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ABSTRACT

Aim. To create heterotopic and orthotopic patient-derived xenograft (PDX) models of colorectal cancer (CRC) by
transplantation of patient’s tumor samples into immunodeficient BALB / ¢ Nude mice.

Materials and methods. The study was performed on 15 female BALB / ¢ Nude mice aged 6—8 weeks weighing
21-25 g. All animals underwent transplantation of the tumor material obtained from CRC patients into the following
sites: heterotopic transplantation (under the skin of the thigh and into the omentum), orthotopic transplantation (into
the descending and ascending colon and into the cecum). Weight and general condition of the animals and the size
of the tumor nodule had been monitored for 80 days. The success of each model was assessed by the degree of
engraftment, the dynamics of tumor growth, and the reproducibility of histopathologic characteristics. At the end
of the experiment, the animals were euthanized by cervical dislocation.

Results. 100% survival of the animals and similar tumor growth dynamics in the xenograft models were observed
throughout the experiment. The analysis of histologic specimens obtained from the xenografts and patient’s tumor
showed their correspondence to moderately differentiated intestinal adenocarcinoma. The main advantages and
disadvantages of different variants of PDX models were described.

Conclusion. Heterotopic and orthotopic PDX models reproduce the morpho-histologic characteristics of human
tumors and demonstrate stable growth dynamics. Therefore, they are a suitable tool for the development, testing,
and validation of potential anticancer drugs.

Keywords: PDX model, xenograft, colorectal cancer, adenocarcinoma, orthotopic transplantation, heterotopic
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BapunaHTbl cO3faHNA reTepoTonnuyecknx n oproronnyecknx PDX-mopenen
KOJIOpEeKTa/IbHOro paKa YyesioBeKka

Kn6nuuykasa A.A., Makcumos A.1O., ToHuapoBa A.C., HenomHawas E.M., 3natHuk E.1O.,
Eropos .10, Jlyk6aHoBa E.A., 3auknHa E.B., BonkoBa A.B.

Hayuonanvuwiii meduyunckuil uccredosamenvckuil yenmp (HMUL]) onxonozuu
Poccus, 344037, e. Pocmos-na-/{ony, ya. 14-sa Jlunus, 63

PE3IOME

Hens. Co3nanne TeTepoTONHMYECKUX U OPTOTOIHYECKUX Mojeiell kceHorpadToB KomopekTansHoro paka (KPP),
noydeHHbIX oT nanuenToB (Patient-derived xenograft, PDX-mozens), myTem TpaHCIIIAHTAIMN 00pa3LoB OIyX0-
I TaIeHTa IMMYHOIe(MINTHBIM MblaM Jinany Balb/c nude.

Marepuajbl 1 MeToasbl. [IpoBeneHo nccnenoBanue Ha 15 camkax mblmei nuanu Balb/c nude, Bo3pact 6-8 Hen,
Mmacca Tena 21-25 r. BceM )KHBOTHBIM MPOBE/ICHA TPAHCIUIAHTALMS OITYyXOJIEBOTO MaTepHala, B3STOrO OT Malu-
entoB ¢ KPP, B cnenyronie caifTel: rereporonuueckue (Mo Koxy Oeapa, B CAIbHUK); OPTOTONMUYECKUE (B HHC-
XOJISLIMIT M BOCXOASAIIMI OTAENBI TOJICTON KHIIKH, B CIENYI0 KUIIKY). B Tedenne 80 CyT y )KHBOTHBIX KOHTPOJIH-
POBAIH CIIEYOIINE TAPAMETPBI: Maccy Telia, 00Iee COCTOSHUE, 00BEM OMYXO0JIEBOr0 y3/1a. Y CIIeUIHOCTh KayK/10it
U3 MOJIeJIel OLICHUBAIIH IO CTETICHHU MPHKUBIICHUS, TMHAMUKE OITyXOJIEBOTO POCTa M BOCIIPOU3BOAMMOCTH I'HCTO-
MATOJIOTHYECKUX XapaKTEepUCTHK. [10 3aBEPIICHUIO HKCIEPUMEHTA KUBOTHBIM BBINOJHEHA BTAHA3HS METOJIOM
LEPBUKAITBEHON JUCIIOKAIINH.

