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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 naive 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
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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/] 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 MI-macrophages) and immune suppressive cells
(myeloid-derived suppressor cells), along with enhanced
proliferative characteristics of cancer cells. However, the in vitro
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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 TNFo, IL23, and Thl 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
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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 TNFo that lack the Fc portion of
IgG, abrogating immune complex-induced inflammation in an RA
model of mice compared to adalimumab (a TNFa. 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
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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 rg™" 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 mouse, humanized immune system mouse, nude mouse, NOD
mouse, NOD/SCID mouse

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1007579/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1007579/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1007579/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1007579/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1007579/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1007579&domain=pdf&date_stamp=2022-10-19
mailto:liuhf@gdmu.edu.cn
mailto:pqj@gdmu.edu.cn
https://doi.org/10.3389/fimmu.2022.1007579
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1007579
https://www.frontiersin.org/journals/immunology

Chen et al.

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 rgn“Jl 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.

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 Foxnl
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 VD], due to which immunoglobulin, T, and B
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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

null

highly sensitive to radiation, Rag™" mice were generated by
the knockout of recombinant activated genes Ragl (15) or Rag2
(17) to reduce their radiosensitivity. Ragl 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 1x10° human CD34" cells
showed that humanized B cells from different organs showed
different stages of maturation, with immature IgM IgD~ CD24"
CD38™ B cells predominating in the bone marrow and mature
CD5" IgM" IgD* CD24™ CD38™ 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
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of lymphoma due to the loss of the IL-2 receptor y chain.

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 rg™" 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
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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 rg™" 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 rg™"! was combined with SCID,
Rag1™!! or Rag2™" mutations, the resulting NOD/Shi-SCID IL-
2! (NOG) (29), NOD/LtSz-SCID IL-2"" (NSG) (30), and
NOD-Raglnull 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).
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NOD/SCID rg™" 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 o (SIRPa) is a transmembrane
protein that contains three Ig-like domains within the
extracellular region. SIRPol 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 SIRPo. has immunoreceptor tyrosine-
based inhibitory motifs (ITIMs), and the cell surface binding of
CD47 with SIRPo. on macrophages provokes inhibitory signals
via phosphorylation of ITIM of SIRPo. (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-SIRPo. with human CD47
produces signals for mouse macrophages not to engulf human
HSCs, presumably making the strain permissive for human HSC
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engraftment (44). The important question was whether the
NOD-specific highly efficient human cell engraftment in vivo
could be explained solely by the NOD-SIRPa. polymorphism. In
one study, Yamauchi et al. established a C57BL/6-Rag2™*""IL-
2rg™!! (C57BL/6-RG) line harboring the NOD-type SIRPo.. The
results clearly show that the replacement of the C57BL/6-type
SIRPo. with the NOD-type SIRPa. 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-Rag2™"IL-2rg™""NOD-SIRPo,
(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”TL-2rg"SIRPoNOP (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 CD24"CD38" immature B cells
in the bone marrow, liver, and spleen. In contrast, mature
CD24'°CD38" 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 CD24'°CD38° 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 rg™" 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.IL2RycKO mice expressing HLA-
DR4 molecules under the I-E* promoter infused as adults with
HLA-DR-matched human hematopoietic stem cells generating a
new strain of NOD.RaglKO.IL2RycKO mice expressing HLA-
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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-IEo. and HLA-
DRB1*0401-IEB chimeric genes. The HLA-DRA-IEo/HLA-
DRB1*0401-IEf molecules rescued the development of CD4™ T
cells in major histocompatibility complex (MHC) class II-deficient
mice, but T cells expressing V35, V11, and VP12 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-PBMC:s) 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.

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
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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-2Ry C”) or RG (BALB/C Rag2”" IL-2R y 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-2Ry C’") mice now allow better
implantation of human cells (77, 78).
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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

TABLE 1 Different construction methods and characteristics of humanized mice.

Models Construction methods

Hu- Injection of human peripheral blood mononuclear cells or lymphocytes
PBMCs/

PBLs

Hu- Injection of human CD34" hematopoietic stem cells

HSCs

Hu-BLT  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

Advantages Disadvantages

1 Lack of B, NK, and other
immune cells

2 Possible induction of GVHD
3 The massive injection of

1 Sample is easy to obtain and the
transplantation method is simple
2 Efficient and stable transplantation of T
cells
human cells results in EBV-
associated lymphoproliferative
disease

1 Limited sample sources
2 Lack of T cells (NOD/SCID

1 Multiple line of hematopoietic cell
development, including T, B, myeloid, and

NK cells mice)

2 Less GVHD

1 Better T, B, myeloid, and NK cell 1 Limited sample sources
development 2 Possible induction of GVHD

2 Can produce the human mucosal immune
system and secondary lymphoid tissue and
mount an adaptive immune response

3 Human T cells are educated on human
MHC (HLA-restricted) in the human thymic
organoid

Hu-PBMCs/PBLs, humanized-peripheral blood mononuclear cells/peripheral blood lymphocytes; Hu-HSCs, humanized hematopoietic stem cells; Hu-BLT, humanized bone marrow, liver,

thymus; GVHD, graft-versus-host disease.
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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 rg™" 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
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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.

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
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TABLE 2 Improvement of humanized immune system mouse models.

Treatment

Irradiation and chemical reagents

Irradiation (2-3 Gy) — Mouse immune system |

Anti-asialo GM1 antibody — Mouse NK cells |

Knock out of mouse autoimmune
cells CD122 antibody — Mouse NK cells |
IL-2R antibody — Mouse NK cells |

CI2MDP — Mouse macrophages |

Injection of human cytokines

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

Construction of viral vectors

Lentiviral vectors overexpress human IL-7 — Human T cells and B cells 1

Injection of gene expression plasmids

Genetic engineering

Human TPO gene knock-in — Multi-lineage human immune cells and platelets 1

Human SIRPa 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 1

Human SCF and KITL gene knock-in — Humanized myeloid cells 1

Human M-CSF, IL-3, GM-CSF, TPO, SIRPo. gene knock-in — Human myeloid and NK cells 1

Human M-CSF, IL-3, SIRPo, TPO, GM-CSF, and IL-6 gene knock-in —More susceptible to SARS-CoV-2

infection

Busilvex (35 mg/kg) — Mouse immune system |

Human G-CSF — Human dendritic cells, monocytes, and neutrophils 1

Adenoviral vectors overexpress human IL-15 — Human NK 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 SIRPaiand TPO gene knock-in — Human hematopoietic engraftment levels 1

10.3389/fimmu.2022.1007579

Results Reference

66)
93)
9)
4)

o N

“1/1” in humanized immune system mouse models represent an increase or decrease respectively compared with non-intervention control.

approach to deplete NK activity is the use of anti-asialo GM1
antibody injection before HSC transfer (29). Liposome-
encapsulated dichloroethylene diphosphonate (CLLMDP) 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.
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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 RagZ’/ Ty 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. I-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 Flt3] 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).
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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 SIRPo 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 SIRPo--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”y C "~ mice, resulting in an increased level
of humanized reconstruction, multi-lineage immune cell
development and differentiation, and increased platelet counts
(103). SIRPo 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
SIRPo in RagZ'/' Y C’" mice (104). In another study, the
expression of human monocytes and macrophages in bone
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marrow, spleen, peripheral blood, lung, liver, and the abdominal
cavity was significantly increased by knock-in of human M-CSF
into Rag2”" y 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 SIRPo. in Rag2’/ Y 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, SIRPa, 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 rg™" 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
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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
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Syrian hamster as an ideal
animal model for evaluation
of cancer immunotherapy
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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
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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

A Syngeneic Tumor Models

N

A

10.3389/fimmu.2023.1126969

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).

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-I) 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

B Carcinogenic Tumor Models

D

A

Immunocompetent

Carcinogens ;
Syrian hamster

D Genetically Engineered Tumor Models

Targeted gene

,
A ’ w
Syrian hamster Immunocompetent
cancer cells Syrian hamster
A\
C Xenograft Tumor Models %
) A
N Immunocompromised
Q Ao
Syrian hamster
y = ﬁg 4
Human-derived Human caucer% ,
Human tumor tissue cells

Immunocompetent

mutations .
Syrian hamster

Immunocompetent

Syrian hamster

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.
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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
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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
HMAMS5, 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
Z7ZU001 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-ECO01) into immunodeficient
727U001 Syrian hamsters, resulting in a subcutaneous tumor
with a pathological structure similar to the primary tumor, but
SBRC-ECO1 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).
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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 KCNQI knockout, TP53 knockout and IL2RG
knockout as discussed above (8, 63, 64). KCNQI is a gene
encoding a potassium channel that is widely expressed in human
and rodent tissues, and KCNQ!I functions as a tumor suppressor
gene in the gastrointestinal tract of both humans and mice (65). Li
et al. created the first genetically engineered KCNQI knockout
hamster cancer model by CRISPR/Cas9 genetic engineering
technology, and the homozygous KCNQI 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).
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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.

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, aPD-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 oPD-1 group (69). In the Syrian
hamster orthotopic PC model, oPD-1 combined with oncolytic
AdV significantly inhibited the growth of primary and metastatic
tumors without ascites formation, whereas the oPD-1 group
exhibits extensive tumor metastasis and ascites formation. Further
studies showed that application of oncolytic Ad/IL12/GM-RLX
enhanced penetration of o-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 oPD-1 treatment and
enhanced antitumor effects.
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TABLE 1 The Syrian Hamster Models in Cancer Immunotherapy.

10.3389/fimmu.2023.1126969

Cancer models Cell lines Reagents Immunotherapy approach Refs
Pancreatic cancer HPD-1NR, Oncolytic adenovirus, Oncolytic virus therapy 9)
HaK Vaccinia virus
HPDINR, SHPCe, Ad-TD-nsIL-12 Cytokine, (13)
Hap-T1 Oncolytic virus therapy
SHPC6 VVLATK-STCANI1L-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 Ad5/3-E2F-d24-hIL2, rhIL-2, TIL therapy = Cytokine, (73)
Oncolytic virus therapy,
Adoptive Cell Therapy
HapT1 Ad5/3-E2F-d24-hTNF-o.-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)
HakK, 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-ECO01 Ad-TD-nsIL12 Cytokine, (17)
Carcinoma Oncolytic virus therapy
Glioblastoma HamGSC-1, Delta-24-RGD Oncolytic virus therapy (24)
HamGSC-2
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1126969

Cancer models Cell lines Reagents Immunotherapy approach Refs
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-IFN 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 TFN-o Cytokine (71, 72)
Leiomyosarcoma DDT1 MF-2 VRX-007 Oncolytic virus therapy (77)
DDT1-MF2 Ad5/3-D24-GMCSF Cytokine, (94, 95)

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. IFNo
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-y
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
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Oncolytic virus therapy

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
Joao Manuel Santos et al. (73)
demonstrated that oncolytic AdV expressing human IL-2 achieved

pancreatic cancer (14).

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-o 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
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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, Jodo 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-o) 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).
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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, (i) 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
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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-INR) 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
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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.

KEYWORDS

humanized mice, immune checkpoint inhibitors, immunotherapy, preclinical safety
assessment, GvHD
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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 ILZR'\{null (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
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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 IgGl mAb with an affinity
for human PD-1 of Kp = 0.81nM. Anti-CTLA-4 TM is a fully
human IgGl mAb with an affinity for human CTLA-4 of Kp, =
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 Kp = 1.23nM and human CTLA-4 is Kp =
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 x 10* cells in RPMI1640
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GlutaMAXTM 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 x 10" 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 x 10* Raji cells (expressing CD80 and CD86) and 8 x 10*
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

TABLE 1 HLA profile for each donor.

10.3389/fimmu.2023.1107848

supplemented with 2.5 pg/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 x 10°
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
pg/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% CO, for 3 days, supernatants were harvested, and IL-2 secretion
was evaluated by ELISA (R&D Systems, Minneapolis, MN, USA).

Donor 2315 2340 5263 5437 5443 5445 5468
A*03:02 A*23:01 A*02:01 A*01:03 A*02:01 A*02:01 A*01:01
HLA-A
A*24:02 A*30:04 A*26:01 A*33:03 A*30:01 A*02:01 A*68:01
B*51:01 B*44:03 B*27:05 B*13:02 B*13:02 B*07:02 B*18:01
HLA-B
B*57:01 B*53:01 B*35:01 B*39:24 B*13:02 B*35:01 B*35:02
C*04:01 C*06:02 C*02:02 C*06:02 C*06:02 C*04:01 C*04:01
HLA-C
C*06:02 C*07:01 C*04:01 C*07:01 C*06:02 C*07:02 C*07:01
DRBI1*04:01 DRBI1*07:01 DRBI1*04:04 DRBI*11:02 DRBI1*07:01 DRBI*11:01 DRBI1*08:01
DRBI1*07:01 DRB1*13:04 DRBI1*12:01 DRB1*12:01 DRB1*07:01 DRB1*13:05 DRB1*13:01
HLA-DRB
DRB4*01:03 DRB3*02:02 DRB3*02:02 DRB3*02:02 DRB4*01:03 DRB3*02:02 DRB3*01:01
DRB4*01:03N DRB4*01:01 DRB4*01:03 DRB3*02:02 DRB4*01:03 DRB3*02:02 Blank
DQB1*03:01 DQB1#02:02 DQB1*03:01 DQB1*03:01 DQB1*02:02 DQB1*03:01 DQB1*04:02
DQB1*03:03 DQBI1*03:01 DQBI1*03:02 DQB1*05:01 DQBI1%02:02 DQBI1*03:01 DQBI*06:03
HLA-DQ
DQA1*02:01 DQA1*02:01 DQA1*03:01 DQAI*01:04 DQA1*02:01 DQAI*05:05 DQAI*01:03
DQA1%03:03 DQA1%05:05 DQA1*05:05 DQA1*05:05 DQA1*02:01 DQA1%05:05 DQA1*04:01
DPBI1*04:01G DPB1*13:01G DPB1%04:01G DPBI1%01:01G DPBI1*04:01G DPB1%02:01G DPBI1%02:01G
DPBI*04:01G DPBI*17:01G DPBI1%04:01G DPBI1%04:02G DPBI1*20:01G DPB1*09:01G DPBI1%04:01G
HLA-DP
DPA1%01:03 DPA1*02:01 DPA1%01:03 DPA1%02:02 DPA1%01:03 DPA1%01:03 DPA1%01:03
DPAI1*01:03 DPA1*02:01 DPA1*01:03 DPA1*03:01 DPA1%01:03 DPA1*02:01 DPA1*01:03

The * symbol is a separator used in HLA nomenclature to separate gene and allele group.
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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.

