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ANTITUMOR EFFECT OF RADIATION THERAPY ON ORTHOTOPIC PDX MODELS
OF HUMAN ESOPHAGEAL ADENOCARCINOMA
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As a rule, esophageal adenocarcinoma develops in the lower esophagus. Life expectancy and survival rates depend on the cancer stage and the general health
of the patient. Chemoradiotherapy is the most successful treatment approach to this type of cancer. The choice of optimal radiation doses for achieving the
best possible therapeutic effect is still a challenge. The aim of this paper was to study effective radiation doses and assess response of human esophageal
adenocarcinoma to radiation using a PDX model. The study was conducted in female Balb/c nude mice (n = 25). Fragments of the donor tumor were implanted
into the cervical esophagus of immunodeficient mice. Effects of radiation on the obtained orthotopic xenografts were studied after each of 3 irradiation sessions
(4, 6, 8, and 10 Gy in each of the experimental groups, respectively). First-passage xenografts reproduced the morphology of the donor tumor. The mean tumor
volume differed significantly between the control group and the experimental groups exposed to 6, 8 or 10 Gy (p < 0.01) after each irradiation session. Tumor
growth delay was significant after exposure to the total dose of 18 Gy. The further radiation dose increase was ineffective. The reduction of tumor volume in the
xenografts was correlated to the increase in the one-time radiation dose. The total dose over 18 Gy produced a detrimental effect on the hematopoietic system
and blood biochemistry of the experimental mice.
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NMPOTUBOOMNYXOJIEBOE B/IUAHWUE JTYSMEBOW TEPANUU HA OPTOTOMNUYECKYO PDX-MOJE/b
AJEHOKAPLUMHOMbI MULLEBOJA HEJIOBEKA

A. A. Knbmmukaa =3, A, C. londaposa, A. E. AnvcnmoB, A. B. CHexko, C. H. Oumutpraon, A. A. Macnos, 0. A. TesopksiH, E. H. KonecHnkos
HaumoHanbHbIn MeanUMHCKIA MCCnefoBaTenbCKuin LIEHTP OHKonorumn, Poctos-Ha-LoHy, Poccust

