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Background: Thymic atrophy was discovered in tumor-bearing mice in recent years.
Methods: Flow cytometry was carried out including Annexin V-FITC/PI double staining, PI stain-
ing, Terminal dUTP nick-end labeling, CD3-FITC/CD19-PE and CD8-FITC/CD4-PE double stain-
ing. Enzyme-linked immunosorbent assay and polymerase chain reaction were also investigated.
Results: According to our experiments, we demonstrated that no signs of apoptosis in thymo-
cytes were found in H22-bearing mice, while the proportions of CD4* T cells and CD8* T cells
in thymuses were remarkably increased, the opposite tendency was found in peripheral bloods,
and only CD3*CD8* T cells were discovered in H22 solid tumors. We further discovered that the
level of thymosin alpha 1 (Toul) and the expression of Wnt4 in thymus of H22-bearing mice were
significantly improved than control, which indicated the active proliferation and differentiation of
thymocytes. Our study revealed that CD8* T cells could not effectively eliminate H22 cells inde-
pendently when CD4* T cells were suppressed by tumors, while the body would only enhance the
differentiation and maturation of T cells in thymuses and release them to solid tumor to reinforce
antitumor immunocompetence, leading to a vicious cycle which finally led to thymic atrophy.
Conclusion: Our data propose a novel mechanism of tumor-induced thymic atrophy regulated
by abnormal immunoreaction and may provide new ideas for the immunotherapy of tumors.
Keywords: thymic atrophy, T cells subsets, over-differentiation, H22 tumor

Introduction
As a primary lymphoid organ, the thymus provides a highly specialized microenvi-
ronment for the differentiation and maturation of immunocompetent T lymphocytes,
which consists of an outer cortex and inner medulla.'”* Thymosin alpha 1 (Tal), a
biologically active peptide mainly existing in thymic epithelial cells, can enhance cel-
lular immune responses, modulate secretion of cytokines, and block steroid-induced
apoptosis of thymocytes.®® Wnt4 has recently been shown to regulate multiple devel-
opmental processes reflected by accumulating the downstream molecule -catenin.’
T lymphocytes including CD8* T cells and CD4* T cells have been considered as
the main protagonists in orchestrating the anti-tumor response.'!* CD8* T cells impart
cytolytic activity and cytokine expression in anti-tumor immunity, ' and previous studies
have shown that patients bearing tumors would universally have better outcomes when
treated with massive infiltration of CD8" T cells.!> CD4* T cells play an important role
in modulating anti-tumor immune response via activating and expanding CD8* T cells,
recruiting and activating natural killer cells and macrophages, and secreting IFN-y.'6-13
Cancer has become a major concern for human health due to the low cure rate and
high mortality.!>2° Hepatocellular carcinoma, the fifth most common cancer and third
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leading cause of cancer death worldwide, is mainly caused
by the hepatitis B virus.?'->* Thymic atrophy is accompanied
with tumorigenesis which finally leads to the perturbed output
of mature T cells in hosts,>2° which suggests that the tumor
is one of the major factors resulting in thymic involution,*
and tumor-induced immunosuppression is responsible for
the failure of cancer therapy.’!

Given the immune function of the thymus and T cells,
it is of great value to investigate the possible mechanism
of tumor-induced thymic atrophy. It has been reported that
apoptosis and block in T cell maturation are responsible for
thymic atrophy in tumor-bearing hosts,*? while in our study,
we focused on the population and cellular condition of T cells
in H22-bearing mice and demonstrated another possible
mechanism of thymic atrophy.

Materials and methods

Materials

Tol was synthesized by Beijing Protein Innovation Co.
(Beijing, China) (purity of >99% based on HPLC). Fetal calf
serum was obtained from Hangzhou Sijiqing Co (Zhejiang,
China). CD19-PE, CD3-FITC, CD4-PE, and CDS8-FITC anti-
mouse antibodies were from Tianjin Sungene Biotech Co., Ltd
(Tianjin, China). One Step TUNEL Apoptosis Assay Kit and
Annexin V-FITC Apoptosis Detection Kit were purchased from
Beyotime Biotechnology Co., (Shanghai, China). Propidium
iodide (PI) was provided by Sigma-Aldrich Co. (St Louis, MO,
USA). All other chemicals and agents were of analytical grades.