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 StudyDirectorTM 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.
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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 pum
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 pg/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
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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-uM 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 LSRFortessaTM 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

10.3389/fimmu.2023.1107848

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

A B
PD-1 Reporter Assay CTLA-4 Reporter Assay
5 400000~ 5 20000~
n—:l EI -+ Buffer control
;; 3000004 ; 150004 -~ anti-PD1
g g -e- anti-CTLA-4
[ e [ -
g 200000 3 10000 - MEDI8500
£ 100000 £ 50001
£ £
5 4 E 0
P | v T T T T T . | v T T T T
0.001 0.01 0.1 1 10 100 0.01 0.1 1 10 100
Drug (nM) Drug (nM)
Cc
250007 ~ anti-PD-1
* - anti-CTLA-4
20000+ - Combo
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)
=
o
-1 100004 n=4
50004 *P < 0.05, to anti-
PD-1 or anti-CTLA-4
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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.
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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 mAD as single agent (EC50 = 3.57 nM) was~ 4-fold
higher compared to that of MEDI8500 (EC50 = 12.61
nM) (Figure 1B).

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.

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
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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,
**x%p < 0.0001.

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-DRBI, DRB4, DQA1, DQBI 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).
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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).

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).

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,
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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.

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
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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
huCD47CD40L™ T cells.

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.

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.
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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

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1107848
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Matas-Céspedes et al.

10.3389/fimmu.2023.1107848

A
Lung Liver
Spleen (3) Spleen (4)
B GvHD lesion score GvHD incidence
Liver Lung Spleen Total (0-12) Total (0-12) affected/
(0-4) (0-4) (0-4) (all mice) (affected mice ) total %
Vehicle 0.1+03 03 +05 02%06 07:11 20zx11 11/34 324
anti-PD-1 12+14° 12+12° 11%13 35%37%° 521£3.1° 8/13 615
anti-CTLA-4 1.1+1.1% 1.4+12% 1.2+09% 3.7+292 39+24 12/15 80
anti-PD-1+CTLA-4combo 2.6 +0.9> 1.8+1.22 2.1+1.4° 65+28> 65+2.8° 20/20 100
MEDI8500 24+12> 22+11° 24+13° 70425 7.0+2.5¢ 33/33 100
Liver CD45
Cc Lung CD45
1
B
—— Spleen CD45
1 o
20 [— i
8 g
g 15 & &
5 L 2
210 3 3
2 5
0
& & &
‘,v\ .é\go é,ﬁfy’ (,‘*Q &dﬁ
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. @ significant difference (*P < 0.05) with vehicle, ® significant difference (*P < 0.05) with vehicle, anti-PD-1 and anti-CTLA-4, ©
significant difference (*P < 0.05) with vehicle and anti-PD-1, ¢ 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.

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
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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
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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 GYHD
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
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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
naive 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
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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
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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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Experimental mouse models
for translational human
cancer research
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Yanning Zhang, Ying Sun, Miaomiao Wen, Tao Jiang*,
Yanlu Xiong* and Jie Lei*

Department of Thoracic Surgery, The Second Affiliated Hospital, Air Force Medicel University,
Xi'an, China

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.

KEYWORDS

tumor, immune microenvironment, animal model, spontaneity, induced, transgene,
PDX, immunodeficiency

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
284 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.
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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.

2.1 Breast tumors

The incidence and mortality of breast cancer worldwide are
increasing and have surpassed lung cancer in 2020 to become the
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FIGURE 1
The incidence of various spontaneous tumors in different strains of
mice (rat).

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
MMTYV 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 MMTYV, 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 MMTYV, 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
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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
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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/6] x C3Hf) F1 (B6C3F1) and (C57BL/6] x BALB/c) Fl
(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
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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.

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

Urethane
NNK
DMN/DEN
ENU
NTCU
NMBA
MCA
DMBA
AOM
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Induced animal tumor model

FIGURE 2
Different types of compounds can induce tumors in different organs
of mice (rat).
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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/6] 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/6] 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 o-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/] 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/] mice at 34-42
weeks resulted in a significant increase to 50% (53). In another
independent study, 7-week-old female A/] mice were given
intraperitoneal injections of NNK 3 pumol 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/] 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/] 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 pg/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
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TABLE 1 Construction method of animal tumor model induced by chemical drugs.
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Chemical | Species Injection  Dose Type of tumor 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 i.p. 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 pg/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/] i.p. (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/] 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/] 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-ul 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/J or FVB/N | ip. 10 mg/kg, once a week for 6 weeks Colon tumors 30 weeks: 80%-100% (44)
mice

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/] male mice and
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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
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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-ul 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/l], 75% (6/8); FVB/], 44% (4/9); and BALB/c]J, 38% (3/8)]. The
other strains (AKR/J, 129/sv], and C57BL/6]) 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).
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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
[(C57BLxC3H)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 lonizing radiation

Moderate to high doses of radiation are well-established causes
of cancer (66), and ionizing radiation such as x-rays, o.-rays, -rays,
and y-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/6] 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
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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).

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
GI12R) 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

TABLE 2 The type of tumor caused by gene mutation.
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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

Gene Type Common mutation sites References

mutations

KRAS Proto- Pancreatic cancer (70%-90%), colon cancer (50%), lung cancer (25%-50%) G12D, G12V, G12C, G13D, AMP, (69, 70)
oncogene GI12R

TP53 Tumor Esophageal, colorectal, head, neck, laryngeal, and lung cancers 157, 158, 179, 245, 248, 249, 273 (71, 72)
suppressor
gene

PTEN Tumor Breast cancer (12%), thyroid cancer (1%), endometrial cancer (2.6%), renal (73)
suppressor cell cancer (1.6%), colon cancer (5%), and malignant melanoma (2%)
gene

EGFR Proto- Glioblastoma, non-small-cell lung cancer, breast cancer, pediatric gliomas, Exon 19 deletion, exon 21 point (74, 75)
oncogene medulloblastomas, and ovarian cancer mutation, exon 18 point mutation,

and exon 20 insertion
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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 Rbl
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
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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 Miillerian 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
EGEFR 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
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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).
Obhashi et al. used a similar method to construct transgenic mice
expressing EGFRL858R in type II alveolar epithelial cells; 8 mice had
1L858R 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 aKras'St-612P, p53L°XP, 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 Ptfla®¢FRT™
Kras™"612P 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 Rbl deletion, TP53 deletion, and Myc amplification are
all common mutations in SCLC (113). RPM mice carried three gene
mutations: Rblﬂ/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.
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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).

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
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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
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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
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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 y mutation was further developed. NSG
mice had a complete IL-2 receptor y 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
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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.
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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, PI13K-
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
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1 Introduction

More than 50% of breast cancers are estrogen receptor alpha
(ERa)-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 Als (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

10.3389/fimmu.2023.1041525

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.

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

A B
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1 4-OHA cream o, 00 4-0HA injection
7-week age { «'/
female SD rats Py
7
After about
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1ems \
tumor diameter ©®
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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.
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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 d* x 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

Frontiers in Immunology

10.3389/fimmu.2023.1041525

methanol to obtain a 1 mg/ml sample solution. After filtration with
a 0.22 um 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 x 100 mm length, 1.6 um) by a single injection
of 5 ul 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 pg/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 uM or
left untreated in a 5% CO, 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 ul of 5
mg/ml MTT solution was added to each well. After a 3-h
incubation, 100 ul 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 x 10> breast cancer cells were seeded in six-well plates
and exposed to 1 pM 4-OHA in a 5% CO, 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 x 10 cells/well) were plated in a 6-well plate and treated
with DMSO, or 4-OHA (1 pM) 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 1x PBS. After that,
cells were fixed overnight in 70% ice-cold ethanol. The fixed cells were
washed once with ice-cold 1x PBS, stained with PI solution (50 mg/ml
PIL, 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
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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-HCI,
pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
0.1% SDS, 1x 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-HCI, 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 Image] 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
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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-um-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 g 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
(lumia) according to the manufacturer’s recommendations. After
cluster generation, the library preparations were sequenced on an
Mumina 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).

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

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1041525
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

>
w

Injection

= Injection Vehicle
Q
. ”
Pd| 3
- P REASRR )
o) Vs steyS
3 RO MO
C D E
" 107 * PC -+ VI 500 +41 " 51 ™ Start of treatment
e =+ 4C =4l 9 } #4C = = End of treatment
B 21 14 2 8_4
< o} e
2 E °3
5 81 o;é% 2 g
0 Q S €2
= = =
=] c 32
8 20.91 o c
S ) a1
14 < g

e 1 2 5 4 067 254 b :

Weeks Weeks 4 4C VI PC

F G

MCF-7 ZR-751 MCF-7  ZR-75-1

£207 . Control £ "]+ control 5
S 451 4-OHA 2 A : 5
5 1. S 1.0 : 8
¥ )
g 1.0 -
0.5 <
05 5 5
2 2 <
< <
00— 3 4 6 3 0063 4 6 8
Days Days
H
. Control 801 - Control
5 o . == 4-OHA
E . § 60
gfs < 401 -
§ e
. X 20 *
o 0.
0 20 4 6 8 10 120 G1/G0 S G2/M
I
g g=o 801 == Control
8 Sops o * = 4-OHA
T 8 g 60]
'] 8 Q
o *
(o]
§ R 20 "
o 0 -
0 ™ & @ & 100 12 ¢ 240 % % 0. 10 W G1/G0 S G2/M

PI PI

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 um. (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 uM 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 (1) 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; 41, 4-OHA injection.
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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 pM. 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.
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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.

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.
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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.
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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)
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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
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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).
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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 COLIAI, and several matricellular
proteins such as TNC, FNI, 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 Collal, Tnc, Fnl, 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 uM, which suggested that 4-OHA could cause
an extracellular matrix remodeling of ER+ breast cancer cells.

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
MCEF-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 P27Kipl was significantly upregulated by 4-OHA. In
tumor tissues, the variation of CyclinD1 and P27Kipl 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 Btgl and Nbll 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
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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
naive 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., Statl, 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).

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®Dep0t) 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
Als 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
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FIGURE 5

The effects of 4-OHA on extracellular matrix, cell cycle, and PI3K-Akt signaling pathways related genes or proteins. (A) The gRT-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 um. (E-G) The expression levels of cell cycle, PI3K-Akt signaling pathways
related genes, and tumor suppressors by gRT-PCR and western blotting in MCF-7 and ZR-75-A cells exposed to 1 uM of 4-OHA for 72 h. (H-J)
Following Akt overexpression in MCF-7 cells, MTT () 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.
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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 um. (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; 41, 4-OHA
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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/GO 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 COLIA1, and several matricellular proteins, including
TNC, FNI, 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
Collal, Tnc, Fnl, 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
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(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/GO 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, Btgl, and Nbl1.
Of these tumor suppressors, Btgl 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). BTGI
belongs to the BTG/Tob families, had been proved to inhibit various
cancer cells growth, and expresses primarily in the GO/G1 phase
transition, with levels decreasing as cells enter S phase (25).
Literature also reported that overexpression of BTGl decreased
the levels of phosphorylated CDC2, cyclin B1, cyclin D1, and cyclin
El 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). Nbll 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 naive 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 naive CD8" T
cells into tumor tissue; and did not activate these three immune
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cells, qQRT-PCR results showed that the expression levels of
interferon-signaling genes (e.g., Statl) 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®Dep0t). 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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Unique structure of
ozoralizumab, a trivalent anti-
TNFo. NANOBODY® compound,
offers the potential advantage of
mitigating the risk of immune
complex-induced inflammation

Masanao Kyuuma, Ayaka Kaku, Chiemi Mishima-Tsumagari,
Bunichiro Ogawa, Mayumi Endo, Yunoshin Tamura,
Kei-ichiro Ishikura, Masashi Mima, Yutaka Nakanishi

and Yasuyuki Fujii*

Research Headquarters, Taisho Pharmaceutical Co., Ltd., Saitama, Japan

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 TNFa
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 TNFa inhibitors (ozoralizumab and
adalimumab, an anti-TNFa IgG) ICs and the induction by these drugs of Fcy
receptor (FcyR)-mediated immune responses on neutrophils. Ozoralizumab-
TNFa ICs are smaller than adalimumab-TNFao ICs and lack an Fc portion, thus
mitigating FcyR-mediated immune responses on neutrophils. We also developed
a model of anti-TNFa antibody-TNFa. IC-induced subcutaneous inflammation
and found that ozoralizumab-TNFoa 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.

