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Abstract: Histopathological features of hepatocellular carcinoma (HCC) induced by diethylnitrosamine (DEN) in
mice display strong similarities with those seen in humans, including the higher tumor prevalence in males than
in females. Previous studies have demonstrated that continual production of the pro-inflammatory IL-6 by Kupffer
cells is involved in the initiation and progression of DEN-induced HCC and that estrogen-mediated reduction of
IL-6 secretion would decrease its incidence in females. Given the predominant utilization of male mice in hepatic
carcinogenesis research, the objective of this study was to examine histopathological and immunological parameters
in the DEN-induced liver carcinogenesis model in female C3H mice. We observed a significant prevalence of
hepatocellular hyperplasias and adenomas alongside a minimal infiltration of inflammatory cells and a scarcity of
senescent areas in females. Further, a low expression of immunosuppression markers is observed in females -
such as neutrophil/lymphocyte ratio, PD-1 expression in CD8 T cells, and PD-L1 in myeloid cells — compared to
males. Comparative studies between susceptible and resistant hosts to chemical carcinogenesis may help to unveil
novel therapeutic strategies against cancer.
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hormone testosterone has been implicated in contributing
to HCC development [6].

Introduction

The histology and genetic signature of hepatocellular
carcinoma (HCC) induced by diethylnitrosamine (DEN)
in mice are strongly similar to those seen in humans [1, 2].
Another point of resemblance is the higher incidence and
faster HCC tumor growth observed in males compared to
females in both animal and clinical settings [3-5].

Estrogen-mediated protective effects were reported
against liver cancer in female mice, while the male sex

In terms of tumor growth and progression, male mice
often exhibit aggressive HCC with larger tumor sizes,
faster rates of tumor growth, and pro-inflammatory im-
mune response, potentially influenced by hormonal,
genetic, and immune factors. Conversely, female mice
demonstrate a more balanced immune response, poten-
tially influenced by more efficient immune surveillance
mechanisms. Additionally, differences in liver metabo-
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lism and detoxification pathways between males and
females may contribute to variations in HCC develop-
ment [7-10].

Former studies have demonstrated that continual pro-
duction of the strong pro-inflammatory cytokine IL-6 by
Kupffer cells is involved in the development of DEN-
induced HCC and that estrogen-mediated reduction of
IL-6 secretion would decrease its incidence in mouse
females [1, 8-11].

DEN-induced HCC in male mice has been used ex-
tensively in search of experimental models with a high
and uniform incidence of tumors, with less variability
among the pathophysiological parameters to be studied.
However, these sex-specific differences highlight the
importance of considering sex as a biological variable
in cancer research, offering potential insights for tar-
geted therapeutic interventions [ 1, 7].

Given the predominant utilization of male mice in
hepatic carcinogenesis research, the objective of this
study was to examine histopathological and immuno-
logical parameters in the DEN-induced liver carcinogen-
esis model in female C3H mice.

This research addresses the gap in understanding he-
patic tumor development in female mice, providing in-
sights for future studies on HCC.

Material and Methods

Experimental animals

Female and male C3H/HeJ mice were bred in Comis-
ion Nacional de Energia Atomica, Argentina. They were
used from 15 days up to, in some cases, 315 days of age.
Animals were housed in the Instituto de Medicina Ex-
perimental (IMEX-CONICET), Academia Nacional de
Medicina facilities in Buenos Aires. The Committee for
the Care and Use of Laboratory Animals (CICUAL) of
IMEX-CONICET approved all experimental procedures
(protocol N°087/2021). The experiments’ performance
complies with the Directive EU63/2010.

DEN-induced HCC model

A single intraperitoneal (i.p) injection of DEN (Sigma-
Aldrich N0258, St. Louis, MO, USA) was administered
at 10 mg/kg body weight in both female and male C3H
mice at 2 weeks old to induce hepatic tumor formation.
The drug was diluted in a physiological solution, with a
total volume of 0.1 ml and a 30 G needle. Mice were not
weaned (they continued to lactate after inoculation until
conventional weaning). The inoculation did not cause
lesions or profound clinical impact in mice, except for
arecord of transient weight loss that, over the days, was
reversed. Animals were periodically monitored and pro-
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vided with accessible water-soaked pellets to ensure
correct feeding after weaning. The body weight of the
animals was regularly measured [1, 2].