AneHoKapLHOMa MMLLEBOAA Pa3BNBAETCS, Kak MPaBumo, B HYDKHEN YaCcT opraHa. [MpofomKkUTensHOCTb XKN3HM 1 BDKBAEMOCTb MU AaHHOM 3a60neBaHIm 3aB1CST OT
CTafnn NaToNOrMYECKOro MPOLIECCa 1 COCTOSHUS 300POBbS NauveHTa. Havbonee ycnelHbIn MeToA, As NIeHeHns afeHOKapLMHOMbI MALLEBOAA — XVIMUOMYyYeBast
Tepanus. [Npobnema nogbopa onTUMabHbIX 403 0BNyYeHns Ans NonyYeHns MakcuMaibHOro addpexTa no cer AeHb akTyaneHa. Llensto nccneposanuns 6ei10
N3y4nTb APEKTVBHbIE [03bI 11 OLEHUTL MPOTVBOOTYXOMEBYIO aKTUBHOCTb JTy4eBON Tepaniv Ha opToTonuyeckom PDX afeHoKapLVMHOMBI NULLIEBOAA HeroBeKa.
VccnepoBaHve npoBenu Ha camkax Mbllein nuHuin Balb/c nude (n = 25). OpTOTONMYECKYHO TPaHCMaHTaLMIO OCYLLIECTBAANN MyTeM UMMNnaHTaumm obpasLos
OMyXONW NauveHTa B LUEeVHbIA OTAEN MULLIEBOAA MMMYHOAEMULIMTHOM MbILLK. JTy4eBOe BO3AENCTBIE HA OPTOTOMMHECKME KCeHorpadTbl Mccneaosam B 3 atana
C KpaTHOCTbIO 065y4eHnsa 1 pasd B fo3ax 4, 6, 8 n 10 p. Mo pedynsratam rcToNorM4ecKoro aHanmaa keeHorpadTsl 1-11 reHepaLmy BOCNpOon3BOaMIN OCHOBHbIE
MOpONOrn4eckme xapakTepucTuki onyxonn nauvieHta. OueHka AMHaMVKM pocTa 06beMOB OMyXOMEBbIX Y3/10B AKCMEPVMEHTaIbHbIX »KVBOTHBIX MO3BONSET
chenatb BbIBOA, YTO Y XMBOTHbIX, 06y4eHHbIX B OAHOKpaTHOM fose 6, 8 nnn 10 o, cpeaHve 3Ha4eHns 06 bEMOB OMyXONeBbIX Y3/10B CTATUCTUYECKW 3HAYNMO
otn4anneb (p < 0,01) OT 3Ha4YeHUIA B KOHTPOMBHOWM FPyNMe NMoce KaxkAoM 13 Tpex MPoLeayp y4eBoro BO3AeCTBIMS. [10 pacHeTaM nokasarens TOPMOXEHNS
pocTa onyxonm nNpu cyMmmapHoi fo3e 18 Mo Habnopanm aHaqnTenbHoe noaasneHve pocTa onyxonu. JanbHeliee NoBbILeHUe [03bl y4eBOro BO3AENCTBIS Obio
Hea(PEKTVBHO. YCTaHOBWM, YTO CHIDKEHE OOBEMOB OMyXOSEBbIX Y3/10B B KCEHOrpadTax KOppenmpyeT C yBenmyeHemM pa3oBor [03bl, NPy 3TOM CyMMapHast
nosa 6onee 18 Ip narybHO BAMSIET Ha CUCTEMY KPOBETBOPEHNS 1 OUOXMMUHECKIME NOKa3aTen KPOBU MbiLLIEN.
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Esophageal cancer (EC) is an extremely aggressive malignancy
and one of the leading causes of cancer mortality and morbidity
worldwide [1]. Due to nodal involvement, the five-year survival rate
is only ~10-15% [2]. Risk factors for EC include consumption
of hot foods and beverages, smoking, alcohol abuse, inhalation
of toxic gases, exposure to drinking water contaminated with
heavy metals, and ingestion of caustic substances [3].

There are 2 main histologic subtypes of EC: esophageal
squamous cell carcinoma and esophageal adenocarcinoma
(EAC) [4]. In Russia, squamous cell carcinoma is more common
than EAC. However, the incidence of EAC localized to the distal
esophagus or gastroesophageal junction has been on the rise in
the past few years [5, 6]. Unlike squamous cell carcinoma, EAC
is characterized by early metastasis to regional lymph nodes
and subserosal invasion with omental bursa involvement. This
cancer rarely metastasizes to the liver [7]. It can spread to the
submucosal lining of the thoracic esophagus, invading the
diaphragm, pleura and pericardium. EAC is often characterized
by exophytic growth, making surgical treatment difficult or lowly
effective [8].

At present, chemoradiotherapy remains the optimal
treatment approach to cervical esophageal cancer.
Esophagectomy with pharyngogastric anastomosis often
leads to postoperative complications and patient deterioration.
The 5-year survival rate after chemoradiotherapy is 27% [9].
Two forms of radiation therapy are used: teletherapy and
brachytherapy. Radiotherapy can be delivered perioperatively
or in combination with chemotherapy. The instruments and
methodology for radiotherapy have been refined over the years,
but radioresistance observed in different histological types of
EC still remains a serious challenge.

In theory, high doses of radiation will increase the probability
of a more pronounced cytotoxic effect. In practice, tumor
breakdown products are toxic to the patient and disrupt their
homeostasis. This raises the question as to what radiation
methods and optimal doses should be used to achieve the
maximum antitumor effect with minimal harm to the patient.

One of the hurdles to the improvement of treatment efficacy
for human EAC is the absence of reliable preclinical models
for translational studies [10]. Traditional experimental models,
like cell-line derived xenografts injected subcutaneously or
directly into the esophageal wall of immunodeficient mice, do
not recapitulate the intratumoral heterogeneity of the donor
tumor [11]. By contrast, patient-derived xenograft (PDX)
models hold promise for developing novel strategies for cancer
treatment [12].