PesyabTatel. Ha npoTsbkeHun Bcero skcnepuMeHTa Haomronanach 100%-s BBDKMBAEMOCTb KUBOTHBIX U CXOJKast
JMHAMHUKa POCTa KCEHOrpaToB. AHAIN3 I'MCTOJIOIMYECKHUX IMPENnapaTtoB KCEHOrpadTOB M OMyXOJH MAl[EHTOB
I0Ka3aJ X COOTBETCTBHE yMEpPEeHHO I depeHIIpOBaHHOI ajieHOKapuuHOMe KUIIKHA. ONcaHbl OCHOBHBIE TIpe-
UMYIIECTBA U HEJIOCTATKH CO3JIaHUs pa3IMuHbIX BapuaHToB PDX-mozeneit.

3akaouenne. ['eTeporonuueckne U oproronmdeckue PDX-mozmenn Bocnpou3BomsT MOp(OrHCTOIOrHYEcKHe
NPU3HAKU YEIOBEYECKOH OIyXOJIH M 00JIaJaoT yCTOWYMBOM AMHAMHKOW POCTa, CIEOBATEIILHO, SBISIOTCS MOJ-
XOMSIINM HHCTPYMEHTOM JUISl pa3pabOTKH, TECTUPOBAHKS U BAJIUAALMN IIOTEHIMATIBHBIX JIEKapPCTBEHHBIX Mperia-
paToB IPOTHB paKa.

Kawuessble ciioBa: PDX-mozenb, kceHOrpadT, KOJOPEKTAIbHbBIN PaK, aICHOKApIITHOMa, OPTOTOIHYECKAst TPaHC-
IUIAHTAIHS, TeTePOTONMYeCcKas TpaHcrianTanus, Balb/c nude

KonpaukT unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HaCTOSIIEH CTaThH.

Hcrounuk ¢puHaAHCHPOBaHUS. ABTOPHI 3asBIISIIOT 00 OTCYTCTBHU (DHHAHCUPOBAHUS IIPH NPOBEICHHU UCCIIEI0-
BaHMUS.

CooTBeTcTBHE IPUHIUNAM 3THKH. [laniyieHTs! moamucan HHGOPMUPOBAHHOE COTIIACUE HAa Mepeaady OUOoIorn-
geckoro Matepuana. MccnenoBanue ooopeHo komuccueii o 6uostnke ®I'bY « HMULL orkomornm» MuH31paBa
Poccun (mpotokon Ne 6/84 ot 30.06.2020).

Jos murupoanusi: Kubmuikas A.A., Makcumos A.1O., I'onuaposa A.C., Henmomusimas E.M., 3natuuk E.1O.,
Eropos I'.10., Jlyk6anoa E.A., 3aukuna E.B., BonkoBa A.B. BapuaHTsl cO31aHUS TETEPOTOMHUECKUX M OPTOTO-
nuueckux PDX-Mo/ieneii KoIopeKTaabHOTo paka uenoBeka. brouiemens cubupckoi meouyunwl. 2022;21(3):50-58.
https://doi.org/10.20538/1682-0363-2022-3-50-58.

INTRODUCTION sporadically, and 15% are associated with hereditary
predisposition [3, 4].

Colorectal cancer (CRR) is the fourth most com- The choice of the correct strategy for colon cancer

mon cancer worldwide with high mortality rates at treatment largely depends on the anatomical location

advanced stages [1, 2]. 85% of colon tumors occur of the tumor [5]. Right-sided colon cancer (proximal
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tumor location) and left-sided colon cancer (distal tu-
mor location) exhibit different molecular character-
istics and histology and, accordingly, show different
therapeutic responses. Therefore, effective medical
therapy should be developed taking into account all
the differences between these tumors [6].