As previously described, after mice receive a single
injection of DEN at 15 days of age, the first microscop-
ic tumor foci appear in the liver about 90 days after DEN
administration, and macroscopic nodules are already
evident 210 days post-DEN [1, 10]. The percentage of
HCC and the number of tumor foci per liver are signifi-
cantly higher in males than in females [3, 4, 12].

Study design

The experimental unit is a mouse. Two groups of fe-
male mice and two groups of male mice were inoculated
with one dose of the carcinogen DEN at 15 days old.
Control groups of female and male mice were injected
with 0.1 ml of saline solution i.p. at the same age as a
carcinogen. Control and DEN-treated mice were sub-
jected to euthanasia 210 and 300 days after the admin-
istration of the carcinogen.

Sample size

The n per group was 5 experimental units (except the
male control group of 7 experimental units). n total=42.
The calculation of the sample size a priori was carried
out with an effect size 0f 0.7, a 1-f=0.8, and 0=0.05. The
variable considered was the number of tumor foci/liver.
No experimental units have been excluded from the
analysis. The results are mainly focused on the com-
parison between female and male mice post-administra-
tion of the carcinogen at each described time.

Randomization and blinding

Randomization was done using the Rand formula
(Excel software). All experimental procedures were car-
ried out blindly and according to ARRIVE guidelines.

Humane endpoint criteria

Criteria established for the experimental endpoint
were: degree of dehydration greater than 5% (assessed
by the skinfold test and hydration of the ocular mucosa),
decreased mobility, moderate to severe ascites, decreased
body weight greater than 15% (corresponding to a body
score less than or equal to 2/5) and non-reversible signs
of pain with the administration of tramadol 5 mg/kg
subcutaneously (s.c.). However, mice did not present
signs of alterations in their clinical parameters during
the development of the experiment, that is, until day 300
after the DEN inoculation when the last groups were
euthanized.

Severity of the procedure: moderate [1, 13].
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Extraction of samples

A blood sample was taken on day 45 post-DEN
through the submandibular vein. Then, at 210- and 300-
days post-DEN, mice were anesthetized with ketamine
(80 mg/kg) + xylazine (7 mg/kg) in a single i.p. inocula-
tion (0.1 ml) diluted in sterile physiological solution for
blood collection, mesenteric lymph nodes, bone marrow,
spleen, and liver obtaining as applicable. The anesthetic
state was evaluated by: loss of the station, palpebral
reflex, corneal reflex, and absence of foot, tail, and ear
reflexes. In addition, the respiratory pattern was moni-
tored. Subsequently, terminal blood collection through
cardiac puncture was performed, and immediately, they
were euthanized by cervical dislocation. After euthana-
sia, organs were removed for the ex vivo studies detailed
below.

Collection and processing of tissue samples

Hemogram: Blood samples were obtained by subman-
dibular puncture in heparinized tubes or by cardiac punc-
ture before euthanasia. Blood cell count was performed
using the hematology analyzer Abacus Junior Vet (Dia-
tron, Medley, FL, USA).

Biochemical parameters: Enzymes alanine amino-
transferase (ALT/GPT) and aspartate aminotransferase
(AST/GOT) were measured in serum with a commer-
cially available kit from Wiener Lab (Buenos Aires,
Argentina) according to the manufacturer’s instructions
(MINDRAY BS-200E clinical chemistry autoanalyzer).

Liver analysis: Livers were weighed, and the number
of visible nodules on the liver surface were counted
macroscopically. Liver tissue was removed and hepato-
cytes were dispersed in RPMI medium to create a single-
cell suspension. Cells were lysed by four freeze cycles
(on liquid nitrogen) and thaw cycles. Larger particles
were removed by centrifugation, supernatants were
sonicated for 10 min in a Branson Digital SoniWer
(Sonifier, Brookfield, CT, USA), protein content was
determined and adjusted at 7.5 g/ml, and aliquots were
stored at —80°C until use.