Animals and cells
Kunming SPF mice (female, 20-22 g, 8-week-old) were
purchased from the Department of Experimental Animals,
Academy of Military Medical Science, Beijing, and accli-
matized to the facility for 1 week prior to experiments.
These animals were housed under pathogen-free conditions
at a relative humidity (501£5%) and controlled temperature
(20°C-25°C), and they were allowed free access to tap water
and fed with a standard pellet diet on a 12 h light/dark cycle.
All experimental procedures following the National Insti-
tutes of Health guidelines for the care and use of laboratory
animals were approved by the Local Ethics Committee for
Animal Care and took place at Tianjin University of Science
and Technology. H22 hepatoma cells were purchased from
Shanghai Institute for Biological Sciences (Chinese Academy
of Sciences, Shanghai, China) and maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum at 37°C
in a humidified incubator containing 5% CO,.

All mice were randomly divided into two groups. Mice
in the model group were implanted with H22 hepatoma

cells in the right forelimb armpit with 0.2 mL of 5x10° cells
under sterile conditions, and empty treatments were done in
the control group. Control and model groups received saline
solution orally throughout the experimental period and mice
were sacrificed to provide experiment samples for further
research after 3 weeks’ administration.

Thymus index (%) = average weight of thymus / (average
body weight) x 100

H&E staining

Thymuses of mice in each group were embedded with paraf-
fin and stained with H&E using standard procedures for the
structure observation. Thymocytes from different groups
were obtained through a steel mesh under aseptic conditions,
fixed with paraformaldehyde, and stained with H&E for
morphologic examination of individual cells. The staining
results were observed using microscopy.

Annexin V-FITC/PI double staining

The apoptosis in mice thymocytes of each group was exam-
ined using a double staining method with Annexin V-FITC/
PI. According to the manufacturer’s instructions, thymic
cell suspension was prepared and washed with cold PBS,
Annexin V-FITC was added and incubated for 10 min at
room temperature away from light after which PI was added.
Stained cells were analyzed by FACScalibur flow cytometry
(BD Biosciences, San Jose, CA, USA).

Analysis of cell cycle distribution

The cell cycle distribution was analyzed through the flow
cytometry detection method. Thymic cell suspensions in
different groups were prepared and fixed in 75% ethanol at
4°C overnight. After washing with PBS, the cells were stained
with PI working solutions (0.1% TritonX-100, 100 mg/mL PI,
0.01 mg/mL RNase) for 30 min in the dark. Twenty thousand
events of each sample were acquired by CellQuest Pro and
analyzed by Modifit, and cell cycle distribution was assessed
by DNA content.

TUNEL assay

TUNEL assays were performed to detect apoptotic cells in
thymuses. Thymocytes were washed twice before being sus-
pended in permeabilization solution (10 mg sodium citrate
and 10 pL Triton X-100 in 10 mL sterile water) for 2 min
on ice. After permeabilization, samples were washed with
1 mL PBS and stained with TUNEL Reaction Mixture for 1 h
protected from light. Positive control samples were treated
with 10 pL DNase I before staining. After staining, samples
were simultaneously assessed using a flow cytometer.
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Detection of T lymphocyte subpopulation
Lymphocyte subpopulations in peripheral blood and H22
tumors were tested with CD3-FITC/CD19-PE and CD8-
FITC/CDA4-PE reagents. Peripheral blood of each group was
collected from the orbital venous plexus, and solid tumors
were obtained from H22-bearing mice. The tubes containing
100 pL samples (1x107 cells/mL) were mixed with antibod-
ies, followed by 15 min away from light. Then red blood
cells were removed by adding RBC lysis buffer, and finally
these samples were resuspended in 1XPBS and evaluated by
flow cytometer.

CD4* T cell and CD8* T cell population in thymus was
tested with CD8-FITC and CD4-PE reagents. Thymocyte
suspensions were produced by forcing the thymus through
a wire-mesh screen and diluting with PBS. Following cen-
trifugation (1,500 rpm, 5 min), lymphocytes were collected
and then incubated with the antibodies for 15 min in the dark.
Thymocytes were analyzed after PBS washing on a flow
cytometer and analyzed with CellQuest software.

