figures 3B, C), in a similar vein, the activities of gene sets in tumor suppressor signalings, such as Pten and P53, were attenuated (Figures 3B, D). Furthermore, gene sets associated with epithelial and mesenchymal stem cell proliferation and cell migration were significantly enriched in the adapted/129 and adapted/B6 groups compared with those in the original/129 group (Figures 3E, F). Hence, the oncogenic properties in the adapted cells were more enhanced than the original cells, resulting in more aggressive tumor features.





Molecular characteristics of the immune microenvironment in adapted TBP3743 cell-derived orthotopic tumors

We next analysed RNA sequencing data to compare the tumor microenvironments among those groups. Notably, immune-related pathways were over-represented in the up-regulated DEGs of the adapted/129 and adapted/B6 groups compared with the original/129 group (Figure 4A). Network analysis of the over-represented gene sets further revealed that immune-related pathways were closely organized according to their mutual overlap (Figure 4B). Specifically, heatmap analysis demonstrated that the gene sets related to adaptive (T and B cells) and innate (NK T cells and cytokine production) immune responses were upregulated in the adapted/129 or adapted/B6 group compared with the original/129 group (Figure 4C). That is, immune response to tumor cells and immune inhibitory signalling pathways were enriched in the adapted/B6 group compared to the original/129 group (Figure 4D). Among the immune checkpoint related genes, both immune stimulatory (Il2rb and Cd28) and inhibitory (Ctla4 and Pdl1) genes were significantly up-regulated in the adapted/129 or adapted/B6 groups compared with the original/129 group (Figure 4E). In vitro RT-PCR analysis revealed that inhibitory immune checkpoint genes were up-regulated in the adapted cells compared to the original TBP3743 cells (Supplementary Table 3), which were consistent with in vivo analysis, while stimulatory immune checkpoint genes were down-regulated in the adapted cells compared with the original TBP3743 cells (Supplementary Table 3). Collectively, the immune responses were activated in the adapted/129 and adapted/B6 groups compared with the original/129 group. In the comparison between the adapted/129 and adapted/B6 groups, while it could not be statistically assessed, the fold enrichments were higher in the adapted/B6 group (Figure 4A). More over-represented gene sets from the adapted/B6 participated in the network compared with the adapted/129 group (Figure 4B). Moreover, the expression of Pdl1 was considerably higher in the adapted/B6 group than adapted/129 group. These results suggest that the anti-tumor immune responses might be more enhanced in the adapted/B6 group compared with the adapted/129 group.




Figure 4 | Molecular characteristics of the immune microenvironment in adapted TBP3743 cell-derived orthotopic tumors. B6129SF1 mice were implanted with 105 cells of each cell line (TBP3743-original and -adapted cells) and C57BL/6 mice were implanted with 105 cells of TBP3743-adapted. After 14 days post-implantation, tumors were harvested. Total RNA was harvested from whole tumor lysates and sequenced. (A) Classification of gene set enrichment analysis and (B) the networking of enriched pathways of immune category. (C) Heatmap of changes in immune response signalling pathways and (D) change of immune response to tumor and change of immune inhibitory signal. (E) Alteration of immune stimulatory related marker and immune inhibitory related marker. (F) B6129SF1 mice were implanted with 105 cells of TBP3743-original cells. After 10 days post-implantation, tumors were harvested. Anti-PD-L1 (0.2 mg/kg) was intraperitoneally injected from 5 days after tumor cell injection. Quantification of tumor volume and weight. (G) C57BL/6 mice were implanted with 105 cells of TBP3743-adapted cells. After 10 days post-implantation, tumors were harvested. Anti-PD-L1 (0.2 mg/kg) was intraperitoneally injected from 5 days after tumor cell injection. Quantification of tumor volume and weight. 129, B6129SF1; B6, C57BL/6. All data are expressed as mean ± SD.



To validate the distinctive immune characteristics observed in the adapted TBP3743 cell-derived orthotopic tumors, particularly with regard to tumor-T cell immune interactions, additional in vivo experiments were conducted under two immune-modifying conditions. Firstly, athymic nude mice, lacking T cell populations including CD4+ and CD8+ T cells, were utilized to investigate the impact of tumor-T cell interaction on tumor growth. Surprisingly, we observed comparable tumor volumes and weights between the original and adapted cell groups over the 9-day period following tumor cell injection (Supplementary Figure 5). These findings indicate the pivotal role of T cells in the tumorigenesis of the adapted model.

To further investigate the interplay between tumor cells and T cells in the adapted model microenvironment, we proceeded with a comparison of the anti-tumor efficacy of an anti-PD-L1 antibody between the original/129 group and the adapted/B6 group. Consistent with a previous study (20), treatment with the anti-PD-L1 antibody alone did not demonstrate a significant treatment response in the original model (Figure 4F). However, in the adapted model, both tumor volume and weight were significantly reduced by 60% and 55%, respectively (Figure 4G). This finding aligns with the gene expression data presented in Figure 4E, which reveals an upregulation of immune checkpoint modifying genes in the adapted model.





Immune cell profiling of the orthotopic tumor microenvironment

Flow cytometric analysis was additionally performed to characterize immune microenvironment among groups. The CD45+ immune cell fraction was significantly greater in the adapted/B6 group compared with the original/129 group (39.1 ± 7.1% vs 17.4 ± 5.9%, P< 0.05; Figure 5A). The fractions of CD45+CD8+ cytotoxic T cells and CD45+CD4+ helper T cells were higher in the adapted/B6 group compared with the original/129 group, while CD45+CD3+ T cell fraction did not differ among groups (Figure 5B). The immune activating M1-macrophage (CD45+CD11b+F4/80+CD80+CD206-) fraction was greater in the adapted/B6 group compared with the original/129 group (3.5 ± 2.1% vs 0.3 ± 0.3%, P< 0.05; Figure 5C), while those of total macrophage (CD45+CD11b+F4/80+) and the immune suppressive M2 macrophages (CD45+CD11b+F4/80+CD80-CD206+) did not differ (Figure 5C). The immune suppressive monocytic myeloid-derived suppressor cell (M-MDSC) (CD45+CD11b+Ly6C+Ly6G-) fraction was bigger in the adapted/B6 group than the adapted/129 group (10.6 ± 4.7% vs 4.1 ± 0.9%, P< 0.05; Figure 5D). Flow cytometric subset analysis for T cell and macrophage in the original/129, the adapted/B6, and the SC6/B6 also supported this notion. Those immune cell changes observed between the original and adapted model did not differ between the adapted/B6 and SC6/B6 (Supplementary Figure 6). Collectively, both activating and suppressive immune responses were up-regulated in the adapted/B6 group compared with the original/129 group. However, these differences were not observed between the original/129 and adapted/129 groups.




Figure 5 | Immune cell profiling of the orthotopic tumor microenvironment. B6129SF1 mice were implanted with 105 cells of each cell line (TBP3743-original and -adapted cells) and C57BL/6 mice were implanted with 105 cells of TBP3743-adapted. After 14 days post-implantation, tumors were harvested. (A-D) Immune cell fractions were analysed by flow cytometry analysis using whole tumor lysates. (A) Representative plots and quantified graphs of CD45+ cells in each tumors. Subpopulation of (B) T-lymphocytes (CD3+ pan T; CD8+ cytotoxic T; CD4+ helper T; and CD25+FoxP3+ regulatory T), (C) macrophages (CD11b+F4/80+ pan macrophage; CD11b+F4/80+CD80+CD206- M1-macrophage; and CD11b+F4/80+CD80-CD206+ M2-macrophage), and (D) myeloid cells (CD11b+ pan myeloid; CD11b+Ly6C+Ly6G- M-MDSC; and CD11b+Ly6C-Ly6G+ PMC-MDSC). (E) RNA sequencing data of 8 human ATC samples were collected from (8) and deconvolution analysis were performed for comparing immune cell fractions between mice tumors from each group and human ATCs. M-MDSC, mononuclear myeloid-derived suppressor cells; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cells; 129, B6129SF1; B6, C57BL/6. All data are expressed as mean ± SD.



In addition to the increased immune infiltrate, especially characterized by increased T cell, immune escape cause by losing major histocompatibility (MHC) class I molecule can be another possible immune response in the process of the adapted cell tumorigenesis (24). Thus, we further analysed the expression of MHC class I molecules. In vitro mRNA expression of MHC class I gene was not lost, rather significantly upregulated in both SC3 and SC6 cells compared with the original cell (Supplementary Figure 7A). Additionally, flow cytometric analysis showed that under interferon-γ stimulation, the functional expression of MHC class I in SC3 cells was comparable to that of original cells, while SC6 cells showed a decrease in interferon-γ-mediated upregulation of MHC class I expression (Supplementary Figure 7B). These results suggest that immune escape through functional loss of MHC class I molecules may contribute to tumorigenesis in adapted cells, particularly in the later phase (represented by SC6 cells) rather than the early phase (represented by SC3 cells).

A bulk mRNA sequencing-based deconvolution analysis was performed to compare the immune profiles of murine tumor models to those of human ATC harbouring BRAF mutation. Supplementary Table 4 showed baseline characteristics of them (n=8). In the comparisons of fractions in CD4+ T cell, CD8+ T cell, and macrophages, human ATC showed higher CD4+ T cell fractions than the murine tumors (Figure 5E). Given that heavy infiltration of M2-like macrophage is the characteristics of human ATC (3), M2-like macrophage fraction of human ATC was 16.5% (12.6%-21.1%). Those of the murine tumors were 38.4% (32.3%-44.2%) in the original/129 group, 45.4% (45.3-53.8%) in the adapted/129 group, and 36.3% (36.1%-39.9%) in the adapted/B6 group, which were all higher than that of human ATC.





Effects of a BRAF inhibitor on adapted TBP3743 cell-derived orthotopic tumors

Finally, drug responses to PLX-4032, a selective BRAFV600E kinase inhibitor, were explored in vitro and in vivo. In vitro, the inhibitory effects of PLX-4032 on cell viability were similar between the original (IC50, 4.7 µM) and adapted (IC50, 3.5 µM) cells (Figure 6A). However, PLX-4032 treatment in the adapted/B6 group significantly reduced tumor burden by 84%, as determined by bioluminescence imaging, and tumor weight by 43% compared with the untreated group (Figures 6B, C).




Figure 6 | Effects of BRAFV600E inhibitor on TBP3743 cells. (A) Effect of PLX-4032 on TBP3743-original and -adapted cells were measured by cell viability assay. (B-D) TBP3743-adapted cells (1 × 105/10µL PBS) were injected into the murine thyroid via orthotopic injection, and mice were daily treated with 10 mg/kg of PLX-4032. At 2 weeks after injection, tumors were harvested. (B) bioluminescence imaging and (C) representative image of tumors, and quantification of tumor weight. (D) Representative images of IHC for T cell (CD3), helper T cell (CD4), cytotoxic T cell (CD8), macrophage (F4/80), and M2-macrophage (CD163) in each group tumors. scale bars: 50 µm. All data are expressed as mean ± SD.



Considering that a previous study reported immune modulatory effects of BRAF kinase inhibitor (20), the T cell and macrophage densities within the tumor microenvironment were assessed by IHC. Consistent with the previous study (20), the CD3+, CD4+, and CD8+ T cell proportions were increased in the PLX-4032-treated group compared to the untreated group (Figure 6D). Moreover, the F4/80+ macrophage proportion exhibited no difference, while that of CD163+ M2-macrophages was decreased (Figure 6D). Collectively, the adapted TBP3743 cells responded to PLX-4032 appropriately, and the adapted/B6 model proved applicable for evaluation of the anti-tumor efficacy and immune modulatory effects of drugs.






Discussion

In the present study, we adapted the B6129SF1 mouse-derived ATC cell line, TBP3743, harbouring BrafV600E mutation and Trp53 deletion (19), into C57BL/6 inbred mice and established a novel orthotopic tumor model of ATC. Although the adapted TBP3743 cells were de-dedifferentiated, they exhibited similar gross morphology, cell viability, and migration/invasion potential as the original TBP3743 cells in vitro. Moreover, our novel orthotopic tumor model in C57BL/6 mice showed similar histological features to human ATC with high oncogenic properties and activated anti-tumor immune responses. Indeed, the anti-tumor effects and immune modulatory effects of a BRAF inhibitor were observed in the model.

The adapted cells represented de-differentiated clones. During in vivo serial passaging, PAX8 expression was completely lost, while the expressions of TTF-1 and TSH-R were low but preserved. In contrast to the typical pattern observed in human ATC, where PAX8 is generally preserved (25, 26) and TTF-1 and TSH-R are lost earlier in the de-differentiation process (27), the TBP3743 cell line used in our study exhibited a different order of gene deletion. The adapted cells showed a reduction in mRNA expression of TTF-1 and TSH-R compared to the original cells, but preservation of protein expressions of TTF-1, while the protein levels of TSH-R were negligible. Additionally, the recently described ATC marker gene, IGF2BP1 (23), was preserved in both the original and adapted cells. These findings indicate that the adapted ATC cells were still undergoing the de-differentiation process observed in human thyroid cancer.

The histologic features of the original/129, adapted/129, and adapted/B6 cells were consistent with human sarcomatoid ATC, characterized by spindle sarcoma-like tumor cells with pleomorphic nuclei and a high mitotic count. The complete loss of PAX8 in the adapted cells can be explained by previous reports indicating low positivity of PAX8 in human sarcomatoid ATC (less than 50%) (25, 26). Therefore, the adapted cells and the adapted/B6 model, paired with the original cells and original/129 model, provide a valuable tool for investigating the pathophysiology of the de-differentiation process in ATC.

The present study focused on analysing the molecular characteristics of ATC tumors using RNA sequencing data. In vitro analysis revealed that the gross cancer cell behaviours, including cell proliferation rates, with or without BRAF inhibitors, or migration/3D invasion potentials, were similar between the original and adapted cells. However, the rate of in vivo tumor growth and the Ki-67 index was significantly higher in B6129SF1 mice injected with the adapted TBP3743 cells compared to those injected with original TBP3743 cells. Molecular analyses supported these phenotypic differences demonstrating that gene sets associated with driver mutation pathways, such as RAF upregulation and PTEN and P53 down-regulation, as well as other oncogenic pathways, were enhanced in the tumors derived from adapted TBP3743 cells compared to original cells in B6129SF1 mice. These findings highlight the marked differences in cancer cell behaviour within in vivo and in vitro systems; thus, in vitro results must be interpreted carefully.

The evaluation of MHC molecule expression provides further insight into the adaptation mechanism studied here. In general, the selected clones exhibited loss of MHC genes, which has the potential to lead to immune evasion (28). Interestingly, the original cells and SC3 clone, representing an early adapted cell, retained their antigen-presentation functions by expressing MHC class I molecules. However, the SC6 clone exhibited significant loss of functional MHC class I under interferon-γ stimulation, highlighting the critical role of immune evasion in the later stages of the adapted model, while not observed in the early adaptation model. Therefore, careful selection and optimization of subclone passages are necessary for further study.

Interestingly, the tumor growth rate differed between murine hosts (i.e., B6129SF1 391 versus C57BL/6), even following the implantation of the same adapted TBP3743 cells. The adapted TBP3743 cells enhanced immune responses to tumors in all mice; however, the effect was stronger in C57BL/6 than in B6129SF1 mice. Not only were the immune stimulatory responses, including cytotoxic T cell or M1 macrophage proportions, enhanced in C57BL/6 mice compared to B6129SF1 mice, but also the immune suppressive responses, such as the M-MDSC proportion and Pdl1 expression. This homeostasis of immune responses might account for the overall reduced tumor growth in C57BL/6 mice compared with B6129SF1 mice. Indeed, these findings highlight the importance of the interactions between the tumor microenvironment and cancer cells. This was further demonstrated in vitro by the downregulated expression of immune checkpoint genes in the adapted TBP3743 cells in vitro, which became upregulated following in vivo generation of tumors within C57BL/6 mice. Hence, cancer cells exhibit dynamic molecular responses to the host immune responses.

ATC stands out among various solid cancers as a highly immunogenic tumor characterized by dense infiltration of tumor-associated macrophages (TAMs) (3). Additionally, recent single-cell transcriptomics data have demonstrated that the tumor immune microenvironment undergoes significant reprogramming during ATC progression. This reprogramming is initiated by the substantial infiltration of immune cells, including macrophages and T cells, during the anaplastic transformation (28). Hence, understanding cancer-immune cell interactions is crucial in ATC research (29, 30). Our deconvolution analysis of total RNA sequencing data confirms the abundant presence of CD4+ and CD8+ T cells in human ATC samples, consistent with previous studies (31). Notably, the adapted/B6 model closely recapitulates the degree of tumor-infiltrating T cells observed in human ATC samples compared to other murine tumor groups. With the development of various T cell-targeting anti-tumor drugs over the past decade (32–34), some of which have demonstrated success in clinical settings (35–37), our model provides an improved platform for the ongoing advancement of immune-modulating therapeutics for ATC. Specifically, it enables more sensitive verification of the anti-tumor and immune-modulatory effects of candidate drugs in a model that closely mirrors the immune response observed in human ATC. Furthermore, the adapted model’s median survival which is approximately 14 days offers an extended timeframe to assess drug response. Indeed, the adapted model demonstrated a notable response to anti-PD-L1 therapeutics, whereas the original model exhibited limited efficacy, consistent with previous findings (20).

Overall, the pros and cons of the adapted model is summarized as follows. The adapted model is the representative model of human ATC: The adapted cells are de-differentiated, possess molecular characteristics of human ATC. In vivo tumor with the adapted cells in C57BL/6 results in heavy infiltration of immune cells, which possibly resembles distinct tumor-host immune interaction of human ATC. The tumor growth rate and median survival is appropriate to investigate responses of anti-tumor drugs. Despite our interpretation that the adapted model represents the characteristics of de-differentiated clones and enhanced immune response similar to “hot tumors” in human ATCs, it is possible that the observed enhanced immunity is partially due to simple allogenic rejection. Additionally, while we claimed that the prolonged survival in the adapted model is more suitable for drug development, it may raise concerns that this prolongation conflicts with the features of human ATC. However, it should be noted that the median survival of our model (16.5 days) is significantly shorter than the orthotopic mouse model using the 8505c human ATC cell-line, which showed steady tumor growth over 35 days without any deaths (38).

In conclusion, a novel orthotopic tumor model of ATC has been established by successful cell adaptation via in vivo passage in inbred C57BL/6 mice. This new syngenic ATC mouse model will advance the current understanding of the tumor microenvironment, particularly from an immunological context, and will prove effective as a preclinical platform for ATC drug discovery.
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Immune checkpoint inhibitors (ICI) have been revolutionary in the field of cancer therapy. However, their success is limited to specific indications and cancer types. Recently, the combination treatment of ICI and chemotherapy has gained more attention to overcome this limitation. Unfortunately, many clinical trials testing these combinations have provided limited success. This can partly be attributed to an inadequate choice of preclinical models and the lack of scientific rationale to select the most effective immune-oncological combination. In this review, we have analyzed the existing preclinical evidence on this topic, which is only limitedly available. Furthermore, this preclinical data indicates that besides the selection of a specific drug and dose, also the sequence or order of the combination treatment influences the study outcome. Therefore, we conclude that the success of clinical combination trials could be enhanced by improving the preclinical set up, in order to identify the optimal treatment combination and schedule to enhance the anti-tumor immunity.
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1 Rise in combination therapies with immune checkpoint inhibitors after limited effectivity in monotherapy

In recent years, attention towards cancer immunotherapy has grown (1, 2). The goal is to shift the balance from tumor promoting immunosuppression towards anti-tumor immune activation, to support and promote the immune-mediated attack of cancer cells. Immune checkpoint inhibitors (ICI) are an example of such immunotherapeutic modality aiming to release the tumor induced immune brakes (3). Many of these brakes, or checkpoint molecules, have been identified, such as programmed death ligand 1 (PD-1) or its ligand PD L1, cytotoxic T-lymphocyte associated protein 4 (CTLA-4), T-cell immunoglobin and mucin domain 3 (TIM 3), lymphocyte activation gene 3 (LAG-3) and others (4). Seven such ICIs are currently approved for use in patients across all cancer types. The first approved was the anti-CTLA-4 ipilimumab followed by three anti-PD-1 ICI, nivolumab, cemiplimab and pembrolizumab, and three anti-PD-L1 inhibitors, durvalumab, avelumab and atezolizumab (4, 5). However, as the efficacy of these ICI was mostly observed in a restricted subset of patients, their use is limited to specific indications in cancers such as melanoma, breast cancer, colorectal, classical Hodgkin’s lymphoma and non-small cell lung cancer (NSCLC) (4, 6). In an estimated 60-70% of patients, they remain ineffective (3, 6). To overcome this clinical challenge, attention for combination therapies has grown. In 2018, the clinical research program of the Cancer Research Institute (Anna-Maria Kellen Clinical Accelerator, NY, USA) published an overview of immune-oncological trials, describing the rise in combination trials using PD-1/L1 targeting agents with other immunotherapies, radiotherapy and chemotherapies over the past five years. From the 1105 reported combination studies, the most prevalent combinations included anti-PD-1/L1 with either anti-CTLA-4 (n=251) or chemotherapy (n=170) (7). An update in 2021 showed the continued increase in the number of trials testing a combination of anti-PD-1/L1 and chemotherapy with 145 new trials started in the first three quarters of 2020 alone (8).




2 Rationale for combination of chemotherapy with immune checkpoint inhibitors

To develop combination treatments, not only oncological but also immunological changes should be considered. Galluzzi et al. described different immune effects induced by different types of chemotherapy (9). In the past, some chemotherapeutics have been described as immunosuppressive agents, which explained their use for the treatment of severe autoimmune diseases (10). Examples of such chemotherapeutics are cyclophosphamide and methotrexate, which can both impair the proliferation and function of effector T-cells (10, 11). Moreover, doxorubicin has been shown to increase the expansion of myeloid derived suppressor cells, resulting in increased immunosuppression (11). The immense chemotherapeutically induced release of tumor-associated antigens has also been suggested to suppress the anti-tumor immune response. However, evidence supporting this mechanism is currently not available (10). In contrast, cytotoxic chemotherapies have also been reported to promote immunogenicity. For example, one of the immune effects reported for doxorubicin was the enhanced proliferation of tumor targeting CD8+ T-cells, while other conventional chemotherapies like gemcitabine and paclitaxel, were shown to decrease immunosuppressive myeloid derived suppressor cells and regulatory T-cells cells, respectively (9). Similar immunological effects have been discussed in a review by Brown et al., such as the increase of antigen presentation through the upregulation of MHC class 1 on tumor cells by a number of the DNA-damaging therapeutics including gemcitabine, cyclophosphamide and oxaliplatin (12). Our group has shown that carboplatin-paclitaxel resulted in a superior immune-composition compared to several other chemotherapeutics in an ovarian cancer mouse model (13), which was in line with observations in patients (14). Another argument in favor of combining chemotherapy and ICI therapy has been the upregulation of co-inhibitory ligands, such as PD-L1, promoted by numerous chemotherapeutics including paclitaxel, 5-fluorouracil and cisplatin (15). Furthermore, certain chemotherapeutics such as doxorubicin, oxaliplatin and cyclophosphamide could also induce immunogenic cell death (ICD) (12, 16). All together, these immune-related effect of chemotherapy promote the rationale for a combination with ICI treatment to further stimulate the anti-tumor adaptive immune response and T-cell expansion (6, 15). However, all described immune effects can be drug, dose and time dependent, highlighting the importance of optimal knowledge and preclinical evidence (16).




3 Combinations of immune checkpoint inhibitors and chemotherapy still fail in the majority of clinical trials

Combinatorial approaches resulted in selected clinical successes (17). In the AtezoTRIBE trial (NCT03721653), previously untreated metastatic colorectal cancer patients showed improved median PFS (HR 0,69; 80% CI [0,56–0,85]) with the addition of the ICI atezolizumab to the treatment schedule consisting of chemotherapy (FOLFOXIRI, a combination of folinic acid, fluorouracil, oxaliplatin and irinotecan) and anti-VEGF (bevacizumab), with all treatments being administered simultaneously using a 48h intravenous infusion with cyclic repeat every 14 days (18). The KEYNOTE-021 trial (NCT02039674) showed improved objective response rate (ORR) (p=0,0016) in NSCLC patients receiving carboplatin/pemetrexed combined with pembrolizumab compared to chemotherapy alone (19). These findings were confirmed in the KEYNOTE-189 trial (NCT02578680) in which overall survival (OS) (HR 0,49; 95% CI [0,38-0,64]) and progression free survival (PFS) (HR 0,52; 95% CI [0,43-0,64]) were significantly increased in the combination therapy-receiving patients (20). Both KEYNOTE-021 and KEYNOTE-189 trials administered pembrolizumab simultaneously with platin-based chemotherapy and pemetrexed for four cycles, repeated every three weeks, as well as maintenance therapy for up to 24 months in combination with pemetrexed (19, 20). Additionally, in patients with metastatic triple negative breast cancer (TNBC) testing positive for PD-L1 expression, the combination of atezolizumab with the chemotherapeutic nab-paclitaxel showed promising results on PFS (HR 0,62; 95% CI [0,49-0,78]) and OS (HR 0,67; 95% CI [0,53-0,86]) (IMpassion130; NCT02425891) when administered simultaneously through intravenous injection on day 1 and 15 of a 28-day cycle which was repeated until disease progression was observed (21). Similar valuable outcomes were observed in the KEYNOTE-522 trial (NCT03036488), where addition of pembrolizumab to neoadjuvant carboplatin paclitaxel chemotherapy yielded a greater response compared to chemotherapy alone in early TNBC patients (HR 0,63; 95% CI [0,43-0,93]) (22).

However, the majority of trials testing an immune-oncological combination produced disappointing results (17). For example, in gastroesophageal cancer patients, the combination of pembrolizumab with chemotherapy (cisplatin and fluorouracil/capecitabine) resulted in a nearly equal OS compared to chemotherapy alone (HR 0,85; 95% CI [0,70-1,03]) in the phase 3 KEYNOTE-062 trial (NCT02494583) (23). Similarly, in the KEYNOTE-361 trial (NCT02853305), no improved PFS (HR 0,78; 95% CI [0,65-0,95]) or OS (HR 0,86; 95% CI [0,72-1,02]) was reported after combination treatment with pembrolizumab and chemotherapy (comprising of gemcitabine and cisplatin/carboplatin) compared to chemotherapy alone, for the treatment of advanced urothelial carcinoma. In this trial, the ICI and chemotherapy were administered simultaneously through intravenous injection on day 1 of a three- weekly cycle with a maximum of six chemotherapy cycles and 35 cycles of pembrolizumab (24). For ovarian cancer, three large phase 3 trials have been published, all reporting negative results. The phase 3 JAVELIN Ovarian 200 trial (NCT02580058) reported no improved response between groups receiving either avelumab (every two weeks, intravenously) combined with pegylated liposomal doxorubicin (PLD) (every four weeks, intravenously) or PLD monotherapy (PFS: HR 0,78; CI [0,59-1,24]; OS: HR 0,89: CI [0,74-1;24]) (25, 26). Likewise, in the JAVELIN Ovarian 100 trial (NCT02718417), the primary objectives of increasing the PFS were not met. In this study, two combination regimens were compared to the control group receiving carboplatin paclitaxel chemotherapy alone; chemotherapy followed by avelumab (HR 1,43; 95% CI [1,05-1,95]) and chemotherapy plus avelumab followed by avelumab (HR 1,14; 95% CI [0,83-1,56]). Remarkably, both combination regimens seemed to perform worse than chemotherapy alone (27, 28). Interim analysis of the IMagyn050 trial (NCT03038100) in newly diagnosed ovarian cancer patients underscored this, as no difference in PFS was seen after addition of atezolizumab to chemotherapy (carboplatin paclitaxel) followed by anti-VEGF (bevacizumab) (HR 0,92; 95% CI [0,97-1,07]). All treatments were administered intravenously on day 1 of a three- weekly cycle. Additionally, both adjuvant and neoadjuvant schedules were included in this trial. However, no discrepancies have been reported between the two groups (29).




4 Limited relevant preclinical research could relate to failing clinical trials

The large number of failed clinical trials testing the combination of ICI with chemotherapy is alarming. The question arises if this could have been anticipated using relevant preclinical research. We performed a PubMed literature search using the minimal search term (chemotherapy [Title/Abstract] AND checkpoint[Title/Abstract] NOT (Review[Publication Type]). This search resulted in 2863 articles on November 12th 2021 of which only 92 research articles were dedicated to preclinical testing of ICI and chemotherapy combinations (See Supplementary Material 1). Figure 1 gives an overview of all different cancer types used in these research articles. Remarkably, almost half (47.8%) of these articles study either colorectal cancer or breast cancer, in which ICI are already accepted for use under specific conditions. More specifically, the U.S. Food and Drug Administration (FDA) approved both pembrolizumab as first line treatment, as well as the combination of ipilimumab and nivolumab in second line treatment of metastatic colorectal cancer in specific conditions. For breast cancer, both atezolizumab and pembrolizumab have been approved for metastatic TNBC patients (4). Although preclinical results are scarce for the majority of other cancer types, clinical trials testing this immune-oncological combination are conducted in a wide range of disease profiles.




Figure 1 | Overview of 92 research papers in which a combination of immune checkpoint inhibitors and chemotherapy was tested preclinically. (A) Bar chart showing the different cancer types studied. (B) Bar chart showing the distribution of different chemotherapies tested. (5-FU: 5-fluorouracil) (C) Bar chart showing the distribution of different immune-checkpoint inhibitors tested. (Other: anti-B7-H3, anti-CD47, anti-CD96, anti-4-1BB, anti-40 and anti-HLA-G) (D) Bar chart showing the background of different mouse models used. (Other: C3H, CBA/CaJ, DBA/2J, FVB, KRAS LSL- G12D+; p53-/-: LSL, 129S1/SvImJ, B10.D2, µMt) .(E) Bar chart showing the distribution of inoculation sites in the mouse models used. (s.c.: subcutaneous, i.v.: intravenous).



Figures 1B, C display the different chemotherapeutics and ICI tested in these preclinical studies, respectively. A wide variety of chemotherapeutics have been tested, which can be explained by the different cancer types that were studied and their standard of care in the clinic. In contrast, only two types of ICI prevail: anti-PD-1/L1 and anti-CTLA-4 checkpoint inhibitors. Other ICI modalities are scarcely represented in these preclinical studies. Generally, the choice of preclinical model should be looked at critically before each experiment. Besides the pathogenesis of the disease which should be properly reproduced, it is equally crucial to assure that the biological target of the tested therapy is conserved in the chosen model (30). Therefore, when testing ICI therapy, it is most reasonable to choose an immune competent preclinical model in which the engagement of the ICI with its target on immune cells can be ensured. In the majority of the 92 articles, preclinical research was performed in syngeneic mouse models with C57BL/6 or Balb/c background (Figure 1D). Both C57BL/6 and Balb/c are inbred immune competent mice strains. Some inter-strain immunological differences are present, consisting in a prevailing humoral immune response in Balb/c mice, while in C57Bl/6 murine cellular immunity dominates (31). Additionally in other studies, C57Bl/6 mice appeared to have a Th1 dominant immune response in contrast to Balb/c mice where Th2 dominated the immune response (32). Besides these discrepancies, syngeneic models are overall characterized by a fully functioning immune system, which is their main advantage besides their uncomplicated establishment and fair cost. In contrast, five studies could be identified using immunodeficient mouse strains. The use of immunodeficient mouse strains to create models such as patient derived xenografts (PDX) has been proven successful as a preclinical platform (33) and has shown to accurately reflect the gene expression profile and histology of the primary human tumor (34). However, PDX models do not recapitulate the full physiological biology of the human tissue due to the lack of an intact immune system making them less suitable for testing immunotherapeutic strategies (35). Additionally, the response to chemotherapy can also depend on the presence of a fully functioning immune system. In a study by Kroemer and Galluzzi et al., chemotherapy response was shown to be suboptimal in immunodeficient mice compared to syngeneic tumor-bearing mice. This discrepancy could be related to the lack of immunogenic cell death and activation of the subsequent anti-tumor immune response (36). Humanization of these mice created a strategy to overcome the immune limitations seen in immunodeficient xenograft models (37). Different methods for creating humanized mouse models exist such as transplantation of human peripheral blood mononuclear cells or human hematopoietic stem cells into immunodeficient mice after which they can be inoculated using human tumor cells or patient derived tissue (37). This offers an interesting approach to test immunotherapies in models bearing human tumors in combination with a humanized immune system. Multiple caveats however still need to be overcome, such as the development of graft versus host disease and the high cost.

While currently the syngeneic immune competent mouse models are explored most in immune-oncology research, it can be argued that in order to mimic heterogeneous and progressive cancers in vivo, genetically engineered mouse models offer added physiological relevance (37). Genetically engineered mouse models carry altered oncogenes and/or tumor suppressor genes and can therefore develop tumor spontaneously (38). Advantages include the orthotopic origin of the tumor with physiological intra-tumoral heterogeneity and an intact immune system, while the extensive variability in tumor development, low mutational burden and the time-consuming process are the largest disadvantages (35, 37). An example of such an established spontaneous cancer model are KPC mice (KrasLSL-G12D+;Trp53LSL-R172H/+;p48Cre in C57Bl/6 mice) which stochastically develop intra-epithelial neoplasms in the pancreas (39). These types of mouse models were only present in four out of the 92 research articles, including models for breast cancer, head and neck squamous cell carcinoma and lung cancer (See Supplementary Material 1; Martinez-Usatorre et al., Sci Transl Med, 2021; Sirait-Fischer et al., Front Oncol, 2020; Spielbauer et al., Otolaryngology–Head and Neck Surgery, 2018; Workenhe et al., Commun Biol, 2020).

Lastly, though none of the 92 articles found in our literature search deferred from using mice, in preclinical immune-oncological research, other species are increasingly being considered for use due to their similar immunological, anatomical or pathological features to humans. Syrian hamsters are viewed as ideal preclinical animal model for cancer immunotherapy studies due to the complex tumor microenvironment, tumor histology and cancer progression resembling the human scenario (40). Another advantage of this species are the cheek pouches which are considered an immune desert due to the lack of lymphatic drainage pathways offering the potential of long-term transplantation of foreign material, such as patient derived tumor tissue without immune rejection (40). Secondly, ferrets can be suitable models as they have a particularly high cancer prevalence, which could give insights into the biological development of cancer, and have shown useful in immunology studies (41, 42). Higher animal models such as canines and swine are also available. Canines can spontaneously develop tumors, showing large homology to human cancers both genetically and in relation to the surrounding tumor immune microenvironment (43). They are fully immune competent and possess more comparable immune constituents to the human immune system compared to murine models (43, 44). Swine models can be applied in oncological research and are mostly used to test new devices and surgical procedures (45). Immunological applications can also be explored as swine are genetically and immunologically relevant to humans and have shown to respond similarly to anti-cancer drugs (46). Different models exist such as genetically modified swine capable of developing tumors and wild-type immune competent swine bearing xenograft tumors (45). Lower models such as zebrafish or Xenopus could also provide opportunities to study certain therapeutic effects on cancer cells depending on the research question (44). Homologous to humans, zebrafish possess two branches in their immune system, the innate and the adaptive component. However, one difference is the delay in adaptive immunity development causing the zebrafish to rely solely on the innate immunity in the first stages of their lives. This provides the opportunity for specific studies into the innate immune system using recently hatched (72 hours post fertilization) zebrafish which harbor a fundamentally similar macrophage lineage to humans. At this stage, inoculation of human cancer cells has an increased engraftment chance due to the absence of adaptive immune cells (47). In later stages of zebrafish development, immune-oncological research may be limited due to their biological and anatomical differences, such as the lack of lymph nodes, and less complex immune system compared to humans (44).

Besides animal models, alternative methods for preclinical research are being explored, which is increasingly promoted by governmental and ethical services, but has proven difficult when the immune system is involved. One hopeful approach is the use of ex vivo, three dimensional cultures derived from human tumor tissue called explants (48, 49). This methodology has already been successful for multiple cancer types. Moreover, the explant culturing method for NSLC by Karekla et al. showed reproducible drug responses to cisplatin (49). Furthermore, these types of cultures have the potential to provide a platform for evaluating immunological responses to ICI therapy, as reported by Voabil and colleagues (50).

Another point of attention when working with animal models for the purpose of translational research is the fact that the tumor inoculation site can impact the tumor immune environment and subsequently the immunotherapy response (51). Most of these 92 studies use subcutaneous (s.c.) mouse models (Figure 1E). Subcutaneously mimicking a tumor that from origin grows in another organ is less ideal as the invasive potential of the tumor is limited due to the presence of s.c. connective tissue, therefore creating a different tumor microenvironment (most likely also influencing the function/role of tissue resident immune cells) (52). This can impact the translatability of these models for immunotherapeutic research. For example, in preclinical melanoma models the tumor location was shown to influence the recruitment of tissue-specific tumor-associated macrophages (51, 52). Orthotopically inoculated tumors in immune-competent mice can surmount some of these limitations. Overall, it seems that the chosen model and inoculation site can impact the outcome in these preclinical studies.




5 The therapeutic combinatorial schedule influences treatment response

Our group has previously described the shift in survival in a syngeneic orthotopic mouse model for ovarian cancer when changing the sequence of the chemotherapy and immunotherapy combination (53). To identify the optimal immune-oncological combination regimen, we looked into the different administration schedules of the 92 preclinical studies (Figure 2). In the majority (76,1%; 70/92), administration of ICI and chemotherapy was simultaneous, mostly even started the same day (47/92). Only 16,3% (15/92) of preclinical studies were designed with a sequential administration of treatment, nearly all of them starting with chemotherapy prior to ICI treatment (14/15). Only a small percentage of studies (7,6%; 7/92) investigated multiple different administration schedules. These seven articles will be further discussed below. Additionally, two preclinical studies not identified through our search strategy, but similarly looking into the impact of combination treatment scheduling, have been added manually to the discussion below. An overview of all nine studies can be found in Table 1.




Figure 2 | Pie chart on administration schedules in 92 preclinical research articles. Studies with simultaneous treatment administration include all studies with same start date of both therapies (47/92), studies where immune-checkpoint inhibitor treatment started first (6/92) or chemotherapeutic treatment started first (17/92) before simultaneous administration of the combination treatment was continued. Sequential treatment administration includes studies where no overlap between both treatments occurred. Treatments were given consecutively with either first chemotherapy (14/92) or first immune-checkpoint inhibitor therapy (1/92). In 7 out of the 92 studies (7.6%), multiple treatment administration schedules were tested in one preclinical experiment.




Table 1 | Overview of different combinations of chemotherapy and ICI used in nine research articles comparing multiple therapeutic regimens.



Lesterhuis et al. studied the combination of anti-CTLA-4 and gemcitabine chemotherapy in a s.c. mesothelioma mouse model. A significant survival benefit was reported in mice receiving simultaneous administration of both treatments compared to the regimen where gemcitabine was administered either before or after anti-CTLA-4, although no (immunological) explanation was provided or discussed (54). One other study similarly observed reduced tumor growth when anti-PD-1 was given simultaneously with cisplatin compared to both sequential regimens. Of note, the authors used an immunodeficient mouse model (patient derived xenograft, NOS-SCID gamma mouse) for lung cancer, restricting the reliability of the immune response (55).

Sequential administration of 5-fluorouracil chemotherapy followed by anti-PD-1 appeared to be the best treatment schedule compared to simultaneous administration of both treatments in colorectal cancer. According to this study by Zhao et al., sequential administration of both treatments resulted in increased frequencies of total tumor infiltrated T-cells, as well as the increased expression of PD-L1 on tumor cells. From this, it was suggested that the survival benefit of this combination regimen could be related to the optimal scheduling of the individual immunological effects (56). In accordance to this, another study in colorectal cancer by Fu et al. reported an increased survival when the ICI anti-PD-1/L1 was administered with a specific delay of three days after platin-based chemotherapy compared to simultaneous administration. However, increasing the delay to six days abrogated this beneficial outcome. Subsequent flow cytometric analysis of tumor infiltrating lymphocytes showed an increase of PD-1 positive T cells three days after chemotherapy, followed by a decrease on day seven. This immunological evidence could relate to the narrow window for optimal treatment scheduling (57). In contrast, in a similar s.c. colorectal mouse model, sequential treatment with first anti-PD-L1 followed by oxaliplatin was identified as the most promising treatment regimen compared to both simultaneous treatment or chemotherapy followed by ICI administration (non-significant). This result could be explained by the more pronounced influx of CD8+ T-cells observed in this specific treatment regimen compared to other regimen in this study (58). The discrepancy between the results of the two latter studies could be attributed to the use of different mouse models, MC38 cells in C57BL/6 mice and CT26 cells in Balb/c mice, respectively. As described above, the choice of the preclinical model can influence the immune response and subsequent study outcome.