Histological analyses: Livers were fixed in 10% PBS-
formaldehyde. Five serial sections of representative le-
sions from each liver were obtained and stained with
hematoxylin and eosin. Sections were evaluated for signs
of malignancies by an experienced and blinded patholo-
gist. Ten fields per section were analyzed. In each field,
the presence of the characteristics (cellular atypia, dis-
torted architecture, and necrosis) was evaluated. The
results were expressed as the percentage of occurrence
of each characteristic per analyzed section of each eval-
uated representative hepatic lesion. Ten fields were also
evaluated for mitotic and Kupfer cell counts. Liver in-

juries were classified according to the International
Harmonization of Nomenclature and Diagnostic Criteria
for Lesions in Rats and Mice (INHAND) guidelines
[14, 15].

Senescence analysis: The evaluation of senescence
was performed by -galactosidase staining (Senescence
Detection Kit, Biovision, Zurich, Switzerland) [16].

Immunofluorescence: Livers were frozen with dry ice
and maintained at —80°C. Serial sections (3—5 um) were
obtained with cryostat. The immunofluorescence was
performed as previously reported [12, 14]. Briefly, the
tissues were rehydrated with PBS and fixed with 4%
paraformaldehyde in PBS for 10 min at room tempera-
ture. After sections were blocked with a solution of 3%
bovine serum albumin (BSA) for 30 min at RT. Sections
were incubated with the antibodies for 2 h at 4°C RT
(Anti-CD8-FITC with anti-PD-1-PE or anti-F480-FITC
with anti-PDL1-PE — anti-mouse monoclonal antibodies
(Ap-Biotech, Quilmes, Argentina), all at 1:250 dilutions).
After several washes, coverslips were mounted onto the
slides using Fluorsave antifade reagent (Calbiochem, St.
Louis, MO, USA) followed by examination using a Zeiss
LSM 510 laser-scanning confocal microscopy. Signal
overlap was quantified using MBF-Image J and Pearsons
colocalization coefficients were calculated.

Cell suspensions of spleen and lymph nodes: Spleens
and mesenteric lymph nodes were removed and passed
through sterile mesh with PBS supplemented with 5%
FBS, 1% penicillin, and 1% streptomycin to obtain a
single-cell suspension. Erythrocytes were eliminated
with a red blood cell lysis buffer (NH,C1 0.15 M; NaH-
CO; 10 mM; EDTA 0.1 mM; pH 7.3), and cells were
washed and counted with trypan blue dye.

Bone marrow-derived dendritic cell culture: The fe-
murs of mice were removed and freed of muscles and
tendons. Both femur ends were cut off and the marrow
was flushed out with RPMI 1640 medium. Erythrocytes
were lysed with ammonium chloride (0.45 M). Cells
were cultured as previously reported [17].

Cytokine measurements: IL-6, IL-1p, and INF-y were
measured by ELISA kits (R&D Systems, Minneapolis,
MN, USA), according to the manufacturer’s recommen-
dations.

Flow cytometry: Anti-CD11c (PE-Cy5), anti-IAb
(PE), anti-CD86 (FITC), anti-CD4 (FITC), anti-CD§
(PE), anti-B220 (FITC), anti-CD19 (PE-Cy5), anti-
CD11b (FITC), anti-GR1 (PE), anti-F480 (FITC), anti-
PD-1 (PE), and anti-PD-L1 — clone MIHS (PE) — anti-
mouse monoclonal antibodies (Ap-Biotech) were used
to assess the characteristics of splenocytes, mesenteric
lymph node cells, peritoneal macrophages, and bone
marrow-derived dendritic cells by flow cytometry. Per-
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centage and fluorescence of individual cells were mea-
sured in a flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) and analyzed by Flowing (Software
version 2.5.1, Turku Centre for Biotechnology, Univer-
sity of Turku, Turku, Finland) [14, 18].

Proliferation assays: Lymphocyte proliferation was
evaluated by CFSE staining (Molecular Probes, Eugene,
OR, USA). Briefly, 1 x 107 cells/ml were suspended in
0.3% BSA/PBS. Then, 1 x4l of CFSE was added for each
ml (0.5 uM) (Invitrogen, Waltham, MA, USA) and cells
were incubated for 15 min at 37°C. Cells were washed
three times with complete RPMI and incubated for 5 min
at 37°C between washes. Afterward, 1 x 10° lymphocytes
were cultured in 96-well flat-bottom plates for 72 h in
the presence or absence of 5 ul/ml of concanavalin A
(CoA).