In a PDX model, fragments of the donor tumor are
implanted into immunodeficient mice [13]. Translational cancer
studies utilize athymic Bald/c nude mice carrying the Foxn1
mutation [14, 15]. Immune deficiency due to T-cell deficit
facilitates successful engraftment and metastasis of the donor
tumor [16]. PDX models retain morphological characteristics
and heterogeneity of the donor tumor and therefore predict
the patient’s response to treatment better than cell line-derived
xenografts [17]. Although the human stroma is replaced with
the murine stroma in a PDX model, the model retains intratumor
heterogeneity through multiple passages [18].

Because of their technical simplicity, heterotypic
(subcutaneous) PDX models are extensively used in translational
cancer research. However, subcutaneous xenografts do not
reproduce the initial microenvironment of the donor tumor,
are subject to encapsulation, advance locally, and do not
metastasize [19].

An orthotopic PDX model of human EAC is generated
by direct implantation of the tumor fragment into the distal
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Fig. 1. The orthotopic PDX model of human esophageal adenocarcinoma (passage 6)

Fig. 2. Histology slices of moderately differentiated human EAC. A. The donor
tumor. B. The orthotopic xenograft, passage 1. Hematoxylin-eosin staining; x400
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esophageal wall of the mouse. The growing nodule and the
effect of radiotherapy are easily measurable; yet, the anatomy
and size of the murine esophagus make this cancer model
technically sophisticated [20]. The esophageal wall provides
a specific microenvironment to EAC, so the model can
recapitulate the pathomorphologic and molecular features of
the donor tumor [21]. Consequently, orthotopic PDX models
are employed in the studies of tumor behavior and therapeutic
approaches to cancer. In our experiment, the anticancer effect
of radiotherapy was measured based on tumor growth delay
(TGD) [22].

The aim of this paper was to study effective radiation
doses for EAC treatment and assess response of human EAC
to radiation using a PDX model generated by transplanting
fragments of the donor tumor into the cervical esophagus of
immunodeficient mice.

METHODS

The study was conducted at Rostov Cancer Research Institute.
Orthotopic xenografts were prepared from fresh tumor material
collected from a donor patient with EAC. The first 5 preparatory
passages were conducted in 12 female Balb/c nude mice. The
final 6th passage was conducted in 25 female Balb/c nude mice
(age: 6-8 weeks, weight: 21-25 g). The animals were housed
in an SPF animal facility in individually ventilated cages at
22-24 °C and 60% humidity under 12/12 light/dark conditions.
At the end of the experiment, the animals were sacrificed in
a CO, chamber; the tumors were immediately harvested for
further manipulations.

EAC response to radiation was studied using orthotopic
PDX tissue from passage 6 (Fig. 1). Xenografts were exposed
to radiation once they reached 100 mm3 in size on day 30
after transplantation. The mice were divided into 5 groups: the
control group and intervention groups 1, 2, 3, and 4 subjected
to different radiation regimens. Each group consisted of 5
animals. Group 1 received a total dose of 12 Gy delivered in
3 fractions (4 Gy each); group 2, 18 Gy delivered in 3 fractions
(6 Gy); group 3, 24 Gy delivered in 3 fractions (8 Gy); group 4,
30 Gy delivered in 3 fractions (10 Gy). The experiment lasted
for 7 days. Irradiation was performed on the Xstrahl 150 X-ray

system (Xstrahl; UK) with an 0.2 mm Al filter and 1.5 cm and 2
cm applicators.
Tumor dimensions were measured with a caliper. Tumor
volume was calculated using the following ellipsoid formula:
V=axbxcxa/b,
where V is tumor volume (mm?3); a, b, ¢ are the maximum
diameters of the ellipsoid in 3 planes (mm).
Tumor growth delay was calculated by the formula:
TGD = (Vcontrol - Vexper) / Vcomro\ x 100
Hematology tests were performed using an Exigo veterinary
hematology analyzer (BouleMedical; USA). Biochemistry tests
were performed using a VETSCANVS2 analyzer (Zoetis; USA).
Statistical analysis was conducted in STATISTICA 10.
Quantitative variables are presented below as means and
standard deviations M + SD. Differences between the means of
each 2 independent variables were assessed using the Mann-
Whitney U and the Wilcoxon rank-sum tests.