KEYWORDS

tumor necrosis factor, VHH, rheumatoid arthritis, injection site reaction,
immunogenicity, Fcy receptor, anti-TNFa antibody, immune complex
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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
TNFa in the pathogenesis of RA have been reported (1, 2), and
biologics that inhibit TNFo 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-TNFa chimeric monoclonal antibody (4);
adalimumab and golimumab, anti-TNFo. human monoclonal
antibodies (5, 6); and certolizumab pegol, a pegylated anti-TNFo
humanized antibody Fab’ fragment (7).

The Fc portion of IgG antibodies mediates various immune
response by interacting with the complement system or with Fcy
receptor (FcyR), 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 FcyRs 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 FcyR-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 TNFo molecule of TNFo. 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 FcyRII and FcyRIII receptor-downstream signaling (21),
suggesting that ICs composed of anti-TNFoa antibodies and
TNFo would be capable of inducing an unwanted immune
response. However, the results were obtained in studies that used
FcyR-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 FcyR-expressing
cells by ICs leads to acute inflammation at the local injection site.

The next-generation anti-TNFo therapeutic ozoralizumab is a
38kDa humanized trivalent NANOBODY® compound that
consists of two anti-human TNFo. NANOBODY® VHHs and an
anti-human serum albumin (HSA) NANOBODY® VHH, and it is
structurally different from anti-TNFa IgGs such as adalimumab
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(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 TNFo
NANOBODY® VHHs to bind to two of the TNFa molecules of
same TNFa trimers, and as a result ozoralizumab tends not to form
large ICs with TNFa. trimers. Moreover, since ozoralizumab lacks
an Fc portion, ICs containing ozoralizumab might not be
recognized by FcyRs expressed on immune cells. Consequently,
ozoralizumab is expected to cause fewer immune responses caused
by cross-linking of FcyRs 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 FcyR-
mediated immune responses. We determined the molecular masses
and hence stoichiometries of ICs by Size Exclusion
Chromatography (SEC) and investigated whether ozoralizumab-
TNFa. ICs are capable of activating FcyR-expressing immune cells.
We also developed a model of anti-TNFo antibodies and TNFo. 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 TNFo trimer in 250 pL 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 TNFo trimer
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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.

2.2 In silico modeling and MD simulations

Molecular modeling and visualization of the TNFo.-
ozoralizumab complex were performed using the Molecular
Operating Environment (MOE) 2019.01 software platform (27).
The initial complex structure of the two anti-TNFo NANOBODY®
VHHs in ozoralizumab and hTNFo trimer was built based on the
crystal structures of a TNFo and an anti-h TNFo NANOBODY®
VHH complex (PDB ID: 5M2J) (23). The structure of an anti-TNFo
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-TNFo and
anti-HSA NANOBODIES ® were constructed by using the “MOE/
Loop/Linker Modeler” tools. The structure (protonation, cap and
build loop) for the crystal TNFo 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 TNFo. 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
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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 Nose-
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 TNFa prior to IC stimulation and
then incubated for 10 minutes with/without BUF041B, FcyRIl/
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 TNFo 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 uM solution of ozoralizumab or adalimumab was
mixed with 2.3 uM, 6.6 or 6.8 UM, 20.3 UM, or 60.8 UM solution of
TNFo trimer and incubated overnight at 4°C. Mixtures of the
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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 UM 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/6] 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 uL of
PBS, ozoralizumab (6.6 uM, 0.25 mg/mL or 26.3 uM, 1 mg/mL),
and adalimumab (6.8 uM, 1 mg/mL) mixed with 10 ug TNFa, 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 Image] 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.
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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). NSO-TNEF-D13 cells were produced by
transfecting NSO cells with a plasmid encoding the membrane
bound form of TNFa. NK cells were isolated from the blood of
healthy donors by negative selection with the RosetteSepTM Human
NK cell enrichment cocktail obtained from Stemcell Technologies
(Canada). NSO-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 pg/ml streptomycin. A 0.25 x 10> number of NSO-
TNF-D13 cells (targets cells) in 50 pl in a 96-well U-bottom plate
was mixed with 50 pl 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,
ie., >0.12 x 10° cells/well in 50 pl. 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 Flow]Jo 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- TNFa-NC2 cell line was produced by
using CHO.DUKX cells that were transfected with a plasmid
encoding a form of TNFa 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 pg/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 pg/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

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1149874
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kyuuma et al.

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
TNFo 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
TNFo trimer are unclear, we evaluated the binding stoichiometry of
ozoralizumab and adalimumab with TNFa. trimer by SEC.

When ozoralizumab was pre-incubated with a threefold molar
excess of TNFo trimers, SEC yielded three peaks. The major peak
eluted at 14.17 ml (MW 96 kDa) was attributed to an ozoralizumab/
TNFo 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/TNFo. trimer complex with a 2:3 stoichiometry
(three ozoralizumab molecules to two TNFa trimers) (Figure 1A).
Unbound TNFo trimer was eluted at an elution volume of 15.56 ml
(MW 50 kDa). When ozoralizumab and TNFo. 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-TNFa ICs, and a small peak with an apparent MW of
96 kDa, attributed to an ozoralizumab/TNFo trimer complex with a
1:1 stoichiometry, were observed. When a threefold or ninefold
molar excess of ozoralizumab was pre-incubated with TNFaq, a peak
at 12.87 ml (MW 178 kDa) attributed to an ozoralizumab/TNFo
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
TNFo. 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/TNFo. trimer complexes, and a
minor peak at 15.56 ml (MW 50 kDa) corresponding to TNFo
trimer, were observed (Figure 1B). The ratio of the largest ICs was
maximal when adalimumab and TNFo. trimer were preincubated in
equal molar ratios. The results demonstrated that ozoralizumab was
unable to form large ICs eluted at void volume with TNFo at any
molar ratio tested.
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3.2 Structural in silico modeling and MD
simulation of ozoralizumab and TNFa
trimer complexes

As stated above, ozoralizumab is capable of forming a 1:1
complex with TNFo trimer under certain conditions. To confirm
that one ozoralizumab is able to simultaneously bind to two TNFo
in the TNFo trimer molecule, we predicted the 3-dimensional
structure of the ozoralizumab-TNFo complex by in silico
modeling and MD simulation. First, we modeled the structure of
the TNFo. - anti-TNFo. NANOBODY® VHH domain of the
ozoralizumab complex by using the crystal structures of an IC
between TNFa. and - anti- TNFo. 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-TNFo. 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 TNFa, it
was considered appropriate to use #VHH?2 as a template structure
for in silico modeling of ozoralizumab TNFoNANOBODY®. We
then performed MD simulations of the predicted TNFo.-
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 TNFa-
ozoralizumab complex. The average distance between the C-
terminus of one anti-TNFo. NANOBODY® VHH and the N-
terminus of the other anti-TNFo. 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-TNFo. NANOBODIES® by the amino acid
linkers. The TNFo. trimer — ozoralizumab complex we had
modeled was maintained during the MD simulations described in
Section 2 (Materials and Methods).

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

Low-affinity FcyRs, 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-TNFo and adalimumab-TNFo, and the results
confirmed the Fc portion - FcyRs contribution to anti-TNFo
antibody-TNFo ICs-mediated stimulation. We isolated
neutrophils from mouse bone marrow and incubated them with
each of the TNFo inhibitor-TNFo ICs. Oxidative bursts were
assessed by evaluating the production of mMPO-dependent ROS,
which is considered a hallmark of neutrophil activation.
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Front (Left) and bottom (Right) views of the predicted 3-dimensional structure of the ozoralizumab-TNFo trimer complex. The TNFa trimer molecule is
shown with the molecular surface of each TNFo. monomer unit colored dark yellow, light yellow, and light gray, respectively. The framework of the anti-
TNFo: 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.

Adalimumab-TNFo. ICs significantly induced ROS production by
mouse neutrophils in vitro, but no ROS production was induced by
ozoralizumab-TNFo. ICs under the same conditions. In parallel
studies, mouse neutrophil activation by stimulation with
adalimumab-TNFo ICs was abrogated by the inclusion of
blocking antibodies against both FcyRII/CD32 and RIII/
CD16 (Figure 3A).

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

40000 Each antibody : TNFa (mol)
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Production of ROS in mouse neutrophils activated by anti-TNFa antibody-TNFa ICs. Representative chemiluminescence values of extracellular
MPO-dependent ROS as measured by the L-012 chemiluminescence assays are shown. ROS production by neutrophils (5 x 10° cells/well in CL
medium) after incubation for 1 min at 37°C with uncomplexed TNFa, adalimumab-TNFa ICs (Ada-TNFo), adalimumab-TNFo ICs with MOUSE
SEROBLOCK FcR (Ada-TNFa/Fc Blocker), and ozoralizumab-TNFo. ICs (Ozo-TNFo) was monitored. Equimolar amounts of anti-TNFo. antibodies and
TNFa were mixed for IC preparation in experiment (A). In experiment (B), ICs were prepared by adding anti-TNFa antibodies to TNFa 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. TNFo. (Tukey's test).
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3.4 Administration of ozoralizumab-TNFa
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 TNFo. trimers
and TNF antibodies to the occurrence of such a reaction is unclear.
We therefore investigated whether intradermally administered
ozoralizumab-TNFa ICs and adalimumab-TNFa 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 UM, 0.25
mg/mL: ozoralizumab-TNFa IC1) and adalimumab (6.8 uM, 1 mg/
mL) were mixed with equimolar TNFo (6.5 uM), and ozoralizumab
(26.3 uM, 1 mg/mL: ozoralizumab-TNFo. IC2) was mixed with 6.5
UM of TNFo 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-TNFao ICs
(P < 0.001) than at the sites injected with PBS (Figures 4A, B),
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whereas the blue dye intensity at the sites injected with
ozoralizumab-TNFa, 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-TNFo 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-TNFo IC 1 or 2, or with TNFa
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-TNFo ICs, which can form
large ICs containing the Fc portion, induced edema and vascular
hyperpermeability at the injection site, but the ozoralizumab-TNFo
ICs did not. It is noteworthy that the adalimumab-TNFo ICs had
sufficient ability to induce a local response, whereas similarly
administered ozoralizumab-TNFo ICs did not induce any
significant local immune response.

3.5 Ozoralizumab-TNFa 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
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Inflammatory responses in skin tissue injected with pre-incubated ICs. C57BL/6J mice were intradermally injected with PBS, TNFa, ozoralizumab-
TNFo IC1 (Ozo-TNFa IC1), ozoralizumab-TNFa IC2 (Ozo-TNFa. IC2), or adalimumab-TNFa ICs (Ada-TNFa 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).
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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-TNFo 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 TNFo IC2-injected sites or TNFor-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 TNFo 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 TNFo IC2 is
thought to form smaller ICs than ozoralizumab TNFo 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-TNFo IC-injected mice revealed an inflammatory
cell infiltration predominantly composed of neutrophils,
recognized by their multilobulated nuclei (Figures 5M-0), and
representative pictures demonstrated that higher numbers of
neutrophils had been recruited than in the mice injected with
PBS (Figures 5A-C) or TNFo (Figures 5D-F). The arrows in the
photomicrographs indicate focal neutrophil infiltration in the
subcutaneous tissue at an adalimumab-TNFo IC-injected site
(Figure 5M). By contrast, the skin sections from the mice injected
with ozoralizumab-TNFo IC1 (Figures 5G-I) or ozoralizumab-
TNFa IC2 (Figures 5]-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-TNFa. ICs are capable of triggering an
IC-induced immune response accompanied by neutrophil
infiltration, but that ozoralizumab-TNFaq, ICs are not.

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 FcyRs, complement
receptors and pattern recognition receptors (PRR) (43, 44), which
results in the production of secondary mediators such as TNFa and
chemokines, and subsequently promotes neutrophil infiltration
(45). Large ICs consisting of intrinsic antigen and therapeutic
antibodies are more likely to be recognized by FcyRs 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-TNFo. antibodies and TNFa, can induce
acute inflammation at local site.
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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.
TNFo forms a trimer and TNFa 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 TNFo. trimer binding styles of the IgG antibody
and ozoralizumab. It may be impossible for conventional IgGs to
bind to two TNFo molecules in the same TNFa 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-TNFo trimer (1:1) complexes were observed under
any of the conditions tested (Figure 1B). Thus, anti-TNFo. IgGs are
naturally prone to form larger ICs by cross-linking two TNFo
trimers. On the other hand, as shown in Figure 2, ozoralizumab was
well designed to be able to capture two TNFo molecules in the same
TNFo, trimer with its two anti-TNEo NANOBODY® VHHs, which
have flexibility linkers, resulting in improved binding affinity and
neutralizing activity (23, 24). Indeed, ozoralizumab-TNFo 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/TNFo/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/TNFo/HSA heterotrimer peak
corresponding to HSA binding was observed under all conditions
(Supplementary Figure 2). Interestingly, the heterogeneous
ozoralizumab-TNFo IC (Ozo ™ TNFo trimers ") peak at
11.38 ml (MW 359 kDa) observed in the absence of HSA
(Figure 1A, Ozo : TNFa (1:1)) was no longer seen, and a
dominant peak with an apparent MW of 250 kDa attributed to
ozoralizumab/TNFa/HSA complexes with a 1:1:1 stoichiometry
TNFo [1:1]). The
results demonstrated that ozoralizumab binding to HSA did not

was observed (Supplementary Figure 2, Ozo :

inhibit binding to TNFo., but may instead reduce the formation of
high-order ICs. Thus, because of its unique structure, ozoralizumab
appears to be superior to other anti-TNFo IgG antibodies which
tend to form larger ICs.