Histologic and morphological characteristics of
right-sided and left-sided colon tumors are determined
by their different embryonic origin. The cecum, ap-
pendix, ascending colon, hepatic flexure, and proxi-
mal two-thirds of the transverse colon develop from
the midgut, while the distal third of the transverse co-
lon, splenic flexure, descending colon, sigmoid colon,
and rectum develop from the hindgut. Right-sided tu-
mors are represented by sessile serrated adenomas or
mucinous adenocarcinomas with polyp morphology,
while left-sided tumors include tubulovillous and con-
ventional adenocarcinomas [7].

Genomic heterogeneity of these tumors is due to the
fact that right-sided CRC displays high microsatellite
instability (MSI-high), while left-sided CRC is asso-
ciated with high chromosomal instability (CIN-high)
[8]. Adjuvant chemotherapy (5-fluorouracil (5-FU))
and targeted anti-epidermal growth factor receptor
(EGFR) therapy are the most effective strategies for
patients with left-sided CRC. Patients with right-sided
CRC respond much better to immunotherapy due to
high antigen load in these tumors [9].

It is advisable to study the effectiveness of anti-
cancer drugs using preclinical models that fully reflect
all clinically significant characteristics of the original
human tumor. Cancer cell lines and their xenografts
are used for screening tests of drugs in vitro and in
vivo. However, growing neoplastic cells in an artificial
environment leads to a change in genetic, transcrip-
tomic, and histologic parameters of the tumor due to
its adaptation to the altered conditions [10]. Disadvan-
tages of cancer cell lines are reduced tumor hetero-
geneity, their belonging mainly to highly aggressive
malignant tumors, and low predictive value in the
clinical practice [10, 11].

To more accurately reproduce the biological cha-
racteristics of a donor human tumor, patient-derived
xenograft (PDX) models were created. PDX models
are created by transplanting malignant tumors from
patients into immunodeficient mice [12]. The frag-
ments of the patient’s surgical material retain inter-
cellular interactions, so these models contain not only
malignant cells, but also components of the tumor
microenvironment [ 13—16]. Many recent studies have
described the successful creation of PDX models for

various cancers, such as colorectal cancer [17], breast
cancer [18], kidney cancer [19], stomach cancer [20],
and non-small cell lung cancer [21].

In PDX models, tumor fragments are transplant-
ed into a recipient mouse either heterotopically or
orthotopically. Heterotopic xenografts are created by
implanting a tumor fragment into a site not associa-
ted with the site of the original tumor, usually sub-
cutaneously [14, 22]. In orthotopic transplantation,
the patient’s tumor tissue is transplanted into the
corresponding organ. Subcutaneous transplantation
of PDX models rarely causes metastasis in mice and
does not reproduce the organ-specific tumor micro-
environment [14]. Since orthotopic transplantation
reproduces a natural environment in which the tumor
developed in humans, it is considered the highest pri-
ority for testing highly selective targeted drugs [22].
At the same time, sites for orthotopic transplantation
of the surgical material differ depending on the ex-
periment objectives. The use of this model system
takes into account not only an organ specific for a
tumor, but also left-sided and right-sided location in
case of CRC.

The aim of this study was to create five variants of
PDX models of CRC by transplantation of patient’s
tumor samples into immunodeficient BALB / ¢ Nude
mice, as well as to analyze the advantages and disad-
vantages of each model.

MATERIALS AND METHODS

Human tumor material was transplanted into 15 fe-
male BALB /¢ Nude mice aged 68 weeks, weighing
21-25 g. The mice were maintained in an SPF viva-
rium at 22-24 °C and relative humidity of 60%, with
a day / night light regime, in mechanically ventilated
cages with sterilized food, water, and bedding. All sur-
gical manipulations in the experiment were performed
in compliance with the rules for the use of laboratory
animals. The mice were observed for 80 days, then the
animals were euthanized.