Orthotopic transplantation of donor tumor to
the esophagus of immunodeficient mice

For the transplantation procedure, the animals were
premedicated with intramuscularly administered xylazine
hydrochloride (20 mg/g) and anesthetized 15 min later with
an intramuscular injection of tiletamine hydrochloride and
zolazepam hydrochloride (22.57 mg/qg).

Prior to surgery, samples of the donor tumor were divided
into ~27 mm? fragments; patches of necrotized tissue were
removed in advance. The fragments were transplanted 30 min
after resection. The skin at the surgical site was treated with a
povidone-iodine solution 10%.

To access the esophagus, a neck skin incision was made
from the right ear base to the left ear base. The trachea and the
underlying esophagus were isolated using blunt dissection. The
adventitia and the muscular layer were dissected with a scalpel.
The tumor fragment was sutured to the esophageal wall above
the incision using 5-0 Prolene sutures. The wound was closed
with Glover’s suture [23].

After the transplanted tumor reached 150-250 mm? in size,
it was harvested and passaged. A total of 6 passages were
performed.

Table 1. Mean EAC xenograft volumes and mouse body weight in the control and experimental groups

Day 0 Day 1 Day 5 Day 7
Group Parameter
V, mm® Weight, g V, mm? Weight, g V, mm? Weight, g V, mm® Weight, g
Mean 86 21 626 227 1250.7 223 2136.6 223
Control
Standard 2.8 05 49 0.3 1485 0.8 74.5 0.8
deviation
Mean 91.1* 21.7 554.8° 23 1052.0* 21.1 1145.9° 21.1
14 Gy)
Standard 2.4 0.6 9 0.4 72.9 1.2 120.7 1
deviation
Mean 88 20.5 235.1° 222 249.3° 22.7 248.1° 225
2 (6 Gy)
Standard 1.6 0.5 2.7 0.8 2 0.8 13 12
deviation
Mean 80.9* 22.2 210.8° 235 228.9° 235 227.8° 235
3 (8 Gy)
Standard 2 04 5.8 0.4 14 05 8.2 05
deviation
Mean 89.5 215 195.2* 22.7 200.1° 19.7 198.9° 19.8
4 (10 Gy)
Standard 2.8 0.8 6 1.3 3.3 3 4.4 0.9
deviation

Note: * — differences are significant between groups 1 (4 Gy), 2 (6 Gy), 3 (8 Gy), 4 (10 Gy) and the control group; Mann-Whitney U test (p < 0.05); ¢ — differences are
significant between groups 1 (4 Gy), 2 (6 Gy), 3 (8 Gy), 4 (10 Gy) and the control group; Mann-Whitney U test (o < 0,01).
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Fig. 3. TGW of the PDX model of human EAC in the experimental groups of mice irradiated with 4 Gy (group 1), 6 Gy (group 2), 8 Gy (group 3), and 10 Gy (group 4)

RESULTS

Engraftment was improving with each passage. At passages
1, 2 and 3, the rate of engraftment was 55%, 70% and
80%, respectively. From passage 4 to passage 6, orthotopic
xenograft survival was 100%.

Histologic verification
of human EAC PDX models

Histologically, the donor tumor was a moderately differentiated
adenocarcinoma. Along with typical adenocarcinoma cells,
the sample contained atypical spindle-shaped cells with
karyopyknotic or karyorrhectic nuclei. First-passage xenografts
reproduced the main characteristics of the donor tumor quite
well and were histologically a moderately differentiated
adenocarcinoma, with mostly typically shaped cells with
degenerative nuclei or pathologic mitoses (Fig. 2).