Statistical analysis

GraphPad PrismSoftware® performed the statistical
analysis. Student’s ¢-test or analysis of variance (ANO-
VA) followed by the Tukey test were used as appropriate.
Values were expressed as mean + SE. Differences were
considered to be significant whenever the P-value was
less than 0.05.

Development of liver tumors induced by DEN in
female and male C3H mice

As previously reported, a lower susceptibility to the
carcinogen DEN was observed for the development of
liver tumors in C3H females than in males [6-9]. The
number of macroscopic hepatic nodules was signifi-
cantly lower in females compared to males, both on day
210 and day 300 post-DEN administration. At day 210
post-DEN, two out of five female C3H mice exhibited
macroscopic liver nodules, while at day 300 post-DEN,
nodules were observed in four out of five female C3H
mice. On the contrary, at both day 210 and day 300 post-
DEN, macroscopic liver nodules were evident in all five
male C3H mice in each respective period (Fig. 1a). Ac-
cordingly, liver/mouse weight ratio was significantly
lower in DEN-treated females (Fig. 1b).

On day 210 post-DEN administration, histological
analysis revealed that 40% of females developed hyper-
plasia, while 60% showed no histological lesions
(Figs. 1c and d). In contrast, during the same period,
80% of male mice developed adenomas, with the remain-
ing 20% showing hyperplasia (Supplementary Fig. 1).
The hepatic hyperplasia observed in female mice exhib-
ited small-sized nuclei with clumped chromatin. Vacu-
olated cytoplasm containing basophilic material was
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predominant, with no mitotic figures detected
(Fig. 1e and ).

At day 300 post-DEN administration, 40% of females
displayed hyperplasia, while an additional 40% devel-
oped adenomas (Figs. 1c and d). Interestingly, one fe-
male exhibited a significant tumor mass diagnosed as a
diffuse well-differentiated hepatocellular carcinoma,
representing the remaining 20% of females. This obser-
vation highlights the notable variability in liver lesions
among DEN-treated females, as illustrated in Supple-
mentary Fig. 2. Conversely, 100% of male mice devel-
oped HCC (Supplementary Fig. 1).

Adenomas in females, at day 300 post-DEN adminis-
tration, showed variable nuclear sizes and occasional
binucleated cells. The cytoplasm was vacuolated with
basophilic material, and mitotic activity was low. Nod-
ules exert compressive effects on adjacent parenchyma.
Congested blood vessels and a small number of inflam-
matory cells, mainly Kupffer cells, were observed in
sinusoids (Figs. le, f, and Supplementary Fig. 3). The
presence of cellular atypia and distorted architecture in
the livers of male treated mice was significantly higher
than in females, both at day 210 and day 300 post-appli-
cation of DEN. The presence of necrosis was signifi-
cantly higher in males than in females starting from day
300 post-DEN (Fig. 1c, Supplementary Figs. 1c and 3).
Histological examination of control groups revealed no
significant changes in males and females euthanized at
days 210 and 300, respectively (Supplementary Fig. 3).

Differential liver damage in females and males
treated with DEN

In females treated with DEN, IL-6 levels in the liver
remain low at both days 210 and 300 (Fig. 2a), correlat-
ing with a minimally distorted hepatic architecture com-
pared to males. In contrast, males exhibit higher IL-6
values over time. It is important to note that untreated
female mice consistently showed low levels of IL-6
throughout aging, unlike males (Supplementary Fig. 4).

On the other hand, no significant differences were
observed in the levels of IL-1f in the liver (Fig. 2b), and
IL1-B was undetectable in the serum of males and fe-
males (data not shown).

In addition, we observed a low percentage of senescent
areas in the livers of DEN-treated females (Fig. 2d).
Senescent areas were more extensive in males, related
to the higher concentration of IL-6 observed in both
serum and liver, which is part of the senescence-associ-
ated secretory phenotype (SASP).