Tumor samples were obtained from CRC patients
receiving treatment at the National Medical Research
Center of Oncology from October, 2020 to January,
2021. All patients gave their written informed con-
sent to transfer of the biological material. The donor
tumor material for orthotopic transplantation into the
ascending colon and cecum was obtained from muci-
nous colorectal adenocarcinoma, while a tumor frag-
ment for transplantation into the descending colon was
obtained from the patient with conventional intestinal
adenocarcinoma. For heterotopic transplantation, the
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material was also obtained from conventional intesti-
nal adenocarcinoma.

The volume of subcutaneous tumor nodules was
measured according to the Shrek’s formula for an el-
lipsoid:

V=axbxcxm/6
where V' is the tumor volume (mm3), and a, b, and ¢
are the maximum ellipsoid diameters in three planes
(mm).

The mice were injected with Xyla at the concen-
tration of 20 mg / ml as premedication and Zoletil
at the concentration of 22.57 mg / ml as the general
anesthetic. Immediately after excision, the human tu-
mor tissue was placed in 5% gentamicin dissolved in
Hanks’ balanced salt solution. Immediately before the
transplantation, tumor pieces of approximately 3 mm
x 3 mm x 3 mm were excised with scissors removing
all necrotic tissues. The time from the tumor material
resection to the transplantation into the large intestine
of a mouse did not exceed 40 minutes. Immediately
before the surgery, the mouse skin in the dissection
area was treated with a povidone — iodine 10% solu-
tion. The skin and peritoneum were closed using a 4-0
Prolene suture; the fragments of the patients’ tumors
were sutured to the intestinal wall and omentum using
5-0 Prolene ligation.

Heterotopic transplantation of the tumor samples
under the skin of the thigh. Tumor fragments were
transplanted subcutaneously, dorsally, into the poste-
rior thigh, since this site facilitates tumor monitoring.
An incision was made in the thigh using scissors. A
fragment of the donor tumor was placed in a pocket
made using blunt dissection. The surgery was com-
pleted by suturing the skin at the incision site.

Heterotopic transplantation of the tumor samples
into the omentum. Transrectal access to the omentum
was provided by layer-by-layer dissection of the skin
and peritoneum along the rectus abdominis muscle at
a distance of 2.5 cm from the xiphoid process. A sec-
tion of the large intestine suspended by the omentum
was placed into the surgical wound. A tumor fragment
was sutured to the omentum. The intestine was placed
back in the abdominal cavity, and the peritoneum and
skin were sutured in layers using the glover’s suture.

Orthotopic transplantation of the tumor samples
into the cecum. Layer-by-layer dissection of the skin
and peritoneum was performed along the midline of
the body. The incision was started 20 mm from the
end of the xiphoid process and ended 5 mm from the
urethra. The cecum was exposed by passing it in the
surgical wound. A purse-string serous — muscular su-

ture was applied without tightening the ligature on the
end of the cecum at a distance of 5 mm from the edge.
Then, the serosa and the muscular layer of the cecum
were dissected, the end of the cecum was invaginated
creating a pocket, and a fragment of the human tumor
was placed into the pocket. The ligature was sequen-
tially tightened, the cecum was placed in the abdomi-
nal cavity, and the peritoneum and skin of the mouse
were sutured in layers.

Orthotopic transplantation of the tumor samples
into the ascending colon. Similarly to the method
described earlier, the cecum and the ascending colon
were passed into the surgical wound, and the sero-
sa and the muscular layer of the intestinal wall were
dissected longitudinally. Next, a tumor fragment was
sutured above the dissection site. The intestine was
placed back in the abdominal cavity, and the peritone-
um and skin were sutured in layers using the glover’s
suture.

Orthotopic transplantation of the tumor samples
into the descending colon. A 10-mm long incision
was made in the skin and peritoneum with scissors at
a distance of 7 mm from the base of the tail, retreating
3 mm from the spine to the right. Then, the rectum
was exposed using anatomical forceps. Longitudinal
dissection of the intestinal wall was performed at a
distance of 5 mm from the site where the descending
colon connects to the rectum. The human colon tumor
tissue was ligated to the mouse colon. The peritoneum
and skin of the mouse were sutured in layers.