Effects of radiation on orthotopic xenografts
of human EAC

The mean xenograft volumes and the mean weight of mice in
the control and experimental groups are provided in Table 1.
After the 1st and 3rd irradiation sessions, significant differences
in the mean xenograft volume were observed between group
1 (4 Gy) and the untreated control group (p < 0.01). Significant
differences (p < 0.01) in the mean tumor volume were also
registered after each irradiation session between the control
group and the experimental groups subjected to different
irradiation regimens (one-time doses of 6, 8 and 10 Gy). On
day 7, the tumors stopped growing at 248.1, 227.8 and 198.9
mm3 in groups receiving 6, 8 and 10 Gy fractions, respectively;
these sizes differed significantly from tumor sizes in the control
group.

Table 2. Complete blood counts on day 25 of the experiment

No reliable differences in body weight dynamics were
observed between the groups throughout the experiment. The
mean body weight ranged from 19.7 + 3.0 g to 23.5 + 0.5 g.
This suggests that the studied radiation doses did not produce
a considerable impact on the animal weight.

At the end of the experiment, TGD was 46.4, 88.4, 89.3,
and 90.7% in groups 1, 2, 3, and 4, respectively (Fig. 3).
The analysis revealed that the total dose of 18 Gy caused a
significant tumor growth delay; so, it may be ineffective to
further increase the delivered dose due to the adverse effects
of radiation.

Clinical examination of group 4 that had received the
total radiation dose of 30 Gy revealed the presence of tumor
necrosis. The tumors produced milky-colored discharge and
were ulcerating on the surface. In the control group, the tumors
were larger, dark purple-blue, well-vascularized, without signs
of necrosis or ulceration.

According to the pathomorphological examination of
tumor fragments subjected to the total radiation dose of 30
Gy, glandular cells were undergoing transformation without
keratinization; there was pronounced tissue necrosis (~ 50%
of the total sample area) and sites of pathological mitosis.
Besides, there were cells undergoing karyolysis and cytolysis
(Fig. 4).

Hematological and biochemical blood profile of
orthotopic PDXs of human EAC after irradiation

After the full course of irradiation was completed, hematological
profiles of the irradiated mice were prepared (Table 2).

The average hemoglobin concentration was inversely
proportional to the applied radiation dose and differed between
the control group and groups 1, 2, 3 and 4 (o < 0.01). Total red
blood cell, white blood cell, lymphocyte, monocyte and platelet
counts were lower in the experimental groups. Specifically,

Group Hemoglobin Platelets White blood cells, 10%L Lymphocytes, 10°/L Monocytes, 10%/L Red blood cells, 10%/L
Control 118 £ 4.9 481 +79 3.7+0.6 16+04 0.9+0.2 6.8+ 0.5

14 Gy) 115+ 4.3* 477 + 60* 3.3+0.5" 1.4+04 0.85+0.2 6.6 +0.4

2 (6 Gy) 111 £ 4.4* 474 + 55* 3.0+0.4* 1.2+0.3" 0.7+0.3 6.0 + 0.4*
3(8Gy) 99 +5.8* 470 + 58* 2.7+0.4* 1.0+ 0.4* 0.5+0.2* 5.7 +£0.4*
4 (10 Gy) 93 +3.9" 464 + 52* 25+0.3" 0.7 +0.1* 0.4 +0.1* 52+0.3"

Note: * — differs from the control group, p < 0.01; the Wilcoxon rank sum test.
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lymphocyte, monocyte and platelet counts were significantly
lower in groups 2, 3 and 4 (p < 0.01), whereas red and white
blood cell counts differed significantly between the control
group and groups 1, 2, 3, and 4 (p < 0.01).

Results of the blood biochemistry test are provided in Table 3.
Differences in total protein were significant between the control
group and groups 2, 3 and 4 (p < 0.01). The increase in the
delivered radiation dose led to a gradual rise in urea, creatinine
and alanine aminotransferase concentrations; differences in
these blood parameters between the control group and the
groups exposed to 8 and 10 Gy were statistically significant
(o < 0.01). The shifts in the biochemical profile of the irradiated
animals can be explained by active necrosis developing in
the irradiated tumors. Blood sugar did not differ significantly
between the groups. Alkaline phosphatase in groups 1,
2, 3, and 4 was significantly lower (o < 0.01) than in the
control group. Reduced alkaline phosphatase activity can
be explained by a decline in hemoglobin concentrations
observed in all experimental groups. After the radiation dose
totaled to 24 Gy, the animals became less active and acquired
a hunch posture.