Detection of Taul levels

The Taul levels in serum and thymuses of mice were analyzed
through ELISA method. The water-soluble protein extracts
of thymuses and serum with coating buffer were inoculated
in a 96-well Elisa plate at 4°C overnight, the mixtures were
transferred and the wells were incubated with blocking buffer
for 1 h at 37°C. After washing with PBST, levels of Taul in
thymuses and serum of mice were detected by adding rabbit
anti-Tol antibody (Bioss Biotechnology Co., Beijing, China;
1:200) and goat anti-rabbit IgG antibody (Bioss Biotechnol-
ogy Co.; 1:200) respectively. The chemosynthetic Tal was
used as standard. The absorbance was read at 450 nm with
a reference of 630 nm with BioRad Model 680 Microplate
Reader. (Bio-Rad Laboratories Inc., Hercules, CA, USA)

Expression of Wnt4 in thymocytes

The primer pairs used are shown in in Table 1. RNA was
isolated from thymocytes using Trizol reagents (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. A total of 1 pg of RNA was

Table | Primer sequences used in RT-PCR

transcribed into cDNA using a PrimeScript RT reagents kit
(Takara Biomedical Technology Co., Beijing, China). Quan-
titative real-time PCR was performed by Q-PCR tower 2.0
system (Analytik Jena AG, Jena, Germany) with the follow-
ing conditions: 95°C for 2 min, 40 cycles of 95°C for 10 s,
60°C for 32 s, 72°C for 30 s.

Statistical analysis

All values from the present study are expressed as meantSD
from at least three independent experiments, and each one
was performed in triplicate. Statistical analysis was carried
out using one-way ANOVA test followed by Student’s #-test
(SPSS 19.0; IBM Corporation, Armonk, NY, USA). The level
of significance was set at p<0.01.

Results

Results of thymus weights in mice

As shown in Table 2, the body weights of tumor-bearing mice
showed no significant difference from the control group,
while the thymus weights and thymus indices were obviously
decreased, which proved that the solid tumors in vivo could
induce thymic atrophy of the host.

Results of H&E staining

Pathological changes of mice thymuses were observed by
H&E staining. As shown in Figure 1A, thymuses of normal
mice were well structured with obvious boundary of the cortex
and medulla, whereas the epithelial networks of thymuses in
H22-bearing mice were damaged and discontinued, and the
extracellular matrix was significantly increased. The staining
results of thymocytes are shown in Figure 1B, thymocytes of
tumor-bearing mice remained integral and formed round, and
showed no obvious difference compared to the control group.

Apoptosis cells tested by Annexin V/PI
assay

Annexin V-FITC/PI staining was conducted on thymocytes to
determine the cellular state, permeability change, and disruption
of cell membrane in early apoptosis would lead phospholipi-
dine serine (PS) exposed to the external surface, which makes

Table 2 Effects of solid tumors on thymuses in mice

Groups Tumor Body Thymus Thymus
Primers Sequence weight (g)  weight weight index
Whit4 forward 5 TGTCATCGGTGGGCAGCAT 3 (2) (mg) (mglg)
Wht4 reverse 5’CCTGCCAGCCTCATTGTTGTG3’ Control  — 27.25+1.07  69.28+4.36 2.5140.23
P-actin forward 5" ACACCCGCCACCAGTTCG 3’ Model 2.28+0.42 26.65+1.21  36.6412.38%  |.32+0.]2%*
B-actin reverse 5'TTCTGACCCATTCCCACCAT3’ Note: *5<0.01 vs control group.
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it easy to combine with annexin V bearing FITC, PI has poor
membrane permeability and only apoptotic cells in late stage or
necrotic cells can be stained. As shown in Figure 2, there was
almost 90% of thymocytes of mice in both control and model
groups in quadrant 3, indicating that T cells in mice thymuses of
these two groups were normal cells and the nearly 10% T cells
were found to be apoptotic mainly due to the process of grinding
for preparation of the thymocytes’ suspension.

Cell cycle distribution of thymocytes

PI could bind to DNA and RNA in cells, and only DNA would
be stained after RNA removal by RNase. The distribution of
cell cycle could be reflected by fluorescence intensity through
flow cytometry. As shown in Table 3, there was no significant

Control Model
B Control Model
Figure | Results of H&E staining.
Notes: (A) Thymus paraffin section; (B) T cells in thymus.
A
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Figure 2 Annexin V-FITC/PI staining results of T cells in thymuses.

difference found in cell cycle distribution of thymocytes in
tumor-bearing mice compared to the control group, which
indicated the good condition of cell shape and growth.

Thymocyte apoptosis detection by
TUNEL staining

Cell apoptosis activated DNA endonuclease activity by cut-
ting the genomic DNA, and the exposed 3’-OH was com-
bined with dUTP marked by FITC with the TdT catalyst, and
cells were tested by flow cytometry. As shown in Figure 3,
there were no TUNEL positive thymocytes found in mice of
both control and model groups, which indicated that tumors
did not result in DNA degradation of thymocytes.