Weight and general condition of the animals and
the volume of the tumor nodules were monitored for
80 days after the surgery. The degree of engraftment
and tumor growth in orthotopic and heterotopic xeno-
graft models were assessed by control laparotomy on
day 40, 60, and 80 after the transplantation. Successful
xenotransplantation was evidenced by tumor growth
to 1-1.5 cm3. The size of the tumor nodules was mea-
sured using a caliper.

After necropsy, fragments of the tumor material
were fixed in 10% formalin for 24 hours, and at the
processing stage, they were dehydrated and impregnat-
ed with paraffin. Then, the paraffin blocks and sections
were prepared, mounted on glass slides, and stained
with hematoxylin and eosin. Light microscopy was
used for a histologic examination of the donor human
tumor and heterotopic and orthotopic xenograft mod-
els. The Aperio Scan Scope XT slide scanner was used
to obtain images of entire areas at 200x magnification.

A statistical analysis of the data was performed us-
ing the STATISTICA 10 software package. To assess
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the significance of differences, the Mann — Whitney
test was applied.

RESULTS AND DISCUSSION

During the experiment, we transplanted the tumor
material into immunodeficient mice to the following
sites: under the skin and into the omentum (heterotop-
ic transplantation), to the descending and ascending
colons and to the cecum (orthotopic transplantation)
(Fig.1). Depending on the site of transplantation, the
animals were divided into 5 groups (3 females in each
group). Throughout the experiment, the survival of the
animals was 100%, and their condition was satisfacto-
ry. Growth of the engrafted PDX tumors was observed
throughout the experiment.

12 of 15 heterotopic and orthotopic transplantation
procedures resulted in creating a PDX model, i.e. the
overall engraftment rate was 80%. Figure 2 demon-
strates the growth dynamics of the tumor nodules in
the heterotopic and orthotopic PDX models of human
CRC. The statistical analysis using the Mann — Whit-

|1||mhmhm'mu 1

ney test showed that the volumes of the tumor nodules
in all 5 experimental groups of animals on day 40, 60,
and 80 of the experiment differed significantly from
the baseline volume of the transplanted donor tumor
fragment. Therefore, a statistically significant increase
in the heterotopic and orthotopic xenograft models
was observed throughout the experiment.

A histologic analysis showed similar characteris-
tics between different PDX models of CRC and origi-
nal donor tumors. Tumor differentiation, necrosis, and
stroma were assessed for each xenograft model and
in 3-5 different samples of the original patient tumor.
Microimages of the histologic preparations of the de-
veloped PDX models are shown in Fig.3.

Control laparotomy of the orthotopic xenograft
model (transplantation into the ascending colon) on
day 80 demonstrated liver metastasis (Fig. 4).

The table summarizes the main advantages and
disadvantages observed when creating and using
different variants of PDX models in preclinical
studies.

Fig. 1.
Xenotransplantation of
the patient’s tumor
material into immuno-
deficient mice using
various sites: hetero-
topic transplantation
(day 80 after the sur-
gery): a — under the
skin of the thigh, e —
into the omentum;
orthotopic transplan-

L G\ e tation (day 20 after
\

1'm|§uuht 5\\@“"\““\“? :EZ (Silel:rs%f:;yc;i:nb . illlto-
gaad N g colon;
;""" : d — into the cecum; ¢ —
orthotopic transplan-
tation (day 80 after
the surgery) into the

ascending colon
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Growth dynamics of the tumor nodule volume in PDX models of
human colorectal cancer

3000
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Measurement time (days after transplantation)

Fig. 2. Growth dynamics of tumor nodule volume in PDX models of human colorectal cancer, mm?

c d e

Fig. 3. Histologic preparations of the tumor material. Heterotopic transplantation of tumor xenograft model: a — under the skin,

b — into the omentum, ¢ — into the descending colon, d — into the ascending colon, e — into the caecum. Stained with hematoxylin
and eosin, x200