The sequential schedule in which the ICI was administered prior to chemotherapy, was demonstrated to be superior in two studies performed in orthotopic melanoma mouse models. Both studies showed a rise in CD8+ T-cells with this treatment schedule (59, 60). In the first study, the combination of anti-CTLA-4 followed by Doxil (a liposomal doxorubicin) was superior to both simultaneous and sequential administration in the reverse order (59). Likewise, significant increase in survival was noted in the second melanoma study testing the combination regimen where anti-PD-L1 was administered before carboplatin-paclitaxel compared to simultaneous start of both therapies (60).

It is important to note that in all these research articles, mainly tumor infiltrating effector CD8+ T-cells were evaluated. Analysis of other therapeutically induced immune effects such as influence on the innate immune system or the stimulation of ICD was underrepresented.

As previously mentioned, our group also tested different immune-oncological combination regimens in a syngeneic orthotopic ID8-fLuc ovarian cancer mouse model using a survival analysis. The most beneficial schedule was identified as anti-PD-1 followed by simultaneous carboplatin/paclitaxel chemotherapy. Of note, this combination did not show significant improved survival compared to mice receiving chemotherapy alone. However, inferior results were observed when chemotherapy was started prior to the addition of the ICI therapy (53). Additionally, our group studied different schedules combining (for the first time at the preclinical level) anti-PD-1 with chemotherapy-radiotherapy in an orthotopic high-grade glioma mouse model. However, we did not observe any significant difference, nor in survival, nor in immune composition, between either simultaneous or sequential administration (61).

It is clear from these nine articles (Table 1), although they have some limitations, that the order/sequence of treatments can influence the tumor growth and survival preclinically. On the other hand, clinically tested treatment schedules and doses will always differ from those given to preclinical models due to the large variability in treatment options depending on tumor type and stage of cancer patients, compared to animals. This is an unavoidable limitation due to the inherent biological difference between humans and animals. Nevertheless, the influence on the immune system can be identified and extrapolated. For example, positive preclinical results with CTLA-4 inhibitors in mice and non-human primates resulted in the development of the human monoclonal antibody ipilimumab and the following clinical trial successes (62). Additionally, failing clinical trials using combined anti-PD1 and chemotherapy for the treatment of ovarian cancer such as JAVELIN ovarian 100 could be replicated in preclinical studies in an orthotopic syngeneic ovarian cancer mouse model, showing the potential translatability of rationally designed preclinical research (28, 53). P reclinical research is therefore indispensable to ameliorate the outcome of clinical combination trials, in order to determine the optimal sequence for each immune-oncological combination therapy based on their individual immunological effects (recruitment of immune cells, induction of ICD, etc.) and to provide relevant scientific evidence for designing further clinical trials to increase their success rate.




6 Conclusion

To conclude, even though a large number of clinical trials testing ICI and chemotherapy combinations have been conducted, a majority of these trials produced disappointing results. A lack of rationally designed preclinical research could partially explain why these trials fail to induce synergy between therapies. Here, preclinical research articles testing this immune-oncological combination treatments were reviewed. Together, the articles discussed in this review show the importance of choosing a relevant model for preclinical research in order to increase the translatability and gather evidence for optimizing the clinical trial design, of preclinical research using the correct preclinical models and of preclinical research evaluating different treatment schedules when combining therapies. Most importantly, combination strategies have to take into consideration the different immunological effects and mechanisms of both the specific chemotherapeutic and ICIs. Increasing the investment into detailed preclinical research focused on identifying the optimal therapeutic regimen, could drastically improve the chance for success in subsequent clinical trials.





Author contributions

Study concept by AC. Study design by YB. Data analysis and interpretation by YB and JC. Manuscript preparation by YB. Manuscript review by AC, JC, AV, RW, MR. Final manuscript editing by AC. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by Kom Op Tegen Kanker (Stand up to Cancer), the Flemish cancer society (2019/11955/1 to AC).




Acknowledgments

We thank Prof. Jitka Fucikova (Sotio, Department of immunology, Charles University, Second Faculty of medicine and University Hospital Motol, Prague, Czech Republic) for providing her insight and comments on this review. We also want to express our gratitude to the recently deceased Prof. Dr. Jeffrey W. Pollard (Queen’s Medical Research Institute, The University of Edinburgh, UK) for providing us with his valuable advice during the preparation of this manuscript.





Conflict of interest

Author RW was employed by the company Oncoinvent AS.

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1236965/full#supplementary-material




References

1. Chen, DS, and Mellman, I. Oncology meets immunology: the cancer-immunity cycle. Immun (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

2. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer immunoediting: integrating immunity’s roles in cancer suppression and promotion. Sci (1979) (2011) 331(6024):1565–70. doi: 10.1126/science.1203486

3. Barbari, C, Fontaine, T, Parajuli, P, Lamichhane, N, Jakubski, S, Lamichhane, P, et al. Immunotherapies and combination strategies for immuno-oncology. Int J Mol Sci MDPI AG (2020) 21:1–28. doi: 10.3390/ijms21145009

4. Vaddepally, RK, Kharel, P, Pandey, R, Garje, R, and Chandra, AB. Review of indications of FDA-approved immune checkpoint inhibitors per NCCN guidelines with the level of evidence. Cancers (2020) 12:738. doi: 10.3390/cancers12030738

5. Twomey, JD, and Zhang, B. Cancer immunotherapy update: FDA-approved checkpoint inhibitors and companion diagnostics. AAPS J Springer Sci Business Media Deutschland GmbH (2021) 23:39. doi: 10.1208/s12248-021-00574-0

6. Yan, Y, Kumar, AB, Finnes, H, Markovic, SN, Park, S, Dronca, RS, et al. Combining immune checkpoint inhibitors with conventional cancer therapy. Front Immunol NLM (Medline) (2018) 9:1739. doi: 10.3389/fimmu.2018.01739

7. Tang, J, Shalabi, A, and Hubbard-Lucey, VM. Comprehensive analysis of the clinical immuno-oncology landscape. Ann Oncol (2018) 29(1):84–91. doi: 10.1093/annonc/mdx755

8. Upadhaya, S, Neftelino, ST, Hodge, JP, Oliva, C, Campbell, JR, and Yu, JX. Combinations take centre stage in PD1/PDL1 inhibitor clinical trials. Nat Rev Drug Discovery (2021) 20(3):168–9. doi: 10.1038/d41573-020-00204-y

9. Galluzzi, L, Senovilla, L, Zitvogel, L, and Kroemer, G. The secret ally: Immunostimulation by anticancer drugs. Nat Rev Drug Discov (2012) 11:215–33. doi: 10.1038/nrd3626

10. Zitvogel, L, Apetoh, L, Ghiringhelli, F, and Kroemer, G. Immunological aspects of cancer chemotherapy. Nat Rev Immunol (2008) 8(1):59–73. doi: 10.1038/nri2216

11. Galluzzi, L, Buqué, A, Kepp, O, Zitvogel, L, and Kroemer, G. Immunological effects of conventional chemotherapy and targeted anticancer agents. Cancer Cell (2015) 28(6):690–714. doi: 10.1016/j.ccell.2015.10.012

12. Brown, JS, Sundar, R, and Lopez, J. Combining DNA damaging therapeutics with immunotherapy: More haste, less speed. Br J Cance. Nat Publishing Group (2018) 118:312–24. doi: 10.1038/bjc.2017.376

13. Vankerckhoven, A, Baert, T, Riva, M, de Bruyn, C, Thirion, G, Vandenbrande, K, et al. Type of chemotherapy has substantial effects on the immune system in ovarian cancer. Transl Oncol (2021) 14(6):101076. doi: 10.1016/j.tranon.2021.101076

14. de Bruyn, C, Ceusters, J, Landolfo, C, Baert, T, Thirion, G, Claes, S, et al. Neo-adjuvant chemotherapy reduces, and surgery increases immunosuppression in first-line treatment for ovarian cancer. Cancers (Basel) (2021) 13:5899. doi: 10.3390/cancers13235899

15. Galluzzi, L, Humeau, J, Buqué, A, Zitvogel, L, and Kroemer, G. Immunostimulation with chemotherapy in the era of immune checkpoint inhibitors. Nat Rev Clin Oncol Nat Res (2020) 17:725–41. doi: 10.1038/s41571-020-0413-z

16. Emens, LA, and Middleton, G. The interplay of immunotherapy and chemotherapy: Harnessing potential synergies. Cancer Immunol Res (2015) 3(5):436–43. doi: 10.1158/2326-6066.CIR-15-0064

17. Salas-Benito, D, Pérez-Gracia, JL, Ponz-Sarvisé, M, Rodriguez-Ruiz, ME, Martínez-Forero, I, Castañón, E, et al. Paradigms on immunotherapy combinations with chemotherapy. Cancer Discovery (2021) 11(6):1353–67. doi: 10.1158/2159-8290.CD-20-1312

18. Antoniotti, C, Rossini, D, Pietrantonio, F, Catteau, A, Salvatore, L, Lonardi, S, et al. Upfront FOLFOXIRI plus bevacizumab with or without atezolizumab in the treatment of patients with metastatic colorectal cancer (AtezoTRIBE): a multicentre, open-label, randomised, controlled, phase 2 trial. Lancet Oncol (2022) 23(7):876–87. doi: 10.1016/S1470-2045(22)00274-1

19. Langer, CJ, Gadgeel, SM, Borghaei, H, Papadimitrakopoulou, VA, Patnaik, A, Powell, SF, et al. Carboplatin and pemetrexed with or without pembrolizumab for advanced, non-squamous non-small-cell lung cancer: a randomised, phase 2 cohort of the open-label KEYNOTE-021 study. Lancet Oncol (2016) 17(11):1497–508. doi: 10.1016/S1470-2045(16)30498-3

20. Gandhi, L, Rodríguez-Abreu, D, Gadgeel, S, Esteban, E, Felip, E, de Angelis, F, et al. Pembrolizumab plus chemotherapy in metastatic non–small-cell lung cancer. New Engl J Med (2018) 378(22):2078–92. doi: 10.1056/NEJMoa1801005

21. Emens, LA, Adams, S, Barrios, CH, Diéras, V, Iwata, H, Loi, S, et al. First-line atezolizumab plus nab-paclitaxel for unresectable, locally advanced, or metastatic triple-negative breast cancer: IMpassion130 final overall survival analysis. Ann Oncol (2021) 32(8):983–93. doi: 10.1016/j.annonc.2021.05.355

22. Schmid, P, Cortes, J, Pusztai, L, McArthur, H, Kümmel, S, Bergh, J, et al. Pembrolizumab for early triple-negative breast cancer. New Engl J Med (2020) 382(9):810–21. doi: 10.1056/NEJMoa1910549

23. Shitara, K, van Cutsem, E, Bang, YJ, Fuchs, C, Wyrwicz, L, Lee, KW, et al. Efficacy and safety of pembrolizumab or pembrolizumab plus chemotherapy vs chemotherapy alone for patients with first-line, advanced gastric cancer. JAMA Oncol (2020) 6(10):1571–80. doi: 10.1001/jamaoncol.2020.3370

24. Powles, T, Csőszi, T, Özgüroğlu, M, Matsubara, N, Géczi, L, Cheng, SYS, et al. Pembrolizumab alone or combined with chemotherapy versus chemotherapy as first-line therapy for advanced urothelial carcinoma (KEYNOTE-361): a randomised, open-label, phase 3 trial. Lancet Oncol (2021) 22(7):931–45. doi: 10.1016/S1470-2045(21)00152-2

25. Pujade-Lauraine, E, Fujiwara, K, Ledermann, JA, Oza, AM, Kristeleit, R, Ray-Coquard, IL, et al. Avelumab alone or in combination with chemotherapy versus chemotherapy alone in platinum-resistant or platinum-refractory ovarian cancer (JAVELIN Ovarian 200): an open-label, three-arm, randomised, phase 3 study. Lancet Oncol (2021) 22(7):1034–46. doi: 10.1016/S1470-2045(21)00216-3

26. Yonemori, K, Matsumoto, T, Nagao, S, Katsumata, N, Oda, K, Watari, H, et al. Avelumab in platinum-resistant/refractory ovarian cancer (PRROC): phase 3 results from JAVELIN Ovarian 200. Ann Oncol (2019) 30(October):vi89. doi: 10.1093/annonc/mdz339.028

27. Monk, BJ, Colombo, N, Oza, AM, Fujiwara, K, Birrer, MJ, Randall, L, et al. Chemotherapy with or without avelumab followed by avelumab maintenance versus chemotherapy alone in patients with previously untreated epithelial ovarian cancer (JAVELIN Ovarian 100): an open-label, randomised, phase 3 trial. Lancet Oncol (2021) 22(9):1275–89. doi: 10.1016/S1470-2045(21)00342-9

28. Ledermann, JA, Colombo, N, Oza, AM, Fujiwara, K, Birrer, MJ, Randall, LM, et al. Avelumab in combination with and/or following chemotherapy vs chemotherapy alone in patients with previously untreated epithelial ovarian cancer: Results from the phase 3 javelin ovarian 100 trial. Gynecol Oncol (2020) 159:13–4. doi: 10.1016/j.ygyno.2020.06.025

29. Moore, KN, Bookman, M, Sehouli, J, Miller, A, Anderson, C, Scambia, G, et al. Atezolizumab, bevacizumab, and chemotherapy for newly diagnosed stage III or IV ovarian cancer: Placebo-controlled randomized phase III trial (IMagyn050/GOG 3015/ENGOT-OV39). J Clin Oncol (2021) 39(17):1842–55. doi: 10.1200/JCO.21.00306

30. Storey, J, Gobbetti, T, Olzinski, A, and Berridge, BR. A structured approach to optimizing animal model selection for human translation: the animal model quality assessment. ILAR J (2021) 62(1–2):66–76. doi: 10.1093/ilar/ilac004

31. Trunova, GV, Makarova, OV, Diatroptov, ME, Bogdanova, IM, Mikchailova, LP, and Abdulaeva, SO. Morphofunctional characteristic of the immune system in BALB/c and C57Bl/6 mice. Bull Exp Biol Med (2011) 151(1):99–102. doi: 10.1007/s10517-011-1268-1

32. Bleul, T, Zhuang, X, Hildebrand, A, Lange, C, Böhringer, D, Schlunck, G, et al. Different innate immune responses in BALB/c and C57BL/6 strains following corneal transplantation. J Innate Immun (2021) 13(1):49–59. doi: 10.1159/000509716

33. Izumchenko, E, Paz, K, Ciznadija, D, Sloma, I, Katz, A, Vasquez-Dunddel, D, et al. Patient-derived xenografts effectively capture responses to oncology therapy in a heterogeneous cohort of patients with solid tumors. Ann Oncol (2017) 28(10):2595–605. doi: 10.1093/annonc/mdx416

34. Stribbling, SM, and Ryan, AJ. The cell-line-derived subcutaneous tumor model in preclinical cancer research. Nat Protoc (2022) 17(9):2108–28. doi: 10.1038/s41596-022-00709-3

35. Sajjad, H, Imtiaz, S, Noor, T, Siddiqui, YH, Sajjad, A, and Zia, M. Cancer models in preclinical research: A chronicle review of advancement in effective cancer research. Anim Model Exp Med (2021) 4(2):87–103. doi: 10.1002/ame2.12165

36. Kroemer, G, Galluzzi, L, Kepp, O, and Zitvogel, L. Immunogenic cell death in cancer therapy. Annu Rev Immunol (2013) 31(1):51–72. doi: 10.1146/annurev-immunol-032712-100008

37. Sanmamed, MF, Chester, C, Melero, I, and Kohrt, H. Defining the optimal murine models to investigate immune checkpoint blockers and their combination with other immunotherapies. Ann Oncol (2016) 27(7):1190–8. doi: 10.1093/annonc/mdw041

38. Onaciu, A, Munteanu, R, Munteanu, VC, Gulei, D, Raduly, L, Feder, RI, et al. Spontaneous and induced animal models for cancer research. Diagnostics (2020) 10(9):660. doi: 10.3390/diagnostics10090660

39. Stromnes, IM, Hulbert, A, Rollins, MR, Basom, RS, Delrow, J, Bonson, P, et al. Insufficiency of compound immune checkpoint blockade to overcome engineered T cell exhaustion in pancreatic cancer. J Immunother Cance. (2022) 10(2):e003525. doi: 10.1136/jitc-2021-003525

40. Jia, Y, Wang, Y, Dunmall, LSC, Lemoine, NR, Wang, P, and Wang, Y. Syrian hamster as an ideal animal model for evaluation of cancer immunotherapy. Front Immunol (2023) 14. doi: 10.3389/fimmu.2023.1126969

41. Hundakova, A, Leva, L, TOman, M, and Knotek, Z. A ferret model of immunosuppression induced with dexamethasone. Vet Immunol Immunopathol (2022) 243:110362. doi: 10.1016/j.vetimm.2021.110362

42. Compton, Z, Harris, V, Mellon, W, Rupp, S, Mallo, D, Kapsetaki, SE, et al. Cancer prevalence across vertebrates. BioRxiv (2023), 527811. doi: 10.1101/2023.02.15.527881

43. Mestrinho, LA, and Santos, RR. Translational oncotargets for immunotherapy: From pet dogs to humans. Adv Drug Delivery Rev (2021) 172:296–313. doi: 10.1016/j.addr.2021.02.020

44. Rossa, C, and D’Silva, NJ. Non-murine models to investigate tumor-immune interactions in head and neck cancer. Oncogene (2019) 38(25):4902–14. doi: 10.1038/s41388-019-0776-8

45. Boettcher, AN, Schachtschneider, KM, Schook, LB, and Tuggle, CK. Swine models for translational oncological research: an evolving landscape and regulatory considerations. Mamm Genome (2022) 33(1):230–40. doi: 10.1007/s00335-021-09907-y

46. Gaba, RC, Elkhadragy, L, Boas, FE, Chaki, S, Chen, HH, El-Kebir, M, et al. Development and comprehensive characterization of porcine hepatocellular carcinoma for translational liver cancer investigation. Oncotarget (2020) 11(28):2686–701. doi: 10.18632/oncotarget.27647

47. Miao, KZ, Kim, GY, Meara, GK, Qin, X, and Feng, H. Tipping the scales with zebrafish to understand adaptive tumor immunity. Front Cell Dev Biol (2021) 20:9. doi: 10.3389/fcell.2021.660969

48. Majumder, B, Baraneedharan, U, Thiyagarajan, S, Radhakrishnan, P, Narasimhan, H, Dhandapani, M, et al. Predicting clinical response to anticancer drugs using an ex vivo platform that captures tumour heterogeneity. Nat Commun (2015) 6(1):6169. doi: 10.1038/ncomms7169

49. Karekla, E, Liao, WJ, Sharp, B, Pugh, J, Reid, H, Le Quesne, J, et al. Ex vivo explant cultures of non–small cell lung carcinoma enable evaluation of primary tumor responses to anticancer therapy. Cancer Res (2017) 77(8):2029–39. doi: 10.1158/0008-5472.CAN-16-1121

50. Voabil, P, de Bruijn, M, Roelofsen, LM, Hendriks, SH, Brokamp, S, van den Braber, M, et al. An ex vivo tumor fragment platform to dissect response to PD-1 blockade in cancer. Nat Med (2021) 27(7):1250–61. doi: 10.1038/s41591-021-01398-3

51. Lehmann, B, Biburger, M, Brückner, C, Ipsen-Escobedo, A, Gordan, S, Lehmann, C, et al. Tumor location determines tissue-specific recruitment of tumor-associated macrophages and antibody-dependent immunotherapy response. Sci Immunol (2017) 2(7):eaah6413. doi: 10.1126/sciimmunol.aah6413

52. Zhao, X, Li, L, Starr, TK, and Subramanian, S. Tumor location impacts immune response in mouse models of colon cancer. Oncotarget (2017) 52:54775–87. doi: 10.18632/oncotarget.18423

53. Coosemans, A, Vankerckhoven, A, Baert, T, Boon, L, Ruts, H, Riva, M, et al. Combining conventional therapy with immunotherapy: A risky business? Eur J Cancer (2019) 113:41–4. doi: 10.1016/j.ejca.2019.02.014

54. Lesterhuis, WJ, Salmons, J, Nowak, AK, Rozali, EN, Khong, A, Dick, IM, et al. Synergistic effect of CTLA-4 blockade and cancer chemotherapy in the induction of anti-tumor immunity. PloS One (2013) 8(4):e61895. doi: 10.1371/journal.pone.0061895

55. Martín-Ruiz, A, Fiuza-Luces, C, Martínez-Martínez, E, Arias, CF, Gutiérrez, L, Ramírez, M, et al. Effects of anti-PD-1 immunotherapy on tumor regression: insights from a patient-derived xenograft model. Sci Rep (2020) 10(1):7078. doi: 10.1038/s41598-020-63796-w

56. Zhao, X, Kassaye, B, Wangmo, D, Lou, E, and Subramanian, S. Chemotherapy but not the tumor draining lymph nodes determine the immunotherapy response in secondary tumors. iScience (2020) 23(5):101056. doi: 10.1016/j.isci.2020.101056

57. Fu, D, Wu, J, Lai, J, Liu, Y, Zhou, L, Chen, L, et al. T cell recruitment triggered by optimal dose platinum compounds contributes to the therapeutic efficacy of sequential PD-1 blockade in a mouse model of colon cancer. Am J Cancer Res (2020) 10(2):473–90.

58. Golchin, S, Alimohammadi, R, Rostami Nejad, M, and Jalali, SA. Synergistic antitumor effect of anti-PD-L1 combined with oxaliplatin on a mouse tumor model. J Cell Physiol (2019) 234(11):19866–74. doi: 10.1002/jcp.28585

59. Alimohammadi, R, Alibeigi, R, Nikpoor, AR, Chalbatani, GM, Jwebster, T, Jaafari, MR, et al. Encapsulated checkpoint blocker before chemotherapy: The optimal sequence of anti-ctla-4 and doxil combination therapy. Int J Nanomed (2020) 15:5279–88. doi: 10.2147/IJN.S260760

60. Yan, Y, Cao, S, Liu, X, Harrington, SM, Bindeman, WE, Adjei, AA, et al. CX3CR1 identifies PD-1 therapy-responsive CD8+ T cells that withstand chemotherapy during cancer chemoimmunotherapy. JCI Insight (2018) 3(8):e97828. doi: 10.1172/jci.insight.97828

61. Riva, M, Wouters, R, Sterpin, E, Giovannoni, R, Boon, L, Himmelreich, U, et al. Radiotherapy, temozolomide, and antiprogrammed cell death protein 1 treatments modulate the immune microenvironment in experimental high-grade glioma. Neurosurgery (2021) 88(2):E205–15. doi: 10.1093/neuros/nyaa421

62. Rausch, MP, and Hastings, KT. Immune checkpoint inhibitors in the treatment of melanoma: from basic science to clinical application. In: Cutaneous Melanoma: Etiology and Therapy. Brisbane (AU): Codon Publications (2017).




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Berckmans, Ceusters, Vankerckhoven, Wouters, Riva and Coosemans. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 15 September 2023

doi: 10.3389/fimmu.2023.1260627

[image: image2]


Monoclonal antibodies neutralizing alpha-hemolysin, bicomponent leukocidins, and clumping factor A protected against Staphylococcus aureus-induced acute circulatory failure in a mechanically ventilated rabbit model of hyperdynamic septic shock


Nhu T. Q. Nguyen 1†, Thien N. M. Doan 1†, Kei Sato 1, Christine Tkaczyk 2‡, Bret R. Sellman 2 and Binh An Diep 1*


1 Division of HIV, Infectious Diseases, and Global Medicine, Department of Medicine, University of California, San Francisco, San Francisco, CA, United States, 2 Early Vaccines and Immune Therapies, AstraZeneca, Gaithersburg, MD, United States




Edited by: 

Rajan P. Adhikari, Integrated BioTherapeutics, Inc., United States

Reviewed by: 

Scott Kobayashi, National Institutes of Health (NIH), United States

Xiaobing Han, University of Manitoba, Canada

*Correspondence: 

Binh An Diep
 binh.diep@ucsf.edu









†These authors have contributed equally to this work


‡ORCID: 

Christine Tkaczyk
 orcid.org/0000-0002-3346-8131


Received: 21 July 2023

Accepted: 22 August 2023

Published: 15 September 2023

Citation:
Nguyen NTQ, Doan TNM, Sato K, Tkaczyk C, Sellman BR and Diep BA (2023) Monoclonal antibodies neutralizing alpha-hemolysin, bicomponent leukocidins, and clumping factor A protected against Staphylococcus aureus-induced acute circulatory failure in a mechanically ventilated rabbit model of hyperdynamic septic shock. Front. Immunol. 14:1260627. doi: 10.3389/fimmu.2023.1260627






Background

Patients with septic shock caused by Staphylococcus aureus have mortality rates exceeding 50%, despite appropriate antibiotic therapy. Our objectives were to establish a rabbit model of S. aureus septic shock and to determine whether a novel immunotherapy can prevent or halt its natural disease progression.





Methods

Anesthetized rabbits were ventilated with lung-protective low-tidal volume, instrumented for advanced hemodynamic monitoring, and characterized for longitudinal changes in acute myocardial dysfunction by echocardiography and sepsis-associated biomarkers after S. aureus intravenous challenge. To demonstrate the potential utility of this hyperdynamic septic shock model for preclinical drug development, rabbits were randomized for prophylaxis with anti-Hla/Luk/ClfA monoclonal antibody combination that neutralizes alpha-hemolysin (Hla), the bicomponent pore-forming leukocidins (Luk) including Panton-Valentine leukocidin, leukocidin ED, and gamma-hemolysin, and clumping factor A (ClfA), or an irrelevant isotype-matched control IgG (c-IgG), and then challenged with S. aureus.





Results

Rabbits challenged with S. aureus, but not those with saline, developed a hyperdynamic state of septic shock characterized by elevated cardiac output (CO), increased stroke volume (SV) and reduced systemic vascular resistance (SVR), which was followed by a lethal hypodynamic state characterized by rapid decline in mean arterial pressure (MAP), increased central venous pressure, reduced CO, reduced SV, elevated SVR, and reduced left-ventricular ejection fraction, thereby reproducing the hallmark clinical features of human staphylococcal septic shock. In this model, rabbits pretreated with anti-Hla/Luk/ClfA mAb combination had 69% reduction in mortality when compared to those pretreated with c-IgG (P<0.001). USA300-induced acute circulatory failure—defined as >70% decreased in MAP from pre-infection baseline—occurred in only 20% (2/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 100% (9/9) of those pretreated with c-IgG. Prophylaxis with anti-Hla/Luk/ClfA mAb combination halted progression to lethal hypodynamic shock, as evidenced by significant protection against the development of hyperlactatemia, hypocapnia, hyperkalemia, leukopenia, neutropenia, monocytopenia, lymphopenia, as well as biomarkers associated with acute myocardial injury.





Conclusion

These results demonstrate the potential utility of a mechanically ventilated rabbit model that reproduced hallmark clinical features of hyperdynamic septic shock and the translational potential of immunotherapy targeting S. aureus virulence factors for the prevention of staphylococcal septic shock.
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Introduction

Centers for Disease Control estimated 119,247 cases of S. aureus bacteremia (SAB) occurred in 2017 in United States, with 19,832 (16.6%) associated deaths (1). CDC reported an even higher mortality rate of 55.6% for patients with septic shock (2). Numerous bacterial virulence factors are implicated in animal models as contributing to the pathogenesis of S. aureus sepsis, such as surface proteins that facilitate tissue adherence and immune evasion, immunomodulatory proteins and coagulases that alter the inflammatory-coagulation interface, exotoxins that damage immune cells, endothelial cells, as well as different cells of the heart, lungs, liver and kidneys (3–7). Various clinical trials targeting some of these S. aureus virulence factors, such as its capsular polysaccharides, iron surface determinant B, manganese transport protein C, or clumping factor A (ClfA), have failed to demonstrate efficacy (8–11).

Results from clinical trials targeting pore-forming toxins by passive immunization with single monoclonal antibodies (mAb) are mixed. Although a cross-reactive mAb, ASN100, that neutralizes alpha-hemolysin (Hla) as well as two-component pore-forming toxins (Luk)—including Panton-Valentine leukocidin F component (LukF), leukocidin D, and gamma-hemolysin B component (HlgB)—protected against lethal challenge with a highly virulent community-associated methicillin-resistant S. aureus strain USA300 in mouse and rabbit pneumonia models (12), its phase 2 trial was terminated for futility after a planned interim analysis (13, 14). An anti-Hla mAb, MEDI4893/suvratoxumab, that protected against lethal challenge with USA300 in ferret and mouse pneumonia models but only partial protection in the rabbit pneumonia model showed a modest 31.9% (90% CI, -7.5% to 56.8%) relative risk reduction of pneumonia in a phase 2 clinical trial (15). It now seems imprudent to target only pore-forming toxins when staphylococcal pathogenesis is widely thought to be due to many virulence determinants (3–7).

The present study was undertaken to evaluate prophylactic efficacy of an anti-Hla/Luk/ClfA mAb combination in a newly developed mechanically ventilated rabbit model of USA300-induced septic shock. The anti-Hla/Luk/ClfA mAb combination was shown recently to confer protection in mouse models of surgical site infection (16), a diabetic mouse wound infection model (17), and a rabbit model of prosthetic joint infection (18). Mouse sepsis models are often used for preclinical testing but not used to evaluate efficacy of the anti-Hla/Luk/ClfA mAb combination because mouse polymorphonuclear leukocytes (PMNs) are known to be largely resistant to Panton-Valentine leukocidin and gamma-hemolysin and susceptible only to leukocidin ED (12). In contrast, rabbit and human PMNs were highly sensitive to all these cytotoxins (12, 19, 20), thereby making the rabbit a more suitable species for preclinical efficacy testing of the anti-Hla/Luk/ClfA mAb combination. Also, mouse sepsis models were not useful in predicting clinical efficacy of S. aureus conjugate capsular polysaccharides (21) and iron surface determinant B (IsdB) (22–24) vaccines that ultimately failed in phase 3 clinical trials (8, 25). The translational value of mouse sepsis models may be limited by the predominance of a hypodynamic circulation, which is typically not observed in septic shock patients (26–29). Because septic shock patients who were resuscitated adequately with fluids consistently demonstrated a hyperdynamic circulation with a high cardiac output (CO) and low systemic vascular resistance (SVR) (26–29), the recently published Minimum Quality Threshold in Preclinical Sepsis Studies guideline recommended that preclinical sepsis models should administer fluid resuscitation in order to separate sepsis-related events from pathological events resulting solely from progressive circulatory deterioration due to protracted hypovolemia (30). Fluid resuscitation was implemented successfully in non-human primate, canine and mouse Gram-negative sepsis models, which was critical for the development of both hyperdynamic state and myocardial depression seen in human sepsis (31–34). Unfortunately, fluid resuscitation was not implemented in commonly used mouse S. aureus sepsis models (21–24), likely because assessment of fluid responsiveness and its impact on sepsis-induced changes in cardiovascular performance require advanced hemodynamic monitoring and/or echocardiography, methods which are not available in most research laboratories.

To develop rabbit models that better predict the human clinical response and support drug regulatory approval, we used funding from the Food and Drug Administration to establish an experimental ICU to perform pathophysiology and preclinical efficacy studies to closely mimic clinical practice (35, 36). We describe here a new preclinical model of hyperdynamic septic shock induced by S. aureus in which rabbits are mechanically ventilated, instrumented for advanced hemodynamic monitoring (MAP, central venous pressure, cardiac output, stroke volume, systemic vascular resistance), evaluated for acute myocardial dysfunction by echocardiography, and assessed for changes in sepsis-associated blood biomarkers using real-time point-of-care instruments. In a natural history study, rabbits challenged intravenously with USA300 developed hallmark clinical features of a hyperdynamic state of septic shock that was followed by a short-lived and lethal hypodynamic state in which animals developed global left-ventricular dysfunction and acute circulatory failure. In a prophylactic efficacy study, rabbits pretreated with the anti-Hla/Luk/ClfA mAb combination, but not those pretreated with irrelevant isotype-matched control mAb (c-IgG), were protected against the lethal course of USA300-induced septic shock.





Methods




S. aureus preparation

A minimal-passaged SF8300 clinical strain representative of the epidemic clone USA300-0114 was used to induce lethal septic shock in the mechanically ventilated rabbit model. SF8300 was grown in 10 mL of tryptic soy broth (TSB) media (Sigma-Aldrich) overnight, then diluted 1:50 into 50 mL of TSB media in a 250 mL Erlenmeyer flask. Bacteria were grown at 37°C with shaking at 120 RPM and harvested at an OD600 nm of 0.4. Cells were washed and resuspended in sterile phosphate-buffered saline (PBS) to a concentration of 1 × 1010 colony-forming units (CFU)/mL, aliquoted into individual cryovials, and immediately stored at -80°C (19). Frozen stocks were titered in triplicate on three separate occasions before use in any experiment. Based on this value, the inoculum containing 9.4 x 108 CFUs (in 2.2 mL saline solution) was prepared and again tittered in triplicate to document the numbers of bacterial CFUs used for intravenous challenge of rabbits.





Monoclonal antibodies

Anti-Hla mAb (37), anti-Luk mAb that cross-neutralizes LukF-PV (PVL), LukD (leukocidin ED), HlgB (γ-hemolysin) (16), and anti-ClfA mAb (38) were generated as described previously. An irrelevant isotype-matched control IgG (c-IgG) directed against the gp120 protein of HIV was used as control (37).





Mechanically ventilated rabbit model of USA300-induced septic shock

The rabbit model was reviewed and approved by the University of California San Francisco Institutional Animal Care and Use Committee. Experiments were conducted in a facility certified by the Association for Assessment and Accreditation of Laboratory Animal Care International. New Zealand White rabbits (Western Oregon Rabbit Co.), 3.4 - 4.0 kg, 16 - 20 weeks of age, both male or female rabbits, were sedated by administration of buprenorphine (0.01-0.05 mg/kg) subcutaneously, and then, after 30 minutes, injected intramuscularly with a solution containing 36 mg/kg ketamine and 5.2 mg/kg xylazine. Ophthalmic ointment was placed on each eye. Once the desired depth of anesthesia was achieved as assessed by lack of pedal reflex, a 3.0 mm cuffed endotracheal tube was introduced orally into the trachea. The endotracheal tube was connected to a neonatal ventilatory circuit (Fisher & Paykel), connected to a heated humidifier (Fisher & Paykel) and then a ventilator (ADS2000, Engler) with the following settings: peak inspiratory pressure (PIP) of 12-15 cm H2O, positive end-expiration pressure (PEEP) of 5 cmH2O, respiratory rate of 30 breaths/min, flow rate of 4 L/min, fraction of inspired oxygen (FiO2) of 0.35, and 2.0-2.5% isoflurane to maintain general anesthesia. The ventilator settings remain constant for the duration of the study, except when FiO2 is increased to 1.0 when performing suctioning for removal of mucus that built up at the distal end of the endotracheal tube. The respiratory rate may be adjusted to maintain PaO2 between 140 and 200 mmHg and PaCO2 between 35 and 45 mmHg. The left or right marginal ear vein was catheterized with a 22G x 1” IV catheter for continuous infusion of Normosol-R with 5% dextrose (4 mL/kg/h) using an infusion pump (Hospira) for fluid maintenance.

The right carotid artery was catheterized with either 4 French pediatric PiCCO catheter (Getinge) for the natural history study or 18G arterial catheter (Argon Medical Devices) for the efficacy study and positioned approximate 2-3 cm from the common aortic arch, whereas the right internal jugular vein was catheterized with a 4 French dual-lumen pediatric central venous catheter (Medline) and positioned 1-2 cm from the right atrium using a common cutdown approach as detailed here. The surgical site was shaved, scrubbed, and prepped aseptically. The surgical site was draped out with sterile towels. The rabbit was placed in a supine position and depth of anesthesia was assessed by pinching between the toes. If rabbit was responsive, isoflurane was increased to effect. A 2-3 cm incision was made to access the right carotid artery/internal jugular vein using aseptic technique. Blunt and sharp dissection was used to identify and isolate the carotid artery from the Vagus nerve as well as the internal jugular vein. A distal 3-0 silk ligature was placed around the carotid artery/jugular vein to prevent back bleeding. A loose proximal ligature was placed around the carotid artery/jugular vein. A small (approximately 1 mm) cut was made at an angle across the vessel and the catheter was passed through the cut proximally and advanced about 5 cm so that the catheter tip was positioned approximately 2-3 cm from the common aortic arch or 1-2 cm from the right atrium. The proximal ligature was tied to secure the catheter in place. The vessels were repositioned and the wound was closed in at least 2 layers. The catheters were connected to pressure transducers with integrated flush device (Getinge) and the patient monitor (MP90, Philips Healthcare) for continuous blood pressure monitoring. To maintain patency, the catheters were continuously flushed with 3 ml/h normal saline containing 1U/ml heparin, and manually flushed every 1 h with three quick flushes of normal saline containing 1U/ml heparin.

Once the catheters were in place, the transpulmonary thermodilution method was used to measure cardiac output every 2 h by injecting a bolus of 2-mL cold normal saline through the central venous catheter. A thermistor located at the tip of the PiCCO catheter recorded the very brief drop in the blood temperature for calculation of a thermodilution curve and cardiac output (CO) on the patient monitor (MP90, Philips Healthcare). For each timepoint, CO was measured two times about 3-4 min apart, and then averaged. If the two CO measurements differed >10% from one another, a third CO measurement was performed, and the three measurements averaged. At 6 h after surgery, rabbits were challenged intravenously via the IV catheter placed in the marginal ear vein with a 2.2 ml saline solution containing 9.4 x 108 CFUs of USA300.





Echocardiography

Two-dimensional echocardiography was used to assess global left ventricular hypokinesia in the natural history study rabbits. Images were obtained with a cardiac ultrasound machine (iE33, Philips Healthcare) equipped with S12-4 sector array pediatric transducer. We measured the left ventricular and auricular dimensions as well as left ventricular ejection fraction (LVEF) using the parasternal long axis view of the heart via Teicholz method. 





Serial blood sampling and analysis

Arterial blood samples were collected at pre-infection baseline (within 1 h of intravenous challenge with USA300), and then every 2 h for the first 24 h post infection (hpi) and every 4 h until the end of the study. Blood gas analysis was determined using RapidPoint 500 (Siemens), including partial pressure of oxygen (PaO2) and of carbon dioxide (PaCO2), bicarbonate [HCO3-]), base excess, sodium (Na+), potassium (K+), chloride (Cl-), calcium (Ca++), glucose, and lactate. The Element HT5 Veterinary Hematology Analyzer© (Heska, Loveland, CO) was used to determine complete blood count with five-part differential. VetScan VS2© (Abaxis, Union City, CA) was used for analysis of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine and blood urea nitrogen.





Microbiology and tissue sample processing

Heart, lung, liver, kidney, and spleen were weighed and processed for bacterial count. For each organ, 3 to 4 pieces (0.05-0.10 grams each) were removed from different parts of the organ, totaling 0.1-0.2 grams, and then homogenized for 30-90 seconds using a Tissue-Tearor (BioSpec, Bartlesville, OK). Each homogenate (100 µL) was then serially diluted in 900 µL of normal saline and 100 µL of each dilution plated onto 5% blood sheep agar and incubated for 16-24 h at 37°C for CFU count.





Statistical analysis

Our hypothesis is that survival of rabbits pretreated with c-IgG is shorter than survival of those pretreated with anti-Hla/Luk/ClfA mAb combination in a rabbit model of USA300-induced septic shock. We calculated that a sample size of 9 animals per experimental group would provide a power of 80% to detect a hazard ratio of 0.25, with a two-sided type I error 0.05 by means of a log-rank test (Schoenfeld method) using STATA version 17.0 (StataCorp). The sample size was increased to 10 animals per experimental group to account for potential exclusion of animals in this model for technical problems related to intubation, surgery for placement of catheter in the carotid artery, or occlusion of endobronchial tube from mucus buildup during mechanical ventilation (35). Survival curves were generated using the Kaplan-Meier method, and significance was assessed by means of the log rank (Mantel-Cox) test. Nonparametric statistics, median [25th percentile – 75th percentile], were computed for all variables. Bacterial count and lung weight/body weight (LW/BW) ratio were compared using a nonparametric two-sided Mann-Whitney U test. Two-sided Fisher’s exact test was used to determine whether rabbits pretreated with c-IgG or anti-Hla/Luk/ClfA mAb combination differ in the proportions of categories for the various blood tests (e.g., hypocapnia). Nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test were used to evaluate effect of pretreatment with c-IgG or anti-Hla/Luk/ClfA mAb combination on blood tests conducted at pre-infection baseline or terminal endpoint.