The differentiation of CD4* and CD8" T

cells in thymuses

CD4* and CD8*T cells are of critical importance in the
execution of immune response on hepatocarcinogenesis.
As shown in Figure 4, thymuses of H22-bearing mice
showed lower proportions of CD4* CD8* T cells and higher
proportions of CD4*CD8- and CD4-CD8* T cells (p<0.01),
which indicated that H22 solid tumors could accelerate the
development, differentiation, and maturation of T cells in
the thymus.

Table 3 Distribution of cell cycle and apoptosis rate of thymocytes

Groups GO/GI (%) S (%) G2/M (%) Apoptosis (%)
Control 86.33+1.99  6.35+1.84 7.34+0.62 0.50+0.41
Model 87.28+120  4.83x1.37 7.89+0.97 0.91+0.67
B
100 Control
Model
8 80
8
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£
S 40
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b=
o
g 20
a
10 0

Annexin V" PI” Annexin V* PI” Annexin V* PI*

Notes: (A) Annexin V-PI- (quadrant 3), Annexin V*PI-(quadrant 4), and Annexin V*PI* (quadrant |) represent normal T cells, cells in early apoptosis, and late apoptosis. (B)

Proportion of thymocytes in different stages.
Abbreviation: Pl, propidium iodide.
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Figure 3 Results of TUNEL staining on thymocytes.
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Figure 4 Changes in the proportions of lymphocyte subsets.
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both antibodies, Lower left (quadrant 3) means the cells combined with no antibodies, Lower right (quadrant 4) means the cells combined with FITC:CD8" antibodies.
(B) Proportions of T lymphocyte subsets in normal and H22-bearing mice. *p<0.01 vs control group.

Proportions of lymphocyte subsets in

peripheral blood and solid tumor

As shown in Table 4, the proportions of T cell subsets in
peripheral blood of H22-bearing mice were significantly
decreased (p<0.01) compared to the control group, and
large amounts of tumor-infiltrating CD3*CD8" T cells were
discovered in H22 solid tumors, suggesting that H22 cells’
proliferation in vivo would induce T cells’ aggregation in
solid tumor with lower immunocompetence. While the
noticeable increase (p<0.01) in the proportion of CD19* B
cells in peripheral blood might indicate that some distinct
tumor-related antibodies are existed in tumor hosts.

Levels of Tatl in serum and thymuses of
mice

As shown in Table 5, the levels of Tal in serum and
thymuses of H22-bearing mice were both significantly
increased (p<0.01) compared to the control group, which
indicated that H22 solid tumors could promote the secre-
tion of Tal from thymuses, and enhance the vitality of

Table 4 Percentages of lymphocyte subsets in peripheral blood
and tumors in different groups (mean + standard deviation, n=10)

Lymphocyte Lymphocytes in blood Tumor-infiltrating
subsets Control Model lymphocytes
CDI19* B cells/ (%) 18.70+2.33  27.18+5.0%*  1.28+0.39
CD3*Tcells/ (%) 49.19+4.96  36.53+£2.62** 39.29+1.93

CD4* T cells/ (%) 39.36+4.52  27.18+3.02*%* 0.10+0.04

CD8' T cells/ (%) 10.365+2.64 5.97+1.70%*  30.77+4.62

Note: *p<0.01 vs control group.

Table 5 Levels of Tal in serum and thymuses of mice in each
group (meantSD, n=10)

Groups Levels of Tal

Serum/ (pg/mL) Thymuses/ (pg/g)
Control 10.58+1.24 1.26£0.11
Model 27.491+2.24%* 3.6810.14**

Note: **p<0.01 vs control group.
Abbreviation: Tal, thymosin alpha 1.

thymic cells, finally resulting in the over-differentiation
of T cells, which would contribute to thymic atrophy in
the host.
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Expression of Wnt4 in thymocytes of
H22-bearing mice

As shown in Figure 5, mRNA levels of Wnt4 in thymocytes
of H22-bearing mice were significantly increased (p<0.01)
compared to the control group, and B-actin which was used
as loading control also showed higher values in the model
group, suggesting that thymocytes in tumor-bearing mice
were proliferous and active.