A minimal threshold of interaction between ICs and low affinity
FcyRs is required for FcyR-expressing cell activation. In our in vitro
experiment, adalimumab-TNFo ICs significantly induced ROS
production by mouse neutrophils, whereas no ROS production
was induced by ozoralizumab-TNFo 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 FcyRs on neutrophils. The ROS
induction by adalimumab-TNFa. ICs was completely abrogated by
the addition of anti-FcyRII and anti-FcyRIII neutralizing antibodies,
and the ozoralizumab-TNFa. 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 FcyRs. As shown in Figure 1B and
previously reported (18, 47), adalimumab is able to form large ICs
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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), TNFa (D—F), ozoralizumab-TNFa. IC1 (G-1), ozoralizumab-TNFa. IC2 (J-L), and adalimumab-TNFo ICs (M—0)
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 TNFa (D) and adalimumab-TNFa IC (M) injected areas. Neutrophils had also sporadically infiltrated the superficial layer of subcutaneous
tissue (arrowheads) in the TNFo (E) and adalimumab-TNFo IC (N) injected areas. By contrast, the areas injected with ozoralizumab-TNFo IC1 (G-1),
ozoralizumab-TNFa IC2 (3-L), and PBS (A—C) did not show any evidence of inflammatory cell infiltration. Scale bars: 200 pm (left), 50 um (center
and right).

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

TNFo Ozoralizumab-TNFo IC1 | Ozoralizumab-TNFo IC2 ~ Adalimumab-TNFo ICs

Number of animals 3 3 3 3 3

Grade -

+ - ‘ + ‘ + - + + - + ‘ +

Skin (injection site)

Subcutaneous neutrophil infiltration ‘ 3 ‘ 0o 0 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; TNF, tumor necrosis factor.
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with TNFo trimers (=2000kDa) under certain conditions. The
neutrophil activation by adalimumab-TNFo ICs (Figure 3B)
seemed to be correlated with the amounts of large ICs
(Figure 1B). Adalimumab-TNFo ICs prepared from equimolar
amounts of the antibodies and TNFo. trimers have been reported
to induce maximal FcyRII- and FcyRIII-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 FcyRs, thus indicating that ozoralizumab-ICs
are not part of the FcyR-mediated activation. In addition, did not
induce ADCC, one of the effector responses that are regulated by
FcyRs (Supplementary Figure 3). Taken together ozoralizumab
could be freed from the unwanted immune response of the
FcyR function.

We developed a model of anti-TNFo antibodies and TNFao. IC-
induced subcutaneous inflammation and demonstrated that
adalimumab-TNFa ICs can induce acute subcutaneous
inflammation at injection sites in animals, but that ozoralizumab-
TNFa ICs cannot (Figures 4A-C). FcyRIII-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 FcyRs in the IC-
mediated immune response (48). The FcyR-mediated signaling
deficiency led to a reduction in extravasation and neutrophil
accumulation of at the inflammation site, consistent with our
observations. Ozoralizumab-TNFo. 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 FcyIIl o chain-
deficient mice (48, 49). Ozoralizumab did not cause CDC in an
assay using transmembrane TNFo-expressing CHO- TNFo-NC2
cell line as target cells and baby rabbit complement, although
adalimumab, infliximab, and etanercept did (Supplementary
Figure 3). Unexpectedly, ozoralizumab-TNFo 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 FcyRs.
Ozoralizumab-TNFo 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-TNFo. 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-TNFo ICl and
ozoralizumab-TNFa IC2 immune responses suggests that the size
of ICs may contribute to the Fc portion-independent immune
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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-TNFo. 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-TNFo. antibodies and
TNFo ould induce acute inflammation at the local injection site,
and therefore ozoralizumab, which does not interact with
complement and does not cross-link FcyR is easy to operate
biologics that is free from the acute inflammation caused by the
FcyR 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-
TNFo 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 IIT 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 FcyR-
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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raised against the HIV envelope) was compared with the CDC activity of
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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.

KEYWORDS

colorectal cancer, immunotherapy, syngeneic preclinical models, MC38, immune
exclusion, t cell exhaustion, tumour microenvironment
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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.
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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 8 (POLDI) and
Pol € (POLE) (19, 27). Consistent with this notion, the MC38
genome was shown to harbour mutations in POLDI 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/j3-
catenin, TGF-f, 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-L1I 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 (Trgg) (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
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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 uM 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-y (IFN-y, Prospec-Tany TechnoGene, Rehovot,
Israel). At indicated timepoints, cells were stained with PerCP-
Cy5.5 anti-H-2K” 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 x 10° MC38 cells (suspended in 100 uL. DPBS) by subcutaneous
(s.c.) injection in the right hind flank. In some experiments, mice
were inoculated with 0.5 x 10° or 1.0 x 10° 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 (mm?)
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 mm’.
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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 um 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 RX™ 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 um 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
20x (0.50 pum/pixel resolution) and x40 (0.25 um/pixel resolution)
objectives to produce uniplanar digital slides. Aperio ImageScope
software (Leica Biosystems) was used to extract images of entire
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tumour sections for subsequent analysis (TIFF format, full
resolution at 20x magnification). Quantitative evaluation of IHC
images was performed according to published methodology (42)
using Image] software (NIH) and is described in Supplementary
Material (Supplementary Figures 1-3).

2.4 Enzyme-linked immunosorbent assay
for total TGF-f1

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-B1
levels in MC38 tumour-conditioned media and resected tumour
homogenates were quantified using a murine TGF-31 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-B1 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-1 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 mm® 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 pum 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 pm nylon cell
strainers. Resulting homogenates were then passed through
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40 um 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 Na,
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/CDS8). 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 ug/mL brefeldin A (BFA; BioLegend) and then
harvested, washed, and stained for flow cytometric analysis.
Intracellular staining for IFN-v, 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 CD8a+ T cell isolation kit (Miltenyi Biotec)
and then rested overnight in complete medium supplemented with
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5 ng/mL rmIL-7 (Prospec-Tany TechnoGene). BMDCs were either
left untreated (no peptide) or pulsed with 1 pg/mL of the following
peptides (all from Mimotopes, Mulgrave, VIC, AU): MuLV
P15Egos611 (KSPWFTTL), Adpgkgsosm (ASMTNMELM),
Dpagtly,is, (SIIVENLL), or OVAjsy 564 (SIINFEKL; irrelevant
peptide). BMDCs were incubated for 3 hours, washed, and then
plated in triplicate wells per condition (10> cells/well). CD8" T cells
were added to BMDCs at a 10:1 ratio and incubated for 6 hours in
the presence of 5 pug/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-y 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 0.1x10° MC38 cells
produced consistent engraftment and desirable tumour growth
kinetics (compared to higher inoculums), with tumour size
reaching >150 mm? after a mean of 23 days (Figure 1A).

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).

Frontiers in Immunology

10.3389/fimmu.2023.1152035

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 pum 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).

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.

The inner core of D7 tumours exhibited higher vessel density
compared to the outer regions of these tumours (CD31* objects/mm?),
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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, ROl 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 um).

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
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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
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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
um. (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 mm? (positive cells/mm?). (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.

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-J 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
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expression of inhibitory cell surface molecules. To elucidate
potential mechanisms utilised by MC38, we assessed TGF-f3
secretion and PD-L1 expression - two well-established immune-
suppressive and evasive mechanisms of clinical interest. Secretion of
TGEF-B by MC38 tumour cells in vitro was quantified in tumour-
conditioned media, while ex vivo TGF-f within the MC38 TME was
determined from resected MC38 tumour supernatants. TGF-f3 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-B 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-f} levels and the size of MC38
tumours, wherein TGF-B concentrations exponentially decayed
with increasing tumour burden (Figure 4C).
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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 um and 50 um 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 humber of CD31* blood vessels
per mm? (CD31* objects/mm?). (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
um and 20 um 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.

PD-L1 can be constitutively expressed by tumour cells or
induced by exposure to interferons - in particular IFN-y
produced by tumour-specific T cells (46, 47). Hence, while IFN-y
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
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(47). Therefore, expression of PD-L1 and MHC-I (H-2K®) was
assessed at both baseline and in response to IFN-y exposure. MC38
cells constitutively expressed PD-L1 in vitro, which was markedly
upregulated in response to IFN-y and peaked in expression after 24
hours (Figure 4D). Similarly, H-2K" expression increased
dramatically in response to IFN-y but exhibited differing kinetics
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FIGURE 4

TGF-B secretion and PD-L1 expression by MC38 tumour cells. (A) Total TGF-P secreted by MC38 tumour cells over indicated durations in vitro (pg/
mL). Data are representative of three independent experiments. (B) Total TGF- concentrations in supernatants obtained from D14 and D21 MC38
tumours (n = 10 biological replicates per timepoint). TGF-f levels were normalised to tumour mass (pg/mg). (C) Scatter plot showing the relationship
between TGF-B concentrations within MC38 tumours (pg/mg) and tumour size/burden (mg). (D, E) PD-L1 and MHC class | (H-2K) expression in
untreated and IFN-y-stimulated (10 ng/mL) MC38 tumour cells (median fluorescence intensity, MFI). Representative histogram overlays (right) depict
expression in untreated and IFN-y-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-y-treated samples to untreated controls; (D, E)). *p < 0.05; **p < 0.01; ****p < 0.0001.

with expression peaking after 48 hours (Figure 4E). These results
suggest that TGF-P 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
(Tgpp) increasing relative to regulatory CD4™ T cells (Tgrggs
decreasing CD4"FoxP3*/CD8"T-bet" ratio, Figure 5B). Similarly,
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the proportion of CD4" T helper 1 (Ty1) effectors increased relative
to regulatory CD4" Ty 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).

3.6 Activated effector memory (Tgm) 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%;
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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" Trea/CD8™ T ratio, (B)) and
FoxP3*CD3*CD4" to T-bet*CD3*CD4" TILs (CD4" Trea/CD4* Tyl 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;

*+xp < 0,001 ****p < 0.0001.

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 naive, 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 (Tgum; CD44™MCD62L7) cells progressively
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increased, while the proportion of naive (Ty; CD44'°CD62L")
and central memory (Tcy; CD447'CD62L") subsets decreased
(Figures 6A, B). Tgy 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 naive CD44"°CD62L" Ty
cells (24% and 25% of total CD4" and CD8" TILs, respectively;
Figures 6A, B). Infiltration by Tcy (CD44"'CD62L*) CD4* and
CD8" subsets was consistently low throughout tumour outgrowth
(>13% and >20% of total CD4" and CD8" TILs, respectively;
Figures 6A, B).

To further define these TIL subsets, their expression of CD27,
CD28, CD127 (IL-7Ra) and PD-1 was analysed in late-stage D21
MC38 tumours. Within both CD4" and CD8" TIL compartments,
naive (Ty, CD44"°CD62L") and Tcy (CD44™'CD62L") subsets
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FIGURE 6

Distribution of CD4* and CD8" T cell subsets infiltrating MC38 tumours. (A, B) Frequencies of naive (CD44-°CD62L*), central (CD44"'CD62L"), and
effector (CD44"'CD62L") 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-7Ra) and
PD-1 expression in naive (CD44-°CD62L*; blue), central memory/Tcm (CD44"'cD62LY; green) and effector memory/Tegm (CD44"'CD62L7; 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.

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" Ty
(CD44™'CD62L7) 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" Tgy TIL subsets (Figures 6D, F) but absent in
less-differentiated CD8" Ty (CD44°CD62L*) and Tcum
(CD44™'CD62L") 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" Ty, cells (as a proportion of total
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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*
Thl 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 Tyl/cytotoxic T lymphocyte (CTL)
transcription factors, T-bet and Eomes, and FoxP3, the master
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regulator of Trp 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 naive CD4" T
cells, given that a significant proportion of D7 CD4" TILs also
exhibit a naive CD44"°CD62L" phenotype (Figure 6A).

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 Ty1 (FoxP3 T-bet") and Tgeg (FoxP3*T-bet’)
subsets remained relatively stable (Figure 7A). Given the high
proportion of CD4" TILs exhibiting an effector memory

10.3389/fimmu.2023.1152035

phenotype (CD44"'CD62L") 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 Tyl and Tgrgg cells, likely T2 or Tyl7 cells.
Accompanying these changes in the composition of CD4" T1ILs, 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" Ty1 (FoxP3 T-bet") and Trgg (FoxP3™T-bet”
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and FoxP3"T-bet") cells expressed PD-1 (51%, 25% and 55% PD-
17, respectively), whereas most naive-like cells (FoxP3 T-bet’)
lacked PD-1 expression (84% PD-17; Figure 7D). Notably, PD-1
expression was highest in CD4" Tyl (FoxP3 T-bet’, 51% PD-1%)
and FoxP3'T-bet" Tggg (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 Tyl effector and suppressive Trgg
CDA4" 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" T1ILs; Figure 7B). Again, given the
CD44"°CD62L" phenotype of a significant proportion of D7 CD8"
TILs (Figure 6B), these data suggest that MC38 tumours are initially
infiltrated by naive 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
naive- 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.
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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.

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
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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) TlLs. (B, D) Frequencies of naive-like (PD-
1°TIM-37), progenitor exhausted (PD-1*TIM-3") and terminally exhausted (PD-1*TIM-3*) T cells among CD3*CD4" (B) and CD3"CD8" (D) TlLs.

(E, G) Representative flow plots depicting LAG-4, CD39 and CD127 expression in naive-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 w

ithin 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.

produced TNF, with low frequencies of cells producing IFN-y or
both cytokines (<10%; Figure 9A). Compared to CD4" TILs, a
greater proportion of CD8" TILs produced IFN-y and were
polyfunctional, producing both IFN-y and TNF (13% versus 5%;
Figure 9B). A similar proportion of CD8" TILs also expressed
granzyme B (9-13% GzmB7; 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
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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-y*, %TNF", %IFN-y"TNF" and %GzmB™; Figures 9A, B).
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
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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-y 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-y"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-
17 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
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represent subsets of Trgg cells, while CD4" Tyl effectors are
enriched in the PD-1" TIL fraction.

