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MODERN TUMOR IMAGING MODELS FOR RODENTS: POTENTIAL AND PROSPECTS
IN TRANSLATIONAL MEDICINE
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Rodent neoplastic process models are extensively used in pre-clinical practice to assess the dynamics of tumor development and test anti-cancer drugs, which
ensures flexibility of choosing both basic and advanced personalized tumor development models for researchers. Various modern model tumor imaging methods
are considered, including fluorescence and bioluminescence imaging, which enable comprehensive assessment, from qualitative evaluation to in vivo monitoring.
We believe that the development of autonomous bioluminescent systems in mammalian cells will provide new possibilities for noninvasive imaging of animal
physiological processes, including long-term monitoring of tumor progression.
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COBPEMEHHbIE MOJENN BUIYATIUSALIMN ONYXOJEN Y MPbI3YHOB: BO3MOXXHOCTU
W NEPCMNEKTWUBbI B TPAHCJIALUVNOHHON MEAULINHE

A. A. ®apgeesa’, 3. M. Ocunosa'?, T. B. YenypHbix', H. M. MbilLkuHa'™=

T VIHCTUTYT BroopraHmydeckon xummmn nvenn M. M. LLiemsiknHa v FO. A. OB4UmnHHMKOBa Poccumiickoi akanemmnn Hayk, Mocksa, Poccuist
2 Poccuiicknin HaumoHasbHbI MccnefoBaTenbCKnili MEAMUMHCKIMIA yHMBepCUTeT nMeHn H. W, Muporosa, Mockea, Poccus

MopgenvpoBaHme OryXoneBbIX MPOLECCOB B MPbI3yHaX akTUBHO MPUMEHSIIOT B AOKIMHNHECKON MPAKTUKE A1 U3yHeHWst AVHAMVKIA pa3BUTUS OMyXonew 1 TeCTUPOBaHIS
MPOTUBOPAKOBbIX MPEMAPATOB, YTO AAET UCCNEA0BATENAM MMOKOCTb B BbIOOPE Kak 6a30BbIX, Tak 1 CAIOKHbIX NMEPCOHANM3NPOBaHHbIX MOAENEV OMyXoneodpa3oBaHus.
PaccMoTpeHbl pa3HO06pasHble COBPEMEHHbBIE METOLb! BU3YanM3aLyvi MOAEbHbIX OMyXOner, BKo4as hyopeCLEHTHBbIA 1 BUOMIOMUHECLEHTHBIN UMUOPKVHT, KOTOPbIE
MO3BONSIOT MPOBOAUTL BCECTOPOHHME VICCNEAOBaHNS, HAUMHAS C Ka4eCTBEHHOM OLIEHKM 1 3aKkaH9MBast in Vivo-MOHUTOPUHIOM. 10 MHEHWIO aBTOpPOB, paspaboTka
ABTOHOMHbIX OMOMIOMUHECLIEHTHBIX CUCTEM B KIETKaX MIEKOMUTAIOLLMX CO3OACT HOBble BO3MOXHOCTU /19 HEVMHBA3VBHOW BU3yanmsaumm ranonorn4eckimx
MPOLLECCOB Y XMBOTHbIX, BKIKOYas MPOLAO/KUTENBHBIA MOHUTOPWHI MPOrPECCUN OMyXONei.
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Cancer represents one of the most diverse categories in terms
of both tumor development and treatment. Despite this fact, it
is possible to distinguish common traits and even model the
disease course in other animal species (for example, in rodents)
for many types of neoplasms. Given obvious differences
in anatomy and genome structure between humans and
rodents, such models are still optimal for pre-clinical trials [1].
The neoplastic process modeling is constantly evolving and
has changed considerably over more than half a century since
the first models were reported. As in other fields of biomedical
science, the researchers prefer methods allowing them to
obtain more precise information using a lower number of
experimental objects and with fewer costs. Thus, the focus is
shifting towards life-time noninvasive methods to assess model
tumors using simple equipment. In particular, fluorescence and
bioluminescence imaging methods enable long-term high-
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sensitivity monitoring of tumor development and treatment in
rodents. An example of the tumor suitable for such monitoring
is the highly invasive fluorescent/bioluminescent patient-
derived orthotopic model of glioblastoma in mice created
under the direction of Vladimir Baklaushev [2]. For the first
time the researchers managed to noninvasively record tumor
development in less than a week after inoculation and then
trace its development by two orthogonal imaging methods
(bioluminescence and fluorescence) at once.

Current review is aimed at considering modern rodent
tumor models and imaging methods for those, as well as
assuming which methods will develop most actively in the near
future, providing researchers with the broadest opportunities.