In agreement with the above, DEN-treated female
mice exhibited lower serum IL-6 concentrations com-
pared to males, with this difference becoming signifi-
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Fig. 1. Development of liver tumors induced by diethylnitrosamine (DEN) in female C3H mice 210- and 300-days post-DEN. (a)
Number of macroscopic nodules per animal at 210- and 300-days post-DEN. Nodules at the surface of each lobe were counted
using a microscope (black bars: 5 mm). Data represent the mean + SEM of nodules per liver (n) of 5-7 mice per group. (b)
Percentage of liver weight concerning weight (%) of control mice and DEN-treated mice 210 and 300 days after inoculation.
Data represent the mean + SEM of weight (%) of 5-7 mice per group. Statistical comparison among experimental groups:
*P<0.05; **P<0.02; ***P<0.01. ANOVA followed by the Tukey test was used. (c) Representative macroscopic and histo-
pathological images of female control and DEN-treated mice 210 and 300 days after inoculation. Haematoxylin and eosin (H&E)
staining, 100 and 400x. Day 210 post DEN: the image shows hepatic hyperplasia (arrows, 100%). The nuclei appear small and
contain clumped chromatin. The cytoplasm displays vacuoles and primarily exhibits basophilic material (400x). Day 300 post
DEN: the image shows hepatic adenoma, which exerts compressive effects on adjacent parenchyma. (arrows, 100x). Note the
presence of variable nuclear sizes and occasional binucleated cells. The cytoplasm is vacuolated with basophilic material. (d)
Heat map represents the percentages of hyperplasias, adenomas, and carcinomas diagnosed within each experimental group of
females, including controls, and at days 210 and 300 post-DEN treatment. (¢) Detailed information on the degree of cellular
atypia, distortion of liver architecture, and necrosis in DEN-treated females. The heat map indicates a semiquantitative analysis
of the respective liver histologic features, ranging from faint red (not present) to dark red (a feature present in all/almost all
liver sections). (f) Average numerical values for mitosis and Kupffer cells per field. Ten fields per liver were analyzed. Due to
the lack of significant histological changes observed in the control groups euthanized on day 210 and day 300, the data from the
controls on day 210 is depicted in the figure for simplification purposes.
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Fig. 2. Hepatic functional parameters and senescence in female and male diethylnitrosamine (DEN)-treated mice.
(a, e) The concentration of IL-6 (pg/ml) in liver lysates (a) and serum (e) from control and DEN-treated
mice was evaluated by ELISA assay. (b) Concentration of IL-1p in liver lysates. Levels of IL-1f in serum
were undetectable. (c) Concentration of HMGBI in liver lysates. Data represent the mean + SEM of IL-6,
IL-1B, or HMGBI of 5 mice per group. Statistical comparison between experimental groups and control.
*P<0.05; **P<0.01; ***P<0.001. Statistical comparison among female and male groups at the same time:
#P<0.05, #¥P<0.001. (d) Percentage (%) of senescence in liver sections of female and male DEN-treated
mice at 210-, and 300-days post—-DEN administration. Data represent the mean + SEM of senescence areas
(%) per liver section of 5 mice per group. Statistical comparison among female and male groups at the
same time: *P<0.05. (f) Alanine aminotransferase (ALT) and (g) aspartate aminotransferase (AST) levels
(U/1) in the serum of control mice and mice treated with DEN. Data represent the mean = SEM of ALT or
AST levels of 5 mice per group. Statistical comparison among experimental groups: **P<0.01, ***P<(0.001.
Statistical comparison among female and male groups at the same time: ##P<0.001. All statistical analyses
of this figure were performed using ANOVA followed by the Tukey test. F=female; M=male. The control

group corresponds to day 210.

cantly evident at day 300 post-DEN (Fig. 2e), in line
with the histological characteristics observed at that time.

Similarly, hepatic levels of HMGB1 were signifi-
cantly lower in females than in males (Fig. 2C). Regard-
ing liver function, DEN-treated female mice exhibited
lower serum concentrations of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) compared
to males, with values remaining constant over time
(Figs. 2f and g).