In CD8" TILs, IFN-y 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-y 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
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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-y
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
Dpagtl 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 (Dpagtl)
and RalBP1-associated Eps domain-containing 1 (Repsl) (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 (Adpgkrsoam and
Dpagtlysos) were detected, while the C—G point mutation
reported in Repsl (Repslpysp) was absent in our version of the
MC38 cell line (Supplementary Figure 5).

Having confirmed that MC38 cells harboured mutations in
Adpgk and Dpagtl, the recognition of neo-epitopes derived from
these mutations by endogenous CD8" T cells was assessed
(Adpgkrsosn, ASMTNMELM; Dpagtly,is, SIIVENLL). In
addition, CD8" T cell responses to pl5E (p15Ego4-611,
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-y 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 p15Egp4_¢11, with p15E-reactive
CD8" TILs readily detectable in D14 and D21 tumours
(Figure 10C). Polyfunctional responses against the Adpgkgrsosm
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 Dpagtly,;3; -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, Adpgkrspam and
Dpagtly,31. Importantly, CD8" T cell responses against p15E and
Adpgkpsoam occur spontaneously in MC38 tumour-bearing mice,
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making these tumour antigens relevant immunotherapeutic targets
in this model.

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
pl5E-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-y 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 pl5E-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 naive 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
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FIGURE 10

The endogenous CD8* T cell response to MC38 is dominated by recognition of the p15E tumour antigen. (A) Representative density plots showing
TNFo and IFNy production by CD8" TILs stimulated ex vivo with BMDCs pulsed with 1 pg/mL of H-2KP/DP-restricted tumour antigen peptides
(P15E604-611, KSPWFTTL; Adpgkrzoam, ASMTNMELM; and Dpagtlyis, SIVFNLL), unpulsed BMDCs (no peptide) or BMDC pulsed with 1 ug/mL
OVAss7_264 peptide (SIINFEKL; irrelevant peptide). Percentages indicate peptide-reactive CD8" T cell frequencies (%IFNy ' TNFa") as the proportion of
total CD3*CD8" cells. (B, C) Frequency of polyfunctional CD3*CD8" cells - isolated from TdLNs (B) and TlLs (C) — producing IFNy and TNFo in
response to indicated treatments (%IFNy"TNFa."). (D) Representative density plots showing PD-1 and TIM-3 expression by total CD3*CD8" TILs (top)
and p15E-reactive CD3*CD8™" TlILs (IFNy"TNFa", 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" TlILs (#) from D14 and D21 MC38 tumours. (F) Comparison of PD-1 and TIM-3 subset compositions in p15E-reactive CD3"CD8" TlLs
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

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.

Relevant to these changes, we observed that MC38 tumour cells
secreted TGE- in vitro and that high levels of this cytokine were
present within the MC38 TME. Notably, TGF-f plays a central role
in the recruitment of fibroblasts to tumours and their conversion to
cancer-associated fibroblasts, while increased TGF- 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-B concentrations within the
MC38 TME - coinciding with the development of desmoplastic
stroma and T cell exclusion at the tumour margin - may imply a
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role for this cytokine in the induction of this phenotype. Consistent
with this notion, others have identified TGF-3 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-§ 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-B-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
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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 naive-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.

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.
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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
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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 (Try cells) (77, 78),
although further phenotypic analysis is required to confirm this
phenotype. However, as Try formation is strictly dependent on
TGF-B (79, 80), it is plausible that abundant TGF-f within the
MC38 TME drives CD8" Tgy 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-y and TNF production ex vivo, while CD8" TILs with anti-
tumour functionality ex vivo (IEN-y 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
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immunotherapies targeting T cell exhaustion and the PD-1/PD-L1
axis and as a model for microsatellite instable-high (MSI-H) human
CRC:s 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 Tyl and Trgg
cells, likely T132 or Ty17 cells. Nevertheless, tumour progression was
accompanied by increased infiltration of activated effector memory
CD4" T cells and Tyl (FoxP3T-bet") and Tgpg (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 Trgg cells which accumulate at sites of type-1
inflammation and potently inhibit local Tyl immune responses
(86-88). CD4" TIL subpopulations also exhibited CD25"CD137"
and CD39"TIM-3" phenotypes (data not shown), supporting the
notion that CD4" Tggg cells accumulate in MC38 tumours given that
these markers are highly and selectively expressed by this subset (89—
92). In established tumours, CD4" Ty1 TILs displayed high PD-1
expression, which was also associated with polyfunctional IFN-y and
TNF production ex vivo. Altogether, these data suggest that
recruitment of Tgrgg cells is an active immunosuppressive
mechanism in the MC38 model and that CD4" Tyl 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
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tetramer staining have reported higher frequencies tumour-specific
T cells in the MC38 model, with Dpagtl-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 Adpgkgrsosnm (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-o. (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
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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.

Data availability statement

The original contributions presented in this study are included
in the article and Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by University of
Otago Animal Ethics Committee.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1152035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shields et al.

Author contributions

NS was the primary designer, performer, and interpreter of
experiments, and writer of this manuscript. EP and SN assisted with
experimental work, the interpretation of data, and writing the
manuscript. AF and MS provided supervision, interpreted results,
and reviewed and edited the manuscript. SY was the principal
investigator responsible for supervision, conceived the study,
provided funding and resources, and reviewed and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by an internal grant from the Division
of Health Sciences, University of Otago.

Acknowledgments

The authors would like to acknowledge Otago Micro and
Nanoscale Imaging (OMNI) for performing histology and
immunohistochemistry and University of Otago Genetic Analysis
Services for providing DNA sequencing services. We also thank
Amanda Fisher (Histology Unit, Department of Pathology,
University of Otago) for their expertise and assistance in

References

1. Dranoff G. Experimental mouse tumour models: what can be learnt about human
cancer immunology? Nat Rev Immunol (2012) 12(1):61-6. doi: 10.1038/nri3129

2. Zitvogel L, Pitt JM, Daillere R, Smyth MJ, Kroemer G. Mouse models in
oncoimmunology. Nat Rev Cancer. (2016) 16(12):759-73. doi: 10.1038/nrc.2016.91

3. Punt CJ, Koopman M, Vermeulen L. From tumour heterogeneity to advances in
precision treatment of colorectal cancer. Nat Rev Clin Oncol (2017) 14(4):235-46. doi:
10.1038/nrclinonc.2016.171

4. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D, et al.
Pan-cancer immunogenomic analyses reveal genotype-immunophenotype
relationships and predictors of response to checkpoint blockade. Cell Rep (2017) 18
(1):248-62. doi: 10.1016/j.celrep.2016.12.019

5. Motz GT, Coukos G. Deciphering and reversing tumor immune suppression.
Immunity. (2013) 39(1):61-73. doi: 10.1016/j.immuni.2013.07.005

6. Luksza M, Riaz N, Makarov V, Balachandran VP, Hellmann MD, Solovyov A,
et al. A neoantigen fitness model predicts tumour response to checkpoint blockade
immunotherapy. Nature. (2017) 551(7681):517-20. doi: 10.1038/nature24473

7. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T cell dysfunction
and exclusion predict cancer immunotherapy response. Nat Med (2018) 24(10):1550-8.
doi: 10.1038/s41591-018-0136-1

8. Samstein RM, Lee C-H, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,
et al. Tumor mutational load predicts survival after immunotherapy across multiple
cancer types. Nat Genet (2019) 51(2):202-6. doi: 10.1038/s41588-018-0312-8

9. Herbst RS, Soria J-C, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer
patients. Nature. (2014) 515(7528):563-7. doi: 10.1038/nature14011

10. Bruni D, Angell HK, Galon J. The immune contexture and immunoscore in
cancer prognosis and therapeutic efficacy. Nat Rev Cancer. (2020) 20(11):662-80. doi:
10.1038/541568-020-0285-7

11. Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC,
et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune
landscape in human cancer. Immunity. (2013) 39(4):782-95. doi: 10.1016/
j.immuni.2013.10.003

Frontiers in Immunology

10.3389/fimmu.2023.1152035

histology and IHC, and Nada Guirguis (Department of Pathology,
University of Otago) for their expertise and assistance in histology
and pathology.

Conflict of interest

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

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.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152035/
full#supplementary-material

12. Blank CU, Haanen JB, Ribas A, Schumacher TN. The “cancer immunogram”.
Science. (2016) 352(6286):658-60. doi: 10.1126/science.aaf2834

13. Chen DS, Mellman 1. Elements of cancer immunity and the cancer-immune set
point. Nature. (2017) 541(7637):321. doi: 10.1038/nature21349

14. Corbett T, Griswold D, Roberts B, Peckham J, Schabel F. Tumor induction
relationships in development of transplantable cancers of the colon in mice for
chemotherapy assays, with a note on carcinogen structure. Cancer Res (1975) 35
(9):2434-9.

15. Lau J, Cheung J, Navarro A, Lianoglou S, Haley B, Totpal K, et al. Tumour and

host cell PD-L1 is required to mediate suppression of anti-tumour immunity in mice.
Nat Commun (2017) 8(1):1-11. doi: 10.1038/ncomms14572

16. Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN,
et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and
tumour immunity. Nature (2017) 545(7655):495-9. doi: 10.1038/nature22396

17. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al. TGF
attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells.
Nature. (2018) 554(7693):544. doi: 10.1038/nature25501

18. Olson B, Li Y, Lin Y, Liu ET, Patnaik A. Mouse models for cancer
immunotherapy research. Cancer discovery. (2018) 8(11):1358-65. doi: 10.1158/
2159-8290.CD-18-0044

19. Efremova M, Rieder D, Klepsch V, Charoentong P, Finotello F, Hackl H, et al.
Targeting immune checkpoints potentiates immunoediting and changes the dynamics
of tumor evolution. Nat Commun (2018) 9(1):32. doi: 10.1038/s41467-017-02424-0

20. Zhao X, Li L, Starr TK, Subramanian S. Tumor location impacts immune
response in mouse models of colon cancer. Oncotarget. (2017) 8(33):54775. doi:
10.18632/oncotarget.18423

21. Zigmond E, Halpern Z, Elinav E, Brazowski E, Jung S, Varol C. Utilization of
murine colonoscopy for orthotopic implantation of colorectal cancer. PloS One (2011)
6(12):¢28858. doi: 10.1371/journal.pone.0028858

22. Guinney J, Dienstmann R, Wang X, de Reyniés A, Schlicker A, Soneson C, et al.
The consensus molecular subtypes of colorectal cancer. Nat Med (2015) 21(11):1350-6.
doi: 10.1038/nm.3967

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152035/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152035/full#supplementary-material
https://doi.org/10.1038/nri3129
https://doi.org/10.1038/nrc.2016.91
https://doi.org/10.1038/nrclinonc.2016.171
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1016/j.immuni.2013.07.005
https://doi.org/10.1038/nature24473
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1038/nature14011
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.1126/science.aaf2834
https://doi.org/10.1038/nature21349
https://doi.org/10.1038/ncomms14572
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/nature25501
https://doi.org/10.1158/2159-8290.CD-18-0044
https://doi.org/10.1158/2159-8290.CD-18-0044
https://doi.org/10.1038/s41467-017-02424-0
https://doi.org/10.18632/oncotarget.18423
https://doi.org/10.1371/journal.pone.0028858
https://doi.org/10.1038/nm.3967
https://doi.org/10.3389/fimmu.2023.1152035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shields et al.

23. Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD, et al. The
consensus coding sequences of human breast and colorectal cancers. science. (2006) 314
(5797):268-74. doi: 10.1126/science.1133427

24. Cancer Genome Atlas Network. Comprehensive molecular characterization of
human colon and rectal cancer. Nature. (2012) 487(7407):330. doi: 10.1038/
naturel1252

25. Castle JC, Loewer M, Boegel S, de Graaf ], Bender C, Tadmor AD, et al.
Immunomic, genomic and transcriptomic characterization of CT26 colorectal
carcinoma. BMC Genomics (2014) 15(1):1-12. doi: 10.1186/1471-2164-15-190

26. Zhong W, Myers JS, Wang F, Wang K, Lucas J, Rosfjord E, et al. Comparison of
the molecular and cellular phenotypes of common mouse syngeneic models with
human tumors. BMC Genomics (2020) 21(1):1-17. doi: 10.1186/s12864-019-6344-3

27. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
et al. Signatures of mutational processes in human cancer. Nature. (2013) 500
(7463):415-21. doi: 10.1038/nature12477

28. Overman MJ, McDermott R, Leach JL, Lonardi S, Lenz H-J, Morse MA, et al.
Nivolumab in patients with metastatic DNA mismatch repair-deficient or
microsatellite instability-high colorectal cancer (CheckMate 142): an open-label,
multicentre, phase 2 study. Lancet Oncol (2017) 18(9):1182-91. doi: 10.1016/S1470-
2045(17)30422-9

29. Overman MJ, Lonardi S, Wong KYM, Lenz H-J, Gelsomino F, Aglietta M, et al.
Durable clinical benefit with nivolumab plus ipilimumab in DNA mismatch repair-
deficient/microsatellite instability-high metastatic colorectal cancer. J Clin Oncol (2018)
36(8):773-9. doi: 10.1200/JC0O.2017.76.9901

30. Woo S-R, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al.
Immune inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function
to promote tumoral immune escape. Cancer Res (2012) 72(4):917-27. doi: 10.1158/
0008-5472.CAN-11-1620

31. Kuai R, Yuan W, Son S, Nam J, Xu Y, Fan Y, et al. Elimination of established
tumors with nanodisc-based combination chemoimmunotherapy. Sci advances. (2018)
4(4):eaa01736. doi: 10.1126/sciadv.aa01736