Results




Natural history study revealing a hyperdynamic state of USA300-induced septic shock in mechanically ventilated rabbits

We performed a natural history study to characterize the pathogenesis of USA300-induced septic shock in anesthetized rabbits that were intubated for mechanical ventilation with a lung-protective low-tidal volume (Figure 1A), as previously described (35). Anesthetized rabbits were instrumented with the PiCCO catheter and central venous catheter for advanced hemodynamic monitoring, including intermittent measurement of cardiac output by transpulmonary thermodilution method (Figures 1A, B). Rabbits were infused with a total of 60-65 mL/kg of a balanced crystalloid solution over the course of 6 h preceding S. aureus challenge for (i) fluid maintenance at 4 mL/kg/h, (ii) continuous flushing the arterial and central venous catheters at 3 mL/h each (Figure 1A), and (iii) fluid resuscitation at 30 mL/kg to counteract the hypotension associated with overstimulation of Vagus nerve during carotid artery catheterization (35), thereby providing adequate volume repletion that may be crucial for the development of a hyperdynamic state of septic shock after S. aureus challenge.




Figure 1 | Experimental setup for a mechanically ventilated rabbit model of hyperdynamic septic shock with advanced hemodynamic monitoring. (A) Rabbits were anesthetized with isoflurane and mechanically ventilated with lung-protective low-tidal volume parameters as shown. A thermodilution catheter placed in the right carotid artery and central venous catheter (CVC) in the right internal jugular vein for continuous measurement of arterial blood pressure (ABP), central venous pressure (CVP), and heart rate (HR), as well as intermittent measurement of cardiac output. (B) Changes in blood temperature (Tblood) were measured by transpulmonary thermodilution of cold saline of known volume (InjVol) and temperature (Tinj) that was injected through the CVC and passed through the right heart, the lungs, and the left heart and then detected by the PiCCO catheter placed in the carotid artery. This procedure was repeated 2-3 times within 10 minutes to ensure that an accurate average of the cardiac output (C.O.), which is inversely related to the area under the thermodilution curve, was computed on the cardiac monitor (Philips Intellivue MP90 with PiCCO module).



Mortality rate was 100% (6/6) for USA300-challenged rabbits, with acute circulatory failure and death occurring between 15 and 27 h post infection (Figures 2A–F), whereas the two saline-challenged rabbits survived to the end of the study period at 36 h post challenge (Figures 2G, H). The hyperdynamic state of USA300-induced septic shock, which was characterized by elevated cardiac output, increased stroke volume, and decreased systemic vascular resistance, occurred early at 2-6 h post infection in five of the rabbits (Figures 2A, B, D–F) or later at 8-18 h post infection in one rabbit (Figure 2C), thereby reproducing the clinical hyperdynamic state with increased heart rate, elevated cardiac output, increased stroke volume, and decreased systemic vascular resistance in adequately volume-resuscitated patients with septic shock (26–29). Then the ensuing hypodynamic state, which was characterized by decreased heart rate, decreased MAP, increased central venous pressure, decreased cardiac output, decreased stroke volume, and elevated systemic vascular resistance, occurred in the 4-6 h period before the rabbits succumbed to USA300-induced septic shock (Figures 2A–F), mimicking the terminal phase in non-survivor patients with hypodynamic shock and death (39). MAP, central venous pressure, cardiac output, stroke volume and systemic vascular resistance remained within normal limits for the two saline-challenged rabbits, consistent with our previous findings that our lung-protective low-tidal volume mechanical ventilation protocol and instrumentation did not negatively impact rabbits without infectious challenge (35).




Figure 2 | Natural history study showing hyperdynamic and hypodynamic states of USA300-induced septic shock in mechanically ventilated rabbits. Advanced hemodynamic monitoring was performed for rabbits challenged with USA300 (A–F) or saline (G, H). Heart rate (HR), mean arterial pressure (MAP) and central venous pressure (CVP) were recorded every 15 minutes, whereas cardiac output (CO) was determined intermittently at the time points indicated in each graph. Systemic vascular resistance (SVR) and stroke volume (SV) were computed based on HR, MAP, CVP and CO. Numerical values for HR were divided by 3 and SVR by 10, and SV multiplied by 10 so that they can be displayed with the other parameters using the same scale on the y-axis.







Acute myocardial dysfunction in rabbits during hypodynamic shock

Transthoracic echocardiography was used in the rabbit natural history study to characterize further potential septic shock-induced acute myocardial dysfunction, including global left ventricular hypokinesia, which occurred in 60% of mechanically ventilated patients with septic shock (40). Representative M-mode echocardiographic tracings for Rabbit #1 (see Figure 2A for corresponding changes in hemodynamic parameters) obtained at pre-infection baseline (Figure 3A), at the early hypodynamic state when MAP decreased 20% from pre-infection baseline value (Figure 3B), and at the late hypodynamic state when MAP decreased >30% from pre-infection baseline value (Figure 3C) illustrated the development of progressive global left ventricular hypokinesia. For all six rabbits with USA300-induced septic shock, left ventricular ejection fraction (LVEF) was 70% (range from 64% to 75%) at pre-infection baseline, and decreased progressively to 47% (28% to 61%) during the early hypodynamic state, and then to 35% (25% - ;46%) during late hypodynamic state (test for linear trend P<0.001; Figure 3D).




Figure 3 | Development of global left ventricular dysfunction in early and late hypodynamic states of USA300-induced septic shock. Representative M-mode echocardiographic tracing showing systolic and diastolic left ventricular dimensions in a USA300 WT-infected for Rabbit #1 at (A) pre-infection baseline, (B) early hypodynamic state when MAP decreased by about 20% from pre-infection baseline, and (C) late hypodynamic state in the when MAP was decreased >30% from pre-infection baseline. (D) Left ventricular ejection fraction (LVEF) for six rabbits challenged with USA300 declined significantly from pre-infection baseline to the early and then late hypodynamic states (linear test for trend, P < 0.001). For two control rabbits challenged with saline, LVEF values were unchanged over time: 67%, 69%, 64% for Rabbit #7, and 64%, 62%, and 62% for Rabbit #8 at pre-infection baseline, 5 h post saline challenge, and 36 h post saline challenge, respectively.







Prophylactic efficacy of anti-Hla/Luk/ClfA mAb in a rabbit model of USA300-induced septic shock

Rabbits were randomized for intravenous injection with either 30 mg/kg each of the anti-Hla/Luk/ClfA mAb combination or irrelevant isotype-matched c-IgG. After 16-20 h, rabbits were challenged intravenously with the community-associated MRSA USA300, which is known to produce the virulence determinants targeted by our mAb combination: α-hemolysin is neutralized by anti-Hla mAb; F components of the bicomponent toxin LukF-PV (PVL), LukD (leukocidin ED), HlgB (γ-hemolysin) are cross-neutralized by anti-Luk mAb (41); and clumping factor A is neutralized by anti-ClfA mAb. Overall survival rates were 11% (1/9) for rabbits pretreated with c-IgG compared to 80% (8/10) for those pretreated with anti-Hla/Luk/ClfA mAb combination (P<0.001 by log-rank test; Figure 4A).




Figure 4 | Anti-Hla/Luk/ClfA mAb combination improved survival in rabbit model of USA300-induced hyperdynamic septic shock. (A) Kaplan-Meier survival curves for rabbits pretreated with indicated mAbs and then challenged intravenously with 9.4 x 108 CFUs of USA300. Two-sided Mantel-Cox log-rank test was used to compare survival rates with P<0.05 considered statistically significant. (B) Bacterial counts of vital organs for rabbits determined at the terminal endpoint when rabbits succumbed to infection (filled symbol) or at the end of the monitoring period 36 h post infection (open symbol). Nonparametric Mann-Whitney U test was used to evaluate differences in bacterial counts in vital organs for animals pretreated with c-IgG vs. anti-Hla/Luk/ClfA antibody. P-values ≥0.05 are marked as ns for not significant, * if <0.05, and *** if <0.001.



S. aureus quantified in heart and kidney samples showed significant log10CFU reduction (P<0.001 and P=0.043 by nonparametric Mann-Whitney test), whereas those in lung, spleen, kidney, and liver samples showed non-significant reduction in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to those pretreated with c-IgG (Figure 4B).





Anti-Hla/Luk/ClfA mAb combination protected against acute circulatory failure

Although cardiac output and central venous pressure were measured in the natural history study, these advanced hemodynamic parameters were not measured for the efficacy study of the anti-Hla/Luk/ClfA mAb combination because they are labor intensive, and the more expensive thermodilution and central venous catheters that we used are more prone to thrombotic occlusion due to their narrower tip design, thereby requiring removal and exchange with new catheters in 20-30% of rabbits. Nonetheless, for the efficacy study, we catheterized the right carotid artery for continuous blood pressure monitoring with a similarly sized arterial catheter in which the narrow tip was cut off with a sharp surgical blade, creating a 90° blunt tip which helped reduce the frequency of thrombotic catheter occlusion to <5% of rabbits. Mean arterial pressure (MAP) was recorded every 15 min, providing a high-resolution view of the individual rabbit’s hemodynamics (Figures 5A, B). MAP declined sharply in all (9/9) c-IgG-pretreated rabbits in the 2-4 h preceding death (Figure 5A), corresponding to the hypodynamic state of septic shock described above (Figures 2, 3), whereas MAP remained within normal limits for 80% (8/10) of anti-Hla/Luk/ClfA mAb combination-pretreated rabbits that survived to the end of the study at 36 h post infection and declined sharply in only the remaining 20% (2/10) of rabbits that died (Figure 5B). The one survivor pretreated with c-IgG developed severe hypotension at 25 h post infection when MAP decreased to 14 mmHg, but then increased rapidly and remained from 25 to 32 mmHg until the animal was euthanized at 36 h post infection, the end of the study period (Figure 5A). USA300-induced acute circulatory failure, defined as >70% decreased in MAP from pre-infection baseline, occurred in 20% (2/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 100% (9/9) rabbits pretreated with c-IgG compared to (two-sided Fisher’s exact test, P < 0.001; see also Figure 5C).




Figure 5 | Anti-Hla/Luk/ClfA mAb combination, but not c-IgG, protected against acute circulatory failure. Mean arterial pressure (MAP) were recorded every 15 minutes in rabbits pretreated with (A) c-IgG or (B) anti-Hla/Luk/ClfA mAb combination. (C) MAP at pre-infection baseline (T0) or terminal endpoint (TE) for the two experimental groups were compared by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison tests. Data points from rabbits that succumbed to infection are represented by filled symbols, and those euthanized at the end of the monitoring period 36 h post infection by open symbols. P-values ≥0.05 are marked as ns for not significant, ** if <0.01, and *** if <0.001.







Hypoxemic respiratory failure not a consistent feature of this rabbit model of USA300-induced septic shock

Despite USA300 infecting the lungs of all rabbits (Figure 4B), the lung weight to body weight (LW/BW) ratio in g/kg, a quantitative measure of acute lung injury, was 4.2 [3.8 – 4.9] for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination and 3.9 [3.7 - 4.5] for those pretreated with c-IgG (Mann Whitney test, P=0.50; Figure 6A), which are similar to the LW/BW ratio of 3.9 for uninfected control rabbits that were managed using the same aforementioned lung-protective ventilatory strategies (35). Accordingly, hypoxemic respiratory failure was not a consistent feature of the rabbit model because the ratio of partial pressure arterial oxygen and fraction of inspired oxygen (PaO2/FiO2) decreased to 100 mmHg - 300 mmHg, thresholds for mild to moderate in ARDS severity according to the Berlin definition (42), in only 20% (2/10) and 11% (1/9) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, respectively (two-sided Fisher’s exact test, P = 1.00; Figure 6B).




Figure 6 | Intravenous challenge with USA300 did not cause hypoxemic respiratory failure. (A) Lung weight to body weight (LW/BW) ratio determined at pre-infection baseline (T0) or the terminal endpoint (TE) when rabbits succumbed to infection (filled symbol) or at the end of the monitoring period 36 h post infection (open symbol). Nonparametric Mann-Whitney U test was used to evaluate differences in LW/BW pretreated with c-IgG compared to anti-Hla/Luk/ClfA antibody. (B) PaO2:FiO2 determined at pre-infection baseline (T0) or TE and compared by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison tests. P-values ≥0.05 are marked as ns for not significant.







Temporal changes in peripheral white blood cell populations and survival in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination

To determine whether temporal changes in circulating white blood cell populations are associated with survival of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, serial blood samples were collected from each rabbit at pre-infection baseline, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 28, 32, 36 h post infection or within 1 h of the time when rabbit succumbed to infection for complete blood count with differential. Peripheral white blood cells, including neutrophils and monocytes, declined very rapidly within the first 6 h post infection for all rabbits, but then increased among the 80% (8/10) and 11% (1/9) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, respectively, that survived to the end of the study at 36 h post infection (two-sided Fisher’s exact test, P = 0.006; Figures 7A–F). Among the 8 non-survivors pretreated with c-IgG, those with the steepest decline in white blood cells, neutrophils and monocytes also developed earliest acute circulatory failure and death (Figures 7A, C, E). Lymphocyte counts also declined, but less rapidly compared to the decline of neutrophils and monocytes, in all rabbits from both experimental groups (Figures 7G, H). Compared to rabbits pretreated with c-IgG, those pretreated with anti-Hla/Luk/ClfA mAb combination had significantly greater numbers of white blood cells (4.9 [3.7 - 6.4] vs. 1.4 [0.7 - 2.9] * 103/µL, P<0.001), neutrophils (2.5 [1.7 - 3.4] vs. 0.7 [0.2 - 1.5] * 103/µL, P<0.001), monocytes (0.49 [0.29 - 0.56] vs. 0.05 [0.01 - 0.14] * 103/µL, P=0.002), and lymphocytes (1.2 [0.9 - 1.4] vs. 0.4 [0.3 - 0.8] * 103/µL, P=0.002) at the terminal endpoint (Figures 7A–H).




Figure 7 | Temporal changes in circulating cell populations. Serial blood samples were collected from carotid artery and analyzed on a veterinary hematology analyzer for complete blood count with differential for rabbits pretreated with c-IgG (A, C, E, G) or anti-Hla/Luk/ClfA mAb combination (B, D, F, H).







Differences in biomarkers in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG

Lactate at the terminal endpoint was 1.3 [0.8 - 6.4] mmol/L for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 13.9 [9.0 - 15.7] mmol/L for those pretreated with c-IgG (multiplicity-adjusted P<0.01; Figure 8D). Lactate increased in all (10/10) non-survivors but remained similar to pre-infection baseline for 9/9 survivors from both experimental groups (Figure 8D), consistent with hyperlactatemia being one of the strongest prognostic biomarker of survival in patients with septic shock (43, 44).




Figure 8 | Arterial blood gas analysis in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. (A) Partial pressure of arterial carbon dioxide (PaCO2), (B) pH, (C) HCO3-, (D) lactate, (E) glucose, and (F) potassium determined at pre-infection baseline (T0) or the terminal endpoint (TE) within 1 h of when rabbits succumbed to infection or at 36 h post-infection at the end of the study period for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. Multiplicity adjusted P-values were calculated by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test for the four comparisons indicated in each panel. P-values >0.05 are marked with ns for not significant, * for <0.05, ** for <0.01, and *** for <0.001.



Despite no differences at pre-infection baseline, PaCO2 at the terminal endpoint was 35 [29 - 44] mmHg for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 19 [11 - 27] mmHg for those pretreated with c-IgG (multiplicity-adjusted P<0.05; Figure 8A). Severe hypocapnia, defined as PaCO2 < 25 mmHg, occurred in 10% (1/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 78% (7/9) of those pretreated with c-IgG (two-sided Fisher’s exact test, P = 0.005). This is consistent with findings in patients with septic shock in which severe hypocapnia was associated with death (45, 46).

pH showed broad changes, ranging from marked acidosis to alkalosis, in rabbits from both experimental groups, and did not correlate with survival or death (Figure 8B). In contrast, bicarbonate decreased to the lowest level in all (10/10) non-survivors compared 0/9 survivors, although differences between the two experimental groups at the terminal endpoint were not statistically significant (Figure 8C).

Glucose also displayed a broad range at the terminal endpoint for rabbits in both experimental groups, with hypoglycemia (<100 mg/dL) occurring in 37% (7/19) and hyperglycemia (>200 mg/dL) in 16% (3/19) of rabbits (Figure 8E). Potassium levels at the terminal endpoint was 3.0 [2.7 - 4.8] mmol/L for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 7.4 [4.5 - 8.3] mmol/L for those pretreated with c-IgG (multiplicity-adjusted P<0.01; Figure 8F). Extreme hyperkalemia (>6.5 mEq/L) occurred in 70% (7/10) of rabbits from both experimental groups that succumbed to USA300-induced septic shock and none (0/9) of the survivors (Figure 8F).





Changes in biomarkers associated with multiple organ dysfunction

Acute myocardial injury biomarkers, including cardiac troponin I, CK-MB, and myoglobin, increased significantly from pre-infection baseline to the terminal endpoint for rabbits pretreated with c-IgG (Figures 9A–C). In contrast, cardiac troponin I, but not CK-MB or myoglobin, increased significantly from pre-infection baseline to the terminal endpoint for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination (Figures 9A–C). When comparing rabbits pretreated with c-IgG or anti-Hla/Luk/ClfA mAb combination at the terminal endpoint, significant differences were noted with cardiac troponin I (multiplicity-adjusted P<0.01), but not CK-MB or myoglobin (Figures 9A–C). The aspartate aminotransferase to alanine aminotransferase (AST/ALT) ratio increased to greater than 5 in 44% (4/9) rabbits pretreated with c-IgG compared to 0% (0/10) for those pretreated with anti-Hla/Luk/ClfA mAb combination (Figure 9D). In the four c-IgG-pretreated rabbits with AST/ALT >5, ALT was only mildly elevated (suggestive of minimal liver necrosis) whereas AST was markedly elevated (suggestive of myocardial necrosis) (47), which is consistent also with their markedly elevated levels of cardiac troponin I, CK-MB, and myoglobin (Figures 9A–C). Creatinine and blood urea nitrogen levels were mildly elevated in only 22% (2/9) and 10% (1/10) of rabbits pretreated with c-IgG and anti-Hla/Luk/ClfA mAb combination (two-sided Fisher’s exact test, P = 0.58;Figures 9E–F), suggesting minimal impact of USA300-induced septic shock on kidney function.




Figure 9 | Biomarkers of multiple organ dysfunction in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. (A) Cardiac troponin I, (B) creatine kinase-MB (CK-MB), (C) myoglobin, (D) aspartate aminotransferase/alanine aminotransferase (AST/ALT), (E) creatinine, and (F) blood urea nitrogen determined at pre-infection baseline (T0) or the terminal endpoint (TE) within 1 h of when rabbits succumbed to infection or at 36 h post-infection at the end of the study period for rabbits pretreated with anti-Hla/F/ClfA mAb combination or c-IgG. Multiplicity adjusted P-values were calculated by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test for the four comparisons indicated in each panel. P-values >0.05 are marked with ns for not significant, * for <0.05, ** for <0.01, and *** for <0.001.








Discussion

Our new mechanically ventilated rabbit model (Figure 1) reproduced an extended hyperdynamic state of septic shock that was characterized by elevated cardiac output, increased stroke volume, and reduced systemic vascular resistance, which was then followed by a short-lived and lethal hypodynamic state characterized by rapid decline in mean arterial pressure, increased in central venous pressure, reduced cardiac output, reduced stroke volume, elevated systemic vascular resistance (Figure 2), and reduced left-ventricular ejection fraction (Figure 3). The hyperdynamic and hypodynamic states of septic shock observed in this rabbit model closely mimicked the hallmark clinical features of human septic shock (30, 48), which may prove to be critical for using this preclinical animal model as a tool to help predict clinical efficacy of novel anti-staphylococcal drug candidates.

Because the development of a hyperdynamic state in patients with septic shock and in preclinical animal models is dependent on adequate fluid resuscitation (30–34), volume repletion in our rabbit model was implemented by infusion of 60-65 mL/kg of a balanced crystalloid solution over the course of 6 h preceding S. aureus challenge (Figure 1A). Our non-aggressive fluid repletion approach allowed for the development of a hyperdynamic state of septic shock as evidenced by the increased stroke volume observed in all (6/6) rabbits as early as 2 h after S. aureus challenge (Figures 2A–F), suggesting that adequate volume repletion was administered (49, 50). It should be noted that our goal is to model in rabbits the transition from pre-sepsis to the development of S. aureus-induced hyperdynamic septic shock, and, as such, volume repletion in our rabbit model was implemented before infectious challenge to enable the maintenance and increase in stroke volume that occurred shortly after intravenous injection of S. aureus. This experimental setup allowed us to then evaluate whether prophylactic administration of anti-Hla/Luk/ClfA mAb combination prevents the development of S. aureus hyperdynamic and hypodynamic septic shock in the setting of pre-administration of volume repletion.

We showed here in this new rabbit model of hyperdynamic septic shock that prophylaxis with the anti-Hla/Luk/ClfA mAb combination resulted in a 69% greater survival rate compared to prophylaxis with c-IgG (Figure 4A), and that improved survival was associated with its protection against S. aureus-induced acute circulatory failure (Figure 5). The most severe manifestation of acute circulatory failure, aside from sudden death, is septic shock, which can be difficult to characterize in the critically ill patients because of modifying factors such as antibiotic therapy and supportive care (48). In our mechanically ventilated rabbit model, the hallmark clinical features of septic shock are readily recognized in rabbits pretreated with c-IgG. USA300-induced severe hypotension (Figure 5A) was associated with extreme hyperlactatemia (Figure 8D), a biomarker of global tissue hypoxia/hypoperfusion (51) that occurred despite adequate arterial oxygenation (Figure 6B) from our lung-protective low-tidal volume mechanical ventilation strategy. The latter stages of USA300-induced septic shock in the rabbit model were further characterized by hypocapnia (Figure 8A), hyperkalemia (Figure 8F), leukopenia (Figure 7A), neutropenia (Figure 7C), monocytopenia (Figure 7E) and lymphopenia (Figure 7G), which are common components of human septic shock (52, 53). Prophylaxis with anti-Hla/Luk/ClfA mAb combination, however, halted the progression of acute circulatory failure in 80% (8/10) of rabbits (Figure 5B), thereby preventing marked changes to these biomarkers and their grave prognosis. Importantly, the improved survival associated with anti-Hla/Luk/ClfA mAb combination may be due in part to its capacity to reduce growth and survival of USA300 in the heart (Figure 4B) and protect against acute myocardial injury (Figures 9A–C).

Our study has limitations. First, our sample size calculation was powered to detect as statistically significant a 60% difference in survival (the primary study outcome), requiring a small sample size of only nine animals per experimental group. As such, our study was not powered for statistical analysis of secondary study outcomes comparing changes in blood biomarkers that also requires accounting for multiple comparisons. Second, we did not determine the individual contributions of each mAb for protection against USA300-induced septic shock in the present study. However, it should be noted that these three mAbs when administered alone or in various combinations had demonstrated efficacy in the other preclinical models, including mouse, ferret and rabbit models of pneumonia (54–56), mouse and rabbit models of dermonecrosis (57, 58), mouse models of surgical site infection (16), a diabetic mouse wound infection model (17), and a rabbit model of prosthetic joint infection (18). Third, only the community-associated MRSA USA300 strain was used in the rabbit model of septic shock for efficacy testing because it expresses all the virulence factors targeted the anti-Hla/Luk/ClfA mAb combination. Future studies would characterize the efficacy of this mAb combination against other clinically relevant MRSA strains, including some hospital-associated MRSA strains that do not express PVL. Fourth, while we demonstrated efficacy of anti-Hla/Luk/ClfA mAb combination for pre-exposure prophylaxis, we did not address its efficacy in post-exposure exposure treatment as an adjunctive therapy to the standard of care, which includes antibiotic, fluid resuscitation and vasopressor that are vital to the management of patients with S. aureus septic shock. For future post-exposure treatment studies in the rabbit model, aggressive fluid resuscitation may be triggered at a later time points after S. aureus challenge using precise thresholds for acute hemodynamic deterioration (e.g., when MAP decreased >20% from pre-infection baseline), which aligns better with the recommendation in the Surviving Sepsis Campaign guidelines that initial fluid resuscitation begins immediately on diagnosis of sepsis and organ dysfunction (48).

In summary, prophylactic administration of the anti-Hla/Luk/ClfA mAb combination protected against acute circulatory failure and death in a rabbit model of USA300-induced hyperdynamic septic shock. Prognostic biomarkers associated with improved survival in this rabbit model may be useful for designing clinical trials to evaluate efficacy of the anti-Hla/Luk/ClfA mAb combination against S. aureus severe sepsis and septic shock.
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Introduction

Immuno-oncology (IO) research relies heavily on murine syngeneic tumor models. However, whilst the average age for a cancer diagnosis is 60 years or older, for practical purposes the majority of preclinical studies are conducted in young mice, despite the fact that ageing has been shown to have a significant impact on the immune response.





Methods

Using aged (60-72 weeks old) mice bearing CT26 tumors, we investigated the impact of ageing on tumor growth as well as the immune composition of the tumor and peripheral lymphoid organs.





Results

We found many differences in the immune cell composition of both the tumor and tumor-draining lymph node between aged and young mice, such as a reduction in the naïve T cell population and a decreased intratumoral CD8/Treg ratio in aged animals. We hypothesized that these differences may contribute to impaired anti-cancer immune responses in aged mice and therefore assessed the anti-tumor efficacy of different IO therapies in aged mice, including both co-stimulation (using an anti-OX40 antibody) and immune checkpoint blockade (using anti-PD-L1 and anti-CTLA-4 antibodies). Whilst aged mice retained the capacity to generate anti-tumor immune responses, these were significantly attenuated when compared to the responses observed in young mice.





Discussion

These differences highlight the importance of age-related immunological changes in assessing and refining the translational insights gained from preclinical mouse models.
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Introduction

Over half of cancers arise in individuals over the age of 60 (1) and yet the majority of preclinical studies are undertaken in comparatively young mice, typically 6-8 weeks old. These murine models are invaluable for evaluating the fundamental biology of a particular target or for delineating the mechanism of action of candidate drugs. However, these preclinical models frequently overpredict efficacy and have so far proven to be of limited predictive value to the clinical setting (2). This may be partly due to their failure to recapitulate many of the age-induced changes that impact the immune system and therefore potentially the tumor microenvironment (TME) and the efficacy of cancer immunotherapy in patients (2).

Indeed, ageing is accompanied by a progressive deterioration of the immune system, frequently termed immunosenescence, which is the result of changes intrinsic to the hematopoietic system coupled with age-associated perturbations to peripheral tissues and secondary lymphoid organs (3, 4). A principal contributor to this process is thymic involution, which drives a decline in thymic output and a greater reliance upon cytokine and (self-) antigen-driven homeostatic proliferation to maintain the peripheral T cell pool (5). Over the lifetime of an individual, this reliance upon tonic stimulation can profoundly alter the T cell repertoire, favoring the development of memory T cell populations over the naïve T cell pool (6). The numerical decline in cells of the aged immune system is compounded by age-related inflammatory processes that occur within peripheral tissues, often collectively termed ‘inflamm-aging’ (7). These changes promote immune cell dysfunction and increased activity of suppressive immune cell subsets, such as regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs) (8). Thus, in ageing patients these various contributors to immunosenescence and altered tissue microenvironments have a significant potential to impact anti-tumor immunity and the efficacy of cancer immunotherapy. Nevertheless, this is not modelled in preclinical studies carried out in 6-8 week old mice which, according to correlations between mouse age and human age, represent roughly the equivalent of a teenage human (9). We therefore conducted studies to evaluate the impact of age on the anti-tumor immune response and the outcome of IO therapies to assess whether recapitulating this patient characteristic in preclinical mouse models could increase their predictive value.





Materials and methods




Animals

Female BALB/c mice were supplied by Charles River UK at 6 to 8 weeks of age (young) or 60 to 72 weeks of age (aged). These mice were aged at Charles River UK specifically for the purpose of these studies and housing conditions were kept the same as for young mice. Mice were housed under specific pathogen-free conditions in Tecniplast Green Line Sealsafe Individually Ventilated Cages (IVC) changed weekly and holding a maximum of 6 animals with irradiated aspen chip bedding, Nestlets nesting material, a tunnel and wooden chew blocks. Mice were housed on a 12/12 light/dark cycle, at 20-24°C and 45-65% humidity with ad libitum UV-treated water and RM1 rodent diet (SAFE). Mice underwent a minimum of 5 days of acclimatization after arrival in the animal facility before study initiation.





Tumor model and monitoring

The murine colon carcinoma cell line CT26 was obtained from ATCC and maintained in RPMI 1640 media supplemented with 10% FBS. It did not undergo any in vivo passaging and was maintained under limited passage from original stocks (typically under 5). It was reauthenticated using STR-based DNA profiling and multiplex polymerase chain reaction and tested for murine viruses and mycoplasma (IDEXX Bioresearch). For implantation, mice were shaved on the right flank and subcutaneously injected with 5 x 105 CT26 cells in 100 µL PBS. Tumor volume was measured 3 times per week using electronic callipers and calculated using the formula (width2 × length)/2. Mice were euthanized when they reached humane welfare limits pertaining to tumor volume (average diameter of 15mm) or tumor condition (ulceration of the skin above the tumor). Tumor growth rate was calculated as previously described (10) by fitting the tumor growth curve of each animal to the exponential model log10(tumor volume) = a + b * time + error, where a and b are parameters that correspond to the log initial volume and growth rate, respectively.





Experimental design

Mice were randomized to minimize differences in body weight and treated with either anti-mouse PD-L1 antibody mIgG1 D265A (AstraZeneca) intraperitoneally (IP) at 10 mg/kg twice weekly starting 4 days after tumor cell implantation for a total of 6 doses and/or anti-mouse CTLA-4 antibody (clone 9D9) mIgG1 (AstraZeneca) IP at 10 mg/kg twice weekly starting 7 days after tumor cell implantation for a total of 6 doses or anti-mouse OX40 antibody (clone OX86) mIgG2a (AstraZeneca) IP at 1 mg/kg 4 and 7 days after tumor cell implantation. Group sizes were determined using power analyses based on the variability of the tumor model in pilot studies.





Flow cytometric analysis

Tumors were disaggregated using the gentleMACS™ Mouse Tumor Dissociation kit (Miltenyi Biotec). Tumor-draining lymph nodes (or matching inguinal lymph nodes in non-tumor bearing mice) were dissociated through a 70 µm nylon cell strainer. Cells were stained with a fixable viability dye (Thermo Fisher) and blocked with antibodies against murine CD16/CD32 (eBioscience) before staining with fluorescence-conjugated antibodies (Supplementary Table S1) in flow cytometry staining buffer with Brilliant Stain Buffer (BD Biosciences). Intracellular staining was performed using the FoxP3/Transcription Factor Staining Buffer Set (eBioscience) and cells were fixed in 3.7% formaldehyde. Counting beads (123Count eBeads; eBioscience) were added to the samples before acquisition on a BD LSRFortessa flow cytometer (BD Biosciences). Panel-specific FMO controls and single color controls were prepared for each experiment. Analysis was carried out using FlowJo (BD Biosciences). As an adjunct to conventional gating, for tumor samples the data was quality controlled using the flowAI plugin in FlowJo followed by T-distributed stochastic neighbor embedding (optSNE) dimensionality reduction and FlowSOM clustering analysis.





Statistical methods

For time-to-endpoint analysis, groups were compared using a log-rank test in GraphPad Prism. Fold changes in tumor growth rates were compared using unpaired Mann-Whitney testing in GraphPad Prism. Cell populations and growth rates were compared using either two-way ANOVA with Sidak’s multiple comparisons testing or unpaired Mann-Whitney testing in GraphPad Prism.






Results




Peripheral immune changes in response to tumor growth are observed in aged mice

In this study, we sought to investigate the impact of age on the CT26 mouse syngeneic flank tumor model, which is a commonly-used preclinical model for assessment of novel anti-tumor therapies. To determine whether the characteristics of this model would be affected by age, we implanted CT26 tumor cells simultaneously in both aged (60-72 weeks of age) and young (6-8 weeks of age) female BALB/c mice. Correlations between mouse and human age suggest that this would correspond to 50-70 year-old and 15 year-old patients, respectively (9), and we confirmed that several hallmarks of ageing were observed in these mice at 60-72 weeks of age, such as thymic involution and increased adiposity (Supplementary Figure 1) (11, 12).

Given the known impact of age on the immune system, we first sought to determine whether aged animals were able to respond to the presence of a tumor by evaluating the changes triggered in the inguinal lymph node (the lymph node closest to the site of flank tumor implantation) after the addition of a tumor. We observed similar changes triggered in response to the tumor in both aged and young mice, namely a decrease in the frequency of CD4+ T cells and an increase in the frequency of B cells (Figure 1A), with the latter being a phenomenon previously described after the implantation of tumor cells (13).




Figure 1 | Peripheral immune changes in response to tumor growth are observed in aged mice. Inguinal lymph nodes from female BALB/c mice either at 6-8 weeks old (young) or at 60-72 weeks old (aged) were sampled in the absence or presence of CT26 tumor cells subcutaneously implanted on the flank 15-17 days prior. (A) Immune cell subsets within inguinal lymph nodes of tumor-bearing mice compared to non-tumor bearing mice in both young and aged mice. 5-8 mice per group. (B) Comparison of the immune cell subsets within inguinal tumor-draining lymph nodes (TDLN) of young (left) and aged (right) mice bearing CT26 flank tumors. 18-19 mice per group. (C) Comparison of the immune cell subsets within inguinal lymph nodes of young (left) and aged (right) mice in the absence of a tumor. 9-11 mice per group. (D, E) Frequency of CD44-CD62L- effector (Teff), CD44+CD62L- effector memory (TEM), CD44+CD62L+ central memory (TCM) and CD44-CD62L+ naïve cell subsets within the CD4+ T cell compartment in the inguinal lymph node (D) or TDLN (E) of both young and aged mice. The results include data from 2-3 experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.



Despite this similar response to the presence of a tumor, we found that the immune composition of the tumor-draining lymph node was still markedly different between young and aged mice, with a reduced frequency of both CD4+ and CD8+ T cells and an increased frequency of B cells in the aged cohort (Figure 1B). Similar differences were also seen in the lymph nodes of non-tumor bearing mice (Figure 1C) and in the spleens of aged mice, irrespective of tumor presence (Supplementary Figures 2A, B), suggesting that these differences are mainly driven by baseline differences in the immune status between young and aged mice, rather than a difference in the response elicited by the tumor. We also further analyzed the phenotype of CD4+ T cells and found that, consistent with known changes in immune homeostasis with ageing (3), the proportion of naïve T cells was significantly decreased in the inguinal lymph nodes (Figure 1D) and spleens (Supplementary Figures 2C, D) of aged mice. This decrease was also observed in tumor-draining lymph nodes, as well as increases in the central memory subset in the aged mice (Figure 1E). Taken together these findings suggest that the immune system of aged mice is able to respond to the presence of a tumor but that this response does not restore their immune phenotype to that seen in young mice, suggesting a potential for differential responses to immunotherapy in aged animals.





The tumor immune infiltrate is significantly altered in aged mice

Having observed a similar immune response elicited by the tumor despite baseline differences in the immune compartment of the aged mice compared to young mice, we next assessed whether age would impact the tumor immune cell infiltrate. We found that aged mice implanted with CT26 tumors reached welfare endpoints (a function of both tumor volume and tumor condition) faster than the young mice, with a median time-to-endpoint of 20 days for the aged mice versus 23 days for the young mice (Figure 2A, p=0.0004). However, analysis of the tumor growth rates of individual animals across 4 independent experiments revealed no consistent difference in the kinetics of tumor growth between aged and young mice (Figure 2B, Supplementary Figure 3). The CT26 tumor model is prone to develop ulceration of the skin above the tumor, which can lead to sacrifice of the animal for welfare reasons. We found that the proportion of animals being sacrificed due to skin ulceration at tumor volumes under 500mm3 was higher in aged mice compared to young mice (25% versus 15%, respectively; data not shown), suggesting that the difference detected in the time-to-endpoint analysis is driven by differences in tumor condition rather than tumor volume.




Figure 2 | The tumor immune infiltrate is significantly altered in aged mice. CT26 tumor cells were subcutaneously implanted on the flank of female BALB/c mice either at 6-8 weeks old (young) or at 60-72 weeks old (aged). (A) Kaplan-Meier curves of pooled data from 4 independent experiments showing time-to-welfare endpoint of young and aged mice. 52 mice per group. (B) Rate of tumor growth for each animal across 4 experiments. 10-14 mice per group. (C-G) Flow cytometric analysis of the tumor immune infiltrate 15-17 days after tumor implantation. (C) Absolute cell count per mm3 of tumor of CD45+ immune cells in aged and young mice. 10-12 mice per group. (D, E) tSNE plot showing clusters of lymphoid (D) and myeloid (E) cell types identified by unsupervised clustering analysis. (F) Comparison of the proportion of immune cell clusters within the tumor of young and aged mice. 5-8 mice per group. (G) Comparison of the ratio of CD8+ T cells to Tregs in the tumor of young and aged mice. 11-12 mice per group. The results in panels (A, B) include data from 4 experiments, the results in panels (C, G) include data from 2 experiments, the results in panels (D-F) include data from 1 representative of 2 experiments. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.



Having determined that CT26 tumors grew similarly in aged and young mice, we next assessed the impact of age on the immune cell composition of the tumors. Flow cytometric analysis of tumor-infiltrating immune cells revealed a significant decrease in the size of the CD45+ immune cell infiltrate (expressed as the absolute cell count per mm3 of tumor) in aged mice (Figure 2C, p=0.0034). Unsupervised clustering analysis then enabled the detection and quantification of several lymphoid (Figure 2D) and myeloid (Figure 2E) cell subsets within the TME (Supplementary Figure 4). Significant differences were observed with tumors in the aged mice containing fewer NK cells, PD1+ CD8+ T cells and monocytic cells (all p<0.05) as well as increased macrophages (p<0.0001) and a trend to increased Treg (p=0.0557) (Figure 2F). Altogether these changes in the tumor-infiltrating immune cell composition would suggest the potential for dampened anti-tumor immune responses in the aged mice. Indeed, we observe a reduction in key cytotoxic cell types (CD8+ T cells and NK cells) that have been linked to improved prognosis in several cancer types and an increase in key immunosuppressive cells types (Treg and macrophages) that have been linked overall to poorer prognosis (14). These differences in the composition of the tumor immune infiltrate also resulted in a significant decrease in the ratio of CD8+ T cells to Treg in the tumors of aged mice (Figure 2G, p=0.0007), a variable known to correlate with responsiveness to immuno-oncology therapies (15).





The anti-tumor efficacy of anti-OX40 antibody treatment is attenuated in aged mice

Having identified age-related differences in both the tumor-draining lymph node and tumor-infiltrating immune cells, we sought to investigate whether these changes would impact the response of aged mice to immunotherapy. We treated both aged and young animals with an anti-OX40 antibody and found that whilst time-to-endpoint was prolonged in both cohorts, the complete response rate was more than halved from 73% to 24% in aged mice (Figure 3A). This impact of age on the effect of treatment was confirmed by assessment of the tumor growth rate (Figure 3B, p<0.0001), with more profound anti-OX40-induced reductions in tumor growth rate observed in the young cohort, despite no age-related differences in expression of OX40 (Supplementary Figure 5A). Published work has previously associated the anti-tumor activity of OX40 agonism with depletion of Tregs within the TME (16) so we assessed whether the reduced efficacy of the anti-OX40 antibody in aged mice correlated with impaired Treg depletion within the tumor. We found that this was not the case and similar levels of Treg depletion were seen in the aged mice compared to the young mice (Figure 3C). We did not observe any impact of treatment on CD8+ T cell proportions (Supplementary Figure 5B) but we observed significant differences in the response to OX40 agonism within the CD4+ T cell compartment in aged mice. Whereas in young mice, treatment with the anti-OX40 antibody led to a reduction in the frequency of effector CD4+ T cells and an increase in effector memory CD4+ T cells, these changes were not seen in the aged mice after treatment (Figure 3D). Given the reduced induction of effector memory CD4+ T cells in the aged mice, we next investigated whether a memory response could also be generated after treatment. Both aged and young mice that had achieved complete tumor clearance after treatment with anti-OX40 antibody were rechallenged with CT26 tumor cells on the opposite flank 53 days later. We observed that growth of the second tumors was prevented in both aged and young mice, suggesting that memory responses had been successfully generated in the aged mice (Figure 3E).




Figure 3 | Age attenuates the anti-tumor efficacy of anti-OX40 antibody treatment. CT26 tumor cells were subcutaneously implanted on the flank of female BALB/c mice either at 6-8 weeks old (young) or at 60-72 weeks old (aged). The mice were treated with anti-OX40 antibody IP at 1 mg/kg 4 and 7 days after tumor cell implantation. (A) Kaplan-Meier curves showing time-to-welfare endpoint. 50-52 mice per group. (B) Fold change in the rate of tumor growth for each animal for both young and aged mice after anti-OX40 antibody treatment compared to untreated age-matched mice. 50-52 mice per group. (C) 15 days after implantation, tumors were analyzed by flow cytometry. Comparison of the proportion of Tregs in the tumor of young and aged mice after anti-OX40 antibody treatment compared to untreated mice. 5-8 mice per group. (D) Frequency of CD44-CD62L- effector (Teff), CD44+CD62L- effector memory (TEM), CD44+CD62L+ central memory (TCM) and CD44-CD62L+ naïve cell subsets within the CD4+ T cell compartment in the tumor of both young and aged mice after anti-OX40 antibody treatment compared to untreated mice. 5-8 mice per group. (E) 53 days after initial tumor implantation, 11 young mice and 4 aged mice that achieved complete tumor clearance after treatment with anti-OX40 antibody were re-implanted with CT26 tumor cells on the opposite flank and monitored for tumor growth. 3 control young mice (untreated and not previously tumor-bearing) were implanted as controls (naïve). The results in panels A and B include data from 4 experiments, the results in panels (C, D) include data from 1 representative of 2 experiments. ***P < 0.001 and ****P < 0.0001.