A wide selection of model animals and typical tumor models
makes it possible to choose an optimal approach for each
particular trial. The main model rodent species include mice
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(Mus musculus) [3], rats (Rattus norvegicus) [4], guinea pigs
(Cavia porcellus), and Syrian golden hamsters (Mesocricetus
auratus) [5] (Fig. 1A). However, the list is not limited to these
species: marmots, voles, squirrels, degus, and other rodents
are also used [6]. The methods to create model tumors include
syngeneic models, xenotransplantation models, in situ tumor
models, genetic engineering mouse models, patient-derived
xenograft models (PDX), and the carcinogen-induced cancer
model [4] (Fig. 1B).

Syngeneic models and xenograft models have been known
since the 1960s. These are tumors developing from in vitro
cultured transformed cells introduced into the model organism;
depending on the model type, the organism species are either
the same (syngeneic models), or different (xenotransplantation
models) — in the latter case immunodeficient model animals
are used. Despite the fact that such models fail to reliably
reproduce tumor microenvironment, these are suitable for
primary testing of anti-tumor drugs. Furthermore, syngeneic
models of mouse tumors can be used to assess the efficacy of
CAR-T therapy of solid tumors [7].

The patient-derived xenograft model is largely similar to the
above models. However, a model immunodeficient animal is
injected with tumor biopsy fragments obtained directly from
the patient for experimental selection of personalized therapy.
Such an approach allows one to identify response biomarkers
and treatment targets for the tumor subgroups that can be
distinguished based on the molecular profile [8].

In situ modeling that makes it possible to achieve tumor
development in a certain organ through local gene editing
largely overlaps with the carcinogen-induced cancer models
that can also be local. Both approaches are used to develop
the animal’s own tumor, which ensures better reproduction of,
inter alia, blood supply. However, the use of the approaches

for simulation of human carcinogenesis is limited. An example
of the carcinogen-induced mouse model is a novel colitis-
associated colorectal cancer mouse model obtained through
intraperitoneal administration of azoxymethane to the
CD4-dnTGFBRII mice [9].

Finally, all the variants of mice with the sustainably modified
genotype are used in the genetic engineering mouse models:
in some cases, these are more prone to spontaneous
carcinogenesis in certain organs due to knockout of regulatory
genes, in other cases these mimic human immune system
(humanized mice) and are optimal for introduction of human
tumor cells. Long production cycles and high cost can be
considered the shortcomings of genetic engineering mouse
models. An example of the genetic engineering mouse model
is the mouse lineage overexpressing the luteinizing hormone
receptor, which is prone to spontaneous endometrial cancer
development [10].

Imaging of neoplastic processes in animal models has
evolved from standard assessment of tumor location and size
to advanced multimodal assessment of molecular, physiological,
genetic, immunological, and biochemical events at microscopic
and macroscopic levels performed noninvasively and
sometimes in the real-time mode [11]. In contrast to necropsy,
noninvasive imaging methods allow one to assess a tumor
lesion in the body without having to sacrifice the experimental
animal. Owing to noninvasive nature, the long-term monitoring
becomes available yielding more accurate results and reducing
the number of the animals needed [12]. Recently, such
imaging techniques as magnetic resonance imaging (MRI),
micro computed tomography (micro-CT), bioluminescence
and fluorescence imaging, positron emission tomography
(PET), etc. have become available for tumor imaging in small
animals. Multimodal imaging allows one to trace structural and
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Fig. 1. The main models used to test anti-cancer drugs. A. Animal species used in the majority of experimental models. B. The most common methods to model animal

tumors (exemplified by mice)
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physiological alterations, metabolic processes, transplanted
cells and target molecules, as well as to accomplish tumor
imaging in distinct organs and the entire animal’s body. The
use of nanoparticles is a powerful supplementary tool for the
above methods due to high resolution, selectivity, and versatile
nature [13, 14].

Among all imaging methods, MRI is one of the most
informative due to high resolution and excellent contrast,
which can be enhanced by adding exogenous paramagnetic
contrast agents. This method enables detection of extra-
small tumors (up to 0.2 mm in diameter) in well-structured
tissues and represents a “gold standard” for orthotopic brain
tumors; it is also widely used for detection of metastases
in other soft tissues, including the liver and lungs [15]. It has
been shown that the weight of colorectal carcinoma calculated
based on MRI data in vivo is rather accurately correlated to
the carcinoma weight measured ex vivo, while the correlation
with the bioluminescence signal intensity is rather weak,
and the difference between the correlations is considerable.
However, high cost and limitation of monitoring the neoplastic
process at early stages after implantation are definitely the MRI
shortcomings [16].