-

Fig. 4. Liver metastasis (marked with an arrow) during the
control laparotomy of the orthotopic xenograft model on day
80 after the transplantation
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Table
Advantages and disadvantages of creating different variants of PDX models of colorectal cancer
Type of PDX model . . . .
P . Characteristics of the transplantation site Model advantages Model disadvantages
transplantation
Simple and fast surgery. .
p'e an gery. Replacement of tissue-
. Easy to visually assess the dynam- .
Created by transplanting a fragment of a human colon | . specific tumor stroma.
. . . . ics of tumor growth. . . .
tumor under the skin of the thigh of an immunodeficient . . . Microenvironment is not
A wide variety of reproducible hu- .
mouse specific for the tumor.
man tumors. .
. .. . No metastasis.
Heterotopic Less traumatizing for the animal.
Microenvironment is not
. . specific for the tumor.
Created by transplanting a fragment of a human colon | Good blood supply ensuring good P .
. : . . Complicated surgery.
tumor into the omentum of an immunodeficient mouse | trophism and engraftment .
Complicated assessment of
the tumor growth dynamics.
Created by transplanting a fragment of a human colon
tumor (mucinous adenocarcinoma) into the ascending e . . .
. . Specific intraorgan microenviron- | Complicated surgery.
. colon and cecum of an immunodeficient mouse; .
Orthotopic . ment. Complicated assessment of
created by transplanting a fragment of a human colon . . . .
. . . . Suitable for studying metastasis. | the tumor growth dynamics.
tumor (typical adenocarcinoma) into the descending co-
lon of an immunodeficient mouse

Heterotopic transplantation requires less time and
efforts. The surgery is less traumatizing for the experi-
mental animal. In our experiment, this transplantation
type demonstrated 100% survival rate. Subcutaneous
transplantation allows for easy monitoring of the tu-
mor growth dynamics by measuring the tumor size
with a caliper. The most significant disadvantage is a
non-specific organ microenvironment resulting from
tumor transplantation into a site not typical of the orig-
inal patient’s tumor.

Orthotopic transplantation into the intestinal wall
requires significant technical skills and is quite trau-
matizing for the animal; therefore, this model has a
limited capacity and reproducibility. It is worth not-
ing that, when creating a xenograft model for the de-
scending colon, it was still impossible to palpate the
tumor and visually assess the results on days 40—80
of the experiment. During the control laparotomy, the
access to the xenograft was complicated due to the de-
scending colon location near the lumbosacral region
of the spine.

The main advantage of orthotopic transplanta-
tion is a specific transplantation site inside the organ,
which makes it possible to reproduce the features of
the tumor microenvironment, thereby preserving the
main molecular genetic signaling pathways.

The use of orthotopic and intraperitoneal xenograft
models in studies on the effectiveness of drugs also re-
quires certain technical facilities, since an assessment
of tumor growth dynamics requires such imaging
methods as magnetic resonance imaging (MRI) and
computed tomography (CT).

Despite the required technical facilities, orthotopic
PDX models can also be used as spontaneous metas-
tasis models to evaluate the metastatic potential of a
tumor and the effectiveness of anti-metastatic drugs,
which is an important aspect in fundamental studies
on biology of oncogenesis. It is important to take into
account that rapid growth of an inoculated tumor or-
thotopically transplanted into the intestine of an im-
munodeficient mouse can lead to intestinal obstruction
and death of the animal and, consequently, to forced
termination of the experiment.

The experiment showed that the choice of a trans-
plantation method in creating PDX models depends
on many factors, such as the aim and objectives of
the experiment, the quality and biological characteris-
tics of the donor tumor material and model organism,
technical facilities of the laboratory, staff training,
funding, time frame, etc.

CONCLUSION

The study allows to conclude that, regardless of
the site of donor tumor material transplantation into
an immunodeficient mouse, xenograft models show a
high engraftment rate and largely reproduce the mor-
phological and histologic characteristics of the origi-
nal human tumor. This determines the possible use of
PDX models in searching for biomarkers and assess-
ing the effectiveness of new anticancer drugs.
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