CTLA-4 blockade is less effective in aged mice

Given the impact of age on the anti-tumor efficacy of the immune agonist OX40 treatment, we next sought to determine how age might affect the response to immune checkpoint blockade. We investigated CTLA-4 blockade and saw a significant impact of age on treatment response. Whereas young mice displayed a prolonged time to endpoint (p=0.0023) and a 18% complete response rate after treatment with anti-CTLA-4 antibody, this was not the case in the aged mice and we saw a reduced complete response rate of only 3% (Figure 4A). This dampening in the effect of CTLA-4 blockade in aged mice was also seen in the tumor growth rate analysis, where the fold change in growth rate compared to the untreated group was significantly less pronounced in the aged mice (Figure 4B, p=0.0104).




Figure 4 | CTLA-4 blockade is less effective in aged mice. CT26 tumor cells were subcutaneously implanted on the flank of female BALB/c mice either at 6-8 weeks old (young) or at 60-72 weeks old (aged). (A, B) The mice were treated with anti-CTLA-4 antibody IP at 10 mg/kg twice weekly starting 7 days after tumor cell implantation for a total of 6 doses. (A) Kaplan-Meier curves showing time-to-welfare endpoint. 38 mice per group. (B) Fold change in rate of tumor growth for each animal in both young and aged mice after anti-CTLA-4 antibody treatment compared to age-matched untreated mice. 38 mice per group. (C, D) The mice were treated IP at 10 mg/kg twice weekly for a total of 6 doses with a combination of anti-PD-L1 antibody (starting 4 days after tumor cell implantation) and anti-CTLA-4 antibody (starting 7 days after tumor cell implantation). (C) Kaplan-Meier curves showing time-to-welfare endpoint. 37-38 mice per group. (D) Fold change in rate of tumor growth for each animal in both young and aged mice after anti-PD-L1 and anti-CTLA-4 antibodies compared to age-matched untreated mice. 37-38 mice per group. The results in panels (A, B) include data from 3 experiments and the results in panels (C, D) include data from 4 experiments. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.



In clinical practice, it has been observed that addition of PD-1 or PD-L1 blockade to CTLA-4 inhibition can increase the response rate and durability of responses in patients (17–19). Therefore we assessed whether addition of an anti-PD-L1 antibody could overcome the reduced responsiveness of aged mice to CTLA-4 blockade. When we first assessed PD-L1 blockade monotherapy, we saw only modest anti-tumor activity and did not see a clear impact of age on response to this treatment (Supplementary Figure 6). However, after treatment with the combination of anti-PD-L1 and anti-CTLA-4 antibodies we saw striking age-related differences in activity of this immune checkpoint blockade regimen. Indeed, in young mice this combination led to strong anti-tumor efficacy with a 55% complete response rate (Figure 4C). In contrast, the complete response rate was only 11% in aged mice after treatment with the combination of anti-PD-L1 and anti-CTLA-4 antibodies (Figure 4C) and there was a significant decrease in the effect of the treatment on tumor growth rates (Figure 4D p=0.0002).






Discussion

In this study we evaluated the impact of age, a characteristic rarely taken into account in preclinical studies, on the anti-tumor immune response in the commonly-used syngeneic CT26 flank tumor model. There is a well-recognized need to further improve preclinical mouse tumor models to better recapitulate the characteristics of cancer patient populations (2, 20, 21) and one key aspect of this population is their advanced age (1). We sought to evaluate whether accounting for this characteristic in preclinical studies would impact the outcome of the assessment of immuno-oncology treatments and potentially reduce the discrepancy between the responses achieved in preclinical studies compared to the clinical setting. To achieve this, we used mice aged between 15 and 18 months, which we found already recapitulated the thymic involution observed in older humans. Our analysis of both the tumor-infiltrating immune cells as well as secondary lymphoid organ composition in these mice also confirmed that they recapitulated the known hallmarks of immune ageing such as a reduction in the naïve T cell compartment (22).

We assessed the impact of age on the growth kinetics of the CT26 tumor model. From the literature, these age-related changes appear to be very variable, with some groups reporting faster tumor growth in aged mice (23), whilst others report slower tumor growth (24, 25). This variability may be partly due to strain and model-specific differences in the impact of ageing. In order for our experiments to be correctly powered to detect small perturbations in tumor growth kinetics that may be associated with age, we carried out a meta-analysis of 4 independent studies. From this large dataset we concluded that there was no overall impact of age on CT26 tumor growth rate, despite the variability intrinsic to individual experiments that revealed varying trends towards enhanced or decreased growth rates. Presented data from previous studies are usually the result of a limited data set where variation may contribute towards the conclusions drawn and may account for some of the discrepancies regarding the impact of age across published studies (23–27). These conclusions could also be compounded by the use of survival analyses to compare tumor growth as this time-to-endpoint readout also takes into account other welfare aspects such as tumor condition. Indeed, we found that the impact of age in these analyses may differ compared to measurement of tumor growth. This discrepancy was detected in our meta-analysis, where aged mice did come off study faster than young mice despite no difference in tumor growth rates. However we found that this could be at least in part driven by increased welfare issues in aged mice, especially higher rates and severity of skin ulceration above the tumors. Although the cause of this increase in skin ulceration has not been elucidated, we hypothesize that it could be linked to an overall decline in the wound healing response in aged mice (28), as these animals were also more prone to develop wounds due to implantation of microchips for animal identification (data not shown).

We also carried out immune profiling on the tumors of these aged mice and detected changes in both the frequency and the absolute numbers of several tumor-infiltrating immune cell subsets. We hypothesize that these could at least partially be due to baseline changes in immune composition driven by processes such as inflammaging [for example the observed increase in the proportion of macrophages, which are known to accumulate as a result of inflammaging and exert pro-tumorigenic effects (29, 30)] rather than entirely due to differences in the immune system’s recognition of the tumor. Nevertheless, these changes did not result in a significant difference in tumor growth rate in the aged mice suggesting that even if there is reduced immune control of the tumors in aged mice, this may be counterbalanced by reduced support for tumor growth, for example due to impaired angiogenesis (31). One limitation of this flow cytometric analysis of the tumor microenvironment is the lack of information about the spatial distribution of these immune cells within the tumor that can be generated with other techniques such as immunohistochemistry. This analysis would be of interest, especially as other reports have described changes in the tumor localization of T cells in the 4T1 tumor model in aged mice (32). For this study though, the high throughput and more quantitative approach of flow cytometry was preferred, enabling us to not only enumerate immune cells within the tumor, but also to more extensively phenotype them.

In this study, we found that age did alter responses to immuno-oncology therapies. Indeed, the effects of anti-OX40 antibody treatment were much reduced in aged compared to young mice. This is consistent with a previous report describing reduced efficacy of OX40 agonism in the CT26 tumor model although that study was carried out in younger (12 month old) mice and surprisingly saw less activity of OX40 agonism in 12 month old mice than we observe in 15-18 month old mice (33). We further extended this work to include an assessment of the impact of age on response to immune checkpoint blockade and here results were even more striking, with aged mice showing a greatly reduced anti-tumor effect of treatment with the combination of anti-PD-L1 and anti-CTLA-4 antibodies. Reduced efficacy of the monotherapies has been reported in the 4T1 model (32) and of the combination in the B16 model (34), although conversely others report increased efficacy of PD-1 blockade in aged mice (35). Although published reports would not suggest that this might be due to reduced expression of PD-1 or CTLA-4, as these are often observed to increase with ageing (36, 37), this was not the case in our experimental setting (Supplementary Figure 7) where we observed decreased levels of PD-1 and CTLA-4 on CD8+ T cells within the tumor. Overall, a decrease in responsiveness to immuno-oncology treatments with age is perhaps not unexpected though (38), given that ageing has been associated with immune dysregulation including both immunosenescence (39) as well as a chronic inflammatory state known as inflamm-aging (7). Specifically, ageing has been shown to lead to a decline in the naïve T cell pool (6) as well as defects in T cell priming (40). Priming is a crucial step in boosting anti-tumor immune responses with treatments such as anti-CTLA-4 antibodies (41) and is a known contributor to the increased sensitivity of the CT26 tumor model to immunotherapy, as it is a self-priming model (42). These age-related changes would be hypothesized to affect the outcomes of CTLA-4 blockade preferentially over PD-1/PD-L1 blockade based on their mechanisms of action (41) and this is reflected both in our dataset, where we did not detect an impact of age on the efficacy of PD-L1 blockade, as well as in clinical analyses of the impact of age on treatment outcomes of patients receiving PD-1/PD-L1 blocking antibodies, which do not report a decline in responsiveness to treatment associated with age (38). These types of clinical meta-analyses though mainly compare middle-aged patients against older patients (typically with a cutoff of 65 years of age), unlike our analysis where we compare very young mice (thought to represent roughly teenage patients) against aged mice (thought to represent middle aged patients). We suggest that the reduced sensitivity to immune checkpoint blockade of the CT26 model grown in aged mice, with only a subset of animals displaying responses to anti-PD-L1 and anti-CTLA-4 antibodies rather than a majority of complete responses, is a closer approximation to the response rates observed in clinical practice and could indicate improved translatability (17). This work further supports the need, already described by several other groups (2, 20, 21), to better model the effects of immuno-oncology drug candidates in the setting of the aged immune system as we find that age can significantly impact response to therapeutic treatments in one of the most responsive mouse models commonly used in immuno-oncology drug discovery (33). Future work could further build on this to assess additional characteristics of cancer patients and increase the generalizability of our findings, for example by repeating the study in male mice where sex differences in the immune system could alter the impact of ageing on anti-tumor immune responses.

In conclusion, we show that aged mice represent valuable models for the preclinical assessment of immuno-oncology therapies and that they could prove more accurate than young mice in predicting the efficacy of novel treatments due to the clear impact of age on both natural immunity to cancer and the ability to effectively respond to specific immuno-oncology treatments.
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The preclinical characterization of gene modified adoptive cellular immunotherapy candidates for clinical development often requires the use of mouse models. Gene-modified lymphocytes (GML) incorporating chimeric antigen receptors (CAR) and T-cell receptors (TCR) into immune effector cells require in vivo characterization of biological activity, mechanism of action, and preclinical safety. Typically, this characterization involves the assessment of dose-dependent, on-target, on-tumor activity in severely immunocompromised mice. While suitable for the purpose of evaluating T cell-expressed transgene function in a living host, this approach falls short in translating cellular therapy efficacy, safety, and persistence from preclinical models to humans. To comprehensively characterize cell therapy products in mice, we have developed a framework called “DIAL”. This framework aims to enable an end-to-end understanding of genetically engineered cellular immunotherapies in vivo, from infusion to tumor clearance and long-term immunosurveillance. The acronym DIAL stands for Distribution, Infiltration, Accumulation, and Longevity, compartmentalizing the systemic attributes of gene-modified cellular therapy and providing a platform for optimization with the ultimate goal of improving therapeutic efficacy. This review will discuss both existent and emerging examples of DIAL characterization in mouse models, as well as opportunities for future development and optimization.
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1 Introduction

Mouse models are routinely used in the preclinical characterization of gene-modified adoptive cellular immunotherapy candidates for clinical development. Adoptive transfer studies in mice, initially in the context of allograft transfer, underpin our understanding of T cell function, trafficking, and therapeutic potential (1–3). The first human studies of gene-modified T cells occurred in the 1980s (4), where a neomycin resistance cassette was retrovirally transduced into tumor-infiltrating lymphocytes (TIL) from patients with melanoma before infusion into patients. These pioneering studies demonstrated the ability of autologous lymphocytes transferred into patients, along with interleukin-2 (IL-2) treatment, to persist for months. The persistence of the transgene was determined through a PCR-based detection assay, which enabled detection of the adoptively transferred cells. Prior to this landmark human clinical study, a similar approach employing TIL therapy was successfully implemented in mice, resulting in complete regression of syngeneic murine tumors (5). Thus, the mouse study served as a valuable early model for investigating the distribution and function of adoptively transferred tumor-infiltrating lymphocytes.

The development of gene-modified chimeric T-cell receptors that enhance T cell function toward tumor cells in an MHC-independent manner was first described by Eshhar and colleagues in 1989 (6). These chimeric receptors, termed immunoglobulin T-cell receptor (TCR) chimeras, combined an extracellular antibody-like antigen binding molecule with a TCR and an intracellular CD3 zeta (CD3ζ) signaling domain. While effective in vitro, these initial designs lacked the co-stimulatory framework that enabled enhanced T-cell function and persistence in vivo.

In 2002, the “second generation” chimeric antigen receptor (CAR) was introduced, addressing the limitations of the previous design (7). This evolved design enabled transduced T cells to produce high levels of endogenous IL-2, supporting the maintenance of cytotoxic function and persistence. Over the years, multiple second-generation CAR-T were developed, incorporating co-stimulatory domains such as CD28 or 4-1BB (8). These designs differed from the first-generation constructs by their ability to drive T cell expansion in the presence of continual antigen exposure (9). The functional improvement was further demonstrated by the requirement of co-stimulation for tumor regression in mouse models of ALL (10, 11).

A few years later, the second-generation CAR-T design was reduced to practice with the first evidence of CAR-T-mediated tumor responses in human clinical trials in advanced follicular lymphoma (12). Subsequent clinical trials led to the development of second generation CAR-T therapy targeting CD19, resulting in the approval of tisagenlecleucel and axicabtagene ciloleucel for the treatment of refractory lymphoma and pediatric leukemia. Thus, the preclinical validation of second-generation CAR-T in mice informed the subsequent clinical development and approval of gene-modified lymphocyte (GML) therapy.

In parallel with second-generation CAR-T, transgenic T-cell receptor (TCR-T) therapy gained momentum as another genetically modified approach for redirecting potent T-cell responses in solid tumors. Building upon the initial success of TIL therapy, Rosenberg et al. engineered autologous gene-modified TCR-T against the melanosome antigen MART-1 (13). These modified TCR-T cells demonstrated persistence and induced tumor regressions in a limited number of patients. The development of the PMEL-1 mouse model, targeting another prevalent melanosome antigen in mice, provided strong preclinical evidence. In this model, transgenic PMEL-1 (gp100) directed T cells were transferred into mice bearing melanotic, poorly immunogenic B16 tumors (14). In both preclinical and clinical settings, tumor regression and persistence of the TCR-T were observed, accompanied by autoimmune responses such as vitiligo, which were observed in both mice and humans (15, 16).

The future development of therapies against HLA-restricted cancer-testis (CT) antigens including NY-ESO-1, PRAME, MAGE-A3 and MAGE-A4, among others, showcased additional opportunities for the efficacy of TCR-T against solid tumors. However, the development of a fully analogous mouse model posed challenges due to the lack of homology, expression and/or cross-reactivity of TCRs with mouse peptide-MHC (pMHC). In most cases, representative antigens with known high-affinity CD8 TCRs such as PMEL-1, tyrosinase-related protein 1 (TRP1) or ovalbumin (OVA/OT-I) were used as proxies for human TCR-T.

The process of preclinical validation for GML is constantly evolving, and new guidance is emerging (17). However, the primary objective of preclinical testing remains consistent: to confirm the biological activity, mechanism of action, and preclinical safety of the therapy before its use in patients.

While animal models, particularly severely immunocompromised mice, are commonly employed for CAR-T validation, the current approach often focuses on assessing fundamental attributes such as dose-dependence, on-target on-tumor activity, and the absence of uncontrolled proliferation and toxicity. While these attributes validate the functionality of the transgene and the manufacturing process, they overlook several critical aspects that should be considered when designing GML as therapeutics for oncology.

These aspects include modeling on-target, off-tumor toxicity and exhaustion, understanding the impact of lymphodepleting chemotherapy (LDC) on toxicity or cell expansion, evaluating tumor heterogeneity and antigen escape, evaluating the tumor microenvironment (TME) with its soluble factors and immune suppressor cells, overcoming barriers to infiltration, exploring the consequences (both positive and negative) of long-term expansion and persistence, and evaluating toxicities such as cytokine-release syndrome (CRS) and immune effector-cell-associated neurotoxicity syndrome (ICANS).

To characterize the cell therapy product and its design attributes more comprehensively, we have developed a framework called “DIAL”. This framework provides a holistic understanding of genetically engineered cellular immunotherapies in vivo, encompassing their journey from infusion to tumor regression and continued immunosurveillance. The acronym DIAL represents Distribution, Infiltration, Accumulation, and Longevity, which serve to compartmentalize the systemic attributes of gene modified cellular therapy (Figure 1). Additionally, DIAL serves as a platform for optimizing these attributes, with the ultimate goal of enhancing overall therapeutic efficacy. This review will discuss both existing and emerging examples of DIAL optimization, their characterization in mouse models, and potential avenues for future development. Given the rapidly evolving nature of this field, it is not feasible to cover each topic exhaustively with examples of each emerging technology. Instead, each section will focus on key examples, emphasizing areas for improvement and future advances.




Figure 1 | The DIAL framework. Distribution, infiltration, accumulation, and longevity are classified as key attributes and areas to focus on for enhancing cell therapy products. Examples of interventions are provided for each attribute and discussed in the text.






2 Distribution

Optimal drug distribution refers to the efficient and rapid delivery of drug material to the desired site of action from the site of administration. The distribution of adoptively transferred lymphocytes for cellular therapy is analogous to pharmacologic distribution of biologics and small molecules, with certain key distinctions.

As donor-derived “living drugs”, infused GML exhibit a distribution pattern similar to endogenous lymphocytes (18–20). Following intravenous infusion, T-lymphocytes follow the vascular circulation, extravasate into tissues, diffuse into target sites, and recirculate through uptake in lymphatic tissue via high endothelial venules, ultimately returning to the vasculature through either the thoracic duct or vascular circuits (21). While the initial use of CAR-T focused on treating of B cell malignancies in the periphery it is important to note that GML also can distribute in compacted tissues and encounter their cognate antigens. This interaction allows them to receive survival and proliferation signals, promoting their expansion.

The expansion phase of GML products induced by antigen encounter sets adoptive cell therapy (ACT) apart from other therapeutic approaches. During this phase, the levels of the therapeutic cells (measured by the presence of CAR or TCR-positive cell by flow cytometry or gene copy number by PCR) increase relative to the infusion levels. The peak and duration of this elevation depends on the antigenic burden and the microenvironmental context of antigen encounter, both of which influence the extent of proliferation and expansion. Over time, the infused cells undergo apoptosis in various tissues. The initial phase of decay occurs rapidly after the initial expansion, while the second phase of decay proceeds gradually over weeks to months. This gradual decline may be attributed to factors such as loss of stimulation, activation-induced cell death, and exhaustion (22).

The composition of cell therapy infusion products plays a pivotal role in determining their distribution. When accounting for effector, memory and naïve subsets, both rodents and human exhibit a similar distribution pattern for ACT (21, 23–25). Factors such as cell size and the presence of receptors that govern lymphatic tropism (such as L-selectin and CCR7) can influence the survival and recirculation of cells post-infusion. Further, the relative composition of these subsets can impact the proliferative and metabolic potential of the transferred lymphocytes.

In the case of commonly used laboratory mice (Mus musculus), variations in CAR-T and TCR-T distribution may be attributed to factors like strain differences, extent of immune competence, and discrepancies in housing and sourcing facilities. Nonetheless, working with laboratory mice generally offers the advantage of predictability and consistency in experimental outcomes.



2.1 Distribution – cellular manufacturing

The ex vivo manipulation and expansion of GML, often referred to as cellular manufacturing, represents the initial stage where subsequent distribution patterns can be influenced. The manufacturing process involves complex interplay of factors that dictate the cellular kinetics (CK) of the grafted cells, including post-infusion cell survival, tissue infiltration, antigen-induced expansion, recirculation through the lymphatics into the bloodstream, terminal differentiation, and elimination.

Early T cell manufacturing processes focused on scaling up large numbers of cells for infusion into patients who would subsequently receive supportive doses of IL-2 (26, 27). In comparison, CAR-T therapy had key distinctions, requiring fewer cells for infusion and demonstrating the ability to persist without patient-administered IL-2. However, many of the principles established with TIL therapy, such as T cell activation though their TCR using anti-CD3 antibodies or antigen-presenting cells, and expansion in the presence of moderately high (>100 IU/mL) levels of IL-2 for 1-2 weeks, were initially maintained in GML protocols.

However, it was observed that sustained expansion in IL-2 could lead to cell exhaustion and limited persistence in vivo (28). Consequently, various protocol modifications were adopted in cellular manufacturing to preserve the fitness and persistence of the transferred cells post-infusion (29, 30).

In the years following the development of the initial CD19 CAR-T therapy, numerous modifications to manufacturing protocols were explored. These included the use of CD3/CD28 beads and alternative cytokines such as IL-7, IL-15, and IL-21, which promoted a stem cell memory phenotype (31–33). Additional enhancements involved incorporating small molecules into expansion media to further boost memory characteristics, promote persistence, and increase anti-tumor activity (34–39). The results demonstrated that process modifications preserving a memory cell phenotype enabled enhanced persistence, as determined by factors such as proliferative potential, resistance to stress (e.g., serial antigen stimulation or low cell dosing), and improved distribution to lymphatics and secondary lymphoid organs, facilitating recirculation (40).

Administration of high doses of CAR-T cells after prolonged manufacturing times and in conjunction with supportive IL-2 can lead to severe toxicities and lack of long-term durability, even when the target antigen is not present in normal tissues (41). Because of these potential issues, many of the recent advancements in autologous cellular manufacturing focus on preserving GML stemness as a means of improving potency and reducing toxicity, with a heightened focus on the T memory stem-cell (TSCM). This subset of memory T cells with self-renewal capacity was first identified in mice (34) and subsequently in human (28) and non-human primate (42). TSCM have similar cell surface markers and metabolic potential compared to naïve T cells, and have an enhanced proliferative potential compared to other memory and effector subsets. For CAR-T, it is important to consider that recently activated naïve T cells are often not distinguished from native TSCM cells and thus may differ in functional capacity and fate. There are a variety of ways to enhance the CAR- TSCM fraction: mechanical enrichment of naïve/memory subsets (29, 43), addition of factors or cytokines to induce stemness (31, 37, 44), and shortening the manipulation of peripheral cells and reducing manufacturing time (45, 46). Although much of the modeling for CAR-TSCM is performed using human cells in immunocompromised mice, the underlying principles can be applied to immunocompetent strains as well.

Murine T cell manufacturing processes are not optimal for translation to human CAR-T cell manufacturing. Mouse T cells exhibit many dissimilarities compared to their human counterparts. Additionally, available protocols for murine T cell transduction and expansion, as well as lymphodepletion, create disparities in comparison to humans.

To begin with, murine T cells do not expand ex vivo to the same extent as human T cells. They require different media and conditions for activation and do not consistently expand for greater than approximately 10-14 days. Furthermore, the source of cells differs between murine and human protocols. Murine protocols primarily utilize splenic T cells, whereas human protocols rely on peripheral blood T cells (47, 48).

Lastly, lymphodepletion in mouse typically involves low-dose (<5 Gy) whole-body irradiation, whereas lymphodepleting chemotherapy (LDC) is almost exclusively used in humans. These differing protocols can lead to variations in the dynamics of lymphopenic immune cell recovery and cytokine production, which are crucial for supporting the expansion of transferred cells and promoting memory phenotypes.

Despite these differences, genetically engineered fully murine model systems can still be utilized to highlight many of the advantages of generating stem-like T cells for ACT (49–55). In the future, the development and engineering of GML could benefit from a combination of both immunocompetent syngeneic murine and immunocompromised human xenograft model systems. This approach would provide a more comprehensive understanding of the various factors required to achieve optimal cell distribution.




2.2 Distribution – choice of antigen

The choice of antigen and context of antigen encounter will influence the initial distribution of the gene-modified cells. After intravenous infusion, cell therapy products follows a pattern of distribution that involves vascular circulation, extravasation, diffusion into tissue, and recirculation primarily through lymphatics and vascular circuits. GML can distribute in tissues and encounter their cognate antigens in the tumor, triggering survival and proliferation signals that allow for expansion and continued distribution (Figure 2A). Different types of lymphocytes may have varying tendencies to distribute to tissues and lymphatics.




Figure 2 | Distribution. (A) T cells isolated from patient’s peripheral blood or mouse lymphoid organs are engineered to express a CAR. CAR-T cells are expanded ex vivo and infused back into the patient or in tumor-bearing mice. Upon infusion, CAR-T cells distribute through the body, migrate to the tumor, and kill target-expressing tumor cells. (B) delivery of mRNA-encoding CAR ligands using lipid nanoparticles (LNPs) to lymph nodes results in expression of the target by APC. Target-expressing APC prime and activate CAR-T cells, allowing for expansion and migration to the tumor.



In cases where antigen is readily accessible in blood-based tumors, the process of expansion and distribution is facilitated. However, when the antigen is confined to poorly vascularized or compacted tissues, both the accessibility and the context of antigen encounter are compromised. Non-genetically modified lymphocytes, particularly T cells, have the capability to produce cytokines and transcription factors that promote proliferation and antigen-induced expansion. GML, with their expressed receptors, further enhance antigen-induced expansion to exaggerated levels, which can be augmented by preceding lymphodepletion. It is important to note that the differences between mouse and human lymphodepletion, as discussed earlier, can also lead to discrepancies in interpreting preclinical models when evaluating antigen-specific expansion in humans.

Antigens that exhibit a tumor-specific expression profile facilitate confined and intended cell expansion. On the other hand, more promiscuous antigens increase the risk of “off-tumor” toxicities and promote effector differentiation, which can lead to eventual dysfunction. When target-directed activity induces both direct cytotoxicity and paracrine effects through cytokine production, widespread antigen expression outside the tumor can exacerbate systemic inflammation. This, in turn, hampers the cells’ ability to infiltrate the tumor efficiently. This phenomenon is commonly referred to as on-target, off-tumor toxicity. However, promiscuous antigen expression can also impede cell expansion and distribution by diverting cells into non-tumor tissues, effectively excluding a portion of the transferred GML from their intended target.

The ideal antigen for tumor targeting would be uniquely expressed in the tumor and absent in normal tissues. However, for CAR-T therapy, such antigens are rare, with only a few examples like EGFRvIII and aberrantly glycosylated protein glycoforms such as Muc1 falling into this category (56, 57). Most CAR targets show a preference for tumor expression but are also detected in normal tissues. The most successful CAR targets have been observed in B cell malignancies, where normal expression occurs in cells that are apparently dispensable. Another wave of CAR targets is emerging, with lower levels of normal tissue expression but not complete absence. These targets aim to strike a balance between effective tumor targeting and minimizing off-target toxicities. It is challenging to achieve complete avoidance of target engagement in normal tissues, so efforts are focused on selecting targets with reduced normal tissue expression to mitigate potential toxicity while still enabling successful tumor targeting.

This expanded repertoire of CAR targets opens up new possibilities for successful immunotherapy beyond B cell malignancies, where targets expressed in dispensable tissues have shown promising outcomes. Preclinical mouse models provide certain examples where on-target, off-tumor toxicity can be monitored. However, it’s important to note that these models often involve immunocompromised mice using mouse cross-reactive single-chain variable fragments (scFvs) or transgenic approaches to introduce the human antigen.

For instance, one study showed that a low-affinity Her2 CAR-T specifically targeted Her2-expressing tumors while avoiding accumulation in the mouse liver, where Her2 was artificially expressed using adenovirus (58). In another example, an affinity-tuned, mouse cross-reactive GPC3 CAR-T was able to avoid lethal toxicity against GPC3 expressed in the mouse lung and induce regression of human hepatocellular carcinoma tumors (59). However, caution must be exercised when interpreting off-tumor toxicities in mice, as some results may not align with human studies. For instance, a high-affinity GD2 CAR-T demonstrated lethal CNS toxicity in a mouse model of neuroblastoma (60), whereas human clinical trials using a similar GD2-targeted CAR-T via intravenous and intracerebroventricular therapy showed good tolerability without signs of off-tumor CNS toxicities (61).

In contrast to CAR therapy, GML TCR therapy offers access to certain tumor-specific targets, particularly due to its ability to recognize intracellular proteins presented as peptides in the context of the major histocompatibility complex (pMHC). These targets primarily fall into the categories of cancer-testis antigens, tumor-viral antigens, and mutant neoantigens. The presence of these unique tumor-specific targets presents opportunities for precise and personalized immunotherapy approaches.

GML TCR therapy allows for the targeting of antigens that are specifically expressed by tumor cells, offering potential advantages in terms of enhanced tumor specificity and reduced toxicity compared to CAR therapy. This approach broadens the range of tumor-specific antigens that can be targeted, expanding the possibilities for developing effective treatments against various types of cancer. However, achieving broad targeting will necessitate the rapid development of personalized TCR-T therapies (62), which cannot be practically modeled in mice.

For the majority of the aforementioned targets, fully mouse surrogate CAR/TCR systems, transgenic mice, or cross-reactive mouse antibodies are not typically used in preclinical studies. While on-tumor activity can be measured, there remains a significant gap in the investigation of off-tumor inflammation and toxicity. Consequently, examples of off-tumor engagement by GML are predominantly observed in human clinical trials, and the overall implications for cell survival, distribution, and toxicity in these scenarios remain poorly understood.

Furthermore, it’s worth noting that many GML TCR therapy approaches are often combined with interleukin-2 (IL-2) to enhance cellular expansion and persistence. However, the use of IL-2 in these therapies brings its own considerations and potential dose-limiting toxicities. These toxicities may include vascular leak syndrome, hypotension, and renal dysfunction. Modeling IL-2 toxicity in mice is challenging, primarily because mice can tolerate high levels of IL-2 without experiencing the dose-limiting toxicities observed in humans.

A recent advancement in GML engineering is the application of combinatorial antigen targeting technology. This approach aims to more precisely target tumor tissues while avoiding off-tumor inflammation and promoting optimal GML distribution. However, it is important to note that most logic-gated CAR-T systems have only been demonstrated at the preclinical level in mouse models.

Logic gating approaches typically involve two distinct binding events and can fall into different categories:

	OR gating: Both antigen-binding fragments can simultaneously engage with the target and trigger signaling. This can occur through tandem engagement, where both antigen-binding molecules are joined and signal through a shared intracellular domain (ICD), or through the expression of separate CARs in a bicistronic format.

	AND gating: Both antigen-binding fragments are required to engage the target in order to initiate signaling.

	ON gating: The CAR is not expressed or fully functional until the addition of a second pharmacologic agent, which can be a small molecule, protein, or antibody-like drug. “Universal CARs” also fall in this category.

	NOT gating: The second antigen-binding fragment can disable or “turn off” the signaling initiated by the first antigen binder, typically expressed in normal tissues.

	IF … THEN gating: The first antigen binder drives signaling through a secondary transcription factor, leading to the expression of the second protein, which can be a fully competent CAR molecule.



While “OR” gated CAR-T, used in multiple dual and tandem formats, is being evaluated in clinical trials for hematologic malignancies, most logic-gating approaches have only been described and validated in preclinical studies in mice (63–66). Since most logic-gating strategies require two separate events to initiate signaling, they may have limitations such as leakiness or a loss of precise temporal control. For a more detailed discussion on the benefits and challenges associated with various logic-gating approaches to mitigate on-tumor, off-target toxicity, a recent review provides in-depth coverage (67).

An innovative approach aims to address some of the challenges faced by other technologies by combining distinct antigen binding domains with mutually dependent signaling domains downstream of the TCR complex. Researchers proposed coupling the intracellular domains (ICDs) of SLP76 and LAT to single-chain variable fragment (scFv) domains that recognize different antigens. By engineering mutations that prevent simultaneous binding of the Grb2 family member GADS, this approach creates a tightly regulated logic gate that has the potential to enable tumor-specific expansion of dual CAR-T cells (68).

The SLP76/LAT logic gate was validated using a commonly used xenograft model of acute lymphoblastic leukemia (NALM6) in NSG mice, where the tumor cells expressed ROR1 and CD19 antigens as dual targets. Encouragingly, this approach demonstrated an improved balance between efficacy and off-tumor toxicity compared to traditional “split CAR” and “Syn-NOTCH” logic-gating strategies. The development of technologies that provide more precise control over dual antigen targeting in the future may not only help in managing off-tumor toxicity but also enhance the distribution properties of CAR targeting molecules.

This advancement opens up possibilities for the exploration of dual-antigen-defined tumor types. It offers the potential for improved efficacy by combining the favorable attributes of TCR GML (tumor specificity) and CAR GML (targeting broader indications).




2.3 Distribution – cell priming strategies

To enhance GML expansion, strategies have been explored to mimic peripheral priming mechanisms in secondary lymphoid organs (SLO) by targeting oxygen, nutrient, and co-stimulatory ligand-accessible regions of the body. Initially, the concept of enhancing adoptive T cell therapy involved using viral-specific T cells as a platform for tumor-directed CAR or TCR transgenes. These priming responses can be engaged passively, through endogenous viral antigen presentation, or actively, via vaccination against the viral antigen (69, 70). In recent approaches, in vitro priming of CAR-T cells with oncolytic viruses through their native TCR has been combined with in vivo boosting, leading to impressive responses in preclinical models of melanoma and glioma (71).

Despite the early enthusiasm and adoption of viral-specific T cells as a CAR platform, and the development of innovative approaches to prime peripheral expansion of CAR-T, only a limited number of human clinical trials have been initiated using these approaches. It’s important to note that most viral-specific T cells are being explored as an allogeneic platform due to their reduced potential for alloreactivity (NCT04288726, NCT03740256, NCT01475058, NCT01430390). In addition to viral-specific T cells, other lymphocyte lineages such as NK cells, iNKT cells, γδ T cells, and MR1 T cells that can recognize non-MHC antigens in tumors may also be considered as GML platforms (72–75). While these alternative ACT platforms have the ability to naturally expand in the presence of their cognate ligands, similar to viral-specific T cell priming, and show potent responses in mouse models, it remains to be seen if they exhibit similar expansion and distribution potential to αβ CAR-T cells in human patients.

Recent synthetic approaches to enhance CAR-T expansion include “CAR vaccine” strategies, which involve the delivery of mRNA-encoded CAR ligands using lipid nanoparticles (LNPs) to lymph nodes (Figure 2B). This allows CAR-T cells to undergo in vivo expansion and stimulation in lymphatic regions. The CARVac strategy demonstrated that LNP-mediated delivery of the CLDN6 antigen to antigen-presenting cells (APCs) in the lymphoid compartments of mice could promote robust expansion of CLDN6 CAR-T cells and improved anti-tumor efficacy (76). Another approach involved in vivo expression of “amphiphile ligands” that could be delivered by LNPs and inserted into the membrane of APCs to present cognate ligands, facilitating GML proliferation (77, 78). Interestingly, neither of these approaches resulted in substantial elimination of the CAR-antigen expressing APCs. Clinical testing of CARVac is underway to enhance CAR-T expansion against CLDN6-positive solid tumors (NCT04503278). Although data generated in mouse models demonstrated a significant increase in expansion and improved anti-tumor efficacy, data from human trials are still in the early stages and inconclusive regarding the priming benefits of the “CAR vaccine” approach. Nonetheless, these and future strategies to safely enhance peripheral CAR-T expansion can be effectively modeled in mice and have the potential to drive GML activity using lower infused doses or lymphodepletion-free regimens.





3 Infiltration

Following successful systemic distribution, transferred immune cells may encounter various physical and chemical barriers as they navigate towards tumor-associated antigens and exert their cytotoxic function. In the case of hematologic malignancies, GML may not require extensive infiltration to encounter antigens. However, this is not the case for the majority of carcinomas. Fortunately, immune cells, such as T cells, possess receptors that facilitate extravasation from the vasculature into inflamed tissues and further penetration into the extracellular matrix (ECM) based on chemokine receptor expression, cytokines, and chemical gradients (79). While most CXC and CC chemokine receptors are already expressed on peripheral T cells at various activation stages (80), there are instances where enforced overexpression of these receptors enhances GML’s ability to access tumors by leveraging native chemical gradients.



3.1 Infiltration – engineering chemotaxis

One important aspect of successful infiltration is the ability of T lymphocytes to undergo extravasation and chemotaxis towards sites of inflammation. Naturally circulating T cells acquire this capacity as a result of effector differentiation following antigen recognition and priming in secondary lymphoid organs (SLO). As described earlier, there are various methods to enhance GML priming using synthetic and natural mechanisms. Additionally, receptor overexpression in GML has been shown to augment their infiltration capacity. Some approaches focus on tumor-specific cues to modify chemotactic receptor expression, while others aim to increase lymphoid-homing capacity, recirculation, and survival in a more general manner, thereby enhancing anti-tumor function (81). Proof-of-mechanism for tumor-specific strategies primarily comes from engineered preclinical mouse models and xenograft model systems, where overexpression of the chemokine receptor can influence the infiltration and accumulation of CAR-T cells compared to their unmodified counterparts.Chemokine receptor overexpression in GML has been utilized to address potential trafficking deficiencies in solid tumors (Figure 3A). The strategic rationale behind these approaches is often similar:

	Tumors are found to express sufficient levels of chemokine ligands, creating chemotactic gradients.

	Peripheral T cells or endogenous tumor-infiltrating lymphocytes (TIL) show low levels or downregulation of the cognate or paired chemokine receptor(s).

	Re-expression of the lost or downregulated receptor is shown to synthetically augment and/or restore infiltration in preclinical mouse models.






Figure 3 | Infiltration. (A) Chemokine receptors can be engineered into CAR-T cells, enhancing the sensitivity to chemokine gradients and ultimately migration and infiltration to the tumor site. (B) Extracellular matrix-(ECM) rich tumor types physically restrict lymphocytic infiltration, creating an immune-excluded TME. Use of combination agents that directly or indirectly target tumor fibrosis may facilitate GML infiltration into the TME.



Examples of receptors engineered into GML include CCR2, CCR4, CXCR2, CXCR3, CXCR4, and CX3CR1 (82–88). Recent examples showed overexpression of CXCR2 enhanced infiltration of CAR-T hepatocellular carcinoma xenografts where the tumors were shown to express high levels of CXCR2 ligands including CCL2, CXCL1, CXCL2, and CXCL5 (89); CXCR1 overexpression enhanced T and NK CAR cells to migrate into ovarian or pancreatic tumors (90, 91) and CCR2 transduction into MSLN CAR-T cells enhanced migration into CCL2 positive malignant pleural mesotheliomas (86, 92). Although some of these examples exploit chemotactic gradients that may be generally expressed in inflamed tissues rather than specifically in tumors, a recent study used a tumor-specific strategy by forcing overexpression of the chemokine receptor CXCR6 on mesothelin-targeted CAR-T cells. This approach led to enhanced regression of pancreatic tumor xenografts. CXCR6, which is normally lowly expressed on peripheral blood T cells, is naturally attracted to its counterpart ligand CXCL16. In this case, CXCL16 was found to be highly expressed by malignant pancreatic epithelial cells, making it an attractive tumor-specific strategy (93).

Other strategies have been explored to improve infiltration and survival of transferred ACT without directly targeting the tumor. Some of these strategies involve factors such as IL-7/CCL19 or L-selectin overexpression to increase tumor penetration of ACT (81, 94). Notably, L-selectin overexpression in mice allowed for equivalent tumor infiltration and improved anti-tumor function of CAR-T cells by decreasing the activation threshold of the transferred cells, contrary to the presumed improvement in lymphoid organ homing. While these strategies have shown therapeutic merit in preclinical models, few have been validated in human clinical trials. It remains to be seen whether these strategies can enhance the success of GML-based solid tumor therapy.

A recent report suggested that ex vivo expansion of CAR-T cells in the presence of TGF-β could significantly enhance tumor infiltration and efficacy in xenograft tumor models (95). This approach aimed to epigenetically rewire peripheral blood T cells toward a resident memory T cell phenotype (TRM), which would enhance accumulation and promote stemness of the transferred CAR-T cells targeting MSLN. In CAR-TRM treated, regressing xenograft tumors, there was a marked increase in CAR-T cell infiltration, and depletion of CD103+ cells diminished the benefits of the so-called CAR-TRM cells. Interestingly, overexpression of the TRM transcription factor RUNX3, which had been used previously to enhance TRM expansion in murine tumor models, did not phenocopy the CAR-TRM cells (96). This expansion strategy represented the first attempt to enhance CAR-T infiltration in murine models using ex vivo process engineering. Intriguingly, a similar protocol was used in human clinical trials to enhance neoantigen-directed TCR-T cells targeting mutant KRAS G12D pMHC (97). In this clinical trial, a TGF-β-based ex vivo expansion protocol was employed to enhance TCR-T cell infiltration in pancreatic ductal adenocarcinoma, leading to a dramatic reduction of lung lesions and a durable clinical response in one patient.