32. Kurtulus S, Madi A, Escobar G, Klapholz M, Nyman J, Christian E, et al.
Checkpoint blockade immunotherapy induces dynamic changes in PD-1- CD8+
tumor-infiltrating T cells. Immunity. (2019) 50(1):181-94.e6. doi: 10.1016/
jimmuni.2018.11.014

33. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al. Subsets of
exhausted CD8+ T cells differentially mediate tumor control and respond to checkpoint
blockade. Nat Immunol (2019) 20(3):326-36. doi: 10.1038/s41590-019-0312-6

34. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific
recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and
predicts reduced survival. Nat Med (2004) 10(9):942-9. doi: 10.1038/nm1093

35. Saito T, Nishikawa H, Wada H, Nagano Y, Sugiyama D, Atarashi K, et al. Two
FOXP3+ CD4+ T cell subpopulations distinctly control the prognosis of colorectal
cancers. Nat Med (2016) 22(6):679. doi: 10.1038/nm.4086

36. Li Y, He M, Zhou Y, Yang C, Wei S, Bian X, et al. The prognostic and
clinicopathological roles of PD-L1 expression in colorectal cancer: a systematic review
and meta-analysis. Front Pharmacol (2019) 10:139. doi: 10.3389/fphar.2019.00139

37. WuX, Zhang H, Xing Q, CuiJ, Li ], Li Y, et al. PD-1* CD8" T cells are exhausted
in tumours and functional in draining lymph nodes of colorectal cancer patients. Br |
Cancer. (2014) 111(7):1391-9. doi: 10.1038/bjc.2014.416

38. Granier C, Dariane C, Combe P, Verkarre V, Urien S, Badoual C, et al. Tim-3
expression on tumor-infiltrating PD-1+ CD8+ T cells correlates with poor clinical
outcome in renal cell carcinoma. Cancer Res (2017) 77(5):1075-82. doi: 10.1158/0008-
5472.CAN-16-0274

39. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C,
etal. Type, density, and location of immune cells within human colorectal tumors predict
clinical outcome. Science. (2006) 313(5795):1960-4. doi: 10.1126/science.1129139

40. Pages F, Mlecnik B, Marliot F, Bindea G, Ou F-S, Bifulco C, et al. International
validation of the consensus immunoscore for the classification of colon cancer: a
prognostic and accuracy study. Lancet (2018) 391(10135):2128-39. doi: 10.1016/S0140-
6736(18)30789-X

41. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, et al. Generation of
large numbers of dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J Exp Med (1992) 176(6):1693-
702. doi: 10.1084/jem.176.6.1693

42. Viyrynen JP, Vornanen JO, Sajanti S, Bohm JP, Tuomisto A, Makinen MJ. An
improved image analysis method for cell counting lends credibility to the prognostic
significance of T cells in colorectal cancer. Virchows Archiv. (2012) 460(5):455-65. doi:
10.1007/s00428-012-1232-0

43. Garaud S, Gu-Trantien C, Lodewyckx J-N, Boisson A, De Silva P, Buisseret L,
et al. A simple and rapid protocol to non-enzymatically dissociate fresh human tissues
for the analysis of infiltrating lymphocytes. JoVE (Journal Visualized Experiments)
(2014) 94):e52392-e. doi: 10.3791/52392

44. Maecker HT, Trotter J. Flow cytometry controls, instrument setup, and the
determination of positivity. Cytometry Part A. (2006) 69(9):1037-42. doi: 10.1002/
cyto.a.20333

45. Salmon H, Franciszkiewicz K, Damotte D, Dieu-Nosjean M-C, Validire P,
Trautmann A, et al. Matrix architecture defines the preferential localization and

Frontiers in Immunology

10.3389/fimmu.2023.1152035

migration of T cells into the stroma of human lung tumors. J Clin Invest (2012) 122
(3):899-910. doi: 10.1172/JCI45817

46. Dunn GP, Koebel CM, Schreiber RD. Interferons, immunity and cancer
immunoediting. Nat Rev Immunol (2006) 6(11):836. doi: 10.1038/nri1961

47. Garcia-Diaz A, Shin DS, Moreno BH, Saco J, Escuin-Ordinas H, Rodriguez GA,
et al. Interferon receptor signaling pathways regulating PD-L1 and PD-L2 expression.
Cell Rep (2017) 19(6):1189-201. doi: 10.1016/j.celrep.2017.04.031

48. Zhou F. Molecular mechanisms of IFN-y to up-regulate MHC class I antigen
processing and presentation. Int Rev Immunol (2009) 28(3-4):239-60. doi: 10.1080/
08830180902978120

49. Antony PA, Piccirillo CA, Akpinarli A, Finkelstein SE, Speiss PJ, Surman DR,
et al. CD8" T cell immunity against a Tumor/Self-antigen is augmented by CD4" T
helper cells and hindered by naturally occurring T regulatory cells. J Immunol (2005)
174(5):2591-601. doi: 10.4049/jimmunol.174.5.2591

50. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory
T lymphocytes with distinct homing potentials and effector functions. Nature. (1999)
401(6754):708-12. doi: 10.1038/44385

51. Tan JT, Ernst B, Kieper WC, LeRoy E, Sprent J, Surh CD. Interleukin (IL)-15
and IL-7 jointly regulate homeostatic proliferation of memory phenotype CD8+ cells
but are not required for memory phenotype CD4+ cells. ] Exp Med (2002) 195
(12):1523-32. doi: 10.1084/jem.20020066

52. Phillips S, Banerjea A, Feakins R, Li S, Bustin S, Dorudi S. Tumour-inﬁltrating
lymphocytes in colorectal cancer with microsatellite instability are activated and
cytotoxic. Br ] surgery. (2004) 91(4):469-75. doi: 10.1002/bjs.4472

53. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, et al.
Effector memory T cells, early metastasis, and survival in colorectal cancer. New Engl ]
Med (2005) 353(25):2654-66. doi: 10.1056/NEJMoa051424

54. Crawford A, Angelosanto JM, Kao C, Doering TA, Odorizzi PM, Barnett BE,
et al. Molecular and transcriptional basis of CD4+ T cell dysfunction during chronic
infection. Immunity. (2014) 40(2):289-302. doi: 10.1016/j.immuni.2014.01.005

55. Park HJ, Park JS, Jeong YH, Son J, Ban YH, Lee B-H, et al. PD-1 upregulated on
regulatory T cells during chronic virus infection enhances the suppression of CD8+ T
cell immune response via the interaction with PD-L1 expressed on CD8+ T cells. J
Immunol (2015) 194(12):5801-11. doi: 10.4049/jimmunol.1401936

56. Kim HR, Park HJ, Son J, Lee JG, Chung KY, Cho NH, et al. Tumor
microenvironment dictates regulatory T cell phenotype: upregulated immune
checkpoints reinforce suppressive function. | ImmunoTherapy Cancer. (2019) 7
(1):339. doi: 10.1186/s40425-019-0785-8

57. Banerjee A, Gordon SM, Intlekofer AM, Paley MA, Mooney EC, Lindsten T,
et al. Cutting edge: the transcription factor eomesodermin enables CD8+ T cells to
compete for the memory cell niche. J Immunol (2010) 185(9):4988-92. doi: 10.4049/
jimmunol.1002042

58. Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup JT, Palanivel
VR, et al. Effector and memory CD8+ T cell fate coupled by T-bet and eomesodermin.
Nat Immunol (2005) 6(12):1236. doi: 10.1038/ni1268

59. Fourcade J, Sun Z, Benallaoua M, Guillaume P, Luescher IF, Sander C, et al.
Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-specific
CD8+ T cell dysfunction in melanoma patients. ] Exp Med (2010) 207(10):2175-86.
doi: 10.1084/jem.20100637

60. Schietinger A, Philip M, Krisnawan VE, Chiu EY, Delrow JJ, Basom RS, et al.
Tumor-specific T cell dysfunction is a dynamic antigen-driven differentiation program
initiated early during tumorigenesis. Immunity. (2016) 45(2):389-401. doi: 10.1016/
j.immuni.2016.07.011

61. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC.
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-
tumor immunity. J Exp Med (2010) 207(10):2187-94. doi: 10.1084/jem.20100643

62. Ma]J, Zheng B, Goswami S, Meng L, Zhang D, Cao C, et al. PD1 Hi CD8+ T cells
correlate with exhausted signature and poor clinical outcome in hepatocellular
carcinoma. J ImmunoTherapy Cancer. (2019) 7(1):1-15. doi: 10.1186/s40425-019-
0814-7

63. Bachmann MF, Wolint P, Schwarz K, Jager P, Oxenius A. Functional properties
and lineage relationship of CD8+ T cell subsets identified by expression of IL-7 receptor
o and CD62L. ] Immunol (2005) 175(7):4686-96. doi: 10.4049/jimmunol.175.7.4686

64. Yi JS, Cox MA, Zajac AJ. T-Cell exhaustion: characteristics, causes and
conversion. Immunology. (2010) 129(4):474-81. doi: 10.1111/j.1365-2567.2010.03255.x

65. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nat Rev Immunol (2015) 15(8):486-99. doi: 10.1038/nri3862

66. Yadav M, Jhunjhunwala S, Phung QT, Lupardus P, Tanguay J, Bumbaca S, et al.
Predicting immunogenic tumour mutations by combining mass spectrometry and
exome sequencing. Nature. (2014) 515(7528):572-6. doi: 10.1038/nature14001

67. White HD, Roeder DA, Green WR. An immunodominant kb-restricted peptide
from the p15E transmembrane protein of endogenous ecotropic murine leukemia virus
(MuLV) AKR623 that restores susceptibility of a tumor line to anti-AKR/Gross MuLV
cytotoxic T lymphocytes. J virology. (1994) 68(2):897-904. doi: 10.1128/jvi.68.2.897-
904.1994

68. Yang JC, Perry-Lalley D. The envelope protein of an endogenous murine
retrovirus is a tumor-associated T-cell antigen for multiple murine tumors. J
Immunother (2000) 23(2):177-83. doi: 10.1097/00002371-200003000-00001

frontiersin.org


https://doi.org/10.1126/science.1133427
https://doi.org/10.1038/nature11252
https://doi.org/10.1038/nature11252
https://doi.org/10.1186/1471-2164-15-190
https://doi.org/10.1186/s12864-019-6344-3
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1200/JCO.2017.76.9901
https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1126/sciadv.aao1736
https://doi.org/10.1016/j.immuni.2018.11.014
https://doi.org/10.1016/j.immuni.2018.11.014
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/nm1093
https://doi.org/10.1038/nm.4086
https://doi.org/10.3389/fphar.2019.00139
https://doi.org/10.1038/bjc.2014.416
https://doi.org/10.1158/0008-5472.CAN-16-0274
https://doi.org/10.1158/0008-5472.CAN-16-0274
https://doi.org/10.1126/science.1129139
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1084/jem.176.6.1693
https://doi.org/10.1007/s00428-012-1232-0
https://doi.org/10.3791/52392
https://doi.org/10.1002/cyto.a.20333
https://doi.org/10.1002/cyto.a.20333
https://doi.org/10.1172/JCI45817
https://doi.org/10.1038/nri1961
https://doi.org/10.1016/j.celrep.2017.04.031
https://doi.org/10.1080/08830180902978120
https://doi.org/10.1080/08830180902978120
https://doi.org/10.4049/jimmunol.174.5.2591
https://doi.org/10.1038/44385
https://doi.org/10.1084/jem.20020066
https://doi.org/10.1002/bjs.4472
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.4049/jimmunol.1401936
https://doi.org/10.1186/s40425-019-0785-8
https://doi.org/10.4049/jimmunol.1002042
https://doi.org/10.4049/jimmunol.1002042
https://doi.org/10.1038/ni1268
https://doi.org/10.1084/jem.20100637
https://doi.org/10.1016/j.immuni.2016.07.011
https://doi.org/10.1016/j.immuni.2016.07.011
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1186/s40425-019-0814-7
https://doi.org/10.1186/s40425-019-0814-7
https://doi.org/10.4049/jimmunol.175.7.4686
https://doi.org/10.1111/j.1365-2567.2010.03255.x
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nature14001
https://doi.org/10.1128/jvi.68.2.897-904.1994
https://doi.org/10.1128/jvi.68.2.897-904.1994
https://doi.org/10.1097/00002371-200003000-00001
https://doi.org/10.3389/fimmu.2023.1152035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shields et al.

69. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. (2006) 6(5):392—-
401. doi: 10.1038/nrc1877

70. Tauriello DV, Palomo-Ponce S, Stork D, Berenguer-Llergo A, Badia-Ramentol J,
Iglesias M, et al. TGFP drives immune evasion in genetically reconstituted colon cancer
metastasis. Nature. (2018) 554(7693):538. doi: 10.1038/nature25492

71. Gunderson AJ, Yamazaki T, McCarty K, Fox N, Phillips M, Alice A, et al. TGFf
suppresses CD8+ T cell expression of CXCR3 and tumor trafficking. Nat Commun
(2020) 11(1):1-13. doi: 10.1038/541467-020-15404-8

72. Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-Momblona X,
Iglesias M, et al. Stromal gene expression defines poor-prognosis subtypes in colorectal
cancer. Nat Genet (2015) 47(4):320-9. doi: 10.1038/ng.3225

73. Isella C, Terrasi A, Bellomo SE, Petti C, Galatola G, Muratore A, et al. Stromal
contribution to the colorectal cancer transcriptome. Nat Genet (2015) 47(4):312-9. doi:
10.1038/ng.3224

74. Calon A, Espinet E, Palomo-Ponce S, Tauriello DV, Iglesias M, Céspedes MV,
et al. Dependency of colorectal cancer on a TGF-B-driven program in stromal cells for
metastasis initiation. Cancer Cell (2012) 22(5):571-84. doi: 10.1016/j.ccr.2012.08.013

75. Ladanyi A, Somlai B, Gilde K, Fejos Z, Gaudi I, Timar J. T-Cell activation
marker expression on tumor-infiltrating lymphocytes as prognostic factor in cutaneous
malignant melanoma. Clin Cancer Res (2004) 10(2):521-30. doi: 10.1158/1078-
0432.CCR-1161-03

76. Moran AE, Polesso F, Weinberg AD. Immunotherapy expands and maintains
the function of high-affinity tumor-infiltrating CD8 T cells in situ. J Immunol (2016)
197(6):2509-21. doi: 10.4049/jimmunol.1502659

77. Ganesan A-P, Clarke ], Wood O, Garrido-Martin EM, Chee S], Mellows T, et al.
Tissue-resident memory features are linked to the magnitude of cytotoxic T cell
responses in human lung cancer. Nat Immunol (2017) 18(8):940. doi: 10.1038/ni.3775

78. Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity. (2014) 41
(6):886-97. doi: 10.1016/j.immuni.2014.12.007

79. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon M-L, et al. The
developmental pathway for CD103+ CD8+ tissue-resident memory T cells of skin. Nat
Immunol (2013) 14(12):1294-301. doi: 10.1038/ni.2744

80. Mackay LK, Wynne-Jones E, Freestone D, Pellicci DG, Mielke LA, Newman
DM, et al. T-Box transcription factors combine with the cytokines TGF- and IL-15 to
control tissue-resident memory T cell fate. Immunity. (2015) 43(6):1101-11. doi:
10.1016/j.immuni.2015.11.008

81. Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al. Inflammation
directs memory precursor and short-lived effector CD8+ T cell fates via the graded
expression of T-bet transcription factor. Immunity. (2007) 27(2):281-95. doi: 10.1016/
jimmuni.2007.07.010

82. Sullivan BM, Juedes A, Szabo SJ, von Herrath M, Glimcher LH. Antigen-driven
effector CD8 T cell function regulated by T-bet. Proc Natl Acad Sci USA (2003) 100
(26):15818-23. doi: 10.1073/pnas.2636938100

83. Bucks CM, Norton JA, Boesteanu AC, Mueller YM, Katsikis PD. Chronic
antigen stimulation alone is sufficient to drive CD8+ T cell exhaustion. J Immunol
(2009) 182(11):6697-708. doi: 10.4049/jimmunol.0800997

84. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN,
et al. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic tumors
and inhibits CD8 T cell cytotoxicity. J Exp Med (2017) 214(4):895-904. doi: 10.1084/
jem.20160801

85. Llosa NJ, Cruise M, Tam A, Wicks EC, Hechenbleikner EM, Taube JM, et al. The
vigorous immune microenvironment of microsatellite instable colon cancer is balanced
by multiple counter-inhibitory checkpoints. Cancer discovery. (2015) 5(1):43-51. doi:
10.1158/2159-8290.CD-14-0863

86. Kachler K, Holzinger C, Trufa DI, Sirbu H, Finotto S. The role of Foxp3 and tbet
co-expressing treg cells in lung carcinoma. Oncoimmunology. (2018) 7(8):e1456612.
doi: 10.1080/2162402X.2018.1456612

87. Koch MA, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ. The transcription
factor T-bet controls regulatory T cell homeostasis and function during type 1
inflammation. Nat Immunol (2009) 10(6):595. doi: 10.1038/ni.1731

88. Levine AG, Mendoza A, Hemmers S, Moltedo B, Niec RE, Schizas M, et al.
Stability and function of regulatory T cells expressing the transcription factor T-bet.
Nature. (2017) 546(7658):421-5. doi: 10.1038/nature22360

89. Freeman ZT, Nirschl TR, Hovelson DH, Johnston R], Engelhardt JJ, Selby MJ,
et al. A conserved intratumoral regulatory T cell signature identifies 4-1BB as a pan-
cancer target. J Clin Invest (2020) 130(3):1405-16. doi: 10.1172/JCI128672

90. Sakaguchi S. Naturally arising CD4+ regulatory T cells for immunologic self-
tolerance and negative control of immune responses. Annu Rev Immunol (2004)
22:531-62. doi: 10.1146/annurev.immunol.21.120601.141122

91. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine
generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates
immune suppression. ] Exp Med (2007) 204(6):1257-65. doi: 10.1084/jem.20062512

92. Yan J, Zhang Y, Zhang J-P, Liang J, Li L, Zheng L. Tim-3 expression defines
regulatory T cells in human tumors. PloS One (2013) 8(3):¢58006. doi: 10.1371/
journal.pone.0058006

Frontiers in Immunology

10.3389/fimmu.2023.1152035

93. Yarchoan M, Johnson BAIII, Lutz ER, Laheru DA, Jaffee EM. Targeting
neoantigens to augment antitumour immunity. Nat Rev Cancer. (2017) 17(4):209-
22. doi: 10.1038/nrc.2016.154

94. Smith CC, Selitsky SR, Chai S, Armistead PM, Vincent BG, Serody JS.
Alternative tumour-specific antigens. Nat Rev Cancer. (2019) 19(8):465-78. doi:
10.1038/s41568-019-0162-4

95. Bonaventura P, Alcazer V, Mutez V, Tonon L, Martin J, Chuvin N, et al.
Identification of shared tumor epitopes from endogenous retroviruses inducing high-
avidity cytotoxic T cells for cancer immunotherapy. Sci advances. (2022) 8(4):eabj3671.
doi: 10.1126/sciadv.abj3671

96. Laumont CM, Vincent K, Hesnard L, Audemard E, Bonneil E, Laverdure J-P,
et al. Noncoding regions are the main source of targetable tumor-specific antigens. Sci
Trans Med (2018) 10(470):eaau5516. doi: 10.1126/scitranslmed.aau5516

97. Cornelissen LA, Blanas A, van der Horst JC, Kruijssen L, Zaal A, O'Toole T, et al.
Disruption of sialic acid metabolism drives tumor growth by augmenting CD8+ T cell
apoptosis. Int ] cancer. (2019) 144(9):2290-302. doi: 10.1002/ijc.32084

98. Hos BJ, Camps MG, Jvd B, Tondini E, Ende T, Ruano D, et al. Identification of a
neo-epitope dominating endogenous CD8 T cell responses to MC-38 colorectal cancer.
OncoImmunology (2019) 9(1):e1673125. doi: 10.1080/2162402X.2019.1673125

99. Ryan MH, Abrams SI. Characterization of CD8+ cytotoxic T lymphocyte/tumor
cell interactions reflecting recognition of an endogenously expressed murine wild-type
p53 determinant. Cancer Immunology Immunother (2001) 49(11):603-12. doi:
10.1007/5002620000156

100. Gameiro SR, Higgins JP, Dreher MR, Woods DL, Reddy G, Wood BJ, et al.
Combination therapy with local radiofrequency ablation and systemic vaccine
enhances antitumor immunity and mediates local and distal tumor regression. PloS
One (2013) 8(7):70417. doi: 10.1371/journal.pone.0070417

101. Park J-S, Kim H-S, Park M-Y, Kim C-H, Chung Y-J, Hong Y-K, et al.
Topoisomerase II alpha as a universal tumor antigen: antitumor immunity in
murine tumor models and h-2Kb-restricted T cell epitope. Cancer immunology
Immunother (2010) 59(5):747-57. doi: 10.1007/500262-009-0795-3

102. liizumi S, Ohtake J, Murakami N, Kouro T, Kawahara M, Isoda F, et al.
Identification of novel HLA class II-restricted neoantigens derived from driver
mutations. Cancers. (2019) 11(2):266. doi: 10.3390/cancers11020266

103. Alspach E, Lussier DM, Miceli AP, Kizhvatov I, DuPage M, Luoma AM, et al.
MHC-II neoantigens shape tumour immunity and response to immunotherapy.
Nature. (2019) 574(7780):696-701. doi: 10.1038/s41586-019-1671-8

104. Veatch JR, Jesernig BL, Kargl ], Fitzgibbon M, Lee SM, Baik C, et al.
Endogenous CD4+ T cells recognize neoantigens in lung cancer patients, including
recurrent oncogenic KRAS and ERBB2 (Her2) driver mutations. Cancer Immunol Res
(2019) 7(6):910-22. doi: 10.1158/2326-6066.CIR-18-0402

105. Castle JC, Kreiter S, Diekmann ], Lower M, Van de Roemer N, de Graaf ], et al.
Exploiting the mutanome for tumor vaccination. Cancer Res (2012) 72(5):1081-91. doi:
10.1158/0008-5472.CAN-11-3722

106. Kreiter S, Vormehr M, Van de Roemer N, Diken M, Léwer M, Diekmann J,
et al. Mutant MHC class II epitopes drive therapeutic immune responses to cancer.
Nature. (2015) 520(7549):692-6. doi: 10.1038/nature14426

107. Dunn GP, Old L], Schreiber RD. The three Es of cancer immunoediting. Annu
Rev Immunol (2004) 22:329-60. doi: 10.1146/annurev.immunol.22.012703.104803

108. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and
acquired resistance to cancer immunotherapy. Cell. (2017) 168(4):707-23. doi:
10.1016/j.cell.2017.01.017

109. Williford J-M, Ishihara J, Ishihara A, Mansurov A, Hosseinchi P, Marchell TM,
et al. Recruitment of CD103+ dendritic cells via tumor-targeted chemokine delivery
enhances efficacy of checkpoint inhibitor immunotherapy. Sci advances. (2019) 5(12):
eaay1357. doi: 10.1126/sciadv.aay1357

110. Tang H, Wang Y, Chlewicki LK, Zhang Y, Guo J, Liang W, et al. Facilitating T

cell infiltration in tumor microenvironment overcomes resistance to PD-L1 blockade.
Cancer Cell (2016) 29(3):285-96. doi: 10.1016/j.ccell.2016.02.004

111. Taylor MA, Hughes AM, Walton ], Coenen-Stass AM, Magiera L, Mooney L,
et al. Longitudinal immune characterization of syngeneic tumor models to enable
model selection for immune oncology drug discovery. J immunotherapy cancer. (2019)
7(1):1-16. doi: 10.1186/540425-019-0794-7

112. Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti-PD-L1 treatment synergistically promote antitumor immunity in
mice. ] Clin Invest (2014) 124(2):687-95. doi: 10.1172/JCI67313

113. Ngiow SF, von Scheidt B, Akiba H, Yagita H, Teng MW, Smyth M]J. Anti-TIM3
antibody promotes T cell IFN-y-mediated antitumor immunity and suppresses
established tumors. Cancer Res (2011) 71(10):3540-51. doi: 10.1158/0008-
5472.CAN-11-0096

114. Jain A, Song R, Wakeland EK, Pasare C. T Cell-intrinsic IL-1R signaling
licenses effector cytokine production by memory CD4 T cells. Nat Commun (2018) 9
(1):1-13. doi: 10.1038/s41467-018-05489-7

115. Smyth M]J, Ngiow SF, Ribas A, Teng MW. Combination cancer
immunotherapies tailored to the tumour microenvironment. Nat Rev Clin Oncol
(2016) 13(3):143-58. doi: 10.1038/nrclinonc.2015.209

frontiersin.org


https://doi.org/10.1038/nrc1877
https://doi.org/10.1038/nature25492
https://doi.org/10.1038/s41467-020-15404-8
https://doi.org/10.1038/ng.3225
https://doi.org/10.1038/ng.3224
https://doi.org/10.1016/j.ccr.2012.08.013
https://doi.org/10.1158/1078-0432.CCR-1161-03
https://doi.org/10.1158/1078-0432.CCR-1161-03
https://doi.org/10.4049/jimmunol.1502659
https://doi.org/10.1038/ni.3775
https://doi.org/10.1016/j.immuni.2014.12.007
https://doi.org/10.1038/ni.2744
https://doi.org/10.1016/j.immuni.2015.11.008
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.1073/pnas.2636938100
https://doi.org/10.4049/jimmunol.0800997
https://doi.org/10.1084/jem.20160801
https://doi.org/10.1084/jem.20160801
https://doi.org/10.1158/2159-8290.CD-14-0863
https://doi.org/10.1080/2162402X.2018.1456612
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/nature22360
https://doi.org/10.1172/JCI128672
https://doi.org/10.1146/annurev.immunol.21.120601.141122
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1371/journal.pone.0058006
https://doi.org/10.1371/journal.pone.0058006
https://doi.org/10.1038/nrc.2016.154
https://doi.org/10.1038/s41568-019-0162-4
https://doi.org/10.1126/sciadv.abj3671
https://doi.org/10.1126/scitranslmed.aau5516
https://doi.org/10.1002/ijc.32084
https://doi.org/10.1080/2162402X.2019.1673125
https://doi.org/10.1007/s002620000156
https://doi.org/10.1371/journal.pone.0070417
https://doi.org/10.1007/s00262-009-0795-3
https://doi.org/10.3390/cancers11020266
https://doi.org/10.1038/s41586-019-1671-8
https://doi.org/10.1158/2326-6066.CIR-18-0402
https://doi.org/10.1158/0008-5472.CAN-11-3722
https://doi.org/10.1038/nature14426
https://doi.org/10.1146/annurev.immunol.22.012703.104803
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1126/sciadv.aay1357
https://doi.org/10.1016/j.ccell.2016.02.004
https://doi.org/10.1186/s40425-019-0794-7
https://doi.org/10.1172/JCI67313
https://doi.org/10.1158/0008-5472.CAN-11-0096
https://doi.org/10.1158/0008-5472.CAN-11-0096
https://doi.org/10.1038/s41467-018-05489-7
https://doi.org/10.1038/nrclinonc.2015.209
https://doi.org/10.3389/fimmu.2023.1152035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY

Silke Paust,

The Scripps Research Institute,
United States

REVIEWED BY

Esraah Alharris,

University of Al-Qadisiyah, Iraq
Yoshie Kametani,

Tokai University, Japan

*CORRESPONDENCE

Fei Zeng
1055361571@qqg.com

Junrong Zou
ydzjr@agmu.edu.cn

RECEIVED 10 March 2023
ACCEPTED 24 April 2023
PUBLISHED 09 May 2023

CITATION

He H, Luo H, Xu H, Qian B, Zou X,
Zhang G, Zeng F and Zou J (2023)
Preclinical models and evaluation criteria
of prostatitis.