Compared to MRI, CT is considerably inferior in soft tissue
and organ recognition quality. However, the main advantages
of micro-CT are its high resolving power (<50 pm) and rapid
visualization of the lung and bone tissue allowing one to detect
cancerous neoplasms. Since bones represent a common
metastatic focus for the major types of malignant neoplasms
(including breast and prostate carcinomas), some studies
report the use of high-resolution (10 um) micro-CT for detection
of metastases of breast carcinomas of different etiology to the
bone tissue [17]. Moreover, micro-CT is particularly well suited
for acquisition of high-quality anatomic information about the
lungs [18]. Thus, the use of 3D analysis allows one to obtain
accurate data on the tumor number, size, and progression. It
is superior to conventional histology or lung resection. Extra
administration of contrast agents is needed to record soft
tissue tumors, which complicates the procedure [19].

Widely used methods also include nuclear diagnostic
procedures, during which images are acquired by introducing
the short-lived radioisotopes and recording their decay using
SPECT or PET scanner, which eventually shows spatial and
temporal distribution of radioactive substances and drugs
specific for certain targets. PET with "8F-fluorodeoxyglucose
('"®FDG) is the most common imaging method used in both
pre-clinical and clinical trials [20]. This method is characterized
by high specificity and sensitivity, as well as by positive
prognostic value when used to detect tumors. At the same
time, it is necessary to somehow prepare model animals for
the '"®FDG-PET scan; in particular, strict dietary restrictions are
necessary to ensure that basal glucose metabolism levels do
not mask the test results [21].

Fluorescence imaging is used for visualization of biological
processes throughout the body involving the use of the
genetically encoded fluorescent proteins or fluorescent dyes
[22]. Bioluminescence imaging also represents a noninvasive
imaging method based on biochemical reaction of the substrate
(luciferin) oxidation by atmospheric oxygen under exposure to
specific enzyme (luciferase) with light emission. In contrast to
fluorescence, bioluminescence does not require any external
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light source and, therefore, does not have the related side
effects, such as autofluorescence and photobleaching [23].
Obvious advantages of bioluminescence imaging include
relative simplicity of use, image acquisition speed, lower
cost compared to MRI, and high sensitivity, which makes the
method popular in pre-clinical trials. Potential shortcomings of
the method include the need for genetic modification of the
cells and the need for exogenous substrate supplementation. It
should be noted that both bioluminescence and fluorescence
imaging methods show high efficacy when used to detect small
nonpalpable tumors, but both methods suffer from the signal
decrease due to tissue absorption and scattering, which limits
the depth at which tumor visualization is possible and hampers
acquisition of quantitative data from deeper tissues [24].

It is possible to overcome fundamental flaws in bioluminescence
imaging of model tumors in vivo through a shift towards
autonomous bioluminescent systems. Such systems do not
require exogenous substrate supplementation, which both
reduces the cost of their use and simplifies measurement.
The fundamental possibility of creating a fully autonomous
bioluminescent mouse has been confirmed [25], and tumors
of such mice are suitable for production of at least syngeneic
models. There is also a possibility of gene modification of the
tumor cells only for autonomous bioluminescence. In this case,
viruses specifically targeting cancer cells may be used to deliver
genes of autonomous bioluminescent systems: depending
on cancer type these may include adenoviruses, poxviruses,
herpes simplex virus 1 (HSV-1), coxsackieviruses, poliovirus,
measles virus, Newcastle disease virus (NDV), reoviruses, etc.
[26]. Delivery of appropriate mRNA using lipid nanoparticles
may become an alternative [14]. It is possible to improve the
method sensitivity via treatment of rodent skin with specific
dyes showing high absorption in violet and blue spectral
regions, which reversibly make the skin transparent in visible
light while alive [27, 28].

Today, the key shortcoming is low brightness of autonomous
bioluminescent systems, however, research teams in different
countries are working to improve these, specifically due to
the use of natural orthologs of essential enzymes or their
modifications obtained by site-directed mutagenesis [29]. We
believe that in the future autonomous bioluminescent models
of rodent tumors will be introduced widely into pre-clinical
practice along with conventional models.

CONCLUSION

Modern methods to create rodent tumor models reported in
this review combined with innovative imaging approaches have
expanded the possibilities of pre-clinical trials. In the near future,
autonomous bioluminescent models that use the genetically
encoded luciferases and luciferin biosynthesis enzymes for
noninvasive tumor monitoring have a significant development
potential. Such systems enable long-term monitoring with high
spatiotemporal resolution without the need for exogenous
substrate supplementation, which is especially important for
investigation of metastases and monitoring of tumor alterations
when treating with therapeutic agents. The approaches based
on autonomous bioluminescence can become a valuable
translational oncology tool, contributing to a shift towards more
personalized pre-clinical trials.
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