Another strategy to improve GML infiltration involves introducing chemotactic factors or cytokines into tumor-targeted therapeutics, such as engineered oncolytic viruses (OVs). Studies using mouse models demonstrated that intra-tumoral injection of adenovirus engineered to produce IL-15 and RANTES could promote GD2 CAR-T cell infiltration into solid tumors in immunocompromised mice (98), and this approach is also being explored in human clinical trials (NCT03740256). Subsequent efforts showed that intra-tumoral injection of OVs, such as vaccinia, could promote T cell infiltration by producing high systemic levels of CXCL11 (99). Other combinations propose introducing cytokine or immune checkpoint blockade (ICB) payloads into OVs, which, together with the oncolytic activity of the virus, can enhance CAR-T cell infiltration and survival in preclinical models of solid tumors (100–102). Unexpectedly, OV-mediated introduction of intra-tumoral Type 1 interferon (IFNβ) was shown to drive CAR-T cell apoptosis, which was prevented by deleting IFNAR1 in the engineered cells (103). Given that many OVs naturally induce the production of Type I interferon, a deeper understanding of the potential benefits, pitfalls, timing, and sequencing of combination OV and CAR-T therapy is warranted (104). The combination of OV and CAR-T therapy for solid tumors is a subject of ongoing research and a separate review (105).




3.2 Infiltration – navigating physical barriers

In addition to challenges posed by suboptimal chemotactic gradients, solid tumors often create physical barriers that promote immune exclusion. Immune exclusion can be caused by immune or non-immune stroma in the TME, which may impede immune cell infiltration. The next section of this review will delve into the discussion of soluble and metabolic factors that contribute to immune exclusion. This section will primarily focus on tumors characterized by fibrogenic stromal cells, also known as cancer-associated fibroblasts (CAFs), which produce collagen-containing matrices that physically restrict lymphocytic infiltration. However, it is important to note that certain human tumors, such as pancreatic ductal adenocarcinoma, possess extensive stroma that cannot be accurately modeled in preclinical species. Despite this limitation, preclinical strategies have been developed to counteract non-immune stromal cells using CAR-T cells, either by directly eliminating CAFs or indirectly targeting stromal-derived barriers. In addition, use of combination agents that directly or indirectly target tumor fibrosis may represent an alternative strategy to improve GML infiltration into extracellular matrix-(ECM) rich tumor types (Figure 3B).

Developing strategies to target the extracellular matrix (ECM) presents multiple challenges. One of the key challenges is the development and validation of preclinical models that accurately replicate CAF-containing fibrogenic stroma observed in pancreatic, colon, hepatocellular, gastric, esophageal, head and neck, cervical, and breast cancers. While mouse models can partially capture certain aspects of fibrotic tumors, such as modeling the increased interstitial fluid pressure induced by fibrosis (106), they are likely to fall short in simulating the complexity of combining fibrosis-targeting agents with GML. Additionally, CAFs, like other components of the immune stroma, are heterogeneous and play diverse roles in cancer, some of which may not be adequately modeled in mice. Furthermore, fibrogenic stroma in humans often develops in the pre-metastatic niche, resulting from the recruitment of factors from the bone marrow and facilitating vascular access before tumor establishment. Most of the strategies mentioned above have been described using cell line-derived xenograft (CDX) or genetically engineered mouse models (GEMM), which rarely fully replicate the extent of stiff, fibrotic ECM seen in cancer patients.

Strategies encoded in GML to target fibrosis include directly eliminating fibrogenic cells in the tumor. One of the prominent targets on CAFs is the fibroblast-associated protein (FAP) (107–109). Murine reactive FAP CAR-T cells have shown effectiveness in multiple preclinical models, but potential toxicity concerns arise due to the depletion of FAP-expressing bone marrow stromal cells (110, 111). There have been limited opportunities to test this concept in human clinical trials, but FAP CAR-T cells appear to be tolerated at subtherapeutic doses (NCT01722149). Another genetic strategy to enhance access to ECM-rich tumors involves engineering CAR-T cells to secrete ECM-degrading enzymes, such as hyaluronidase or heparinase (112, 113). In both preclinical examples, the encoded and secreted enzymes did not interfere with CAR-T cell function and effectively degraded the matrix in mouse xenograft tumor models. Although these efforts have shown benefits in various murine models, there is limited proof-of-concept evidence from human clinical trials regarding ECM degradation and/or fibroblast targeting.

Myeloid cells can also impede GML infiltration into tumors. Targeting tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) broadly for depletion can be challenging due to potential toxicities. However, recent studies suggest that certain receptors may serve as tumor-specific targets, allowing for safer targeting of these suppressive cell types. For TAMs, targeting the folate receptor β (FRβ) with a CAR in syngeneic mouse models was shown to be safe and promoted increased infiltration of MSLN CAR-T cells in multiple tumor models (114). MDSC targeting was facilitated by a DR5 agonist costimulatory CAR expressed on the cell surface of Mucin 1 (MUC1) CAR-T cells (115). This approach demonstrated improved anti-tumor activity in an MDSC-admixed tumor model, presumably through increased infiltration, although direct evidence was not provided. Interestingly, the concept of targeting MDSCs with DR5 agonist antibodies has been previously tested in mice and humans, showing promising results and offering a novel approach to enhance GML infiltration (116, 117).




3.3 Infiltration – combination strategies

An indirect approach to disrupt factors that suppress lymphocytic infiltration involves tumor debulking through surgery, chemotherapy, or radiation. However, these therapies can have a dual effect as radiation and chemotherapy-resistant tumors often develop fibrosis as a consequence of treatment (118). This fibrotic response can vary depending on the therapeutic regimen but is a common outcome due to oxidative stress in the TME. To address therapy-induced fibrosis, targeted therapies have been explored to inhibit cancer-associated fibroblasts (CAFs), the extracellular matrix (ECM), or overall tumor architecture.

In terms of targeting the ECM, small molecule inhibitors of lysyl oxidase (LOX) and LOX-blocking antibodies have shown impressive activity in a GEMM of breast cancer. However, these approaches have not yet demonstrated success in human clinical trials (119, 120). Other small molecule inhibitors such as fasudil (ROCK inhibitor) and defacitinib (FAK inhibitor) have been used to attenuate focal adhesion signaling in tumor cells, influencing ECM remodeling by reducing matrix metalloproteinase (MMP) deposition and the desmoplastic response, respectively (121). Both fasudil and defacitinib have shown improved survival in mouse models of pancreatic cancer (LSL-KrasG12D/+; LSL-Trp53R172H/+;Pdx-1-Cre), and early-stage clinical trials combining defacitinib with immune checkpoint inhibitors (ICI) have demonstrated stable disease with increased T cell infiltration in post-treatment biopsies. Although there are currently no planned clinical studies with fasudil, its potential remains to be explored. Recombinant hyaluronidase or pegylated recombinant hyaluronidase 20 (PEGPH20) have been tested in combination with chemotherapy for pancreatic ductal adenocarcinoma (PDAC) based on strong combination activity observed in KPC mouse models (106). PEGPH20 was able to reduce interstitial fluid pressure (IFP) in these models and improve the response to chemotherapy (gemcitabine + nab-paclitaxel). However, a randomized controlled Phase III trial of this combination did not demonstrate a significant benefit. The reasons why the KPC mouse model was not predictive of an improved combination response remain unclear. Another preclinical strategy involves targeting discoidin domain receptor 1 (DDR1) with neutralizing antibodies to disrupt collagen-containing stromal fibers (122). Targeting DDR1 to reduce collagen disposition enhanced the effects of chemotherapy and GML in orthotopic tumor models and mouse models of pancreatic cancer (KPC mice). To date, GML combinations with targeted inhibitors of ECM deposition have shown strong effects in multiple mouse models but have not translated successfully in clinical trials. This highlights the need to develop more predictive preclinical models of desmoplasia and matrix deposition to improve the infiltration of GML into tumors.

Administration of GML directly following chemotherapy may improve infiltration by exerting anti-fibrotic effects and shifting suppressive myeloid cells to a pro-inflammatory phenotype. Murad et al. demonstrated improved infiltration following chemotherapy in murine preclinical studies using cyclophosphamide prior to PSCA CAR-T administration in metastatic prostate and pancreatic cancer models (123). Interestingly, cyclophosphamide has been used to treat pulmonary fibrosis due to its lymphodepleting mechanism of action, which can suppress fibrotic inflammation (124). Alternative preconditioning therapies, such as fludarabine/cyclophosphamide (Flu/Cy) plus nab-paclitaxel (FNC), have been used in human clinical trials of CLDN18.2 CAR-T (125). These regimens, incorporating taxanes in addition to standard Flu/Cy, may improve GML efficacy by reducing tumor burden, conditioning the TME, and enhancing infiltration. However, there is a lack of preclinical mouse studies supporting the use of FNC preconditioning. The differences in metabolism of conventional chemotherapies between mice and humans make it challenging to model these combinations accurately, but exploring indication-specific regimens to improve responses should be considered.

Another potential approach to enhance GML infiltration involves intra-tumoral injection of surgically resected or debulked tumors to facilitate T cell-mediated clearance of minimal disease. Mouse models utilizing gel-embedded CAR-T have been described, demonstrating clearance of partially resected MSLN+ xenograft tumors (126). The fibrin gel-embedded MSLN CAR-T enabled clearance of tumor cells at the margin of surgical resection, minimizing on-target, off-tumor toxicity and complications associated with wound healing. The fibrin glue appeared to support CAR-T survival and infiltration into the tumor margin, clearing minimal residual tumor cells and preventing additional treatment-induced inflammation and fibrosis. A study to explore this approach in locally advanced breast cancer is planned.





4 Accumulation

In comparison to hematological malignancies, solid tumors present numerous challenges within the TME that hinder the activation and functionality of T cells, thereby limiting the efficacy of cell therapies (Figure 4A). Various factors within the TME can impede the successful accumulation and subsequent expansion of T cells, including metabolic properties (such as hypoxia, nutrient limitation, and ionic imbalance), the presence of suppressive cell types (such as TAMs, MDSCs, and Tregs), and the presence of suppressive cytokines or soluble factors (such as TGF-β and IL-10) (114, 127). Genetic engineering strategies for CAR-T cells aimed at counteracting the suppressive TME are commonly referred to as “armoring” approaches (128).




Figure 4 | Accumulation. (A) The TME is rich of immunosuppressive factors that can inhibit CAR-T activation, proliferation, and accumulation even in presence of target antigen. (B) CAR-T can be engineered to alleviate distinct challenges of the TME. Armoring strategies can shield CAR-T cell, decreasing their sensitivity to inhibiting factors (TGFβ, PD-L1, adenosine), or can endow them with the ability to target immunosuppressive cells (anti-MDSCs).



While there are diverse strategies to enhance the performance of CAR-T cells, a primary objective is to improve their accumulation within the TME. This can be achieved by enhancing their survival or promoting increased cell division rates. In this review, we classify accumulation strategies as either “defensive” or “offensive.” Defensive strategies aim to protect GML from factors that suppress their proliferation or survival, while offensive strategies involve the elimination of suppressive cells or factors to facilitate GML accumulation (Figure 4B). To provide preclinical validation, we will also assess the feasibility of modeling these strategies in mice.



4.1 Accumulation - defensive strategies



4.1.1 Metabolism

T-cell metabolism plays a crucial role in determining both cell survival and the effectiveness of antitumor immune responses. However, understanding the intricate metabolic crosstalk between CAR-T cells and TME poses challenges for in vitro modeling. Therefore, the utilization of in vivo models becomes highly significant in dissecting the complex metabolic pathways involved in this interaction. Syngeneic models have emerged as valuable tools for investigating T-cell metabolism due to their flexibility in engineering specific immune subsets and accurately representing immune components within the TME.

Chang et al. utilized a sarcoma model expressing or lacking the spectrin-β2 antigen, which determines tumor rejection, to investigate T-cell fitness in different TMEs. Expanding upon these findings, the researchers further investigated T-cell metabolism using OT-I mice. Their groundbreaking work revealed a fundamental concept: the competition for glucose between CAR-T cells and the TME leads to reduced cytokine production and facilitates tumor growth (129). Additional insights into aerobic glycolysis-induced T-cell differentiation came from studies employing CD4CreLdhafl/fl mice lacking LDHA in T cells. These studies demonstrated that aerobic glycolysis promotes effector T-cell differentiation, highlighting LDHA as a critical therapeutic target (130). Subsequently, transgenic PMEL-1 mice were used to explore the modulation of LDHA in cell therapy. This study demonstrated that the metabolic characteristics of antigen-specific T cells, along with their persistence, accumulation, and antitumor immunity, could be effectively modulated through the administration of exogenous cytokines (131).

The adjustment of T cells to hypoxic and nutrient-deprived tumors triggers a metabolic switch to glycolytic metabolism, primarily mediated by the transcription factor HIF-1α (132, 133). The critical role of HIF-1α in inducing T cell effector status has been demonstrated using HIF-1 or HIF-2αfl/fl dlckCRE mice (134). However, under chronic hypoxia, this metabolic switch might lead to terminal differentiation, anergy, and exhaustion. This is particularly relevant for transferred lymphocytes, which lack access to native priming mechanisms that can maintain memory cell persistence for extended periods. Therefore, rewiring the hypoxia response could potentially tailor T-cell differentiation, sustain persistence, and enhance antitumor responses in CAR-T cells.

Syngeneic mice have also played a critical role in exploring the importance of amino acids (such as arginine, tryptophan, and glutamine) in the biology of tumor-infiltrating lymphocytes (TILs). The scarcity of these amino acids in the TME can drive dysfunction of CAR-T cells and TILs. The essential role of arginine in T-cell activation, proliferation, and cytokine production has been demonstrated in TCR transgenic mouse models of CD4+ T cells specific for the influenza HA110–119 peptide (135). Sustained Arg1 activity require transport of arginine into the cell through cationic amino acid transporters. CAT2B is thought to be the most efficient in the transport of arginine into cells. Indeed, M-MDSCs or PMN-MDSCs derived from Cat2-/- mice adoptively transferred in tumor-bearing mice displayed a significantly reduced ability to inhibit T cell proliferation in in vitro assays (136). This was confirmed in vivo in a thymoma tumor model, where the anti-tumor activity of adoptively transferred antigen-specific CD8+ T cells was significantly enhanced in Cat2-/- vs. wild-type mice as a result of decreased ability of Cat2-/- MDSCs to suppress T cell function and proliferation (136, 137).




4.1.2 Soluble factors

In addition to its role in forcing metabolic reprogramming, hypoxia induces the accumulation of extracellular adenosine. The ectonucleotidases CD39 and CD73 lead to the sequential dephosphorylation of extracellular ATP and their expression on tumour cells, immune cells, fibroblasts, endothelial cells, and stromal cells is upregulated by hypoxia and TGFβ in the TME (138). Activated T effector cells can sense extracellular adenosine through the adenosine A2A receptor (A2AR), which triggers accumulation of intracellular cyclic adenosine monophosphate (cAMP) and limits TCR-mediated activation and expansion of effector T cells (139).

Numerous preclinical studies have demonstrated the potential advantages of inhibiting the adenosine pathway to augment the in vivo function of CAR-T cells (140–142). However, it is worth noting that the regulation of the adenosine pathway differs significantly between mice versus human. In mice, Tregs express CD39 and exhibit high levels of CD73 on their cell surface. This allows them to degrade ATP and generate adenosine, which has a dual impact: inhibiting effector T cells while enhancing the suppressive capabilities of Tregs (143, 144). Conversely, in the human T cell compartment, CD73 expression is primarily observed on the surface of naïve CD8 T cells and is only present in a small fraction of mature CD4 and CD8 memory T cells (145). Importantly, CD73 expression on Tregs is nearly absent, making the co-expression of CD73 with CD39 on Tregs a rare occurrence (146).

Transforming growth factor-β (TGFβ) is produced by multiple cells in the TME, and its expression is further enhanced by hypoxia (147). Due to its potent immunosuppressive effect and widespread presence in solid tumors, TGFβ has emerged as a popular target for cell therapy. Two commonly used strategies to modulate TGFβ activity involve the expression of dominant negative TGFβRII or targeted knockout (KO) of TGFβRII (148–155). The complex nature of TGFβ poses challenges for systemic therapies, as they often result in a wide range of side effects. In contrast, intrinsic T cell approaches offer a more targeted solution that avoids these issues. However, it’s important to note that testing the impact of TGFβ inhibition in cell therapy often relies on xenograft mouse models. While these models provide valuable insights, they do not fully replicate certain aspects such as lymphopenic proliferation following LDC or the interaction with endogenous adaptive immune cells, which are known to be influenced by TGFβ (156, 157). Therefore, the use of syngeneic or humanized murine models may be crucial to fully elucidate the effects of TGFβ-based armoring strategies on cell therapies.




4.1.3 Inhibitory molecules

Engineering inhibitory molecules to bypass negative signaling is a promising approach to enhance CAR-T cell accumulation. Inhibition of the programmed death-1 (PD-1) checkpoint pathway through the expression of a dominant negative PD-1 receptor (PD-1 DNR) has shown efficacy in enhancing the antitumor function of mesothelin-targeted CAR-T cells in xenograft models of pleural mesothelioma with high PD-1 expression (158). PD-1 DNR expression demonstrated superior efficacy compared to systemic PD-1 blockade, which required multiple doses to achieve effectiveness. Additionally, fusion receptors combining the PD-1 ectodomain and CD28 endodomain, known as switch receptors, have also been shown to enhance the antitumor function of CAR-T cells in xenograft models (158–160).

In addition to PD-1, CAR-T cells have been equipped with a dominant negative receptor for tumor necrosis factor receptor superfamily member 6 (TNFRSF6), also known as FAS. In syngeneic tumor models, expression of FAS DNR in CAR- or TCR-engineered T cells protected the cells from FAS ligand (FASL)-induced apoptosis, leading to improved in vivo persistence and tumor eradication (161). Lymphocyte activation gene-3 (LAG-3) knockout CAR-T cells have also been tested in xenograft models (162). However, when exploring inhibitory molecules like CTLA-4, which requires interaction with its ligands CD80 and CD86 expressed on myeloid cells, the use of syngeneic or humanized models becomes crucial (163).





4.2 Accumulation - offensive strategies



4.2.1 Cytokines

Improving the effectiveness of CAR T-cell therapy hinges on strategies that can shape the immune regulatory milieu within tumor tissue. In this context, offensive armoring strategies play a significant role. One approach is to engineer CAR-T cells with a transgenic cytokine that can overcome the insufficient production of pro-inflammatory factors in the TME. The transgenic cytokine can provide autocrine stimulation to sustain the survival and amplification of CAR-T cells, as well as paracrine modulation of the endogenous immune cell environment, thereby reducing systemic toxicity and remodeling the TME.

IL-12 has been studied as a cytokine for armoring CAR T cells, and its antitumor efficacy has been demonstrated in xenograft and immunocompetent syngeneic mouse models of ovarian cancer or hepatocellular carcinoma (164, 165). To further enhance the therapeutic potential of IL-12-secreting CAR T cells, Zhang et al. developed an NFAT-inducible membrane-bound IL-12, combining tumor-specific and inducible T-cell-mediated delivery with membrane-restricted localization (166). However, establishing a direct correlation between preclinical data and clinical toxicity remains challenging, as toxicity associated with IL-12 utilization is a primary concern. Variability in immune responses and toxicities, which occur in a dose-dependent manner, must be carefully considered in ongoing and future clinical trials (167).

IL-18 is another proinflammatory cytokine being explored in preclinical models and early clinical trials for cell therapy. Similar to IL-12, the efficacy of CAR T cells engineered to secrete IL-18 has been studied in xenograft and syngeneic mouse models (168, 169). Murine T cells expressing 19m28mz-P2A-mIL18 CAR were infused in C57BL/6 hCD19+/- mCD19+/- mouse model (169). This immune-competent, conditioning-dependent, tumor model uses systemic hCD19 modified EL4 (EL4[hCD19]) thymoma tumors infused into C57BL6 mice with a knockout murine CD19 (mCD19−/−), knock-in human CD19 (hCD19+/−) phenotype (C57BL6 [mCD19−/− hCD19+/−]) (170). These mice have restricted expression of one functional copy of the hCD19 gene in normal B cells, resulting in a retained immune-competent phenotype (170, 171). This model showed that IL-18 secreting CAR-T cells are efficacious in the absence of lymphodepleting chemotherapy. IL-18 secreting CD19 CAR-T demonstrated encouraging efficacy in an early clinical trials or the treatment of patients with relapsed/refractory B-cell non-Hodgkin lymphomas (NHL) or chronic lymphocytic leukemia (CLL) (NCT04684563) (172).

IL-15 is a pleiotropic cytokine that plays a role in innate and adaptive immune cell homeostasis and peripheral immune function. CD19 CAR T cells, IL-13Rα2 CAR T cells, and GD2 CAR T cells engineered to secrete IL-15 have shown increased expansion and in vivo anti-tumor activity in xenograft mouse models of Burkitt lymphoma, glioma, and metastatic neuroblastoma, respectively (173–175). However, there are concerns about prolonged exposure to IL-15, as IL-15 transgenic mice developed leukemia with a T-cell or NK-cell phenotype (176). The use of IL-15 to enhance the performance of CAR T cells will be further discussed in the section on longevity.




4.2.2 Direct targeting of immunosuppressive populations

Enhancing the accumulation of GML in the TME can be achieved by directly targeting and eliminating immunosuppressive cell populations, as discussed earlier for CAFs and MDSCs. Tumor-associated macrophages (TAMs) are another important target in cancer treatment due to their abundance in tumors and association with poor prognosis (177). One example of targeting TAMs is the use of CAR-T cells directed against CD123, which is expressed on both Hodgkin lymphoma (HL) cells and TAMs within the TME. These CAR-T cells recognize and eliminate both HL cells and TAMs, overcoming immunosuppression and exhibiting sustained clearance in xenograft models of progressive Hodgkin lymphoma. In mouse models, rechallenging with the same tumor cell line resulted in controlled tumor growth, suggesting a protective memory response (178). However, caution should be exercised when interpreting long-term survival and persistence of T cells in immunocompromised mice, considering the role of homeostatic cytokines, potential compensatory mechanisms, and the broader context of human immunology.

Another approach involves equipping CAR-T cells with an additional CAR targeting FRβ, which is specifically expressed on immunosuppressive TAMs (114). Specific targeting and elimination of TAMs was addressed in the previous section as a means of improving infiltration into solid tumors, however, this strategy can have benefits in repolarizing the suppressive TME. In syngeneic murine tumour models of C57BL/6 mice bearing ID8 RFP-fLuc tumors (which lack mFRβ expression), transfer of CAR-T cells following cyclophosphamide preconditioning selectively eliminated FRβ+ TAMs, recruited pro-inflammatory monocytes and tumor-specific CD8+ T cells, and reduced tumor growth. This targeting approach shows promise in modulating TAMs and enhancing the antitumor immune response.

Regulatory T cells (Tregs) can also be targeted by cellular immunotherapies. However, systemic blockade of Tregs has led to life-threatening autoimmune side effects in patients due to depletion of CD25+ effector T cells. While there is early in vitro proof-of-concept showing that NK-92 cells expressing an anti-CD25 CAR can target Tregs, in vivo data are lacking, and concerns about on-target, off-tumor toxicity remain (179). In vivo studies in syngeneic models have shown that an immunotoxin targeting CD25 can selectively kill intratumoral Tregs while boosting endogenous immunity (180). Although incorporating such an approach into GML-based therapy is tempting, further studies are required to better understand the risk of on-target, off-tumor toxicities.






5 Longevity

One of the unique characteristics of GML which sets it apart from traditional therapeutics, is its ability to persist in the host for months or even years. This prolonged persistence enables GML to potentially drive long-term disease remission and provide ongoing immunosurveillance against residual tumor cells (Figure 5A). The potential for long-term persistence is becoming increasingly evident over time, as seen in patients with leukemia who have experienced 10 or more years of clinical remission with ongoing evidence of CD19 CAR-T cell function (181). While studies have demonstrated long-term engraftment of memory CD8 cells in mice through serial transfer (182), there is currently no known research on the persistent functional exposure of GML in mice.




Figure 5 | Longevity. (A) Cytokines employed for CAR-T ex vivo expansion can affect their differentiation and ability to self-renew and persist in the host upon infusion. Longevity is measured by quantification of CAR-T in peripheral blood, and results in durable remission. Persistence of human CAR-T in immunocompromised mice is complicated by potential GvHD and lack of homeostatic cytokines. (B) Engineering of cytokines enhancing CAR-T cell stemness and fitness directly or indirectly improves endogenous T cell recruitment. CRISPR KO of intracellular checkpoint inhibitors or combination with CPI blocking antibodies can further improve CAR-T persistence.



Long-term engraftment of human T cells in NOD-scid IL2Rγnull (NSG) mice is complicated by xenograft-versus-host (xGvHD) immune-reactivity. This immune reactivity arises from both the MHC mismatch between human and mouse and the compromised immune system of the NSG mice, which is unable to reject the human T cell graft. Consequently, long-term engraftment studies in NSG mice may be confounded by toxicity that is specific to the model and may not accurately represent autologous GML therapy in humans. While NSG mice with Class I and Class II MHC knock-out can attenuate this toxicity (183, 184), they remain severely immunocompromised and may still generate xGvHD responses through the interaction of non-classical MHC molecules (e.g., CD1) or stress molecules (MICA/B) (185). Therefore, conducting short-term studies (~30 days) or using mouse models that can predict the consequences of long-term engraftment and endogenous immune conditioning and repertoire spreading may be more feasible and informative. Immunocompetent or syngeneic models, on the other hand, are not often used to study persistence due to challenges with T cell engineering, expansion, and the lack of models with slow tumor growth and endogenous antigen expression. Nonetheless, there are examples suggesting that transduced and expanded murine GML can be effective and persistent, and further development of these models is warranted (186).

Modifications aimed at enhancing GML longevity encompass various approaches, including alterations to intracellular domains, introduction of cytokines through genetic or pharmacological means, and deletion of intracellular inhibitory proteins that limit lymphocyte function, cytotoxicity, and persistence. These strategies not only promote the longevity of GML but can also be utilized to recruit endogenous lymphocytes, thereby extending the durability of the therapeutic response (Figure 5B).



5.1 Longevity – co-stimulatory domains

Early clinical trials with CD19 CAR T cells demonstrated that incorporating the 4-1BB co-stimulatory domain in the intracellular domain (ICD) of second-generation CARs, referred to as BBζ, resulted in enhanced persistence compared to CARs containing the CD28 co-stimulatory domain (CD28ζ). The enhanced persistence of BBζ CAR-T cells was attributed to 4-1BB’s ability to activate TRAF/NF-κB signaling, promoting fatty acid oxidation and mitochondrial biogenesis, which contrasted with the predominantly glycolytic signaling downstream of CD28 (187). Clinical data showed that CD28ζ CAR-T persistence rarely exceeded 42 days (188, 189), while BBζ CAR-T persistence often exceeded 1 year in patients achieving complete responses (190).

Subsequent investigations consistently revealed distinct metabolic responses between CD28ζ and BBζ CAR-T cells, with CD28ζ CAR-T cells exhibiting a “fast burn” metabolic response driven by PI3K-induced aerobic glycolysis, and BBζ CAR-T cells displaying a “slow burn” oxidative metabolism primarily fueled by fatty acid breakdown, aligning with 4-1BB’s role in T memory development and longevity (191). These findings indicated that the design of the CAR ICD can directly influence its persistence. Researchers have since developed various versions of second-generation CARs containing additional costimulatory domains such as ICOS and OX40 (192, 193), as well as third-generation CARs, aiming to enhance the balance between anti-tumor cytotoxicity and persistence (194, 195). While these versions have demonstrated strong activity in mouse xenograft tumor models using NSG mice, clinical evidence of persistence superior to second-generation BBζ CAR-T cells in humans is yet to be established (196).

Although preclinical mouse models cannot fully replicate the persistence of engrafted T cells observed in humans, studies comparing BBζ and CD28ζ CAR-T cell performance in standard xenograft models have shown similar tumor-clearing effects between the two at high doses. However, at lower doses, BBζ CAR-T cells demonstrated functional superiority, indicating better memory conversion and resistance to the stress of low cell dosing (197). While mouse models can indirectly predict the longevity and persistence of GML based on the design of the CAR’s intracellular domain (ICD), it is essential to acknowledge the limitations of these models in fully replicating the long-term engraftment and endogenous immune-conditioning observed in humans.




5.2 Longevity – role of cytokines

In clinical trials for TIL and TCR-T therapy, IL-2 is commonly used to support the function and persistence of the adoptively transferred cells. However, in the case of CAR-T therapy, IL-2 is rarely used to enhance CAR-T persistence. This may be attributed, in part, to the CAR-T cells’ ability to produce paracrine IL-2 through the engagement of co-stimulatory CAR intracellular domains (ICD). Additionally, IL-2 is avoided in GML therapy due to the toxicities associated with higher doses needed to maintain the anti-tumor function of transferred T cells (198).

Recent advancements have led to the development of orthogonal versions of IL-2 that can be genetically engineered into CAR-T cells, promoting expansion and longevity with limited systemic toxicities (199, 200). By engineering CD19 CAR-T cells to express mutated IL-2Rβ receptors, which can only be activated by cell-encoded, mutated orthogonal IL-2 (ortho-IL-2), selectivity can be achieved without encountering the negative effects of IL-2 binding on wild-type T or NK cells. Two separate groups have described this mutant IL-2 “orthokine” pair and demonstrated its effectiveness in combination with suboptimal doses of CAR-T cells, leading to CAR-T expansion, tumor reduction, and persistence without the need for repeated CAR-T infusions. Interestingly, in preclinical xenograft models using NSG mice, higher doses of ortho-IL-2 were found to induce weight loss, although this toxicity was determined to be unrelated to xGvHD based on studies with TCR knockout mice. The authors speculated that the observed toxicity, which occurred at doses much higher than those required for tumor regression, was target-dependent, as weight loss and toxicity were observed in mice bearing NALM6 tumors but not in tumor-deficient mice (201). A human clinical trial testing the IL-2 orthokine and CAR-T pairing (STK-009) is currently enrolling patients with relapsed or refractory CD19 positive hematologic malignancies to evaluate the combination of autologous CD19 CAR-T cells with orthogonal IL-2 (201). This trial aims to assess the safety and efficacy of this approach in a clinical setting.

The differentiation status of T cells directly influences their longevity and antitumor activity. T cells with a stem-like phenotype, characterized by enhanced self-renewal and proliferation capacity, are associated with better clinical responses (202–207). Manipulating the differentiation status of T cells is a commonly explored strategy to improve the quality and efficacy of GML. Common-gamma chain cytokines such as IL-7 and IL-15 are frequently used in cell therapy to either promote a less differentiated product during the expansion stage or engineered into GML as an armoring strategy for in vivo enhancement (207).

IL-15 plays a crucial role in the homeostasis and development of CD8+ T cells by inhibiting activation-induced cell death (AICD) and upregulating antiapoptotic mediators like Mcl1 and Bcl-2 (208). IL-15-secreting CAR-T cells exhibited a less differentiated phenotype compared to unarmored CAR-T cells in a syngeneic model of subcutaneous B16 melanoma. They also showed reduced expression of PD1, prolonged persistence, and superior cellular activity (48). In another study, IL-15-armored CAR-T cells completely prevented tumor relapse in a xenograft model but were associated with severe liver toxicity and a GvHD score (209). Clinical studies have also reported IL-15 administration-related toxicity in cancer patients (210).

To mitigate IL-15 toxicity, researchers generated CD19 CAR-T cells that overexpressed both IL-15 and IL-15 receptor alpha. This strategy successfully blocked toxicity while maintaining the persistence and anti-tumor activity of CAR-T cells induced by IL-15 (209). However, the observed toxicity in mice is a subject of debate, as another study found that CD19 CAR-T cells expressing membrane-bound chimeric IL-15 delayed leukemia development, exhibited sustained resistance after tumor clearance, and generated long-lived TSCM cells without any associated toxicity (211).

Interleukin-7 (IL-7) plays a crucial role in enhancing the homeostasis and survival of memory and naïve T cells by upregulating Bcl-2 and repressing proapoptotic markers (212). Several studies have demonstrated that in vitro expansion of CAR-T cells with IL-7 leads to a higher frequency of cells exhibiting a memory stem cell phenotype (33). These cells retained a less differentiated phenotype and exhibited increased resistance to dysfunction upon repetitive encounters with antigens.

Early reports showed that constitutive expression of IL-7 enhanced the in vivo efficacy of CD19 CAR-T cells in a xenograft model of leukemia. However, it did not improve long-term persistence compared to CAR-T cells expressing IL-2 or IL-15 (213). IL-7-expressing CLDN18.2 CAR-T cells demonstrated increased proliferation, decreased apoptosis, and lower expression of exhaustion markers compared to unarmored CAR-T cells (214). However, IL-7 signaling specifically suppresses IL7Rα transcription as a homeostatic regulatory mechanism, promoting the survival of the maximum possible number of T cells given the available IL-7 (215).

To overcome the potential loss of IL-7 responsiveness, IL-7Rα was engineered into EBV-CTLs, resulting in an efficient response to IL-7 and in vivo activity in a xenograft model (216). Similarly, the introduction of a constitutively active IL-7 receptor (C7R) improved the in vivo antitumor activity of GD2-CAR-T cells in a xenograft model of metastatic neuroblastoma and EphA2-CAR-T cells in a orthotopic xenograft model of glioblastoma (217). It is important to note that GD2-CAR-T cells expressing C7R are currently being tested against relapsed or refractory neuroblastoma and other GD2-positive cancers (NCT03635632). Although autonomous or antigen-independent proliferation was not reported in this study, activating mutations of IL7R are present in 10% of pre-T-cell acute leukemias, raising concerns about unwanted proliferation associated with this approach.

Interleukin-21 (IL-21) is a crucial cytokine involved in regulating the function of CD8+ T cells and has emerged as a potential target for cancer immunotherapy. IL-21 enhances CD8+ T cell activity by promoting their proliferation, differentiation, and increasing the expression of cytotoxic molecules like perforin and granzyme B (218). Additionally, IL-21 indirectly enhances anti-tumor activity by promoting antibody production by B cells, aiding in targeting and killing tumor cells (219).

Recent studies have demonstrated the effectiveness of IL-21 in improving the anti-tumor effect of CAR-T cells. GPC3 CAR-T cells expressing IL-15 and IL-21 exhibited significantly greater anti-tumor efficacy in mice compared to CAR-T cells without IL-21 expression (220). These IL-21 expressing CAR-T cells are currently being evaluated in clinical trials for the treatment of hepatocellular carcinoma (HCC) (NCT02932956 and NCT02905188). Another study utilized NFAT-inducible secreted IL-21, which demonstrated increased anti-tumor efficacy in NSG mice and resistance to immune suppression induced by chronic lymphocytic leukemia cells (221). Engineered switch receptors have also been explored to provide IL-21 signaling. Wang et al. tested a receptor composed of the IL-4 ectodomain and the IL-21 endodomain and compared it to a receptor with the IL-7 endodomain (222). The IL-4/IL-21 inverted receptor conferred enhanced in vivo efficacy to GPC3 CAR-T cells against a xenograft model expressing varying levels of GPC3, compared to unarmored CAR-T cells or those with the IL-4/IL-7 inverted receptor. The study also observed a higher number of CD3+ T cells in the peripheral blood of mice receiving cells expressing the IL-4/IL-21 inverted receptor, indicating improved in vivo persistence (222). However, as previously mentioned, conclusions about in vivo persistence in xenograft models should be interpreted with caution.

Another interesting approach is the incorporation of a motif for STAT3 recruitment at the C-terminus of CD3ζ, enabling IL-21 signaling upon CAR engagement (223). CD19 CAR-T cells expressing this chimeric receptor demonstrated enhanced proliferation and cytokine polyfunctionality compared to control CAR-T cells in xenograft models of NALM6 human leukemia cells and subcutaneous CD19+ tumors, suggesting a key role for STAT3 in suppressing terminal differentiation of T cells (223–225).




5.3 Longevity – blocking inhibitory mechanisms

GML therapy can benefit from strategies that overcome co-inhibitory mechanisms, which naturally restrict long-term proliferation of T cells. One approach is to induce intra-tumoral production of checkpoint inhibitor (CPI) antibodies, antibody-like fragments, or soluble PD1. Several studies have reported the use of CAR-T cells engineered to secrete constitutive or inducible CPI in mouse models (226–228). While these preclinical studies in xenograft mouse models have shown improved CAR-T function, such as enhanced expansion, cytolytic activity, or effector function, similar enhancements have not yet been observed in human clinical trials (229, 230). It is worth noting that the human trials utilized CPI in combination with CD19 CAR-T for CPI-insensitive indications, leaving open the possibility of using CPI-secreting CAR-T for CPI-sensitive tumors. However, since multiple versions of CPI antibodies are available as co-therapy, it remains unclear whether there are advantages or disadvantages to driving their expression from the GML itself. Further research is needed to elucidate the potential benefits and drawbacks of this approach.

Additional T cell checkpoints can hinder the expansion of GML, although their impact on longevity remains uncertain. Knocking down CTLA-4 expression using shRNA did not enhance the function or persistence of CD19 CAR-T cells based on 28ζ, but co-expression of CD80 alongside a first-generation CAR containing CD3ζ significantly increased expansion when CTLA-4 was knocked down (231). Currently, there are no known human clinical trials combining the CTLA-4 antibodies ipilumumab or tremelimumab with CAR-T or TCR-T. Trials testing CAR-T cells that produce CTLA-4 and PD1 antibodies against MUC1, EGFR, and MSLN are enrolling, but no preclinical or clinical data have been reported (NCT03179007, NCT03182816, NCT03182803). Blockade of LAG3 using CRISPR/Cas-mediated knockout did not show benefit in in vitro preclinical models but was not tested in mice (162). On the other hand, blockade of PD1 and Tim3, either alone or in combination, improved the activity of CD123-directed CAR-T cells in xenograft models of AML (232). Other T cell checkpoints include soluble molecules such as TGFβ and adenosine, which, as discussed in the previous section, can regulate both GML accumulation and longevity. Moreover, intracellular T cell checkpoints have been validated through gene deletion or expression of dominant-negative receptors (DNR), revealing additional mechanisms that can limit GML expansion. Several molecules, including SHP-1, CBLB, PTPN2, CISH, HPK1, PTP1B, RASA2, and SOCS1, have been identified as intrinsic checkpoints that can constrain T cell effector function, accumulation, and expansion (233–240). While targeting these intrinsic checkpoints individually is an active area of research, combinations of checkpoint deletions have also emerged (241). For instance, double knockout (DKO) of both regnase-1 and roquin-1 greatly increased T cell effector function, accumulation, and expansion in xenograft models compared to single knockout alone. However, the DKO also resulted in uncontrolled lymphoproliferation and toxicity in some mice. This finding emphasizes the need to understand the interaction of intracellular checkpoints in GML and develop mechanisms to prevent their uncontrolled expansion in patients, as unregulated persistence can have undesirable consequences.





6 Discussion

“All models are wrong, but some are useful” – George E.P. Box.

GML have transformed the therapeutic landscape for multiple B cell malignancies and are making steady progress into additional tumor types and even autoimmune diseases. As with any evolving therapeutic class, GML are undergoing continual modifications to improve their activity and safety profiles in order to broaden their applicability. As the diseases that can be targeted with GML are theoretically unlimited, the solution set for therapeutic design will inevitably diverge from those used for the treatment of B cell malignancies. In order for these designs to be validated and implemented, preclinical models are required.

Until robust three-dimensional or organotypic models that can recapitulate human tumor and normal tissue biology are readily available, GML development will continue to be dependent on the mouse as the default preclinical model to understand safety and efficacy profiles before human clinical trials. Mouse models for GML are simultaneously useful and distracting. They can be very useful to understand on-target activity and efficacy, acute GML expansion and pharmacodynamics, and proximal effector functions such as cytokine release. However, they are distracting in that they miss key aspects of GML challenges such as off-tumor toxicities, representative secondary cytokine secretion from myeloid, epithelial, or stromal cells, and control of metastatic and heterogenous disease similar to human tumors. Additional artifacts include xenograft-versus-host reactivity of human T cells engrafted in NSG mice, lack of validation of fully murinized GML designs and protocols, differences in lymphodepletion regimens, and studies in pathogen-free facilities that do not account for the influence of natural indigenous gut microbiota.