Immune response in female mice treated with DEN

In order to evaluate the immune response associated
with the low proportion of HCC observed in DEN-
treated female mice, blood samples were drawn at dif-
ferent times after DEN inoculation. Monocyte (Fig. 3a)
and lymphocyte counts (Fig. 3b) were higher, and neu-
trophil count (Fig. 3c) was lower in DEN-treated females
than in males from day 210 onwards after DEN admin-
istration. Overall, neutrophil-to-lymphocyte ratio (NLR),
was significantly lower in females (Fig. 3d).

404 | doi: 10.1538/expanim.23-0149

Splenic CD4 T lymphocytes count was lower in fe-
males than in males at day 210 post-DEN (Fig. 4a). No
significant differences between sexes were observed in
mesenteric lymph node CD4 T lymphocytes counts
(Fig. 4b) nor in CD4 T surface expression of PD-1 (not
shown).

On the other hand, a higher number of splenic and
mesenteric lymph node CD8 T lymphocytes were ob-
served in males than in females at day 300 post-DEN
(Figs. 4c and d). Nevertheless, mesenteric lymph node
CDS8 T lymphocytes of females displayed a higher rate
of proliferation (Fig. 4e), a higher INFy secretion
(Fig. 4f), and lower expression of surface PD-1 than
males (Fig. 4g). No significant differences between
sexes have been observed in the expression of PD-1 in
splenic CD8 T cells (data not shown). Consistently, liv-
ers from female DEN-treated mice showed decreased
CD8 T lymphocytes infiltrate (Fig. 4h), with lower ex-
pression of PD-1 than males (Fig. 41).
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Fig. 3. Blood cell count of females and male diethylnitrosamine (DEN) — treated C3H mice. Count
of monocytes (a), lymphocytes (b), neutrophils (c), and neutrophil-to-lymphocyte ratio
(NLR) (d). Data were expressed as mean (10%/L) £ SEM of cell number. Statistical com-
parison among female and male groups at the same time: *P<0.05, #P<0.01, ##P<0.001.
All statistical analyses of this figure were performed using ANOVA followed by the Tukey
test. Due to the lack of significant changes observed in the control groups euthanized on
day 210 and day 300, the data from the controls on day 210 is depicted in the figure for

simplification purposes.

Subsequent analyses were conducted at day 210 after
the administration of DEN, given the significant differ-
ences observed in lymphocyte populations from this time
point onwards. Furthermore, day 210 represents a time
point before tumor progression to HCC; thus, the ob-
served changes at this time are not yet a consequence of
HCC development, but rather precede its establishment.

Livers from DEN-treated females showed decreased
macrophage infiltrate (Fig. 5a), with lower expression
of PD-L1 than males (Fig. 5b). In addition, a decreased
number of macrophages displaying a lower expression
of PD-L1 was observed in females in the spleen (Figs.
S5cand d), lymph nodes (Figs. 5S¢ and f), and peritoneum
(Figs. 5g and h).

In the same way, mesenteric lymph nodes and spleens
B lymphocytes from DEN-treated female mice showed
lower PD-L1 expression than males (Figs. 6a—d).

DC maturation markers CD86 and MHC II were not
affected in the presence of lysates from DEN-treated
female livers. However, a decrease in DC maturation

was observed with liver lysates from DEN-treated males
(Figs. 6e and f).