Discussion
Cancer occurrence depends on a complex process of multiple
factors and stages. The inhibition effects of tumor cells on
immune reactivity were responsible for the disorder of the
immune system in the tumor host, which would lead to the
lower cure rate.® Large studies have suggested that organisms
could resist the malignant tumor spontaneously with mostly
cellular immunity mediated by T lymphocytes.*** T cell differ-
entiation status and the metabolic properties of T cells may play
an important role in regulating their anti-tumor functionality.*
The thymus, as the dominant source of cellular immunity,
provides a suitable microenvironment for T cells’ differentiation
and maturation. Thymic atrophy would seriously impact the
body’s immunity and disturb homeostasis, and generally occurs
among the elderly.’” While recent studies have shown that the
presence of cancer could also accelerate the involution of thymus
in tumor-bearing host, some scholars believe that some factors
or antigens released from malignant tumors would have toxic
or stimulating effects on the thymus and induce the apoptosis
of thymocytes, thus leading to thymic atrophy.*®*' The immu-
nodepression of anti-tumor activity caused by thymic atrophy
would be beneficial to immunoevasion of tumor cells.***

160 | Wnt4
B-Actin

*k

120 - ok

(o]
o
T

X

N\

Wnt4 mRNA/B-Actin of each group
N
o
1

Control Model

Figure 5 The mRNA levels of Wnt4 in thymus tissues from each group.
Note: *p<0.01 vs control group.

Our previous studies showed that the indexes of thymuses
in H22-bearing mice were significantly decreased in con-
trast to normal mice. Thus, we propose a hypothesis that
the mechanism of thymic atrophy in tumor-bearing mice
is over-differentiation of thymocytes as a way of initiating
immune response. T cells in the thymus would continuously
differentiate and mature to protect the body during tumori-
genesis, while even mature T cells without activation could
not effectively induce tumor cell apoptosis, resulting in a
higher differentiation and maturation rate than proliferation
rate of thymocytes, and eventually leading to thymic atrophy.

Therefore, we established an H22-bearing mice model in
the present experiment and used the thymuses to investigate
the mechanisms of thymic atrophy caused by H22 solid
tumors. In order to detect the condition of thymocytes in
H22-bearing mice, we employed H&E staining, Annexin
V/FITC and PI staining, cell cycle detection, and TUNEL
staining assays. Results showed that there were no signs of
apoptosis in thymocytes of H22-bearing mice (Figure 1B,
Figure 2—4, Table 3), while the structure of the thymus was
significantly destroyed due to the thymic atrophy (Figure 1A).
These results suggested a distinct direction on the mechanism
of thymic atrophy in tumor-bearing mice, which guided us to
further determine the cellular conditions and subpopulations
of thymocytes to study this novel mechanism.

The proportions of T lymphocyte subsets in thymuses,
peripheral blood, and solid tumors were detected to further
research the possible mechanism of thymic atrophy in
H22-bearing mice. Results showed that the proportions of
CD4'T cells and CD8*T cells in thymuses of H22-bearing
mice were markedly increased compared to controls
(Figure 4), while the opposite tendencies were found in
peripheral blood, and only CD3*CD8" T cells were discov-
ered in solid tumors (Table 4), consistent with Kuss et al’s
and Saito et al’s research on patients suffering from differ-
ent types of cancer.*** As we know, CD8* T cells play an
important role in recognizing tumor epitopes and eliciting
tumor rejection,* while CD4* T cells would assist the cyto-
toxic activity of CD8" T cells in limiting tumor cell growth
and the generation of memory CD8" T cells for preventing
tumor recurrences.?’ Our results indicated that CD4*T cells
might be suppressed by H22 cells, and CD8* T cells could
not effectively eliminate tumors without the help of CD4*T
cells, which resulted in the growth of tumors with CD8" T
cells gathered around, while the body would only enhance the
differentiation and maturation of T cells in thymuses, finally
leading to thymic atrophy.
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Toal, a biological response modifier, could enhance
the immune system through promoting differentiation and
maturation of T lymphocytes.*** Wnt4 has been proven to
be required for the development of the thymus, as it controls
mesenchymal-to-epithelial transition and epithelial cell pro-
liferation in the thymus.*® B-actin, an important cytoskeletal
protein, seems to be overexpressed in actively moving cancer
cells.>! In our experiments, we found that the three indica-
tors were all significantly increased in tumor-bearing mice
compared to normal mice (Table 5, Figure 5), which revealed
that the existence of tumors could enhance the immune
function and accelerate the proliferation and differentiation
of thymocytes, and when the differentiation rate was higher
than proliferation rate, thymic atrophy occurred.

In conclusion, H22 tumor cells would encourage the
differentiation and maturation of thymocytes to enhance
immune function, while unactivated T cells could not
effectively inhibit the H22 solid tumors’ growth or induce
their apoptosis, then more unactivated mature T cells were
produced and released from the thymus, causing a vicious
cycle which finally led to thymic atrophy.
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