Due to the varied and unpredictable behavior of GML between mice and humans, a framework called “DIAL” has been developed to compartmentalize and study individual GML behaviors. The framework allows for understanding of aspects of the cell journey that can studied and optimized in isolation. For example, distribution studies which require vaccine-like cell priming can be studied using immunocompetent syngeneic mouse models while human GML manufacturing optimization may be best studied in NSG mice. Infiltration can be explored using genetically engineered mouse models that mimic tumor fibrosis (242), and early passage patient-derived xenograft (PDX) models in NOG or NSG mice might retain sufficient stroma to prevent immune-infiltration and exclude unmodified GML (243). PDX models can likewise be used to study accumulation, where native human tumor architecture, soluble factors, and hypoxia can affect GML survival. Likewise, syngeneic models can be deployed to complement the PDX model to capture immunosuppressive facets of TME that prevent accumulation. Strategies to enhance GML longevity can be limited due to technical factors such as development of xGvHD (NSG mice) and the challenges of optimizing murine GML manufacturing or treating rapidly growing tumors in most syngeneic models. Still, certain cytokines and intracellular designs have the potential to improve GML activity in NSG mice at suboptimal doses, which can serve as surrogates for extended longevity. Longevity of GML response can also be demonstrated using tumor rechallenge studies in immunocompetent mice, demonstrating that GML-induced long-term immunity can be acquired via the expansion of endogenous anti-tumor T cells (244). These studies provide rationale for modification of GML with membrane bound cytokines or checkpoint inhibitors to bring about long-lasting remissions against heterogeneous tumors.

Following the success of CAR and TCR-T therapies in multiple tumor types, next-generation approaches will incorporate increasing complexity through genetic editing and engineering to augment GML functions. As each of these functions require validation through mechanistic and safety data, extensive preclinical testing in animals will be highly warranted if not required. While mice remain the most popular animal model for preclinical GML testing, canine and non-human primate (NHP) studies have also been conducted. Studies in non-murine species facilitate the study of unique GML attributes against tumors; canines present with spontaneous and heterogeneous tumors and are pathogen-exposed, as are several NHP species that provide the most genetically similar model to human, and present the most relevant model to recapitulate the consequences of LDC as well as allowing longitudinal sampling (245). Until non-murine models are more consistently used and understood, however, a mixture of murine models to deconstruct multiple GML functions will still be preferred. Future development of complex GML may benefit from co-evolution of efficient and specific murine and human gene-editing tools and vectors to more accurately predict these functions preclinically in order to decrease drug development cycle times, and improve efficacy and safety of the next wave of cell-based therapeutics.
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Inflammatory bowel disease (IBD) is an umbrella term for two conditions (Crohn’s Disease and Ulcerative Colitis) that is characterized by chronic inflammation of the gastrointestinal tract. The use of pre-clinical animal models has been invaluable for the understanding of potential disease mechanisms. However, despite promising results of numerous therapeutics in mouse colitis models, many of these therapies did not show clinical benefits in patients with IBD. Single cell RNA-sequencing (scRNA-seq) has recently revolutionized our understanding of complex interactions between the immune system, stromal cells, and epithelial cells by mapping novel cell subpopulations and their remodeling during disease. This technology has not been widely applied to pre-clinical models of IBD. ScRNA-seq profiling of murine models may provide an opportunity to increase the translatability into the clinic, and to choose the most appropriate model to test hypotheses and novel therapeutics. In this review, we have summarized some of the key findings at the single cell transcriptomic level in IBD, how specific signatures have been functionally validated in vivo, and highlighted the similarities and differences between scRNA-seq findings in human IBD and experimental mouse models. In each section of this review, we highlight the importance of utilizing this technology to find the most suitable or translational models of IBD based on the cellular therapeutic target.
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Introduction

Inflammatory bowel disease (IBD), consisting of ulcerative colitis (UC) and Crohn’s disease (CD), is a chronic relapsing and remitting inflammatory mediated disorder of the lining of the gastrointestinal tract, resulting in clinical symptoms (1). Changes and functional alterations of immune cells and non-hematopoietic cells (including epithelial and stromal cells) are hallmarks of the onset and sustained inflammation associated with IBD (2, 3). Much of what we know about human IBD pathogenesis is attributed to the use of numerous pre-clinical models of IBD. These models include chemically-induced, spontaneous, immune cell-induced, and microbiota-dependent colitis models. These models have been extensively reviewed (4, 5) and the most common pre-clinical IBD models are summarized in Table 1. While numerous pre-clinical models of IBD exist, no single model fully recapitulates the complexity observed in human IBD. Thus, there remains a need to further validate these pre-clinical models of IBD and identify mucosal cell subpopulations with their associated disease-relevant phenotype which may overlay with human IBD. This understanding will potentially increase their translatability into the clinic and help define the best model to test novel therapeutic targets and modalities.


Table 1 | Summary of the most commonly used pre-clinical models of IBD.



Multimodal single-cell technologies, such as single cell RNA-sequencing (scRNA-seq), have allowed for in-depth analysis and a deeper understanding of tissue architecture and function at individual-cell high-resolution (24). ScRNA-seq has been instrumental to our understanding of immunology and autoimmune diseases, where complex cellular heterogeneity and interactions between immune cells, stromal cells, and epithelial cells are paramount for disease progression. These technologies have enabled an improved understanding of human IBD by identifying novel or rare cell types that were previously undiscovered and how their abundance or function changes during intestinal inflammation may be a driver of disease (25). While scRNA-seq technology has been applied to numerous UC and CD cohorts to better understand the complex biology between immune cells and non-hematopoietic cells, this technology has only begun to be applied to pre-clinical models of IBD for comparative studies with the human condition.

While studies have enriched specific cell populations from pre-clinical models of IBD and characterized these cells by scRNA-seq (26–28), there are gaps in the knowledge of the entire makeup of the inflamed tissue. In this review, we have summarized the key findings from a longitudinal scRNA-seq study that analyzed immune cells, stromal cells, and epithelial cells. Furthermore, we highlight the similarities and differences between scRNA-seq in murine models compared to human IBD. Finally, we emphasize the need for utilizing scRNA-seq technology to find suitable translational models based on the therapeutic target.





A longitudinal scRNA-seq atlas in experimental colitis

While there are other studies utilizing scRNA-seq in enriched cell populations from pre-clinical models, highlighted below is one study that has applied scRNA-seq technology to comprehensively describe the landscape of the epithelial cell, stromal cell, and immune cell populations during the onset and resolution of intestinal inflammation (29). Ho et al. subjected wild-type mice to 1.5% dextran sodium sulfate (DSS) drinking water for 6 days, then placed mice on regular drinking water for the remainder of the study. Colon tissue was collected from mice on days 0, 3, 6, 9, 12, and 15 in biological triplicates. ScRNA-seq was performed on viable cells and 14,624 cells were profiled. ScRNA-seq analysis identified 15 clusters including: mononuclear phagocytes (Il1b, C1qa, and C1qb), epithelial: enteroendocrine cells (Scgn and Pcsk1n), epithelial: absorptive and secretory cells (Muc2, Spink4, Lypd8, and Elf3), endothelial cells (Pecam1 and Flt1), lymphatic cells (Lyve1), stromal cells (Col1a1, Pdgfra, and Spon2), two myofibroblast clusters (Acta2 and Myh11), interstitial cells of Cajal (Ano1 and Kit), enteric glial cells (S100b), T cells (Cd3d and Cd3g), plasma cells (Igha and Mzb1), plasmacytoid dendritic cells (Siglech and Ccr9), B cells (Cd19 and Cd22), and granulocytes (Cd14, S100a8, and S100a9) (29).

To assess changes in the cellular composition, the numbers of cells in every cluster were counted at each sampling time point. Epithelial cells, stromal cells, myofibroblasts, interstitial cells of Cajal, and enteric glial cells were reduced in number with inflammation and did not repopulate during the resolution phase. In contrast, the numbers of granulocytes and B cells increased with inflammation and did not return to homeostatic numbers measured at steady state. Mononuclear phagocytes peaked in number 6 days after DSS administration and returned to baseline at the end of the study after the removal of DSS drinking water. Lastly, plasma cells decreased at days 6 and 9, but recovered in total numbers by the end of the resolution phase on drinking water at day 12. Furthermore, differentially expressed gene (DEG) analysis demonstrated phenotypic changes in mononuclear phagocytes and stromal cell clusters across all time points. The authors selected 96 “IBD risk genes” to assess how the DEGs identified in their longitudinal scRNA-seq study correlated with human IBD, 79 of the selected 96 human IBD risk genes were expressed at one or more time points and in one or more of the dysregulated cell clusters, suggesting that a dynamic expression pattern is under regulation during intestinal inflammation (29). One example is Ifng, which was found to be expressed during the time points associated with inflammation within the T cell cluster (29).

While scRNA-seq has been seldom applied to pre-clinical models of IBD, scRNA-seq has been more readily applied to multiple CD and UC patient cohorts to identify novel cell types, cell-cell interactions, and to generate new hypotheses of IBD pathogenesis. We will discuss in the next section the differences that have been found in human IBD using scRNA-seq in the epithelial cell, stromal cell and immune cell compartments compared to the limited murine studies including but not limited to the study described above.





scRNA-seq in human IBD by cell type and differences observed in murine models




Intestinal epithelial cells

The lining of the gastrointestinal tract (GI) is composed of diverse populations of intestinal epithelial cell lineages with specialized functions. These epithelial cells are derived from a common stem-cell precursor, which expresses LGR5 (30). Intestinal epithelial cells contribute to intestinal homeostasis by maintaining barrier function and secreting mediators in response to the microbiota and underlying immune cells in the lamina propria.

The first scRNA-seq study analyzing human colonic epithelial cells from healthy volunteers or patients with UC, sampled from clinically inflamed and noninflamed mucosa, was published by Parikh et al. in 2019 (31). Visualization of scRNA-seq data identified 10 clusters of intestinal epithelial cells including undifferentiated cells, absorptive colonocytes, goblet cells, and unique enteroendocrine cell populations including L-cells, enterochromaffin cells, and precursor-like cells, and 5 clusters of stem cells. In UC, two additional clusters were identified representing inflammation-associated goblet cells and intraepithelial immune cells. Not only did this analysis provide a comprehensive landscape of the epithelial cells that are present in the healthy colon, but also identified their dysregulation in inflamed UC. One of these subsets were “BEST4/OTOP2” colonocytes. BEST4 encodes a calcium-sensitive chloride channel, while OTOP2 encodes a proton-conducting ion channel. These findings highlighted the power of scRNA-seq technology in identifying novel cell populations which could contribute to intestinal homeostasis and/or inflammation. Another prominent cell type linked to disease pathogenesis and barrier function are goblet cells. Goblet cells are mucus-secreting epithelial cells that are critical for the maintenance of barrier function and prevention of bacterial translocation. In IBD both their function and numbers become dysregulated (32). ScRNA-seq analysis of healthy human and UC colonic tissue revealed a distinct cluster of inflammation-associated goblet cells that had decreased expression of WFDC2 (31), a gene encoding an anti-protease enzyme (33). To explore the significance of the loss of WFDC2 expression in goblet cells in intestinal homeostasis, Wfdc2+/- mice were generated. These mice had abnormalities in colonic epithelial intercellular tight junction proteins, mild-to-modest epithelial cell hyperplasia, immune cell infiltration into the tissue, and proximity of gram-negative and gram-positive bacteria to the colonic epithelium compared to littermate controls (31). Although these mice were not subjected to an induced model of colitis, this study demonstrates how findings from human scRNA-seq samples can be translated in an in vivo setting of gastrointestinal tract dysregulation.

These novel populations become critically important in IBD as breakdown in intestinal barrier function is a hallmark phenotype. There has been great interest in underpinning the mechanisms and contributions of epithelial subsets in this loss of barrier function and to target barrier regeneration with novel therapeutics. In other studies, the authors have performed scRNA-seq analysis on healthy and CD or UC cohorts to assess the transcriptomic changes in epithelial cell subsets. One common finding amongst these scRNA-seq analyses is a depletion of BEST4+/OTOP2+ colonocytes in UC and CD compared to healthy controls (31, 34, 35). While BEST4-expressing colonocytes are present in the human GI tract, this cell population is absent in the murine gut (36).

The primary function of microfold (M) cells is the transport of antigens from the lumen of the intestine to gut-associated lymphoid tissues such as Peyer’s patches (37). ScRNA-seq uncovered an expansion of M cells in UC patients compared to healthy controls (34). Furthermore, these cells expressed elevated levels of CCL20 and CCL23, important chemokines driving immune cell recruitment into the inflamed tissue. The expansion of M cells, detected by immunohistochemistry, held true in a DSS colitis model and treatment with an anti-TNF antibody abrogated the expansion of M cells in the inflamed tissue in mice, suggesting the pro-inflammatory milieu in IBD can impact the differentiation of intestinal epithelial cells during disease (38).

In addition to aiding in our understanding of cell populations in barrier breakdown at the single cell level, scRNA-seq has contributed to identifying novel biological pathways in epithelial cells. Gasdermin-D (GSDM) plays a pivotal role in driving cell death through the pore-forming activity of the protein’s N-terminus and has recently been discovered to be required for IL-1β release (39, 40). ScRNA-seq of colonic tissue between healthy and UC patients revealed that secretory and absorptive progenitors, as well as colonocytes, from UC patients express elevated levels of GSDM (31, 41). This finding highlights a new mechanism by which GSDM-mediated IL-1β release by intestinal epithelial cells could sustain intestinal inflammation. In yet another example of how scRNA-seq translated into an in vivo model, Gsdmd+/- mice are protected from DSS-induced colitis as indicated by a decreased infiltration of neutrophils, macrophages, and T cells, and decreased expression of inflammatory cytokines and chemokines (41). This study reiterates the power of scRNA-seq in identifying pathways in previously underappreciated cell populations that are critical for inflammation.

In the longitudinal DSS study described above by Ho et al. (29), upon administration of DSS, enteroendocrine and both absorptive and secretory epithelia cell clusters were reduced. Thus, applying scRNA-seq to additional pre-clinical IBD models would be advantageous to find a suitable model to translate scRNA-seq findings in epithelial cells in human IBD.





Stromal cells

Stromal cells are part of the mesenchymal compartment of the intestine, and represent a distinctive heterogeneous population comprised of non-hematopoietic, non-epithelial cell types (42). Mesenchymal cells regulate homeostasis by promoting extracellular matrix (ECM) turnover through the secretion of ECM factors, such as collagen and glycoproteins, self-renewal of the intestinal epithelial barrier through WNT/β-catenin signaling and colon regeneration through production of prostaglandins (43). However, in the context of inflammation these pathways are subverted into inflammatory processes. During intestinal inflammation, dysregulation of Wnt signaling leads to impaired wound healing characterized by the activation of fibroblasts and myofibroblasts, the accumulation of collagen-rich ECM, culminating in fibrosis. Additionally, TGF-β1 signaling in fibroblasts leads to their transition to an activated phenotype, marked by an increase in ECM production, leading to fibrosis. ScRNA-seq has played a significant role in elucidating the heterogeneous function of stromal cells and highlighted novel ‘cross-talks’ with other cells in the intestinal microenvironment. In the first report using unbiased single-cell profiling of over 16,500 human colonic mesenchymal cells from healthy and treatment-naïve UC patients, Kinchen and colleagues have shown how the colonic mesenchyme compartment remodels in the context of IBD (44). Specifically, the authors identified key stromal cell populations involved in immune homeostasis in intestinal inflammation. They identified a distinct cluster found near the epithelial crypts marked by the expression of SOX6, F3 (CD142) and WTN genes, which was important in mediating epithelial cell self-renewal in physiological conditions. Interestingly, scRNA-seq of stromal cells from the DSS colitis model revealed similarities between human and mouse stromal cell clusters, with SOX6 being highly conserved between the two (44).

ScRNA-seq of UC colonic mesenchyme revealed changes in gene expression and cell composition within the stromal compartment (44). Single-cell analysis identified 12 distinct clusters, with a significant expansion of a cluster marked by genes involved in response to TNF and leukocyte migration. Highly ranked markers included lymphocyte trafficking chemokines, such as CCL19 and CCL21; T cell co-stimulatory TNF-superfamily ligand (TNFSF14/LIGHT) and MHC II invariant chain (CD74); CD24; IL-33 and Lysyl oxidases. In UC, the enrichment of this cluster was associated with a decrease in the SOX6 expressing cluster in inflamed tissues, further highlighting the heterogeneous nature of the stromal-driven responses. Thus, this study revealed a divergent response in the context of disease, marked by an increase in pro-inflammatory fibroblasts and a reduction in the stromal subsets associated with epithelial self-renewal and resolution of disease. The role of stromal cells in IBD was further validated in the DSS model of colitis (44). ScRNA-seq analysis revealed high expression of Lox and LoxI1 in the mesenchymal populations. Lastly, the authors investigated whether blockade of this pathway could ameliorate DSS. The Lox family of lysyl oxidases generate oxidative stress responses, disturbing the redox balance within the tissues, which in turn mediate recruitment of inflammatory mediators, thus sustaining IBD pathogenicity. Indeed, administration of Lox/LoxI1 inhibitor, β-aminopropionitrile, improved the clinical score of mice receiving DSS drinking water (44).

Kong et al. profiled 720,633 cells from the terminal ileum and colon of CD and non-IBD donors by scRNA-seq (45). The authors identified CHMP1A, TBX3, and RNF168 as disease-associated genes which are affiliated with myofibroblast activation (45). To validate the roles of these three genes in fibrosis development, the authors generated and pooled siRNA oligos to knockdown CHMP1A, TBX3, and RNF168 in normal human intestinal fibroblasts. Knockdown of CHMP1A, TBX3, and RNF168 significantly impaired TGF-β-driven collagen gene expression (45).

To gain a better understanding of the complexity of the fibroblast cellular networks and how they underly stricture formation in CD, Mukherjee and colleagues have generated the first scRNA-seq atlas of strictured bowel from CD patients (46). Specifically, scRNA-seq was performed on CD resections containing non-involved, inflamed non-strictured and strictured segments, as well as non-IBD bowel segments. ScRNA-seq analysis revealed significant differences in the cellular composition between non-inflamed, inflamed and strictured segments. Comparison between non-strictured and strictured segments revealed significant changes in lymphocytes, smooth muscle cells, endothelial cells, fibroblasts and myeloid cells within the epithelial and lamina propria fractions. Additionally, the strictures were highly heterogenous with regards to cell composition, with 19 distinct cell types being identified, further clustered into fibroblasts, smooth muscle and endothelial populations (46).

Further analysis of the fibroblast compartment revealed six fibroblast populations enriched in CD strictures as opposed to non-strictured segments (46). These fibroblasts were characterized by an inflammatory phenotype, marked by the expression of pro-fibrotic markers involved in TGF-β signaling, macrophage differentiation and ECM production. However, the predominant cluster in these strictures were the MMP+/WNT5A+ fibroblasts, which were previously found to be enriched in the mucosa of patients with UC resistant to anti-TNF therapy (46). Among the populations within the stromal niche, CXCL14+ fibroblasts were the main contributors to transcriptional changes in strictures. These fibroblasts were associated with increased ECM production and CXCL14 displayed pro-fibrotic functions (46).

More importantly, the authors identified Cadherin11 (CDH11) as the only cell surface receptor co-expressed in both MMP+/WNT5A+ and CXCL14+ fibroblasts. Interestingly, CDH11 expression was shown to increase in CD strictures. The therapeutic potential of targeting CDH11 was shown in a DSS-induced fibrosis model of colitis in Cdh11 knockout mice (46). In this model, mice are subjected to two cycles of DSS drinking water followed by a recovery period with normal drinking water. Despite no differences in inflammation being observed in Cdh11 knockout mice compared to wild-type controls, Cdh11-knockout mice were protected from fibrosis development. Similarly, administration of an anti-Cdh11 mAb ameliorated DSS-driven fibrosis. In a longitudinal scRNA-seq analysis in the DSS model, Ho et al. observed that stromal cell clusters had strong influences on other clusters, highlighting their potential role in intestinal inflammation (29). Looking closely at these interactions, the authors identified relevant genes during the recovery phase, with the highest expression observed in Serpina3n, a serine protease inhibitor. To validate these observations, the authors examined the progression of DSS colitis in a Serpina3n knockout mouse. Although the disease progression was similar to wild-type mice, the knockout mice recovered much faster. Furthermore, the authors examined the mechanisms by which Serpina3n ameliorated DSS-induced intestinal inflammation. Using scRNA-seq on colon treated with Serpina3n protein, they observed that genes associated with ECM organization and cytokine mediated signaling pathways were enriched in stromal cells. Additionally, there was a decrease in inflammatory interactions and in the number of neutrophils, warranting the therapeutic potential of Serpina3n to accelerate recovery from intestinal inflammation. Overall, scRNA-seq has been crucial in characterizing the heterogeneity of the stromal population, as well as their interactions with the immune compartment in IBD. Alternatively, applying this technology to preclinical models of IBD could help uncover important mechanisms underlying resistance to current therapies. To address this, West and colleagues used transcriptomic approaches to uncover relevant genes associated with anti-TNF resistance. Oncostatin M (OSM) is expressed by stromal cells and was identified as a potential biomarker associated with anti-TNF failure (47). This observation was validated in a mouse model of IBD driven by oral Helicobacter hepaticus infection and anti-IL-10R blocking antibody, which mirrors the T cell-dependent pathology driving resistance to anti-TNF therapy. Using this model, treatment with an oncostatin receptor-Fc significantly attenuated colitis (47). In a more recent study, bulk and single-cell transcriptomics have been applied to inflamed tissue from three IBD patients’ cohorts undergoing surgical resection (48). The authors observed similar gene signatures from therapy non-responders, marked by genes indicating high neutrophil infiltration and activation of fibroblasts at sites of deep ulceration. Further analysis revealed important neutrophil-attractant signatures in fibroblasts, marked by an increase in IL-1R signaling, suggesting that this pathway is important in the inflammatory fibroblast/neutrophil recruitment in patients that are nonresponsive to current therapy (48).





Immune cells




Monocytes/macrophages and dendritic cells

In active IBD, macrophages secrete pro-inflammatory cytokines and react to commensal bacteria, with CD exhibiting aggregates of macrophages and other inflammatory cells (granulomas) associated with higher resection risk (49). IBD susceptibility involves various genetic loci linked to monocyte and macrophage function, including NOD2, ATG16L1, and IRGM (50–52). In 2019, two scRNA-seq studies explored intestinal macrophages in CD and UC. One scRNA-seq analysis of 11 ileal CD patients revealed resident and inflammatory macrophage subtypes. The resident subtype expressed C1Qs, CSF1R, MAFB, and MRC1, while inflammatory macrophages showed elevated levels of chemokines (CXCL2, CXCL3, CXCL8) and cytokines (IL23, IL6, IL1B, IL1A, TNF, OSM) Notably, pro-inflammatory interactions between non-epithelial stromal cells and macrophage-derived oncostatin-M (OSM) were found within the inflamed intestine, linked to anti-TNF-resistant CD (53). The second scRNA-seq study conducted on 18 UC patients revealed the presence of an inflammatory monocyte cluster with prominent levels of OSM expression that were associated with disease progression and resistance to anti-TNF treatment. A macrophage cluster was also identified that closely interacts with B cells and T cells. This macrophage cluster exhibited an enrichment of genes linked to IBD susceptibility, such as GPR65, ADCY7, PTGER4, PTPRC, and SH2B3 (34). A very recent scRNA-seq study provided a therapeutic map for CD and UC after anti-TNF therapy in a longitudinal manner (54). Importantly, the presence of a granuloma signature, characterized by C1Qhigh IL1Blow resident macrophage cells, was specifically associated with non-responders in CD. Moreover, genes associated with an inflammatory monocyte profile (S100A9, S100A12, FTH1, IL1RN) showed higher levels in non-responders but were reduced in responders. The latest study utilizing scRNA-seq and spatial analysis (CosMx Spatial Molecular Imaging) found that resident macrophages were present in both healthy and active IBD patients (55). Notably, inflammatory macrophages displayed patient-specific adaptation, characterized by an alternative activation pattern featuring the expression of EGFR ligands, NRG1, HBEGF, CLEC10A, and ASGR1, differing from the conventional M1 signature. The study also suggested a potential role of interactions between M2 or inflammation-dependent associated macrophages (representing the predominant inflammation-dependent macrophage state) and inflammatory fibroblasts in contributing to disease pathophysiology.

Through scRNA-seq studies in mice (56–61), we have gained insights into the diverse inflammatory roles of gut macrophages. In the DSS-induced colitis study, the abundance of Il1b+ C1qa+ C1qb+ macrophages increased in diseased animals, peaking post DSS administration, then returning to baseline during water administration (29). The mouse single-cell findings align with how intestinal cues influence transcription factors shaping macrophage subsets. The recent single-cell investigation using the Helicobacter hepaticus-induced colitis model, highlights interferon regulatory factor 5 (IRF5)’s role in mucosal macrophage differentiation. Irf5 knockout hindered CD11c+ mucosal macrophage formation, unveiling IRF5’s contribution to pro-inflammatory CD11c+F4/80+ macrophages during inflammation, driving colitis development (60). IRF5’s link to inflammatory macrophages and genetic risk factors for UC and CD underlines these mouse findings’ translational relevance to human IBD (62).

Dendritic cells (DCs) are antigen presenting cells that bridge both innate and adaptive immune responses. In the intestine, DCs continuously sample antigens by extending processes through the epithelial cells and glycocalyx layers into the lumen, or by remaining in the lamina propria or Peyer’s patches to process antigens that may have translocated (63). While multiple scRNA-seq studies in humans have begun to showcase the importance of different DC subsets in driving IBD pathogenesis, scRNA-seq studies in mouse models of IBD lag, specifically in the inclusion of diverse DC subsets, such as plasmacytoid DCs (pDCs), conventional DCs (cDCs), and monocyte-derived DCs (moDCs) (34, 45, 53, 54, 64). Corbin et al. used Helicobacter hepaticus-induced colitis coupled with an anti-IL-10R mAb in Irf5-/- mice and found the frequencies of DC populations during ongoing inflammation remained unchanged compared to steady-state (60). ScRNA-seq analysis on mononuclear phagocytes taken from the inflamed colonic lamina propria of CX3CR1+ wild-type and Irf5-/- mice. Within the four clusters of DCs, all lacked Cd64 expression, but included Flt3, Cd11c, and the DC-specific MHCII genes H2-DMb2 and H2-Oa. DC2-like cells were identified by Sirpa, Kmo, Cd209a, and Cd7 expression. The strong expression profile of Pu.1 but low Flt3 expression within these cells from these clusters suggested some may be moDCs. The other two clusters were likely representative of cDC1s (termed “Xcr1 DC” and expressing Xcr1high Irf8high Sirpalow) and a smaller group of Ccr7+ migratory DCs. Ho et al. also identified by scRNA-seq that pDCs decrease in number shortly after DSS exposure, however, the numbers stabilize over the resolution phase (29). Overall, this experiment showed that the heterogeneity of DCs could be identified and classified in the inflamed colonic tissue from these mice using scRNA-seq. The scarcity of murine single-cell studies necessitates further scRNA-seq in IBD models for a better understanding of these cells’ pivotal roles.





CD4+ T cells

CD4+ T cell function in the intestine can be broadly categorized as effector (pro-inflammatory) or regulatory (anti-inflammatory). Regulatory T cells (Tregs) are CD4+ T cells that are critical for tolerance and dampening excessive immune responses against dietary and microbial antigens, an integral mechanism for maintaining intestinal homeostasis (65). In IBD, this balance of anti-inflammatory Treg function is lost and exuberant pro-inflammatory T cell responses against the commensal microbes drives and sustains chronic inflammation. In the paragraphs below, we will mainly highlight Treg and TH17 biology (63).







Regulatory T cells

ScRNA-seq studies have been instrumental in advancing our understanding of the complex cellular heterogeneity and gene expression patterns of intestinal Treg cells in UC and CD. ScRNA-seq uncovered previously unidentified FOXP3+ cell subtypes involved in IBD. In a related study, Corridoni et al. (66) utilized multi-modal scRNA-seq to examine colonic CD8+ T cells in healthy individuals and those with UC. Interestingly, they noted an elevated presence of double-positive CD4+ CD8+ FOXP3+ T cells in UC patients. Smillie et al. (34) noted heightened levels of CD8+IL-17+ T cells and Tregs in inflamed UC tissues. They observed a TNF expression shift towards Tregs during inflammation. The study proposed that TNF+ Treg cells could significantly influence IBD progression, potentially causing resistance to TNF antibodies and playing a crucial role in CD8+ T cell adaptability. In healthy tissue, Tregs represented 1% of TNF expression, but this increased to over 14% during inflammation. Interestingly, in another study by Devlin et al. 67) found increased FOXP3+/BATF+ Treg cells in inflamed UC patients. They used scRNA-seq on CD45+ hematopoietic cells from UC patients with and without ileal pouch-anal anastomosis. These Tregs were enriched in inflamed UC and pouchitis samples, suggesting a role for BATF in their recruitment during inflammation. ScRNA-seq conducted by Boland et al. (68) revealed transcriptionally distinct Tregs expressing ZEB2 in UC. Among Treg gene profiles, 288 genes differed between healthy individuals and UC patients, including SATB1, KLF2, MYC, and ITGB1, associated with Treg function. Notably, ZEB2, linked to CD8+ T cell function, exhibited high expression in UC-related Treg cells. The reduction of ZEB2 enhanced suppressive function in murine Treg cells.

Huang et al. (69) analyzed initial diagnosis colon biopsies from healthy individuals and CD/UC patients, finding enriched Treg cells (slightly more in CD) and CD8+GZMK+ effector memory T cells in both conditions. Additionally, Jaeger et al. (70) used scRNA-seq and multi-parameter flow cytometry or mass cytometry to examine CD patients’ inflamed terminal ileum tissue. Inflammatory tissue IEL showed reduced Tregs, CD8+T, γδT and TFH but elevated TH17 cells. Lamina propria (LP) analysis revealed decreased Tregs and TFH cells, while CD8+T cells and TH17 cells increased. Tregs in LP were enriched in GPX1 and GLRX, associated with oxidative stress protection via FOXP3. GPX1 expression in LP Tregs hinted at activated anti-oxidative pathways, pertinent to CD due to GPX1 gene’s CD risk connections. Martin et al. (53) examined ileal samples from 13 CD patients at the single-cell level. In their pursuit of unraveling the cellular profile linked to resistance against anti-TNF drug therapy, they observed an abundance of Tregs with elevated IL-10 levels, along with low IL-17A expression within inflamed ileal lesions. Additionally, Treg populations have been detected in CD and UC patients by Mitsialis et al. (71). They observed pro-inflammatory memory-like IL17A+ Treg subsets expanded uniquely in active UC. Among IBD-enriched memory Tregs, one group was FOXP3+, while another was FOXP3low with strong pro-inflammatory cytokine expression (IFNG+TNF+IL17A+/–), indicating altered Treg function in IBD. Additionally, they observed an unusual expansion of novel IL1B+ Tregs in peripheral active CD compared to inactive CD and active UC. Furthermore, in a recent development by Nie et al., a computational tool called “scIBD” provided an integrated assessment of scRNA-seq data associated with IBD. This platform enabled the recognition of different cell types and IBD-associated genes. The meta-analysis corroborated the greater prevalence of Tregs in both UC and CD compared to healthy tissues, consistent with prior findings (72).

The study by Miragaia et al. (73) conducted single-cell analysis to comparatively investigate human and murine colon Treg populations. In mice, three distinct Treg subpopulations were identified: non-lymphoid tissue (NLT), suppressive, and lymphoid tissue-like (LT). NLT Tregs displayed a GATA3+-subpopulation phenotype, expressing Gata3, Nrp1, Areg, Il1rl1, and Ikzf2, while suppressive Tregs resembled the peripherally derived RORγt+-subpopulation. LT-like Tregs exhibited LT-associated gene expression (Sell, Ccr7, Tcf7, Bcl2) and fewer NLT-associated genes (Klrg1, Cd44, Icos, Rora, Tnfrsf9, Itgae), signifying functional diversity. Notably, 17 human-mouse colon Treg markers overlapped, including Tnfrsf4, Lgals1, Srgn, Cxcr6, Maf, and Ikzf3, indicating conserved roles. Paralogous genes demonstrated inter-organism expression pattern substitutions (e.g., Pim1-Pim2), hinting at the evolution of cellular communication pathways. Despite interspecies disparities, the study underscores the conservation of the TNFRSF-NF-κB-pathway between mice and humans (73). Surprisingly, the scRNA-seq study mentioned earlier, which focused on the murine DSS model (29), did not identify Tregs in any of the collected time course samples. However, a very recent preprint (74) took a different approach. Using MERFISH, a method for spatially resolved single-cell transcriptome profiling, they studied spatial and cellular changes during gut inflammation initiation and recovery in a DSS model. In day 9 samples, corresponding to peak inflammation after DSS administration, mucosal remodeling was observed, along with the appearance of diverse cell populations, including Tregs. Thus, the limited investigation of murine Tregs at the single-cell level underscores the need for further scRNA-seq studies on murine IBD models to gain a deeper understanding of the roles played by this essential cell population.





TH17 cells

Naïve CD4+ T cell polarization towards an effector phenotype requires signals from antigen-presentation, co-stimulation, and cytokines in the local tissue environment. In vitro polarization of human CD4+ T cells towards a TH17 phenotype requires TGF-β, IL-1β, IL-6, IL-23 and the expression of RAR-related orphan receptor g (RORγT) (75). Polarized TH17 cells secrete IL-17A, IL-17F, and IL-22 – cytokines which are associated with the development of inflammation. While not required for TH17 differentiation, IL-23 signaling, through the IL-23 receptor complex, promotes RORγT stability and the acquisition of a pathogenic phenotype in these cells. IL-23 is upregulated in numerous autoimmune diseases, including IBD (76). Furthermore, genome-wide association studies have identified IL23R as a genetic susceptibility locus for IBD. A key role for IL-23 in IBD pathogenesis has been highlighted by the clinical efficacy of anti-IL-23 biologics (77–79).

Jaeger et al. used scRNA-seq analysis to compare T cells from intra epithelial lymphocytes (IELs) and the lamina propria (LP) found in the terminal ileum of adults with severe CD to measure heterogeneity in T cell lineages and subsets (70). There was a marked increase in pro-inflammatory, activated CD39+CCR6+ and CD39+CD4+ TH17 cells but decreased CD8+T, γδT, TFH and Treg cells in the IEL compartment of CD patients, demonstrating that loss of balance between TH17 and Treg cells plays an important role in disease progression. Within IELs, they identified unique T cell clusters, including one with NKp30+γδT cells expressing RORγt and producing IL-26 upon NKp30 engagement. Some of these T cell subsets expressed TH17 markers including RORC, IL23R, IL22, CXCR4, and IL26. While these RORγt+ γδ T cells have been shown and described in mouse models (80, 81), Jaeger et al. identified this subset of γδ T cells in the IEL of humans. γδ T cells can constitute as much as 40% of the IELS in the intestine. These cells can have cytotoxic, immunoregulatory, and tissue repair functions within the intestinal mucosa (82). However, the role of human γδ T cells in CD remains to be fully elucidated, with multiple studies showing either a decrease or increase in number in the blood or inflamed tissue (82). Similar analysis in the LP found a biased TH17/Treg ratio in CD. The CD39+ TH17 cells that were found within the IEL may prove to be a double-edged sword, as their expression of GZMB and CCL4 could make them pathogenic and able to recruit other inflammatory cell types to increase epithelial damage (70). Conversely, their production of IL-17 and IL-26 may enhance epithelial barrier integrity and protection (70). Overall, this study showed an altered spatial distribution of T cell subsets between the two cellular compartments, with TH17s in the LP bearing more markers of quiescence (i.e., CXCR4 and CD39) than in the IEL compartment that may correlate with transmural inflammation during IBD pathogenesis (70).

An atlas of over 350,000 cells from the colonic mucosa of patients with and without UC was used to reveal 51 cell subsets, including epithelial, stromal, and immune cells (34). When reviewing T cells, several CD4+ T cell subsets showed increased expression of IL17A, showcasing an expansion of TH17 cells with pro-inflammatory phenotypes. However, the CD8+ T cell subsets showed the largest induction on IL17A. Using an in-situ analysis, the authors found CD8 co-expressed on both CD4- and CD4+ cells. These CD4+CD8+IL17+ T cells have been largely uncharacterized, however, these cells correlated with activated cytotoxic programs and genetic signatures conducive to TH17 pathogenicity and tissue damage (e.g., RBPJ and IL23R) that have been reported in mice (83). Kong et al. also showed IL23R to be an IBD risk gene in cells taken from the colon and terminal ileum of patients with CD, but they showed the greatest mean expression to be in innate lymphoid cells (ILCs) in both tissue types (45).

A recent study in mice showed that colonic immunopathology driven by Red 40, and IL-23 may not actually depend on these classical TH17 responses; as IL-17A and IL-17F blockade did not prevent colitis development in mice that conditionally expressed IL23 in CX3CR1-positive myeloid cells (84). Additionally, they sought to define this mechanism further. They used the T cell transfer colitis model, an invaluable model to dissect pathogenic and protective mechanisms of CD4+ T cells (11) and scRNA-seq to identify a new population of IFNγ-secreting CD4+ cytotoxic T lymphocytes that were induced by IL-23 and the food dye Red 40 to promote colitis pathogenesis (27). Without IFNγ, IL-23 and Red 40 did not induce progressive colitis development and prevented colonic epithelial cell death, showcasing perhaps a specialized relationship between IL-23, IL-17, IFNγ, and overall TH17 signaling in the development of IBD in mice (27).

In a longitudinal DSS mouse model, Ho et al. looked at how cell phenotypes changed during inflammation (29). Using a pseudotime analysis, significant changes were observed in T cell subsets (which expressed Cd3d and Cd3g). The IBD risk gene Ifng was expressed over the entire  DSS-induced disease time course in the T cell cluster but only at day 6 in stromal cells, indicating subtle dynamic phenotypic changes in different cell types. Capturing these subtle changes over time in a human model is difficult, exemplifying how useful mouse models of IBD can be, especially when paired with scRNA-seq analysis.




CD8+ T cells

CD8+ T cells are a cytotoxic T cell subset that drive cell-death through numerous pathways including perforin and granzyme release and by expressing FAS ligand (85). CD8+ T cells are typically in lower abundance in the intestine at steady state compared to CD4+ T cells (86). Despite numerous evidences that IBD pathology is associated with exuberant CD4+ T cell responses, recent scRNA-seq data revealed that CD8+ T cells also play a role in IBD pathogenesis (25, 66, 68).

T cells sorted from the IELs of healthy donors and CD patients revealed different CD8+ clusters (70). One of these clusters expressed genes associated with an effector phenotype (KLRG1, GZMB, GZMK, and IFNG). Whereas, the other CD8+ cluster highly expressed the tissue residency marker ITGAE. When these cells were analyzed further using a new clustering strategy, this highlighted the expression of IL7R, IL2 and TCF7, genes associated with a memory phenotype. The authors hypothesized that the resident memory CD8+ T cell cluster might gain cytotoxic and antimicrobial functions via S100A family members during inflammation. In the same study, scRNA-seq of CD8+ T cells in the LP identified three clusters: effector CD8+ T cells (KLRG1, EOMES, GZMB), a second group expressing CD160 and ITGA1, and a third group expressing NK cell receptors such as KLRC1, KLRD1, and ENTPD1 (70). In summary, similar and unique CD8+ T cell clusters were identified in the IEL and LP compartments of CD patients.

A second scRNA-seq analysis of colonic T cells revealed that CD8+ and γδ T cells both expressed ENTPD1 (64). This gene codes an ectonucleotidase that converts ATP and ADP to AMP. In colonic CD8+ T cells from pediatric cases of colitis, decreased ENTPD1 expression was observed in association with a defective cyclic AMP (cAMP) pathway. Mechanistically, the reduction of cAMP is believed to result in platelet aggregation and hyperinflammation. The authors then used DSS-induced acute colitis mouse model to test the effect of dipyrimodole, a phosphodiesterase (PDE) inhibitor. PDE is an enzyme the degrades and inactivates cAMP and cGMP, therefore, inhibiting PDE will increase cAMP levels in vivo. Administering mice dipyrimodole increased the colon length, prevented body weight loss, improved barrier function, and crypt structure in the DSS treated mice. As a result, they demonstrated increased expression of Entpd1 and elevated cAMP levels also influenced platelet aggregation and TNFα production, linking the findings observed in a pre-clinical model of colitis back to human IBD (64).

In yet another study, scRNA-seq of CD8+ T cells from dissociated colonic tissues of UC patients, identified tissue resident (ITGAE and DUSP4), naïve (SELL, CCR7, and TCF7) double positive CD8+CD4+ (GZMA, RORA, and CCR6) and increased numbers of IL26 expressing T cells (66). Although IL26 is not expressed in mice, human IL-26 can signal through the IL-10RB and IL-20RA heterodimeric receptor in mice (87). Deeper analysis of the IL26-expressing CD8+ T cells displayed both an ILC3 signature (RORC, CKIT and AHR), a TH17 signature, and several exhaustion markers (PDCD1, HAVCR2, and CTLA4). Interestingly, these IL26 expressing CD8+ T cells co-expressed IL23R and IL17A, which has also been shown in a recent longitudinal human single cell therapeutic atlas of IBD (54). To further assess the role of IL26 in UC, the authors subjected humanized IL26 transgenic mice to DSS-induced colitis and tested the efficacy of an anti-IL-26 monoclonal antibody. Using these tools, the authors demonstrated that IL-26 has a protective role in the acute model of colitis in mice; however, whether IL-26 has the same protective effect under chronic inflammation conditions remains to be elucidated (66).