Animal models play a crucial role in advancing cancer
research as they provide indispensable means for repli-
cating genetic and pathophysiological factors that con-
tribute significantly to cancer development [19, 20].
Moreover, these models offer valuable opportunities to
assess novel therapeutic strategies in pre-clinical settings
by utilizing disease-specific oncologic models. Among
the various options available, rodents are commonly
employed in such studies due to their lightweight char-
acteristics, ease of breeding, and cost-effectiveness com-
pared to larger animal counterparts. In particular, mice
have emerged as a favored choice in cancer research due
to the ready availability of genetically modified strains,
allowing targeted investigations into the underlying
mechanisms of cancer [19-22].
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Fig. 4. T lymphocytes in liver, spleen, and mesenteric lymph nodes of male and female diethylnitrosamine (DEN) — treated C3H mice.
Percentage of CD4+ T lymphocytes in the spleen (a) and lymph node (b), and percentage of CD8+ T lymphocytes in the spleen
(c) and lymph node (d) from female or male control mice, and DEN-treated C3H mice. (e) Proliferation index of CD8+ T lym-
phocytes and representative CFSE flow cytometric histograms of lymph nodes from female or male control and DEN-treated
C3H mice (f) IFN-y concentration in the supernatant of CD8 T lymphocyte cultures of lymph nodes from female or male control
and DEN — treated C3H mice evaluated by ELISA assay. (g) Percentage of PD-1+ in CD8+ T lymphocytes of lymph nodes from
female or male control mice and DEN-treated C3H mice. Results are expressed as mean + SEM of percentage (%) of cells. n=5
mice per group were used. *P<0.05; **P<0.01. All statistical analyses of this figure were performed using ANOVA followed by
the Tukey test. F=female; M=male. (h) Representative immunofluorescence showing colocalization between CD8 lymphocytes
(green) and PD-1 (red). (i) Signal overlap was quantified using MBF-Image J. Pearson’s colocalization coefficients were calcu-
lated from three independent experiments and then converted to percentages (***P<0.001).
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Fig. 5. Myeloid cells in the liver, mesenteric lymph nodes, spleen, and peritoneum of female and male C3H mice 210 days after ad-
ministration of the carcinogen DEN. Mice were euthanized by cervical dislocation at 210 days post-DEN administration. The
liver, spleen, and mesenteric lymph nodes were removed. Peritoneal lavages with PBS-5% fetal bovine serum was performed.
Cell populations were evaluated by immunofluorescence (a, b) and flow cytometry (c—h). (a) Representative immunofluorescence
showing colocalization between F480 macrophages (green) and PD-L1 (red) in the liver. (b) Signal overlap was quantified using
MBF-Image J. Pearson’s colocalization coefficients were calculated from three independent experiments and then converted to
percentages (***P<0.001). (c—h) Percentage of myeloid cells CD11b+/GR1+, and representative dot plots of myeloid cell
population in the spleen (c), mesenteric lymph nodes (e), and peritoneal cavity (g) of female or male DEN-treated C3H mice
210 days after administration of the carcinogen. Percentage of myeloid cells that express PD-L1 in the spleen (d), mesenteric
lymph nodes (f), and peritoneal cavity (h) of DEN-treated C3H mice. Results are expressed as mean + SEM. n=5 mice per group
were used in the representative experiment. **P<0.01. ***P<0,001. All statistical analyses of this figure were performed using
ANOVA followed by the Tukey test. F=female; M=male.
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Fig. 6. B lymphocytes and dendritic cells (DC)in vitro maturation of female and male diethylnitrosamine (DEN)
— treated C3H mice. Mice were euthanized by cervical dislocation 210 days post-DEN administration. The
liver, spleen, and mesenteric lymph nodes were removed. Cell populations were evaluated by flow cytom-
etry. (a, ¢) Percentage of CD19+/B220+ B lymphocytes in mesenteric lymph node (a) and spleen (c) from
female and male DEN-treated C3H mice 210 days after administration of the carcinogen. (b, d) Percentage
of B lymphocytes that express PD-L1+, and representative histograms in mesenteric lymph nodes (b) and
spleen (d) of DEN-treated C3H mice. Results are expressed as mean = SEM. (e, f) Expression of cell-
surface receptors MHCII and CD86 in bone marrow-derived CD11¢" DC stimulated with liver lysates,
evaluated by flow cytometry. Negative controls were unstimulated DC (DCi), and positive controls were
DC stimulated with 5 ug/ml LPS. Results are expressed as mean = SEM. n=5 mice per group were used in
the representative experiment. **¥P<0.01. ***P<(,001. All statistical analyses of this figure were performed
using ANOVA followed by the Tukey test. MFI=mean fluorescence intensity. F=female; M=male.

In recent years, a range of rodent models have been
established for studying hepatocellular carcinoma
(HCC). Assessing the extent to which mouse models
accurately replicate the characteristics observed in hu-
man counterparts can pose challenges in many instances.
In terms of sex disparity, HCC exhibits a three to fivefold
higher propensity to develop in males compared to fe-
males [23-25]. The importance of including females in
experimental designs becomes apparent when consider-
ing this marked contrast [1, 3, 4].