Front. Immunol. 14:1183895.

doi: 10.3389/fimmu.2023.1183895

COPYRIGHT
© 2023 He, Luo, Xu, Qian, Zou, Zhang, Zeng
and Zou. 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.

Frontiers in Immunology

TYPE Review
PUBLISHED 09 May 2023
D01 10.3389/fimmu.2023.1183895

Preclinical models and
evaluation criteria of prostatitis

Hailan He™?, Hui Luo™?, Hui Xu***, Biao Qian***,
Xiaofeng Zou?**, Guoxi Zhang>**, Fei Zeng™ and
Junrong Zou>**

The First Clinical College, Gannan Medical University, Ganzhou, Jiangxi, China, 2Department of
Urology, The First Affiliated Hospital of Gannan Medical University, Ganzhou, Jiangxi, China, *Institute
of Urology, The First Affiliated Hospital of Gannan Medical University, Ganzhou, Jiangxi, China,
“Department of Urology, Jiangxi Engineering Technology Research Center of Calculi Prevention,
Ganzhou, Jiangxi, China

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 IITA
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.
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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.

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

TABLE 1 Categories of prostatitis.

Categories

Infectious prostatitis
(I and 1I)

Inflammation
(I11A)
Chronic prostatitis/chronic pelvic pain syndrome
(CP/CPPS) (11I) Non-
inflammation

(IIIB)

No leukocytes found in

10.3389/fimmu.2023.1183895

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).

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.

Symptoms/analysis Prevalence

Acute or recurrent symptoms,
with the same microgram

Leukocytes found in testing

samples
No demonstrations of infection but 90%-95% (2)
recurrent symptoms ’ ’

testing samples

Asymptomatic inflammatory prostatitis(IV)

Symbol "-" means that there is no relevant literature to provide data.
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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.

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
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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 (l)

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
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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(ll)

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
(02: KI: 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 Thl, Th2 and
Th17 cells (26, 31).
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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/HeOu]J 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).

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
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The pathogenesis of chronic prostatitis.

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).
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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
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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/]) 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).

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

10.3389/fimmu.2023.1183895

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
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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.
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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.

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.

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 Ipr, SJL, AJ (63), NZB, SWR (36),
BALB/c (36, 63, 69) and SWX] (H-2g, 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 ‘Ipr
phenotype’ and permit them to progress to autoimmune
abnormalities and multi-organ damage (77-79). Swiss James
Lambert(SJL)mouse (80-82), A/] mouse (83), SWR mouse (84)
and SWX]J (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-a: 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
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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 pg/
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 pl 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).
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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
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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-y -deficient NOD mice were perceived to significantly
reduce the number of cell infiltration (35, 36). Interferon-y (IFNY)
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-y expression had significantly less inflammatory cell
infiltration in prostate tissue relative to controls in autoimmunity,
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indicating that IFN-y -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-y-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/])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 17(-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 Aumiiller G et al. discovered that all lobes
had lesions after treatment with 17B-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 17B-estradiol for 30 days, and

Frontiers in Immunology

10.3389/fimmu.2023.1183895

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
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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-kB-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-1f, IL-6, IL-17, and TNFo (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, 17B-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.
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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 A-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% A-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
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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 CDI11b + 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).
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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
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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-o,, 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 CCLS5, 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-a. 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.

TABLE 2 Summary of present prostatitis models.

10.3389/fimmu.2023.1183895

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

Categories Model Treatment Duration Lesion sides Advantages Disadvantages Success rate Recommend References
Inexpensive,
easily accessible,
AIEC strains, stable, high
Considerable difference
RWPE-1 lipoteichoic acid, 2,3,24 success,
/ from actual conditions / / (147-150)
cell Trichomonas hours microscopic
of patients.
vaginalis studies, earlier,
Acute saving time and
bacterial money.
prostatitis
. Rat: Wistar, , E. coli,
Infectious 0-18 83.3%-100% (16, Sprague-
prostatitis Sprague- Chlamydia days Predisposal to severe 22,23) Dawley rats
models Dawley psittact infection to death, self- C3H/HeOu] (16-23)
Mouse: High incidence, healing at short time mice (16,
E. coli 5 days 100% (20) 21-23)
C3H/HeJ morbidity and
Dorsolateral,
| lob, histological lesion
Rat: Wistar, Escherichia coli, ventral lobes o . Less sensitive than
R Chlami 13 similar with N 50% (22), 62%
rague- lamydia acute prostatitis,
Chronic prag Y months human, P (24), 86.7% (25).
Dawley psittaci bacterial infection C3H/HeOuJ
bacterial (21-25)
. predisposal to recovery mice (21)
prostatitis
C3H/HeOu] ; ;
E. coil 12 weeks and difficult to chronic 100%
mouse inflammation.
Fewer artificial Full with uncontrolled Lewis:30% -72%
factors, less experimental factors (39, 40);
Rat: Lewis,
artificial trauma, and low targetability, Wistar:27% -80%
Wistar, 3-13 Dorsolateral, Wistar rats (32-37,
Spontaneous prostatitis model / stable, long spending a long period (32, 39, 41);
Sprague- months ventral lobes (41) 39-41, 43)
Danl period of time, in prostatitis, ranging Sprague-
awle
Y similar to the from 3-13 months, Dawley:16.6% diet
clinical patients, poor repeatability. for 11 weeks (34).
(Continued)
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TABLE 2 Continued

Categories Treatment i Lesion sides i Success rate References
Ventral, age-related,
Mouse: 7-28 or NOD, NZB
/ dorsal or specific genetic /
NOD, NZB 40 weeks (35, 36, 43)
whole lobes
(C3H/HeMs x 129/
J)F1: 27%-73% of
Self-tolerance,
Mouse: Anterior, prostatitis (44, 45);
such as
(C3H/HeMs dorsal, Difficult to B6A:58.6% of
Thymectomy- Thymectomy of 40-150 suppressor T cells NZM2328
x 129/]) F1, ventral thymectomy, multiple prostatitis (46); (44-48)
related postnatal 3 days days and activated T mice (48)
B6A, SNF1, (infrequency) inflammation SNF1: 61.5% of
cells from
NZM2328 lobes prostatitis (47)
thymus.
NZM2328: 73% of
prostatitis (48).
Wistar: 38% (49)
High clinical
Rats: Depend on operating Lewis:33% of
12 similarity, dose-
Wistar, enviroment, volume prostatitis (75)
hours, Dorsal, dependent
Lewis, and purity of antigen, Sprague-
30-50 ventral and manner, genetic
Sprague- the frequency, time Dawley:100% (64,
days, 1-3 lateral lobes background,
Dawley, and parts of 71)
EAP -related C h: Antigen,1-3 months different inoculati C h: 80% (99,36
N openhagen ' 3 sensitivity inoculation openhagen:80% C57BL/6 1953, 56,
prostatitis times of (70)
mice (63) 58, 59, 61—
models i ization 66, 68-76
Mouse: » 68-76)
NOD,
2, 10-42 NOD:100% (56, 59);
C57BL/6,
Immune- SIL, AJ. or 63 All C57BL/6: 37.5%-100% (56, 63, 65, 66, 73)
mediated o days SWXJ (H-2q, 5):100% (74).
- BALB/c,
Pprostatitis
NZB, SWR
models
The pathogenesis
Limit and difficult to
and function of N hensi
take a comprehensive
Rat: Lewis, 7,10,30 Dorsal and immunocytes of P 62.5% (75); 90% POET (91,
acknowledge of
Cells Wistar days ventral chronic devel c (93),100% (92) 96-98),
injection- prostatitis can be evelopment 0 C3.129mice (45,73, 75,
related Splenocytes examined prostatitis. (45), POET- 91-93, 95,
prostatitis 3mice (91), 96)
models C3.129 nu/nu:more than 90% (45) TRAMP
Mouse: About ventral RAG-KO B6:100% (73)
- N 0 i
C57BL/6, 60-90 anterior mice (54).
C57BL/6: 100% (95)
POET1/3, days dorsolateral
POET1/3:100% (96)
The ability to
look specifically IFN-y
Mouse: at the -deficient
Knockout IFN-y Ventral, mechanisms by Basic life activities are NOD (35),
Aire-KO:71%
prostatitis -deficient Knockout / dorsolateral which prostatitis severely affected and Aire- (35, 73)
prostatitis (73).
models NOD, Aire- lobes develops, down feeding is difficult. KO:71%
KO to specific prostatitis
molecules or (73).
genes.
Rat: Lewis, Lewis:100% (39,
2-6 )
Wistar, Ventral and Reproducible, 40)
Orchiectomized, weeks, .
Noble, dorsolateral simple, Wistar:100%of
17pB-estradiol 10-18 . .
Sprague- lobes Inexpensive, a prostatitis (32, 39,
weeks
Dawley resemblance to 111-114)
the onset and Complex to to perform
(32, 39, 40,
persistence of on neonatal rats, drug (C3H/HeMs x 129/
Gonadectomy and hormone- Wistar rats 44, 46,
Jated » el chronic toxicity, hepatic injury J) F1: 54% (44) 39 05114
related prostatitis models —114,
P . nonbacterial and endocrine Han-NMRI: 100%
Mouse: hpg, Anterior, itis i disords (104) 116)
e 17B-estradiol, 42 or 90 dorsolateral prostatitis in isorder. )
Han-NMRI, humans, the AROM+: 21%-88%
castration days and ventral
AROM+ etiology of this prostatitis; 33%
lobes .
disease be similar PIN lesion; 60%
to humans. scrotal hernias
(116)
(Continued)

Frontiers in Immunology 120 frontiersin.org


javascript:;
javascript:;
https://doi.org/10.3389/fimmu.2023.1183895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al.

TABLE 2 Continued

10.3389/fimmu.2023.1183895

Categories Model Treatment Duration Lesion sides Advantages Disadvantages Success rate Recommend EEEES
soy-free,
Sprague- 9-11,26- Dorsolateral
Danl genistein, high 29 week lob.
awley rat fat weeks obes Simple and 80% (34)83%
Diet-related inexpensive, to (117)
Ventral explore the effect Longer experimental /
Mouse:C57/ 4-9, 12,
dorsolateral of maternal period, influence by
BL6 32 weeks
lobe hormonal on various elements,
Diet/ Sprague-
) . newborns, variation in the ratio Davil
lactation- . awley rats
C57BL/6 mice of high fat diet, Methoxychlor:60% 4 (34, 108,
related (123); (117, 128),
. can easily intrauterine > Cs7BLY6 117-128)
rostatitis ifen:
P develop into environment, Tamosxifen: 27.89%
models (123); mice (120).
Rat: Wistar, Ventral severe obesity, fat breastfeeding, parental >
Lactation- Sprague- 17B-estradiol fat 12-15 dorsolateral accumulation and handling, and 17B-estradiol: 90%
related Dawley diet vinclozolin weeks lobes impaired glucose behavioral differences (123);
tolerance to Estradiol:20%
appear prostatitis (124);
Vinclozolin:100%
(126-128)
Starvation/4 °C Simplicity, cost-
Sprague-
Stress-related temperature/ 10 days / effectiveness, Chemical-related /
Dawley rat
narrow cages reproducibility, models are self-
strengths in medication, not to
Rat: 3% research on gene- follow a chronic Sprague-
Chemical- Sprague- carrageenan/ i ion i
lated ; glu ¢ cin/ 1 day Ventral lobe environment course, severe lesion if Dawley:100% (132) Sprague
relate awley, capsaicin, i i : -
.Y p . interactions and a high dosage of Lewis:100% (40) -
Lewis doxycycline chemoprevention; chemicals, influence by awley rats
the batch of chemicals, (129-133, 0, 55
3 , 55,
Multifarious Exosome- Sprague- Exosome from Novel research the breed, sex and 138, 139)
. 7 days Ventral lobe direction about . / 129-133,
prostatitis related Dawley rat prostatic fluid source of the animal,
exosome 138, 139,
models the chemical supplier,
a 0 . 151-154)
- ; ; Novel research losage, frequency ang
rine reflux- rague- i
pragn urine 7 days / direction about duration. The cellular /
related Dawley rat models are very
urine reflux
different from the
Study of actual condition
Autonomic . .
relationship consist of multiple
nervous C57BL/6 [2-adrenergic . C57BL/6
5 days Anterior lobe between systems regulation of /
dysfunction- mice receptor agonists mice (142)
autonomic nerve human.
related
and prostatitis
methods, durations, inflammatory lobes, success rates, Acknowledg ments

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.
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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
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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.

KEYWORDS

breast cancer, immune environment, liposome, progesterone, programmed death
ligand 1, humanized mouse

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
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events (irAEs) will die and naive T cells and resting memory T
cells will survive; thus, cancer growth and irAEs might be reduced
and naive 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 conte