While typically associated with protecting the host from infection, a pathogenic role for resident memory CD8+ T cells (Trm) in autoimmune diseases have become appreciated (53, 68, 88). Boland and colleagues identified four CD8+ Trm clusters, expressing high levels of CD69, ITGAE, CD101, CCR6, ITGA1 and lower levels of KLF2 and S1PR1, with unique clonal expansion of a cluster of CD8+ Trm cells in UC patients compared to healthy controls (68). This cluster also expressed transcripts encoding cytotoxic granules, metabolic regulators, and the transcription factors ZEB2 and EOMES. The authors then used two pre-clinical models of colitis to demonstrate a pathogenic role for CD8+ T cells. First, Il10 knockout mice fed piroxicam had a marked accumulation of CD8+ T cells in the colon. The administration of an anti-CD8 mAb in these mice reduced weight loss and colon pathology. Secondly, the adoptive transfer of CD8+ T cells transduced with Eomes retroviral constructs into Rag1 deficient mice significantly increased weight loss and more colonic inflammation after DSS administration (68).





B cells/plasma cells

Plasma cells are terminally differentiated B cells that secrete immunoglobulin (Ig), including IgM, IgE, IgA, and IgG. While IgA levels are highly abundant in the intestinal tissue and contribute to intestinal homeostasis (89), anti-microbial IgG in the gut is also observed at steady-state (90, 91). The large presence of anti-microbial IgG observed in IBD has renewed interest due to an FCGR2A variant associated with disease pathogenesis (92, 93). Thus, the role of IgG in the inflamed mucosa of IBD patients is an area of active investigation.

Huang et al. identified increases in CD138+ plasma cells in pediatric CD subjects by scRNA-seq (64). More specifically, seven B cell clusters including tissue resident B cells (CD44, CD69), CD19+ B cells, CD27high B cells, CD27low B cells, and two CD138+ plasma cell clusters expressing IGHG1 and IGHA1 respectively were identified. Interestingly, the tissue resident marker (CD103) was increased in plasmablasts. In addition, they observed the transition from IgA1 to IgG1 in the IBD subjects, in line with the study showing the impact of CXCR4+IgG+ plasma cells to the IBD pathogenesis (94). In another study scRNA-seq study by Boland et al. characterized different subsets of B cells and plasma cells (68). They observed an increase in the IgG1+ plasmablasts in UC whereas IgA2+ plasma cells were elevated in the healthy controls. All together, these scRNA-seq studies highlight the presence of B cells in the inflamed mucosa and bias towards IgG class-switching in plasma cells in human IBD. Uzzan and colleagues identified twenty clusters of B cells isolated from the LP when comparing healthy and UC patients (95). These clusters included naïve B cells (IGHD, FCER2, and CD72), memory B cells (CD27 and TNFRSF13B), atypical memory B cells (FCRL5, FCRL4, and DUSP4), germinal center-like B cells (AICDA, BCL6, and FAS) and plasma cell populations based on the expression of immunoglobulin genes. Additionally, they detected an IFNG signature specific to a naive B cell cluster expressing IGHD, FCER2, and CD72 suggesting a shift in the systemic humoral response towards a pro-inflammatory IgG B cell phenotype in UC.

Kong et al. collected tissue from CD patients and non-IBD donors from inflamed and non-inflamed regions of the terminal ileum and the colon and characterized the cellular networks by scRNA-seq (45). B cells were sub-clustered into plasma cells (SDC1, MZB1, SSR4, XBP1), B cells (BANK, MS4A1/CD30, ASDAM28, VPREB3) and germinal center B cells (LRMP, GPT2, PAG1). Plasma cells were a higher percentage of the sample in inflamed CD in the terminal ileum (45). Martin et al. described the GIMATS module, consisting of the presence of IgG-expressing plasma cells, inflammatory mononuclear phagocytes, activated T cells, and stromal cells, is expressed in a subset of ileal CD and is linked to anti-TNF therapy resistance (53).

On the other hand, in the mouse scRNA-seq study Ho et al. described decrease in the IgA producing plasma cell population at most severe time points of intestinal inflammation, whereas IgA plasma cell numbers recovered during the resolution phase (29). While differences in B cell biology have been identified between healthy and human IBD, the role of B cells has begun to be explored in pre-clinical models of IBD. In a separate study by Frede et al, they performed another longitudinal DSS-colitis study where scRNA-seq was performed on enriched B cells from the colonic LP on days 0 and 14 after DSS exposure in mice (26). While no differences in B cell cluster numbers were observed, the authors identified an expansion in an IFN-induced B cell cluster marked by Serpina3g, Serpina3f, Stat1, Tgtp2, and Zpb1 during the mucosal healing stage of disease at day 14. Subsequent experiments where B cells were depleted by administering CD19cre-iDTRHET mice diphtheria toxin during DSS administration enhanced tissue regeneration, suggesting a pathogenic role of B cells in mucosal healing (26).






Conclusions and future perspectives

The advances and application of single cell transcriptomics to human IBD samples have revolutionized our understanding of the complex and dynamic interactions between epithelial cell, stromal cell, and immune cell populations. Additionally, this technology has also been instrumental in identifying novel cell types and rare populations of cells, which were likely not detected previously. While numerous human IBD scRNA-seq studies were highlighted in this review, it is evident that the application of this powerful technology has not been applied enough to pre-clinical models of IBD to translate findings found in human disease. To our knowledge, the only pre-clinical model that applied scRNA-seq to generate a comprehensive landscape of epithelial cells, stromal cells, and immune cells was the longitudinal DSS study by Ho et al. (29). However, this study did not identify all cell types that have been identified by scRNA-seq in human studies (Figure 1). For example, a recent study combining scRNA-seq with spatial analysis (65) uncovered notable diversity within neutrophils in IBD colonic mucosa. Neutrophils were categorized into three distinct states (N1, N2, and N3) based on their unique gene expression profiles. Furthermore, novel clusters of innate lymphoid cells have been identified and contribute to intestinal inflammation (96, 97). Thus, by expanding the use of scRNA-seq to other pre-clinical models of IBD, we will be better equipped to select the most appropriate model to translate and functionally validate findings from human IBD studies.




Figure 1 | Summary of epithelial cell, stromal cell, and immune cell populations identified by scRNA-seq in the DSS-induced colitis model and human IBD. Highlighted key cell populations identified in this review that describe similar and different cell populations between the DSS-colitis pre-clinical model and human IBD.



Furthermore, by expanding the use of scRNA-seq to all pre-clinical models to generate comprehensive disease atlases with epithelial cells, stromal cells, and immune cells will warrant the opportunity to generate novel hypotheses for therapeutic strategies (Figure 2). Overlaying gene signatures at the single cell level from human IBD and numerous pre-clinical models would significantly increase the likelihood of selecting the most appropriate pre-clinical model to test novel first- and best-in-class therapeutics and modalities to treat and ultimately cure IBD.




Figure 2 | Summary figure of how translating single cell findings in human to pre-clinical models improves our understanding of disease. Human IBD gene signatures at the single cell level could be overlayed with single cell gene signatures from multiple pre-clinical models of IBD allowing for data-driven selection of the most appropriate pre-clinical model to test novel biology, questions, and therapeutics.
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Introduction

The intricate connection between gut microbiota and rheumatoid arthritis (RA) pathogenesis has gained prominence, although the specific microbial species contributing to RA development remain largely unknown. Recent studies have sought to comprehensively explore alterations in the human microbiome, focusing on identifying disease-related microbial species through blood analysis. Consequently, this study aimed to identify RA-associated microbial species using a serum microbial array system and to investigate the efficacy and underlying mechanisms of potential microbial species for RA treatment.





Methods

Serum immunoglobulin M levels against 384 intestinal microbial species were assessed using a microbial microarray in patients with RA and healthy individuals. We investigated the therapeutic potential of the identified microbial candidate regarding arthritis development, immune responses, gut barrier function, and gut microbiome using a collagen-induced arthritis (CIA) mouse model.





Results

Our findings revealed significant alterations in antibody levels against 36 microbial species in patients with RA compared to healthy individuals. Notably, the antibody levels against Peptoniphilus gorbachii (PG) were decreased in patients with RA and exhibited an inverse correlation with RA disease activity. In vitro experiments demonstrated that PG produced acetate and butyrate, while exhibiting anti-inflammatory properties. In CIA mice, PG administration suppressed arthritis symptoms, reduced the accumulation of inflammatory monocytes in the mesenteric lymph nodes, and downregulated gene expression of pro-inflammatory cytokines in the ileum. Additionally, PG supplementation restored intestinal barrier integrity and partially resolved gut microbial dysbiosis in CIA mice. The fecal microbiota in PG-treated mice corresponded to improved intestinal barrier integrity and reduced inflammatory responses.





Conclusion

This study highlights the potential of serum-based detection of anti-microbial antibodies to identify microbial targets at the species level for RA treatment. Moreover, our findings suggest that PG, identified through the microbial microarray analysis, holds therapeutic potential for RA by restoring intestinal barrier integrity and suppressing the immunologic response associated with RA.





Keywords: rheumatoid arthritis, microbiota, Peptoniphilus gorbachii, intestinal barrier integrity, inflammatory reaction




1 Introduction

Microbiota has emerged as a crucial factor in human health. Accumulating evidence demonstrates that dysbiosis, defined as imbalanced microbiota composition, is evident in patients with rheumatoid arthritis (RA) (1–5). A balanced microbiota and commensal microbe-derived metabolites are pivotal for maintaining symbiotic relationships within the intestine by reinforcing the epithelial barrier and regulating the mucosal immune response (6). However, microbial dysbiosis can compromise epithelial barrier function, resulting in an influx of bacteria and their metabolites into the bloodstream, leading to increased exposure of immune cells to bacterial antigens and subsequent pro-inflammatory responses (7). Furthermore, the enterotoxin zonulin, secreted by intestinal epithelial cells following microbial stimulation, reduces the expression of intestinal tight junction proteins. This, in turn, induces damage to the gut barrier, T cell-mediated mucosal inflammation, and the transmigration of immune cells from the gut to the joints (8). Therefore, restoring microbiota homeostasis and intestinal barrier function emerges as a promising strategy for preventing or treating RA (9).

Several microorganisms, including Porphyromonas gingivalis and Prevotella copri, have been implicated in RA pathogenesis. P. gingivalis triggers and exacerbates RA by activating Th17 immune responses and encoding peptidyl arginine deiminase, which facilitates the generation of RA-related autoantigen citrullinated peptides (10, 11). Prevotella copri has been discovered in both the preclinical stage and in new-onset stages of untreated RA patients and has been shown to contribute to the development of the disease (12, 13). Lactobacillus salivarius is consistently enriched in patients with RA, particularly those with highly active RA (14). Conversely, another Prevotella species, Prevotella histicola, suppresses arthritis via mucosal immune regulation (15). Additionally, Lactobacillus casei significantly suppresses the induction of arthritis, restores gut microbiota, and reduces oxidative stress (16, 17). These findings underscore that even within the same genus, distinct species can exert different effects on RA. Therefore, identifying RA-related microorganisms at the species level is pivotal for discovering effective targets for RA treatment.

While 16S rRNA gene sequencing and shotgun metagenomic sequencing of fecal samples are commonly used for identifying RA-associated microorganisms (18), they present limitations. Experimental conditions, such as sequencing errors and genomic repeats, can impact the outcome of these methods (19, 20). Additionally, the fecal microbiome only partially represents the entire gastrointestinal tract microbiota and fails to represent the mouth and lungs microbiota, both implicated in RA pathogenesis (21, 22). Furthermore, the translocation of transient gut microbiota could elicit persistent systemic responses, detectable through a serum microbial antibody array but frequently missed by metagenomic sequencing of fecal samples (23).

As a solution to sequencing limitations, serological testing emerges as a viable alternative for identifying disease-related microorganisms. Clinical practice often employs serological tests to identify causative microorganisms in pneumonia, scrub typhus, and syphilis. Similarly, serological tests have recently been conducted to investigate RA-related microbiota using blood samples. For example, antibodies against P. gingivalis were highly observed in patients with RA compared to healthy controls and associated with the presence of anti-cyclic citrullinated peptide antibodies (ACPA) (24–27). Elevated serum antibody levels against Prevotella copri were also observed in individuals at risk of or diagnosed with RA (28). Another recent study, using blood samples, demonstrated altered microbial small RNA composition in plasma of patients with RA compared to controls (29). Such blood-based investigations offer the advantage of reflecting changes in microorganisms across various organs, including the mouth, lungs, and intestine, with minimal sample requirements (30).

This study aimed to identify species-level microbial candidates associated with RA through a serum microbial antibody microarray and to demonstrate the therapeutic effects and underlying mechanisms of these candidate RA-related microbial species in collagen-induced arthritis (CIA) mice.




2 Materials and methods



2.1 Patients

The study included 81 patients with RA and 50 healthy controls (HC) matched for age, sex, and race. Human serum samples were provided by the Gyeongsang National University Hospital (GNUH)-Korea Biobank, sampled in 2017 and 2018. This study was approved by the Institutional Review Board (permit No: GNUH 2017-08-015). RA disease activity was assessed using the Disease Activity Score in 28 joints (DAS28) with measurements of erythrocyte sedimentation rate (ESR) and C-Reactive Protein (CRP) (31, 32). Patient information is summarized in Supplementary Table 1.




2.2 Anti-microbial antibody microarray and analysis

Immunoglobulin M (IgM) antibody levels targeting specific intestinal microbial species were evaluated in serum samples (33, 34). Specifically, 384 species of intestinal microbes obtained from the Gut Microbiota Bank (https://www.gutmicrobiotabank.com) were grown in yeast casitone fatty acid (YCFA) medium (Supplementary Table 2) and homogenized using an automill disruptor (Cosmo Bio, Japan). Microbial lysates were arrayed onto a nylon membrane using a microarray spotter (CapitalBio, China) and fixed by air drying, followed by a subsequent incubation at 80°C for 30 min. The membrane was then blocked in Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat dry milk at 37 °C for 30 min. Patient serum was added to the chips, followed by a 30-min incubation at 37°C. Subsequently, the chips were incubated with Alexa Fluor 647-conjugated goat anti-human IgM secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C for 30 min. The fluorescence intensity was quantified using a Luxscan (CapitalBio, China). Each experiment involved at least three technical replicates and the average intensities of each sample were normalized using global normalization and Z-transform methods. Microbial richness and evenness were assessed based on species richness and Shannon index (α-diversity of species). Principal coordinate analysis (PCoA) was performed to identify microbial compositional diversity (β-diversity of species). Linear discriminant analysis (LDA) effect size (LEfSe) was performed using the Galaxy framework (https://huttenhower.sph.harvard.edu/galaxy/) to identify bacterial taxa enriched in the serum of healthy individuals and patients with RA (p < 0.01, LDA score > 3.0). A heatmap of bacterial species with differential relative abundances was generated (p < 0.01, Z-ratio > 1.5). Furthermore, a co-occurrence network was constructed using the Cytoscape v.3.10.0 plugin CoNet (p < 0.05 adjusted using the Benjamini-Hochberg correction, correlation coefficient > 0.5 based on four correlation measures including Spearman, Pearson, Bray-Curtis, and Kullback-Leibler).




2.3 Bacterial strains and culture supernatants

Peptoniphilus gorbachii (PG) strain WAL 10418 (JBP9-00201) and P. gingivalis (JBP11-00401) obtained from the Gut Microbiota Bank were cultured anaerobically at 37°C in YCFA medium. Live PG pellets and culture supernatants were prepared by centrifugation of bacterial culture at 12,000 × g for 10 min. Additionally, live PG pellets were suspended in 10% skim milk in YCFA and freeze-dried. Heat-killed (HK)-PG was generated by incubating the bacterial culture at 60°C for 1 h.




2.4 In-vitro bacterial competition assay

PG and P. gingivalis were grown separately in YCFA medium until reaching an OD600 of 0.1. They were then mixed at a 1:1 ratio. Pure cultures of PG and P. gingivalis were also prepared as controls to assess competition. Co-cultures and single cultures were serially diluted 10-fold eight times after 0, 8, and 16 h of culture. These dilutions were then spread onto agar plates and incubated at 37°C for 48 h. All single colonies visualized on the agar plates were identified by light microscopy following Gram-staining.




2.5 Quantification of short chain fatty acids (SCFAs)

SCFAs in PG-cultured supernatants were quantified using gas chromatography/mass spectrometry (GC-2010 Plus, GCMS-TQ 8030, Shimazu, Tokyo, Japan).




2.6 Cell culture and cytokine stimulation

RAW 264.7, a murine macrophage cell line, was maintained in Dulbecco’s modified eagle’s medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin (GIBCO, Carlsbad, CA, USA). RAW 264.7 cells were seeded in a 24-well plate (1 × 105 cells/well) and cultured for 24 h. Subsequently, cells were exposed to HK-PG (1 × 105 cells/well) or PG supernatant (0.5%) for 20 h, followed by stimulation with LPS (1 µg/mL; O55:B5, Sigma-Aldrich, St. Louis, MO, USA) for 4 h. Total RNA was extracted from the cells to evaluate pro-inflammatory gene expression.

Mouse small intestinal lamina propria (siLP) cells were isolated as previously described (35). Single-cell suspensions of mesenteric lymph nodes (MLN) were prepared through mechanical grinding and filtering using a nylon mesh. Single-cell suspensions from siLP and MLN were seeded into a 96-well plate (5 × 105 cells/well) and stimulated with monoclonal anti-CD3e (1 µg/mL; clone 145-2C11, BD Biosciences, San Jose, CA, USA) and anti-CD28 (1 µg/mL; clone 37.51, BD Biosciences) antibodies, with or without HK-PG (5 × 103 cells/well) or PG supernatant (0.5%) for 24 h. Cell culture supernatants were used for the measurement of IFN-γ and IL-17A levels.




2.7 Animals and arthritis induction

Five-week-old male DBA1/J mice were purchased from Central Laboratory Animal Inc. (Seoul, Korea). All mice were acclimatized for two weeks under specific pathogen-free conditions and fed standard rodent chow and sterile water. Animal experiments were conducted in accordance with the guidelines of Gyeongsang National University (GNU) and approved by the Institutional Animal Care and Use Committee (IACUC approval ID: GNU-200724-M0046) in Korea.

CIA was induced as previously described (36). Briefly, mice were immunized intradermally at the base of the tail with 100 μg bovine type II collagen (CII, Chondrex, Redmond, WA, USA) emulsified with complete Freund’s adjuvant (CFA, Sigma-Aldrich) on day 0. Three weeks later (day 21), mice were boosted with CII emulsified with incomplete Freund’s adjuvant (IFA, Chondrex). Mice were divided into four groups according to the treatment scheme: (1) naïve mice without treatment and immunization (n = 4), (2) CII-immunized mice without treatment (CIA, n = 8), (3) PG-treated CIA mice (CIA/PG, n = 9), and (4) antibiotic-treated CIA mice (CIA/AB, n = 8). PG treatment was initiated four weeks before the first CII injection and continued for 9 weeks until the end of the experiment (day 35). A total of 1 × 109 colony-forming units (CFUs) of live PG suspended in 200 µL of PBS were orally administered to mice three times a week. For antibiotic treatment, ampicillin (1 g/L), vancomycin (0.5 g/L), neomycin (1 g/L), and metronidazole (1 g/L) were administered to mice in the drinking water for a total period of 3 weeks, beginning on day 14 after the first CII injection.

Clinical arthritis scores were evaluated on a scale of 0–4 for each limb three times a week, starting after the second CII injection (day 21), as previously described (36). Mice were sacrificed five weeks post-immunization (day 35) for sample collection.




2.8 Histopathological examination

Ankles were formalin-fixed, decalcified with a decalcifying solution (Sigma-Aldrich), and embedded in paraffin. Ankle joint sections (5 μm) were subjected to hematoxylin and eosin (H&E) and safranin O staining. Slides were imaged using a Nikon microscope imaging system and NIS-Elements software (Nikon Instruments, Tokyo, Japan). The assessment of synovial inflammation, bone erosion, and cartilage damage was conducted as previously described (36).




2.9 CFU assay for P. gorbachii colonization in feces

Freshly collected mouse fecal pellets were smashed in 1 mL of YCFA medium, followed by a 10-fold serial dilution six times. One hundred microliters of the serially diluted fecal suspension were spread onto YCFA agar medium, and the agar plates were incubated at 37°C for 16 h in anaerobic conditions. Following visualization of single colonies on the agar plate, approximately 100 single colonies were selected from the plates. The 16S rDNA sequences, encompassing regions V1-V9, were amplified using colony PCR and universal primers (27F 5’-AGAGTTTGATCCTGGCTCAG-3’ and 1492R 5’-GGTTACCTTGTTACGACTT-3’). These amplified DNA fragments were sequenced using Sanger sequencing. Full-length 16S rRNA sequences were analyzed in a DNAbaser4.36 analyzer, and contigs of each individual DNA were uploaded to NCBI BLAST for bacterial species identification.




2.10 Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) and reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). DNA was subjected to qPCR amplification using a SYBR Green PCR master mix (Thermo Fisher Scientific) on a ViiA 7 Real-time PCR Detection System (Applied Biosystems, Waltham, MA, USA). The expression of target genes relative to glyceraldehyde 3-phosphate dehydrogenase was calculated using the 2-ΔΔCt comparative method. The primer pairs used are listed in Supplementary Table 3.




2.11 Enzyme-linked immunosorbent assay (ELISA)

To measure IFN-γ and IL-17A levels in cell culture supernatants, 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated with IFN-γ (eBioscience, San Diego, CA, USA) or IL-17A monoclonal antibodies (eBioscience) and blocked with BD OptEIA™ Assay diluent (BD Biosciences). Samples were added to the wells and incubated overnight at 4°C. Biotinylated IFN-γ (eBioscience) or IL-17A (eBioscience) antibodies were added, followed by the addition of AKP streptavidin (BD Biosciences). Color was developed by adding 5 mM phosphatase substrate (Sigma-Aldrich), and absorbance was measured at 405 nm using a Versamax microplate reader with SoftMax Pro 6.5.1 software (Molecular Devices, Wokingham, UK).

Serum samples were prepared by centrifuging whole blood collected from mice at 2,000 × g for 10 min at 4°C. Subsequently, the serum samples were subjected to dilutions of 100,000-fold, 4-fold, and 1000-fold for the detection of anti-CII IgG antibody (Chondrex), anti-CCP antibody (MyBioSource Inc., San Diego, CA, USA), and zonulin (MyBioSource Inc.), respectively. The levels of serum autoantibodies and zonulin (MyBioSource Inc.) were measured in accordance with the manufacturer’s instructions.




2.12 Flow cytometric analysis

Mouse colonic lamina propria (cLP) cells were isolated as previously described (35), and MLN and ILN cell suspensions were prepared through mechanical grinding. Cell surface and intracellular cytokine staining were conducted as previously described (35). Cells stained with fluorochrome-conjugated antibodies (Supplementary Table 4) were analyzed using a LSRFortessaTM X-20 flow cytometer (BD Biosciences). Data analysis was carried out using FlowJo (Tree Star Inc., Ashland, OR, USA).




2.13 16S rRNA gene sequencing and analysis

Total bacterial genomic DNA from intracecal samples was extracted using the MagMAX™ Microbiome Ultra Nucleic Acid Isolation Kit on a KingFisher Flex automated DNA/RNA isolation system (Thermo Fisher Scientific), according to the manufacturer’s instructions. DNA samples were analyzed using a Nano-300 Micro-spectrophotometer (ALLSHENG, Hangzhou, China) and Qubit 3.0 fluorometer (Thermo Fisher Scientific) to assess concentration and purity of fecal DNA.

Libraries were constructed using the 16S Metagenomic Sequencing Library Preparation guide protocol (Illumina, San Diego, CA, USA). Variable regions 3 and 4 of the bacterial 16S rRNA gene were amplified using Kapa HiFi Hotstart Ready PCR Mix (Kapa Biosystems, Wilmington, MA, USA), with primers targeting MiSeq 341F and 805R. DNA indexing and second PCR were performed using Nextera XT index kits (Illumina). Each PCR product was purified using an Agencourt AMPure XP purification system (Beckman Coulter, Brea, CA, USA). Quantification and size estimation of the library were performed using the QIAxcel Advanced system and QIAxcel DNA High Resolution Kit (Qiagen, Hilden, Germany). Amplicons were pooled for sequencing using an Illumina MiSeq System (2 × 300 bp paired-end reads).

Sequence assembly and quality filtering were processed using QIIME2 software. Raw sequence reads were demultiplexed using the q2-demux plugin, followed by denoising using the DADA2 plugin to eliminate low-quality scores. All amplicon sequence variants (ASVs) were classified using the SILVA 138 99% database. QIIME2’s diversity analyses (q2-diversity plugin) and R software were used to present microbial richness, evenness diversity indices, and PCoA. The LEfSe algorithm was implemented using the Galaxy computational tool.




2.14 Statistical analysis

Data visualization and analysis were performed using GraphPad Prism (GraphPad, San Diego, CA, USA) or IBM SPSS (SPSS Inc., Chicago, IL, USA). Statistical significance was evaluated using a t-test or one- or two-way analysis of variance (ANOVA) followed by Fisher’s LSD post hoc test, or a Mann-Whitney test, Wilcoxon test or Kruskal-Wallis test followed by Dunn’s post hoc test, depending on the normal distribution of the data. Pearson’s correlation was used to assess the correlation between relative bacterial abundances and variables. Permutational multivariate analysis of variance (PERMANOVA) was applied using the QIIME2 plugin to evaluate differences in microbial community structure. Unless otherwise indicated, data are presented as the mean ± standard error of the mean (SEM), and a p value lower than 0.05 was considered significant.





3 Results



3.1 Perturbation of serum anti-microbial antibodies in RA patients

To investigate microbial alterations in patients with RA based on serum antibody profiling, we conducted microbial species-specific IgM microarrays. The α-diversity of serum anti-microbial antibodies revealed a significant decrease in evenness in patients with RA compared to HC, while the richness remained similar between the two groups (Figure 1A). This diversity was further evident in the β-diversity assessment, where PCoA highlighted distinct clustering patterns representing the varying composition of serum anti-microbial antibodies in RA patients and HC (Figure 1B).




Figure 1 | Serum anti-microbial antibody profile in healthy control (n = 50) and patients with RA (n = 81). (A) α-diversity assessed through microbial species-specific antibody abundance richness and evenness (Mann-Whitney test, **p < 0.01). (B) β-diversity analyzed using Bray-Curtis PCoA of microbial species-specific antibody communities (PERMANOVA, p < 0.001 vs HC). Symbols represent each individual. (C) Cladogram generated following a LEfSe analysis at the phylum to genus level (pairwise Wilcoxon test, p < 0.01, LDA score > 3.0). Green: taxa enriched in HC, Red: taxa enriched in RA. (D) Heatmap depicting differential anti-microbial antibody abundances between HC and patients with RA (t- and z-tests, p < 0.01, Z-ratio > 1.5). Blue: low abundance, Red: high abundance. HC: Healthy control, RA: Rheumatoid arthritis, PCoA: Principal coordinates analysis, LDA: Linear discriminant analysis, LEfSe: LDA effect size.



We identified discriminative core microbes employing a bacterial taxonomic rank based on the relative abundance of anti-microbial antibodies in the serum from HC and RA patients using an LEfSe analysis (Figure 1C). At the phylum level, Fusobacteria was significantly enriched in HC, whereas Actinobacteria and Bacteroidetes were enriched in patients with RA. At low taxonomic ranks, 6 and 3 classes, 6 and 4 orders, and 8 and 5 families were enriched in HC and patients with RA, respectively. The 9 genera including Streptococcus, Clostridium, and Peptoniphilus, were significantly enriched in HC, whereas 5 genera, including Corynebacterium, Prophyromonas, and Bacillus, were significantly enriched in patients with RA.

The heatmap depicting serum microbial species-specific antibody abundances highlighted significant alterations in antibody abundance against 36 microbial species in patients with RA compared to HC (Figure 1D). Specifically, antibodies against 21 microbial species were decreased, while antibodies against 15 microbial species were increased in patients with RA compared to HC.




3.2 Altered serum anti-microbial antibodies are associated with disease severity in patients with RA

Our study identified significant alterations in 36 anti-microbial antibodies in the comparison of patients with RA and HC (Figure 1D). Correlation analysis was conducted to investigate the association between the abundances of these significant anti-microbial antibodies and RA disease activity, determining associations with disease severity. Notably, anti-microbial antibodies decreased in patients with RA were inversely correlated with disease activity, whereas those elevated in patients were positively correlated with disease activity (Figure 2A). Specifically, the antibodies against Ochrobactrum cytisi (O. cytisi), P. gorbachii, Dialister pneumosintes (D. pneumosintes), and Veillonella denticariosi (V. denticariosi) were associated with lower disease severity (Figure 2B). Conversely, antibodies against Gordonibacter urolithinfaciens (G. urolithinfaciens) and Pseudomonas fluorescens (P. fluorescens) were associated with higher disease severity, as assessed by DAS28-CRP in patients with RA.




Figure 2 | Association between altered microbial species-specific antibodies and disease activity in patients with RA (n = 81). (A) Correlations between differential anti-microbial antibody abundances and clinical features in patients with RA (Pearson’s correlation, *p <0.05, **p < 0.01). Blue: inverse correlation, Red: positive correlation. (B) The linear relationships between differential anti-microbial antibody abundances and DAS28 score in patients with RA (Pearson’s correlation). Solid lines represent the mean linear regression, while dotted lines indicate 95% confidence intervals. Symbols represent individual RA patients. (C) Co-occurrence network of differential anti-microbial antibodies in HC (n = 50) and patients with RA (n = 81). The size of each circle (node) represents the abundance of anti-microbial antibodies enriched in either HC (green node) or RA (red node) patients (Benjamini-Hochberg’s correction, p < 0.01). Lines connecting two nodes (edges) indicate the correlation efficiency between anti-microbial antibodies (chosen by Spearman, Pearson, Bray-Curtis, and Kullback-Leibler measures, r > 0.5, p < 0.05). Blue edges: negative correlation, Red edges: positive correlation. (D) The linear relationships between antibodies against P. gingivalis and disease activity-inversely correlated microbial species in HC and patients with RA (Pearson’s correlation). Solid lines represent the mean linear regression, while gray-filled areas indicate 95% confidence intervals. Symbols represent each individual. ESR: Erythrocyte Sedimentation Rate, CRP: C-Reactive Protein, TJC: Tender Joint Count, SJC: Swollen Joint Count, VAS: Visual Analog Scale, DAS: Disease Activity Score.



The CoNet approach was employed to infer association patterns among significant 36 anti-microbial antibodies in patients with RA and HC, revealing a higher number of networks in patients with RA compared to HC (Figure 2C), which is suggestive of increased co-occurrences of anti-microbial antibodies in patients with RA. In the RA patient group, most of the networks exhibited direct or indirect connections to one another. Specifically, antibodies against O. cytisi, P. gorbachii, and D. pneumosintes, which were enriched in HC and inversely associated with disease activity (Figure 2B), demonstrated positive connections either directly or indirectly within the RA patient network (Figure 2C). Additionally, the anti-G. urolithinfaciens antibody, enriched in RA and positively associated with disease activity (Figure 2B), showed positive connections with RA-enriched antibodies such as P. micans and B. firmus, while displaying an inverse connection with the HC-enriched S. vestibularis antibody. Overall, the altered anti-microbial antibodies exhibited associations with disease severity and interconnected relationships (networks) among themselves in patients with RA.

The analysis of microbial arrays revealed an increased abundance of antibodies targeting P. gingivalis in patients with RA, a putative pathogen implicated in RA through protein citrullination (Figure 1D). To further identify specific microbial candidates for RA therapy, we investigated the relationship between antibodies against P. gingivalis and three microbial species: O. cytisi, P. gorbachii, and D. pneumosintes. These species were selected based on their association with disease severity and their co-occurrence network (Figures 2B, C). The abundance of anti-O. cytisi and anti-D. pneumosintes antibodies exhibited an inverse correlation with the abundance of anti-P. gingivalis antibody in both patients with RA and HC (Figure 2D). Notably, the abundance of anti-P. gorbachii antibody showed an inverse correlation with anti-P. gingivalis antibody solely among patients with RA (Figure 2D). Importantly, P. gorbachii (PG) has been reported to inhibit infection (37) and produce SCFAs which were associated with RA suppression (38). Therefore, based on our bacterial microarray findings and the reported evidence (Supplementary Table 5), we selected PG as a potential specific target for RA treatment and further explored its involvement in RA.




3.3 In-vitro characteristics of P. gorbachii

To investigate the potential mechanisms underlying the therapeutic effects of PG in RA, we examined the competitive potential of PG against P. gingivalis, an RA-associated pathogen. Our in-vitro interspecies competition assay revealed an inhibitory impact of P. gingivalis on PG (Figure 3A). Despite similar growth rates in single cultures of both species, the growth of PG was strongly suppressed after 16 h of co-culture with P. gingivalis, indicating interference in bacterial growth between the two species.




Figure 3 | In vitro physiological and immunological properties of P. gorbachii (PG). (A) In vitro competition assay between PG and P. gingivalis. PG and P. gingivalis cultures were prepared each as a control (single culture) and then mixed (co-culture). After 0, 8, and 16 h of single and co-cultures, PG and P. gingivalis colonies were counted. n = 3 for each group and time (Two-way ANOVA, Fisher’s LSD post hoc test, **p < 0.01). (B) Measurement of short-chain fatty acids (SCFAs) in PG-cultured supernatants. n = 2–3 per group (t-test, *p < 0.05, **p < 0.01). Median and interquartile range (1st – 3rd quartile). (C) Pro-inflammatory gene expression of RAW 264.7 cells cultured in the absence or presence of heat-killed (HK)-PG or PG supernatant under LPS stimulation. n = 3–6 per group (One-way ANOVA, Fisher’s LSD post hoc test, *p < 0.05, **p < 0.01 vs LPS+ control). (D, E) IFN-γ and IL-17A concentrations in mouse siLP and MLN cell supernatants cultured in the absence or presence of HK-PG (D) or PG supernatant (E) under anti-CD3e and anti-CD28 stimulation. n = 3–6 per group (One-way ANOVA, Fisher’s LSD post hoc test, *p < 0.05, **p < 0.01 vs CD3/CD28+ control). Mean ± SEM. siLP: Small intestinal lamina propria, MLN: Mesenteric lymph node.



To validate the ability of PG to produce SCFAs, which have therapeutic implications in RA, we performed GC-MS analysis of PG-cultured media. PG produced SCFAs, including acetate and butyrate (Figure 3B), which have been associated with the alleviation of RA symptoms. Subsequently, we assessed the ability of PG to suppress immune responses through evaluation of pro-inflammatory cytokine profiles in RAW 264.7 macrophages, siLP, and MLN cells treated with HK-PG or PG supernatants under cell-stimulating conditions. Both HK-PG and PG supernatant downregulated the gene expression of LPS-induced Il6, Il23, Il1b, and Tnfa in RAW 264.7 cells (Figure 3C; Supplementary Figure 1). Moreover, HK-PG significantly reduced CD3/CD28-induced IFN-γ and IL-17A production in siLP cells, as well as IL-17A production in MLN cells (Figure 3D). However, PG supernatant only reduced CD3/CD28-induced IL-17A production in MLN cells (Figure 3E), indicating a specific anti-inflammatory suppression of immune cells. In an additional in-vitro experiment involving P. fluorescens, P. gingivalis, and P. micans, bacteria identified as elevated in the serum bacterial microarray analysis of patients with RA, treatment with P. fluorescens and P. gingivalis independently led to the upregulation of pro-inflammatory cytokine genes in RAW 264.7 cells in the absence of LPS (Supplementary Figure 2A). Meanwhile, the treatment of P. gingivalis and P. micans did not impact the induction of pro-inflammatory cytokine genes under LPS stimulated condition (Supplementary Figure 2B). Overall, PG demonstrated an outstanding effect in inhibiting the upregulation and secretion of pro-inflammatory cytokines associated with activated macrophages and CD4+ T cells. These findings underscore the critical role of PG in the modulating both innate and adaptive immune responses, involving key immune cell types such as macrophages and CD4+ T cells, which play a central role in the pathogenesis of RA.




3.4 P. gorbachii treatment suppresses arthritis in CIA mice

To determine whether PG can prevent RA development in vivo, we evaluated the effect of PG treatment on arthritis in a CIA mouse model. First, we compared fecal CFUs of PG between CIA and PG-fed CIA (CIA/PG) mice to determine colonization of the intestine following oral administration. The fecal CFUs of PG were significantly higher in CIA/PG mice than in CIA mice, indicating stable intestinal colonization (Figure 4A).




Figure 4 | Effect of PG on arthritis in CIA mice. CIA was induced by intra-dermal injection of CII into mice. PG was orally administered for 4 weeks before the first CII injection (day 0) and continued until euthanasia at day 35. Samples were collected from naïve (n = 4), CIA (n = 8), and CIA/PG (n = 9) mice at day 35. (A) Colonization of PG in feces from CIA and CIA/PG mice (t-test, **p < 0.01). (B) Arthritis incidence and scores in the experimental groups (Log-rank test and Two-way ANOVA, Fisher’s LSD post hoc test, *p < 0.05, **p < 0.01 vs naïve; ††p < 0.01 vs CIA). (C) Representative histopathological images and scores of ankle joints stained with H&E and safranin O (One-way ANOVA, Fisher’s LSD post hoc test, *p < 0.05). Scale bar: 200 μm. (D) Expression of anti- and pro-inflammatory cytokine genes in ankle samples (One-way ANOVA, Fisher’s LSD post hoc test, *p < 0.05, **p < 0.01). (E) Serum anti-CII IgG and anti-CCP antibody levels (One-way ANOVA, Fisher’s LSD post hoc test, **p < 0.01). Mean ± SEM.



To clarify the effect of PG on arthritis, we treated a group of mice with antibiotics, as a broad spectrum of antibiotics has been reported to reduce arthritis severity in CIA mice (39). Both antibiotic- (CIA/AB) and PG-treated (CIA/PG) CIA mice exhibited reduced arthritis scores compared to CIA mice (Figure 4B). Furthermore, CIA/PG mice showed a clear prevention in arthritis development, with a lower incidence of arthritis than that of CIA mice (Figure 4B). Histopathological analysis using H&E staining revealed decreased inflammatory cell infiltration and bone erosion in CIA/PG mice (Figure 4C). Additionally, PG treatment led to the recovery of cartilage thinning in the joints of CIA mice.

To further confirm the suppressive effect of PG on arthritis, we investigated the gene expression of pro-inflammatory cytokines and chemokines in the ankles of the experimental groups. CIA/PG mice exhibited downregulated gene expression of pro-inflammatory cytokines (Ifng, Il17a, Il6, Il1b, and Il23) and a chemokine receptor (Cx3cr1), which were upregulated in CIA mice (Figure 4D; Supplementary Figure 3A). The gene expression of the anti-inflammatory cytokine Il10 was also upregulated in the ankles of CIA mice and normalized by PG treatment (Figure 4D).

Next, we assessed whether PG treatment influenced antigen-specific systemic autoimmunity by measuring serum anti-CII IgG and anti-CCP antibody levels. We observed no significant difference in anti-CII IgG antibody levels between CIA and CIA/PG mice; however, CIA/PG mice exhibited a trend for lower levels of anti-CII IgG antibody compared to CIA mice (Figure 4E). Furthermore, the elevated serum anti-CCP antibody levels in CIA mice were significantly decreased with PG treatment (Figure 4E). These findings suggest that PG not only attenuates arthritis severity but also reduces the production of antigen-specific autoantibodies, reflecting its potential therapeutic role in RA.




3.5 P. gorbachii is involved in the suppression of arthritis by improving intestinal inflammation and barrier integrity in CIA mice

In our study, we explored PG’s role in regulating immune responses in the gut-joint axis, as prior research has suggested that intestinal inflammation can trigger the onset of RA (40). We conducted an analysis of T cell subsets in the ILN, MLN, and cLP of naïve, CIA, and CIA/PG mice using flow cytometry. The detailed gating strategies can be found in Supplementary Figure 4A.

Notably, we observed a significant decrease in the percentage of Th17 (CD4+IL-17A+) cells in the ILN of CIA/PG mice compared with that in CIA mice (Figure 5A). Furthermore, PG treatment significantly diminished the numbers of Th1 (CD4+IFN-γ+) and Th17 cells that had accumulated in the ILN of CIA mice. Interestingly, Treg (CD4+Foxp3+) cells, well-known for their immunosuppressive properties, were also increased in CIA mice relative to naïve and CIA/PG mice. However, the Th1/Treg and Th17/Treg ratios were higher in CIA mice than in naïve mice, suggesting a preferential differentiation or proliferation toward Th1 and Th17 cells in CIA. Importantly, PG treatment effectively restored the Th17/Treg imbalance observed in CIA mice by decreasing the Th17/Treg ratio in CIA/PG mice compared to CIA mice.