One of the most used models is diethylnitrosamine
(DEN)-induced HCC in C3H mice that produce multiple

408 | doi: 10.1538/expanim.23-0149

tumor foci per liver that gradually increase over time
and progress to trabecular hepatocellular metastatic car-
cinomas. This model has histology, genetic signature,
and sex disparity similar to human HCCs [1].

In this paper, confirming data from former publica-
tions [1, 2, 4], we observed that following administration
of the carcinogen DEN, females exhibited a higher in-
cidence of hyperplasias and adenomas compared to
males. Remarkably, unlike their male counterparts, fe-
males did not exhibit progression to HCC in nearly all
cases. While the liver damage induced by DEN has been
extensively investigated in male mice [1, 2, 10] it is
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worth noting that the response in females differs sig-
nificantly and has been much less studied.

In our study, we focused on two distinct time points:
days 210 and 300 post-DEN administration. At day 210,
males exhibited a distorted hepatic architecture without
signs of necrosis, with hepatic adenomas being the pre-
dominant feature, indicating a stage preceding the de-
velopment of HCC. In contrast, our observations in fe-
male mice revealed a reduced distortion of tissue
architecture, a lower pro-inflammatory profile and a
notably lower percentage of liver senescent areas. At day
300 post-DEN, while tumors have progressed to HCC
in males, they predominantly remain as adenomas in
females.

These observations are in line with previous reports
highlighting that the persistent production of IL-6 by
Kupffer cells plays a crucial role in the pathogenesis of
DEN-induced HCC and, on the other hand, estrogen-
mediated downregulation of IL-6 secretion may contrib-
ute to a decreased incidence of HCC in female mice.
Subsequently, since IL-6 creates a positive feedback loop
that progressively increases the pathological effect of
the senescence/inflammatory microenvironment, differ-
ential hormonal-mediated secretion of IL-6 between
males and females would be associated with the resis-
tance exhibited by females towards the progression of
HCC [6, 8, 9].

It is important to note that differences in IL-6 levels
between sexes were also observed in older control mice.
Untreated female mice consistently showed low levels
of IL-6 throughout aging, unlike males, suggesting a
potential resistance of females against the development
of certain pro-inflammatory conditions associated with
aging, which could delay tumor development. The as-
sociation between elevated IL-6 levels, aging, and tumor
development has been documented in various tumor
models [26-30].

Furthermore, the relationship between inflammation
and immunosuppression has been previously document-
ed in DEN-treated male mice [31-33]. The interactions
between cancer and immune cells have been studied in
some clinical and experimental settings, providing in-
sights into the crosstalk between malignant cells, and
cells of innate and adaptive immunity. Besides, tumor
cells develop complex and varied strategies to evade
detection and destruction by immune cells, primarily by
favoring the generation of immunosuppressive cells such
as regulatory T cells or myeloid-derived suppressor cells
[34]. Previous studies have demonstrated that macro-
phages within the tumor microenvironment can facilitate
HCC growth through the surface expression of PD-L1,

which promotes the establishment of an immunosuppres-
sive microenvironment, predominantly influenced by
pre-existing activated CD8+ T cells that typically ex-
hibit an exhausted phenotype characterized by height-
ened PD-1 expression [35-37]. However, whether the
PD-L1/PD-1 axis exhibits sex-specific characteristics
contributing to enhanced tumor resistance in females
remains unexplored. We showed that the immune re-
sponse to DEN-induced HCC differs between female and
male C3H mice. In our study, a lower expression of PD-1
was observed in CD8 T lymphocytes, as well as a lower
expression of PD-L1 in hepatic macrophages, myeloid
cells, and infiltrating B lymphocytes in the spleen and
lymph nodes of DEN-treated females. These differences
could contribute, at least in part, to the delay in the pro-
gression from adenomas to HCC observed in females,
unlike what occurs in males.

In summary, although the use of male mice is usually
recommended to reduce the number of experimental
mice in this model [1], studies focused on females are
fruitful for future investigation. In effect, sex disparity
in the induction, growth, and progression of DEN-in-
duced HCC could be associated with a differential ex-
pression of both immunologic as well as non-immuno-
logic anti-tumor mechanisms, suggesting that more
accurate comparative studies between resistant and more
susceptible hosts might help to unveil novel therapeutic
strategies against cancer.
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