DISCUSSION

There is an interesting publication investigating the antitumor
effect of a combination therapy with fractionated radiation
(8 x 2 Gy) and intraperitoneally administered TH-302 (50 mg/kg)
on the subcutaneous xenografts of esophageal squamous
cell carcinoma (OE21) and EAC (OE19) [24]. The study has
demonstrated a significant tumor growth delay for OE19
(o =0.02) and OE21 (p = 0.03) cancers following a combination
therapy with TH-302 and fractionated radiation, as compared
with radiation therapy alone. The models generated through the
subcutaneous implantation of cancer cells lacked intratumor
heterogeneity typical for human carcinomas. This means that
preclinical data may differ significantly from the results of clinical
studies [12].

According to another study, a combination of PI3Ka-
selective inhibitor CYH33 and radiotherapy produces a synergic
inhibiting effect on the growth of subcutaneous xenografts of
human esophageal squamous cell carcinoma [25]. Although
subcutaneous xenografts created from the fragments of human
donor tumors retained the heterogeneity of the donor material,
the site of heterotopic implantation precluded mimicking the
microenvironment of the donor tumor, blocked metastasis and
did not reproduce the major signaling pathways involved in
oncogenesis.

Table 3. Results of blood biochemistry tests on day 25 of the experiment

In this study, we used the orthotopic model of human EAC
since it is the closest to the actual patient’s clinical response
to therapy [26]. The choice of the model allowed us to study
how exposure to radiation affected the growth of the obtained
xenografts and to establish its dose-depending effect. In earlier
works, PDX models of human tumors were studied as potential
models for metastasis and were not used to evaluate the
effects of radiation [27].

CONCLUSIONS

After each irradiation session, the average tumor volume differed
significantly between the experimental groups exposed to 6, 8 and
10 Gy and the control group (o < 0.01). At the end of the experiment,
TGD was 46.4, 88.4, 89.3 and 90.7% in groups 1, 2, 3, and 4,
respectively. Atthough the body weight did not change throughout
the experiment in any of the groups, exposure to radiation had a
detrimental dose-dependent effect on the health of the experimental
animals manifesting in their low complete blood counts and blood
biochemistry tests. Exposure to the total radiation dose over 18
Gy resulted in reduced hemoglobin, low red and white blood cell
counts, increased degradation of protein molecules in the setting
of tumor necrosis. Therefore, further in vivo research of radiation
therapy alone or in combination with antitumor agents using murine
models of human EAC should not use the total radiation dose of
over 18 Gy, considering the harm it does to the animal’s health.

Fig. 4. Histology slices of the PDX model of human EAC generated in Balb/cNude
mice after irradiation with a total dose of 30 Gy. Hematoxylin-eosin staining; x400

Group Protein, mg/dL Urean?;t/gl?en, Cri?;i/ﬂﬂe’ Glucose, mg/dL ALT, un/L ALP, un/L
Control 54+03 0.4 +0.1 0.6 + 0.05 190 + 14 51+6.7 65 + 8.2
14 Gy) 55+0.3 0.5+ 0.1 0.75+ 0.1 185+ 15 53+7 62 + 4.8*
2 (6 Gy) 5.7 +0.5" 0.6+0.2 0.9+0.1* 189 + 10 58 + 6.5* 63 + 4*
3(8QGy) 6.1 +0.4" 0.8+0.1* 1.2+02" 192 £ 16 59 + 8.6* 61 +5.5*

4 (10 Gy) 6.3 +0.4" 1.1+0.3" 1.3+0.1* 191 £ 12 62 +6.7* 55+ 7.5*

Note: * — differs from the control group, p < 0.01; the Mann-Whitney U test. ALT — alanine aminotransferase; ALP — alkaline phosphatase.
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