Figure 5 | Role of PG in CIA-characteristic inflammation and intestinal barrier function. Samples were collected from naïve, CIA, and CIA/PG mice at 35 days after CII immunization. (A, B) Flow cytometry analysis of T cell subsets in the ILN (A) and macrophage lineage cells (B) from the cLP, MLN, and ILN of naïve (n = 4), CIA (n = 5), and CIA/PG (n = 5) mice. (C–E) Gene expression of pro-inflammatory cytokines in ileum (C), zonulin levels in serum (D), and gene expression of Zo-1 and Ocln in ileum (E) of naïve (n = 3), CIA (n = 6–7), and CIA/PG (n = 6–9) mice. Mean ± SEM. One-way ANOVA, Fisher’s LSD post hoc test (A–C, E) and t-test (D), *p < 0.05, **p < 0.01. cLP: Colonic intestinal lamina propria.



Although no difference was observed in Th1 and Th17 cells of cLP and MLN between naïve, CIA, and CIA/PG mice (Supplementary Figure 4B), PG treatment significantly reduced the accumulation of inflammatory monocytes (CD11b+CX3CR1+Ly6C+) in the MLN and ILN of CIA mice (Figure 5B). Furthermore, our study encompassed an analysis of conventional dendritic cells (cDCs), with a specific focus on the CD103– cDC2 subset, known for its role in promoting T cell differentiation into Th17 cells. However, our investigation did not reveal significant differences in CD103– cDC2 subset within the cLP and MLN when comparing non-treated CIA and PG-treated CIA mouse groups (Supplementary Figure 4C). Although PG treatment led to a reduction in both the number and percentage of CD103– cDC2 cells in the ILN of CIA mice, it did not restore normalcy to the population of all cDC subsets within cLP and MLN (Supplementary Figure 4C). Collectively, our findings highlight the potent inhibitory effect of PG on Th17 cells in ILN and the marked reduction in the accumulation of inflammatory monocytes in both ILN and gut-associated MLN.

To further understand the intestinal effect of PG on RA pathogenesis, we investigated the gene expression of pro-inflammatory cytokines in the ileum of naïve, CIA, and CIA/PG mice. The gene expression of Ifng, Il17a, Il23, Il6, and Tnfa was decreased in the ileal tissues of CIA/PG mice compared to those in CIA mice (Figure 5C). Moreover, we evaluated gut barrier integrity using zonulin, which is a protein secreted from gut epithelial cells in response to dietary, gut microbial, or inflammatory stimuli (8). Serum zonulin levels were decreased in CIA/PG mice compared to CIA mice, indicating improved gut barrier integrity (Figure 5D). Furthermore, genes encoding tight-junction proteins, zonula occludens-1 (Zo-1) and occludin (Ocln), were upregulated in the ileum of CIA/PG mice compared to those in CIA mice (Figure 5E; Supplementary Figure 3B). These data suggest a protective capacity of PG against arthritis through inhibition of CIA intestinal inflammation, reflected in the prevention of increased gut permeability and the disassembly of tight junctions.




3.6 P. gorbachii treatment restores gut microbial alterations in CIA mice

To investigate the effects of PG treatment on the gut microbiome, we conducted 16S rRNA gene sequencing analysis of cecal samples from naïve, CIA, and CIA/PG mice. Although no significant differences were observed in α-diversity using Chao1 and Shannon indices among cecal microbiota from naïve, CIA, and CIA/PG mice (Figure 6A), CIA promoted a change in microbial communities with a clear separation in PCoA plots from the naïve and CIA/PG groups (Figure 6B). The cladogram showed discriminative bacterial clades by comparison of different mouse groups, where Bacteroidetes, Patescibacteria, and Firmicutes were the microbial phyla with differential abundances in the cecum of naïve, CIA, and CIA/PG mice, respectively (Figure 6C). At lower taxonomic ranks, bacterial taxa enriched in the cecum of naïve mice were Bacteroidaceae, Prevotellaceae, Staphylococcaceae, Eubacterium coprostanoligenes (E. coprostanoligenes) group, and Peptococcaceae families, as well as eight genera including Bacteroides, Alloprevotella, Staphylococcus, Lachnospiraceae_UCG-006, Butyricicoccaceae_UCG-009, and E. coprostanoligenes group. Bacterial taxa enriched in the cecum of CIA mice were the Saccharimonadaceae family, as well as the Desulfovibrio, Acetatifactor, and Candidatus saccharimonas genera. Bacterial taxa enriched in the cecum of CIA/PG mice were Lactobacillaceae, Streptococcaceae, Bacilli_unidentified, and Lachnospiraceae families, as well as six genera including Lactobacillus, Streptococcus, and Lachnospriaceae NK4A136 group.




Figure 6 | Role of PG in gut microbiome in CIA. Cecal samples were collected from naïve (n = 4), CIA (n = 5), and CIA/PG (n = 5) mice at 35 days after CII immunization and 16S rRNA gene sequencing was conducted. (A) α-diversity measured based on the Chao1 and Shannon indices (One-way ANOVA, Fisher’s LSD post hoc test, p > 0.05). Median and interquartile range (1st – 3rd quartile). (B) β-diversity assessed using PCoA based on unweighted UniFrac distance matrix. (C) Cladogram constructed based on the LEfSe analysis. Colors indicate bacterial taxa discriminately enriched in cecal microbiome of naive (blue), CIA (red), and CIA/PG (green) mice (Kruskal-Wallis, pairwise Wilcoxon test, p < 0.05, LDA score > 2.0). (D, E) Relative abundance of significantly different genera (D) and species (E) between groups (Kruskal-Wallis, Dunn’s post hoc test). Median ± min to max. (F) Relationship between gut-associated inflammatory profiles and cecal microbial taxa discriminately enriched in each experimental group (Pearson’s correlation, *p < 0.05, **p < 0.01). Colors indicate negative (turquoise) and positive (yellow) correlations.



PG treatment restored certain microbial genera and species to levels similar to those of naïve mice (Figures 6D, E). Notably, the relative abundance of the E. coprostanoligenes group and Clostridium leptum (C. leptum) was significantly normalized in the cecum of CIA/PG mice. In addition, PG treatment also promoted a significant increase in Blautia_unidentified and Streptococcus danieliae (S. danieliae) compared to CIA mice (Figure 6E). Overall, PG treatment partially resolved CIA-induced gut microbial dysbiosis, bring the gut microbial profile closer to that of naïve mice. To explore whether these changes in gut microbiota induced by PG treatment are linked to the production of SCFAs, we analyzed SCFA levels in cecal samples obtained from naive, CIA, and CIA/PG mice. Our analysis revealed a significant reduction in acetate and propionate levels in CIA mice; however, PG administration did not restore the decreased levels of acetate and propionate induced by CIA (Supplementary Figure 5). No significant changes in butyrate levels were observed among the three experimental mouse groups.

The correlation analysis between pathobiological molecules and bacterial taxa revealed that significantly abundant bacterial taxa in the cecum of naïve mice tended to be positively correlated with ileal Ocln gene expression and negatively correlated with an inflammatory response (Figure 6F). Conversely, significantly abundant bacterial taxa in the cecum of CIA mice showed a tendency for a negative correlation with intestinal epithelial barrier function and a positive correlation with an inflammatory response (Figure 6F). The genus Streptococcus and species S. danieliae were discriminately enriched in the cecum of CIA/PG mice and were associated with improved intestinal barrier integrity, showing a positive correlation with ileal Zo-1 gene expression and an inverse correlation with serum zonulin level (Figure 6F). Moreover, Streptococcus and S. danieliae were inversely correlated with the number of MLN Ly6C+ inflammatory monocytes and the gene expression of pro-inflammatory cytokines, such as Ifng and Il17a. Collectively, these findings demonstrated that the enriched microorganisms in the cecum of CIA/PG mice were closely linked to the amelioration of elevated gut permeability and inflammation.





4 Discussion

In this study, we identified altered antibodies against 36 microbial species in patients with RA compared to healthy controls using a serum IgM antibody microarray against 384 microbial species. Among them, PG was selected as a candidate microorganism likely to have a therapeutic effect among the bacterial species that were decreased in RA patients and displayed a negative correlation with disease activity. PG showed therapeutic potential due to its competitive growth with P. gingivalis, its secretion of immunomodulatory SCFAs, and its suppression of inflammatory cytokines associated with macrophage and T cell activation. In a mouse model of CIA, PG administration exerted a strong inhibitory effect on Th17 cells in ILN and markedly inhibited inflammatory monocytes in MLN and ILN. Moreover, PG improved gut permeability and tight junction disassembly, inhibiting intestinal inflammation in CIA mice.

The most common method currently used for gut microbiota identification is 16S rRNA sequencing of fecal samples. As previously highlighted, some studies have attempted to overcome the limitations of sequencing methods using feces by focusing on serum-based approaches. Continuous exposure to microbes can trigger an antibody response against these microorganisms, offering a potential metric for assessing microbial exposure (41). Although IgA has traditionally been associated with immune responses against gut microbiota, recent research has highlighted the significance of IgM and IgG in host-microbiota interactions (42). A recent study revealed the presence of numerous IgM+ B cells in human intestine, which produce secretory IgM and intestinal IgM reacting to a variety of microbiota (43). IgM, the primary antibody produced by B cells upon antigen exposure before class switching to IgG or IgA (44), is characterized by its large pentameric structure, enabling it to bind to a broader range of bacterial antigens compared to IgG and IgA (45). Consequently, IgM-associated alterations are likely to signify diverse and robust systemic immune responses during the initial stages of disease. This may effectively mirror recent or ongoing shifts in microbiota, serving as a first responder against microbial antigens.

Several studies have explored the potential role of IgM in the immunopathogenesis of various diseases, often mediated through altered gut microbiota. For instance, individuals with obesity have shown elevated concentrations of plasma IgM (46) along with an increase in IgM-bound gut microbiota (47). Patients with RA exhibited higher IgM and IgA levels compared to control (48), while most patients with poor prognosis displayed elevated levels of IgM antibodies specifically binding to IgG (49). Moreover, RA patients exhibited significantly higher levels of multiple antimicrobial response factors such as EndoCAb IgM and EndoCAb IgA, which are released into circulation in response to microbial exposure when compared to healthy individuals (48). Elevated levels of IgM specific to certain bacterial species were also observed in RA patients (50). Notably, sera from rheumatoid factor (RF)-positive individuals showed significantly higher levels of IgM antibodies, but not IgG and to a lesser extent IgA, against Proteus mirabilis, Escherichia coli, and Klebsiella pneumoniae, which have been linked with RA (51).

This study was conducted to analyze the microbiota of patients with RA using a serum microbial array designed to detect IgM antibodies against gut microbiota in the serum, building upon the rationale supported by prior research. Our results using this novel method revealed a reduction in the evenness of anti-microbial antibody abundances in patients with RA compared to controls, as well as distinct compositions in these antibody levels between the two groups. Antibodies against a total of 36 microbial species were differentially expressed, with 21 being decreased and 15 being increased in patients with RA compared to HC patients. Notably, we found a significant correlation between the anti-PG antibody and RA disease activity, suggesting the potential effectiveness of the RA-specific bacteria, PG, as a treatment avenue for RA.

Preliminary data and the literature accentuate the plausibility of employing PG for RA treatment. First, PG belongs to the microbial taxa associated with disease-suppressive soils (37). Second, PG produces butyrate and acetate, immunomodulatory metabolites derived from microbiota (38). Butyrate has been associated with improved proliferation of intestinal epithelial cells, mucin synthesis, and maintenance of mucosal immune homeostasis (52). Acetate is a major SCFA that can be converted to butyrate by gut microbial enzymes (53, 54). Similarly, we showed that PG produces butyrate and acetate in-vitro, indicating its potential to restore commensal bacterial composition. In addition, the growth of PG was inhibited in the presence of P. gingivalis, a recognized pathogenic player in RA. Although the specific bacteria involved in competitive interactions with P. gingivalis are unknown, PG appears to play a role in such interactions. Notably, PG administration partially restored certain genera and species, contributing to the partial recovery of gut microbiota homeostasis. This study revealed that PG could potentially improve CIA by reinstating eubiosis.

This study has limitations in determining whether PG exerts its arthritis-suppressing effects through SCFA production. While our in-vitro experiment confirmed PG’s capacity to generate SCFAs, we observed no significant differences in cecal SCFA levels between non-treated CIA and PG-treated CIA mice. A prior study demonstrated differences in SCFA levels between gut and serum, suggesting the potential systemic transport of SCFAs within the body (55). Their research revealed an increase in serum butyrate levels upon administering Faeclibacterium prausnitzii, a representative butyrate-producing bacterium, in CIA mice. However, they reported no distinctions in cecal butyrate levels between non-treated CIA and F. prausnitzii-treated CIA mice. Although we were unable to analyze serum SCFAs in our present study, future investigations may be necessary to explore the influence of PG on the redistribution of SCFAs between the gut and the circulatory system in- vivo.

Pathophysiological immune mechanisms between gut microbiota and RA pathogenesis are potentially multifactorial. Some of these potential interactions might be underlined by the activation of antigen-presenting cells (APCs) via toll-like receptors, enzymatic peptide citrullination induction, antigenic mimicry, control of the host immune system (triggering T cell differentiation), and increased Th17-mediated mucosal inflammation (56). P gingivalis contributes to RA pathogenesis by activating Th17 cell-mediated pro-inflammatory responses and encoding peptidyl arginine deiminase, which facilitates the generation of ACPA (10, 11). Additionally, P. copri activates APCs through toll-like receptors and stimulates Th17 cell responses and ACPA production by B cells in patients with RA (56). Conversely, P. histicola can suppress arthritis development by modulating the immune response (regulation of DCs and generation of Treg cells), resulting in the suppression of Th17 responses and reduction of inflammatory cytokines (15). PG suppressed Th17 responses, as well as pro-inflammatory cytokines, inflammatory monocytes, and ACPA production. Our study further elucidates how PG contributes to CIA alleviation by curbing Th17 responses and inflammatory monocyte recruitment.

Lymphatic capillaries located within intestinal villi play a vital role in both nutrient absorption and immune cell trafficking to the MLN (57). Gut injuries can result in the release of pro-inflammatory factors that disrupt the integrity of the intestinal barrier (58). Recent evidence underscores the mesenteric lymph as a conduit for gut-derived harmful agents, ultimately contributing to systemic inflammation. These agents, upon absorption into the mesenteric lymphatic duct, possess the potential to activate and transport immune cells including monocytes/macrophages and DCs, thereby propagating systemic inflammation. During tissue injury or infection, monocytes rapidly infiltrate the affected tissues, acquiring pro-inflammatory characteristics, often classified as inflammatory monocytes (59). In inflamed colons, the recruitment of inflammatory monocytes to the LP is facilitated through CCR2, followed by their subsequent migration to the MLN, indicating colon inflammation (60).

In our study, although we did not observe a significant reduction in the population of inflammatory monocytes within the cLP of PG-treated CIA mice, we did find compelling evidence of PG’s inhibitory effect on the activation/recruitment of inflammatory monocytes within the MLN, implying its potential protective role against gut inflammation and injury. Furthermore, our study demonstrated a down-regulation of pro-inflammatory cytokine genes in the intestines of PG-treated CIA mice, accompanied by reduced serum zonulin levels, suggesting that PG’s impact on arthritis may be mediated through the modulation of the intestinal microenvironment. We also noted a trend toward reduced CCL2 gene expression in the ankles of PG-treated CIA mice, indicating a potential role for PG in inhibiting the migration of inflammatory monocytes to the synovium. Monocyte recruitment to the synovium relies on the interaction between chemokine receptors CCR2 and CX3CR1 on the monocyte surface and their ligands CCL2 and CX3CL1, which are produced by fibroblast-like synoviocytes (61). This interaction governs the egress of circulating monocytes and their subsequent recruitment into the RA synovium (62, 63).

Recent studies have highlighted the role of monocytes as APCs capable of activating T cells. In particular, Ly6C+ monocytes play a crucial role in transporting and presenting antigens to cognate T cells in LNs (59, 64). In RA, cytokines produced by monocytes/macrophages, such as IL-1β, IL-6, and IL-23, are instrumental in driving the polarization of Th17 cells and enhancing IL-17 production in CD4+ T cells (65). Inflammatory monocytes are likely the predominant monocyte subset involved in modulating the Th17 cells response, contributing to the activation and expansion of Th17 cells in inflamed synovial tissue (66, 67). Based on the findings from previous research, it is reasonable to speculate that PG contributes to the reduction of inflammatory monocyte recruitment/infiltration in the MLN by mitigating gut inflammation and barrier disruption. Concurrently, PG may hinder the trafficking of inflammatory monocytes to the synovium and its draining ILN by regulating CCL2, thereby influencing the induction of Th17 cells in the synovium and preventing the dissemination of systemic inflammation.

Nonetheless, recent studies have unveiled the intricate role of monocytes, including their actions within circulation and migration into tissues and lymphoid organs (59). Monocytes precursors originating from the bone marrow (BM) migrate to diverse organs, including lymphoid tissues like LNs and spleen, as well as nonlymphoid tissues such as the intestines, lung, and skin through blood circulation (68). CCL2 also plays a critical role in the egress of Ly6Chi monocytes from the BM (64). Activated monocytes migrate from the bloodstream into inflamed tissues through chemotaxis mediated CCL2 and CX3CL1, contributing to proinflammatory cytokine production. Monocytes can also traffic to LNs through tissues (69). Hence, it is conceivable that during arthritis, monocytes originating from the BM and circulating in the bloodstream may migrate to inflamed synovium or intestine, subsequently emigrating to their respective draining LNs. In the exploration of PG’s mechanisms for mitigating arthritis, unresolved questions remain regarding monocyte migration to tissues and draining LNs, as well as the interactions occurring within this lymphoid network.

Our findings indicate that PG influences intestinal permeability, suggesting a potential therapeutic role for PG in arthritis by modulating the intestinal environment. Zonulin, a central factor in this process, disrupts intestinal tight-junction proteins, enhances intestinal permeability, and promotes Th1 and Th17 infiltration in the lamina propria before the onset of arthritis (40). A recent study demonstrated that oral treatment with the zonulin antagonist larazotide before the onset of arthritis prevented increased intestinal barrier permeability and attenuated arthritis symptoms in CIA mice (40). ZO-1, an intracellular adaptor protein that binds to numerous transmembrane and cytoplasmic proteins, is required for the assembly of both adherens and tight junctions (70). Our study demonstrated that PG supplementation restored intestinal barrier integrity, decreased serum levels of zonulin, and increased gene expression of intestinal tight junction molecules (Zo-1 and Ocln), while also suppressing pro-inflammatory cytokines in the intestine. Thus, PG has the potential to ameliorate CIA by restoring intestinal barrier function. However, further mechanistic study is needed to determine which components of PG, including its structure or derived metabolites, contribute to the enhancement of intestinal function in vivo.

In the current investigation, certain limitations warrant acknowledgment. We did not compare the serum microbial array results with those obtained through fecal 16S RNA sequencing, the most common method for microbiota identification. Furthermore, since the serum microbial arrays examined only 384 microbial strains, the interpretation of the results could be somewhat limited. Lastly, the potential influence of anti-rheumatic drugs on microbiota was not factored into our analysis.

In conclusion, this study reiterates the utility of serum anti-microbial antibody arrays in uncovering therapeutic microbial targets for RA. Furthermore, we demonstrate the therapeutic effect of PG in restoring the intestinal barrier integrity and suppressing the immune response against RA. Therefore, PG may represent a promising microbiota-targeted therapy for individuals with RA.
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AVERAGE  PBS 7.0E+07 483 620 7.8 68.5 301 47.0 8.1 299 148 724 17 106 54
12 ATZ 24E+08 872 925 554 263 736 182 168 422 28 56.1 34 295 691

13 ATZ 26E407 7 872 128 872 665 275 121 472 132 275 121 472 132

14 ATZ 6.6E+07 359 29 7.1 862 137 452 604 34 148 702 869 168 43

15 ATZ 34407 385 98.6 14 162 824 515 214 142 129 797 821 7.68 436

16 ATZ 34407 404 98.6 137 233 766 594 29 818 753 6938 108 122 7.19

17 ATZ 84E+07 458 724 275 828 141 46 969 316 127 603 195 137 659

18 ATZ 15E+07 53 95.6 289 195 487 397 603 345 197 746 308 204 191

19 ATZ 23407 2938 685 32 804 195 585 159 168 874 775 861 I8} 285

0 ATZ 758407 57 92 7.98 668 331 734 7.04 156 395 75 105 n3 317
AVERAGE  ATZ 6.6E+07 405 80.9 18.7 57.6 47.6 466 133 271 129 656 128 159 56
21 LipoP4 5.0E+04 a1 9.7 29 06 59.1 809 139 263 259 809 139 263 259

| 2 LipoP4 248407 782 9.2 074 748 925 607 26 653 599 938 387 159 078
23 LipoP4 24407 79 98.9 0.99 26 712 51 469 372 7.14 86 267 105 081

24 LipoP4 12E+08 734 98.1 17 197 75.1 56 184 345 7.6 877 215 8.98 121

25 Lipo-P4 52E407 631 995 017 169 821 183 307 515 71 662 151 30 233

26 Lipo-P4 14E+08 87.1 9.1 07 177 817 523 543 307 16 781 525 133 333

27 Lipo-P4 17E+07 L6 793 212 738 261 777 102 831 374 874 791 373 091

28 Lipo-P4 15E+08 507 95.1 485 502 495 742 658 129 6 781 109 745 355
AVERAGE  Lipo-P4 7.6E407 67.6 956 43 306 68.4 55.7 8.4 259 99 825 49 108 18
29 Lipo-Emp L7E+07 721 865 13 875 124 552 252 123 727 775 154 519 186

30 Lipo-Emp 8.8E+07 381 845 156 742 257 641 7.74 212 699 746 126 101 274

31 Lipo-Emp L4E+08 64 964 352 393 60.6 715 7.17 165 485 792 853 932 296
AVERAGE  Lipo-Emp 8.1E+07 36.4 89.1 107 67.0 329 636 134 167 64 77.1 122 82 25
32 ATZ(Low) 16E+07 018 912 304 856 648 524 204 51 21 757 108 811 541

33 ATZ (Low) 7.8E+07 531 762 21 962 233 416 292 438 16 749 s 923 441

3 ATZ(Low) 7.0E+07 66 995 02 208 788 176 149 477 32 734 136 219 329

35 ATZ(Low) 5.6E+07 67.7 987 107 585 41 367 151 30 182 753 496 162 352
AVERAGE  ATZ (Low) 55407 46.7 914 66 65.3 322 371 100 317 23 748 72 139 42
36 Lipo-P4 (Low) 9.6E+07 4.9 93 191 826 173 509 7.82 u7 166 471 2 161 18

37 Lipo-P4 (Low) 74E+07 626 633 339 88.1 101 2 3.09 558 161 375 12 366 139

38 Lipo-P4 (Low) 43E+07 813 964 282 237 756 173 283 576 23 484 192 4538 386
AVERAGE  Lipo-P4 (Low) 7.1E407 629 842 129 648 343 311 46 6.0 183 443 120 328 109

The bold values mean that they are average of the groups shown. in the upper site.
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Cancer models

Pancreatic cancer

Cell lines

HPD-INR,

Reagents

Oncolytic adenovirus,

mmunotherapy approa

Oncolytic virus therapy

HaK Vaccinia virus
HPDINR, SHPC6, Ad-TD-nsIL-12 Cytokine, (13)
Hap-T1 Oncolytic virus therapy
SHPC6 VVLATK-STCANIL-IL21 Cytokine, (14)
Oncolytic virus therapy
HPD-INR Ad5 Oncolytic virus therapy (76)
PGHAM-1 Dendritic cell (DC) Therapeutic Cancer Vaccine (19)
SHPC6 INGN 007 Oncolytic virus therapy (23)
HP-1 RGD-AE3-ADP-ham-IFN Cytokine, (25)
Oncolytic virus therapy
HaP-T1 Ad-OSM, NDV-OSM Oncolytic virus therapy (26)
PGHAM-1 AdCV-hamIFN Cytokine, 27)
Oncolytic virus therapy
HapT1 Ad5-D24, Oncolytic virus therapy, Adoptive Cell (60)
Tumor-infiltrating lymphocytes (TILs) Therapy
HaP-T1 0Ad/IL12/GM-RLX Cytokine, (69)
oPD-1 Oncolytic virus therapy,
Immune Checkpoint Inhibitor
Hap-T1 vvdd-tdTomato-hGMCSF Oncolytic virus therapy, Cytokine (70)
HapT1 AdS5/3-E2F-d24-hIL2, rhIL-2, TIL therapy = Cytokine, 73)
Oncolytic virus therapy,
Adoptive Cell Therapy
HapT1 Ad5/3-E2F-d24-hTNF-0-IRES-hIL-2 Cytokine, (15)
(TILT-123), Oncolytic virus therapy,
Tumor-infiltrating lymphocytes (TILs) Adoptive Cell Therapy
HPDINR Dendritic cell (DC) Therapeutic Cancer Vaccine (74)
HaK, PC1 VRX-007 Oncolytic virus therapy 77)
HP-1 VCN-01 Oncolytic virus therapy (78)
HP-1 VCN-11 Oncolytic virus therapy (79)
SHPC6 'VRX-007 Oncolytic virus therapy (80)
HaP-T1, HP-1, H2T Ad-WTLuc Oncolytic virus therapy (81)
HaP-T1 AxE1CAUP Oncolytic virus therapy (82)
HaP-T1, H2T Human adenovirus Oncolytic virus therapy (83)
H2T Ad-DHscIL12 Cytokine, (84)
Oncolytic virus therapy
HapT1 Ad5/3-E2F-d24-vIL2 Cytokine, (85)
Oncolytic virus therapy
HapT1, Ad5/3-d24-E2F-hTNFa-IRES-hIL2 Cytokine, (86)
HapT1 AIM2-/- Oncolytic virus therapy
HaP-T1 Ad-IL12G Cytokine, (87)
Virus-loaded monocytes Oncolytic virus therapy
Human Esophageal Squamous Cell SBRC-ECO1 Ad-TD-nsIL12 Cytokine, a7
Carcinoma Oncolytic virus therapy
Glioblastoma HamGSC-1, Delta-24-RGD Oncolytic virus therapy (24)
HamGSC-2
| Cheek pouch SCC tumor HPTI11, HPT12 Ip11w/A55K Oncolytic virus therapy (28)
Head and neck cancer HCPC1 VVATKANI1L-hIL12 Cytokine, (88)
Oncolytic virus therapy
Gallbladder cancer G207 KIGB-5 Oncolytic virus therapy (29, 89)
Renal cancer HaK KD3-TFN Cytokine, (30)
Oncolytic virus therapy
HaK vvdd-tdTomato-hGMCSF Cytokine, (70)
Oncolytic virus therapy
HaK VRX-007 Oncolytic virus therapy (80, 90,
91)
HaK VRX-007, Ad5 Oncolytic virus therapy (92)
HaK INGN 007 Oncolytic virus therapy (93)
Lymphosarcoma TBD 932 IFN-0. Cytokine (71,72)
Leiomyosarcoma DDT1 MF-2 VRX-007 Oncolytic virus therapy (77)
DDT1-MF2 Ad5/3-D24-GMCSF Cytokine, (94, 95)

Oncolytic virus therapy
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Treatment
Irradiation and chemical reagents

Knock out of mouse autoimmune
cells

Injection of human cytokines

Construction of viral vectors

Injection of gene expression plasmids

Genetic engineering

Results

Busilvex (35 mg/kg) — Mouse immune system |
Irradiation (2-3 Gy) — Mouse immune system |

Anti-asialo GM1 antibody — Mouse NK cells |
CD122 antibody — Mouse NK cells |

IL-2R antibody — Mouse NK cells |

CI2MDP — Mouse macrophages |

Human G-CSF — Human dendritic cells, monocytes, and neutrophils 1
Human IL-7 — Multi-lineage human cell differentiation

Human SCF, IL-3, GMCSF, TPO — Human myeloid cells and lymphocytes 1
Human FLT3L — Human dendritic cells 1

Adenoviral vectors overexpress human IL-15 — Human NK cells 1
Lentiviral vectors overexpress human IL-7 — Human T cells and B cells 1

Human IL-15 and Flt3] gene expression plasmid — Human NK cells 1

Human M-CSF gene knock-in — Human monocytes and macrophages 1

Human M-CSF, IL-3, GM-CSF, TPO gene knock-in —Humanized myeloid and NK cells 1
Human SIRPoand TPO gene knock-in — Human hematopoietic engraftment levels 1

Human TPO gene knock-in — Multi-lineage human immune cells and platelets 1

Human SIRPo. gene knock-in — Phagocytosis of macrophages |

Human SCF, GM-CSF, and IL-3 gene knock-in — Human myeloid cells 1

Human SF, IL-3, and GM-CSF gene knock-in — Humanized myeloid cells T

Human SCF and KITL gene knock-in — Humanized myeloid cells 1

Human M-CSF, IL-3, GM-CSF, TPO, SIRPc. gene knock-in — Human myeloid and NK cells 1
Human M-CSF, IL-3, SIRPa, TPO, GM-CSF, and IL-6 gene knock-in —More susceptible to SARS-CoV-2
infection

/1” in humanized immune system mouse models represent an increase or decrease respectively compared with non-intervention control.

Reference

(66)
(93)
(29)
(94)
(94)
(94)
(38)
(95)
(96)
97)
(98)
(99)

(100)

(41)
(101)
(102)
(103)
(104)
(105)
(106)
(106)
(107)
(108)
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Author - Year Cancer Chemo- Regimen of Superior regimen Limitations

type therapy administration tested
Lesterhuis WJ. etal. - Meso- anti- Gemcitabine « Simultaneous Simultaneous s.c. mouse model
2013 (54) thelioma CTLA4 « Sequential - first chemo
« Sequential - first ICI
Martin-Ruiz A. et al. Lung anti- Cisplatin « Simultaneous Simultaneous Immuno-deficient
- 2020 (55) carcinoma PD-1 « Sequential - first chemo mouse model (NSG)

+ Sequential - first ICI

Zhao X. et al. - 2020 Colorectal anti- 5-fluorouracil « Simultaneous Sequential - first chemo s.c. mouse model
(56) carcinoma PD-1 « Sequential — first chemo
Fu D. et al. - 2020 Colorectal anti- Cisplatin or « Simultaneous Sequential - first chemo, 3 s.c. mouse model
(57) carcinoma PD-1/ Oxaliplatin « Sequential - first chemo, 3 days later ICI

L1 days later ICI

«  Sequential first - chemo, 6
days later ICI

Golchin S. et al. - Colorectal anti- Oxaliplatin « Simultaneous Sequential - first ICI s.c. mouse model
2019 (58) carcinoma PD-L1 « Sequential - first chemo
«  Sequential - first ICI

Alimohammadi R. Melanoma anti- Doxel « Simultaneous Sequential - first ICT /
et al. - 2020 (59) CTLA- « Sequential - first chemo

4 « Sequential - first ICI
Yan Y. et al. - 2018 Melanoma anti- Carboplatin + « Simultaneous First ICI followed by /
(60) PD-1/ Paclitaxel «  First ICI followed by simultaneous ICI + chemo

L1 simultaneous ICI + chemo
Coosemans et al. - Ovarian anti- Carboplatin + « Simultaneous - first ICI Simultaneous - first ICI /
2019 (53) cancer PD-1 Paclitaxel followed by ICI + chemo followed by ICI + chemo

« Simultaneous - first chemo
followed by chemo + ICI

Riva et al. - 2020 (61) = High-Grade anti- Temozolomide =« Simultaneous No difference J
Glioma PD-1 « Sequential - first chemo
« Sequential - first ICI

(ICIL, immune checkpoint inhibitor; s.

, subcutaneous; NSG, NOD scid gamma).
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Categories Symptoms/analysis Prevalence

Infectious prostatitis Acute or recurrent symptoms,
(I and I1) with the same microgram
Inflammation Leukocytes found in testing
(ITTA) samples
Chronic prostatitis/chronic pelvic pain syndrome No demonstrations of infection but 90%-95% (2)
(CP/CPPS) (IIT) _, None No leukocytes found in recurrent symptoms
inflammation testlngsamples
(11B) g samp
Asymptomatic inflammatory prostatitis(IV) Leukocytes found in testing samples without related-symptoms -

Symbol "-" means that there is no relevant literature to provide data.
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bacterial N i (21-25)
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C3H/HeOu] i i
- il and difficult to chronic i
mouse inflammation.
Fewer artificial Full with uncontrolled Lewis:30% -72%
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Rat: Lewis,
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Wistar, 313 Dorsolateral, Wistar rats (32-37,
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Sprague- months | ventral lobes (1) 39-41, 43)
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awley
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Mouse: 7-28 or NOD, NZB
! dorsal or specific genetic /
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High clinical
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e days,1-3 | lateral lobes background, TR g
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EAP -related | Copenh: Antigen,1-3 months differenc i Copenhagen:80% G538
penhagen ) iy inoculation penhagen: ST 5.5,
prostatitis times of (70
mice (63) | 5859, 61-
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Mouse:
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C57BLSG,
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The pathogenesis . §
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and function of s
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‘molecules or (73).
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Classification

Chemical

Chemical

Chemical
Immune
cell-mediated

Genetically
Engineered
Antibody-induced
Spontaneous

Spontaneous

Spontaneous

Infectious

Infectious

Type

Dextran Sodium
Sulfate (DSS)

Trinitrobenzene
sulfonic
acid (TNBS)
Oxazolone
T cell adoptive
transfer model
no”
Anti-CD40
TRUC

SAMPIYitFc

TNFOARE

Citrobacter

rodentium

Helicobacter
hepaticus

Mechanism

Destruction of colonocytes and dissemination of microbial and dietary contents into
the underlying lamina propria

TNBS serves as a hapten that couples with intestinal antigens that drive
immunogenic responses
Oxazalone serves as a haptenizing agent
Naive CD4* or CD8" T cells become activated by the microbiota in the absence of
Tregs and secrete IENy and IL-17A
Develop spontaneous colitis characterized by progressive immune cell infiltration

Agonistic anti-CD40 mAb activates dendritic cells and monocytes to secrete cytokines
cluding IL-12 and IL-23, driving the secretion of IFNY from NK cells

Spontaneous colitis develops by the product

n of TNFot and IL-23 in response to the
‘microbiota due to T-bet deficiencies in the innate immune system

Generated by interbreeding of AKR mice. Spontaneous inflammation develops in the
terminal ileum and cecum, and is driven by TH1 immune response.

Tleits develops spontancously due to increased stability and production of TNF due to
the deletion of the TNF AU-rich elements.

C. rodentium attaches to the intestinal epithelial cells driving the cytokine production
and activation of both innate and adaptive immune responses

H. hepaticus colonizes the colon of mice. In the absence of IL-10 signaling, colits is
characterized by the increased expression of IFNy and IL-17A

Advantages

Can induce both acute and chronic inflammation,
Can model “flare” and “remission” periods of human disease

Drives robust TH1 and TH17 immune responses in the colon tissue

Model can be used to interrogate type-2 immune responses, specifically 1L-13 and
the role of NKT cells

Can study T cell subsets, polarization, and migration into the lamina propria,
Can study the role of Treg suppression of effector CD4" T cells

“This model has allowed for a better understanding of the impact of the
‘microbiome on intestinal inflammation

‘This model can be used to study the role of innate immune cells in
intestinal inflammation

Initial model that identified a colitogenic microbiota.
Treatment of TRUC mice with anti-TNF alleviates inflammation

A pre-clinical model that displays inflammation in the terminal ileum and the
administration of anti-TNF alleviates inflammation — relevant for Crohn's disease

Develops patchy inflammation in the ileum and proximal colon - similar to
Crohn's disease,
Neutralization of TNF alleviates inflammation,
100% penetrance of disease in this strain of mice

Models human infection with enteropathogenic Escherichia coli,
Allows the researcher to understand host-pathogen interactions in the context of
intestinal inflammation

A model for studying the role of IL-10, IL-23, IL-17A, and the innate immune
system in the development of intestinal inflammation
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Species Inject ose Type of tu Incidence Reference

Urethan A mice ip. 1,000 mg/kg, single injection Lung tumor 6 months: 75% (29)
BALB/c mice ip. 600 mg/kg, three times every 2 days Lung tumor 20 weeks: 70% (30)
Swiss mice Breast- Parental female mice were administered 30 Lung tumor 3 months: 52%; 7 months: (31)
(newborn) feeding mg in 1, 3, and 5 days after delivery 78%
Swiss mice ih. 2 mg, single injection Lung tumor 3 months: 100% (31)
(newborn)
C57BL/6] ip. 1,000 mg/kg, once a week for 10 weeks Lung tumor 30 weeks: 100% (32)
mice
NNK A/] mice ip. 100 mg/kg, single injection Lung adenomas 34-42 weeks: 50% (33)
A/] mice ip. 3 umol weekly for 8 weeks Lung adenomas 26 weeks: 100% (34)
Swiss mice ip. 50 mg/kg, on postnatal days 1, 4, 7, 10, and Lung tumor 13-15 months: 57% (male), (35)
(newborn) 14 37% (female)
DEN FVB/N mice | ip. 15 ug/g, single injection Lung cancer (papillary | 12 months: 72% (36)
(15-day-old) cancer)
C57BL/6 mice = ig. 0.014% DEN for 6 days a week Hepatocellular 11-15 weeks: 100% 37)
(male) carcinoma
DEN+ B6C3F1/] ip. (CCl4) 1 mg/kg DEN, 40.2 ml/kg CCL4 every week Liver adenoma/liver 22 weeks: 100% (liver (38)
CCl4 mice(male) iv. (DEN) from week 8 to 14 cancer adenoma), 50% (liver
cancer)
ENU SD rats iv. 50 mg/kg, on day 20 of their pregnancy Nervous system tumor 1 year: 100% (39)
(offspring) (pregnant
rats)
NTCU SWR/J mice Skin smear  25-ul drop of 0.04 M, twice a week for 8 Lung squamous cell 8 months: 100% (40)
months carcinoma
NIH Swiss Skin smear | 25-pl drop of 0.04 M, twice a week for 8 Lung squamous cell 8 months: 83% (40)
mice months carcinoma
A/J mice Skin smear | 25-ul drop of 0.04 M, twice a week for 8 Lung squamous cell 8 months: 75% (40)
months carcinoma
FVB/] mice Skin smear 25-pl drop of 0.04 M, twice a week for 8 Lung squamous cell 8 months: 44% (40)
months carcinoma
BALB/c] mice = Skin smear 25-ul drop of 0.04 M, twice a week for 8 Lung squamous cell 8 months: 38% (40)
months carcinoma
DMBA SD rats ig 80 mg/kg, gavaged once Breast cancer 12 weeks: 100% (41)
NMBA SD rats ih. 0.5 mg/kg, three times a week for 5 weeks Esophageal tumors 20 weeks: 100% (42)
or once a week for 15 weeks
MCA BC3Fl mice Tracheal 0.5 mg, 6 times a week Respiratory tract 10-28 weeks: 86% (43)
drip squamous cell
carcinoma
DBA/2 mice Tracheal 0.5 mg, 6 times a week Respiratory tract 7 months: 6% (43)
drip squamous cell
carcinoma
AOM A/ or FVB/N | ip. 10 mg/kg, once a week for 6 weeks Colon tumors 30 weeks: 80%-100% (44)

mice
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Gene
mutations

KRAS

TP53

PTEN

EGFR

Type

Proto-
oncogene

Tumor
suppressor
gene

Tumor
suppressor
gene

Proto-
oncogene

Pancreatic cancer (70%-90%), colon cancer (50%), lung cancer (25%-50%)

Esophageal, colorectal, head, neck, laryngeal, and lung cancers

Breast cancer (12%), thyroid cancer (1%), endometrial cancer (2.6%), renal
cell cancer (1.6%), colon cancer (5%), and malignant melanoma (2%)

Glioblastoma, non-small-cell lung cancer, breast cancer, pediatric gliomas,
medulloblastomas, and ovarian cancer

Common mutation sites References

G12D, G12V, G12C, G13D, AMP, (69, 70)

GI12R

157, 158, 179, 245, 248, 249, 273 (71, 72)
(73)

Exon 19 deletion, exon 21 point (74, 75)

mutation, exon 18 point mutation,
and exon 20 insertion
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Number of animals 3 3 3 3 3

Grade -t [+ -]+ - + + - + + - + +

Skin (injection site)

Subcutaneous neutrophil infiltration = 3 [ 2 1 0 3 0 0 3 0 0 0 1 2

-, None/Negligible, +, Minimal/Very slight, +, Mild/Slight.
ICs, immune complexes; PBS, phosphate-buffered saline; TNE, tumor necrosis factor.
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