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Abstract: Thymopoiesis is essential and significant for development and maintenance of the robust and healthy
immune system. The acute suppression of thymopoiesis induced by 5-Azacytidine (5-Aza) is an intractable clini-
cal problem complicating chemotherapy. Interleukin 1 receptor antagonist (IL-1Ra) is a cytokine that competitively
blocks binding of interleukin 1 (IL-1) to its receptor. This study aims to investigate the effects of the IL-1Ra on the
thymus toxicity of 5-Aza in mouse. In this study, we treated the mice with the 5-Aza (100 mg/kg per mouse). The
GeneChip methodology developed by Affymetrix was used to monitor global gene expression during mouse thymus
regeneration induced by a single injection of 5-Aza. The total thymocytes were counted using a hemocytometer. Cell
cycle of samples were analyzed on a Becton Dickinson FACScan. Cells surfaces were labeled with anti-CD4, anti-CD8
and anti-CD45RA antibodies, and detected by flow cytometry. BrdU incorporation was detected by flow cytometry.
The results indicated that administering exogenous IL-1Ra to normal mice inhibited cell cycle progress of thymocytes
in a dosage-dependent manner. Proliferation of immature CD4 CD8 double negative (DN) and CD4*CD8* double
positive (DP) thymocytes were both inhibited. The pretreatment of normal mice with exogenous IL-1Ra reduced
acute toxicity on thymus and immune suppression induced by 5-Aza. Furthermore, thymus reconstitution after
5-Aza treatment was accelerated by IL-1Ra. In conclusion, interleukin 1 receptor antagonist could inhibit normal
thymopoiesis and reduce thymus toxicity of 5-azacytidine in mouse. Pretreatment with IL-1Ra would offer a new and
promising strategy to alleviate immunotoxicity of chemotherapy in clinical.
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Introduction

Cancer chemotherapy attenuates thymus func-
tion and contributes to delayed immune recon-
stitution [1-4]. Immune suppression is one of
the most significant dose-limiting toxic effects
of intensive cancer treatment and is associat-
ed with adverse clinical and economic out-
comes. Delayed immune reconstitution in
adults has been correlated with increased mor-
tality and morbidity caused by the infection [5,
6], and tumor recurrence [7, 8]. Peripheral T cell
expansion helps to sustain secondary immune
system, extensive studies have demonstrated
the importance of thymus in T-cell development

[9, 10]. Immune-competence after chemother-
apy requires T-cell regeneration via the thymic
pathway. Therefore, we speculated that reduc-
ing the thymic immunotoxicity and promoting
the T-cell regeneration in thymus-dependent
pathways may be important in cancer chemo-
therapy. Unfortunately, there are no treatments
available to deal with chemotherapy-induced
acute thymic atrophy currently.

The interleukin 1 receptor antagonist (IL-1Ra) is
a secreted protein with the molecular weight of
17 kDa [11]. It binds to IL-1 receptor as a com-
petitor to the IL-1a and IL-1B, but such binding
leads to no intracellular consequences. It com-
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petitively blocks the binding of IL-1 to the cell-
surface receptors, thereby, inhibiting the bio-
logical actions of IL-1 [12]. The IL-1 receptors
are present on human thymic epithelial cell sur-
face [13]. IL-1 could activate T-cells in a co-
stimulator assay [14-16], and it could increase
thymic epithelial proliferation [17, 18]. However,
the role of IL-1Ra on normal human thymopoie-
sis remains elusive.

Our previous studies illustrated that the expres-
sion of IL-1Ra was temporarily increased in
mice thymus following 5-Aza treatment.
Exogenous IL-1Ra administered to normal mice
inhibited the cell cycle progression of thymo-
cytes and the proliferation of relatively imma-
ture thymocyte subsets, therefore, reducing the
cytotoxicity on these cells by chemotherapy
reagents. Pretreatment of IL-1Ra prior to 5-Aza
chemotherapy attenuated the acute destruc-
tion of thymus cellularity, reduction of periph-
eral naive T cells, and inhibition upon the prolif-
eration of thymocyte subsets. IL-1Ra pretreat-
ment also accelerated the post-chemotherapy
recovery of thymocyte subsets. These results
confirmed a suppressive role of IL-1Ra in nor-
mal thymopoiesis and its protective effect on
thymus from chemotherapy, which suggests
that the application of IL-1Ra before chemo-
therapy may provide a new clinical strategy for
alleviating immunotoxicity of chemotherapy.

Materials and methods
Mice

The pathogen-free, sex-matched, 4-week-old
Balb/C mice (SLACCAS, Shanghai, China) were
maintained in air-filtered units at 23 + 5°C and
55% = 5% relative humidity throughout the
experiments. Mice were fed with sterile water
and rodent food. Animal experiments were per-
formed with the authorization of Animal Care
and Use Committee of School of Pharmacy of
Shanghai Jiao Tong University. This study was
also approved by the ethics committee of
Shanghai Jiao Tong University, Shanghai, China.

Treatment of mice

The 5-Aza (Sigma, USA) was dissolved in sterile
saline at a concentration of 100 mg/ml, and
then administered intraperitoneally with a dose
of 100 mg/kg per mouse. Control mice received
physiological saline alone.
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Recombinant Human IL-1Ra (rHull-1Ra) with
biological activity was produced using a strate-
gy described by Di Xiang et al. (unpublished
data of our team). The rHulL-Ra or physiological
saline was administered intraperitoneally.
Variable concentrations of administration of
the recombinant protein in each experiment
were described in Section 3.

High-density oligonucleotide microarray

The GeneChip methodology developed by
Affymetrix was used to monitor global gene
expression during mouse thymus regeneration
induced by a single injection of 5-Aza. Three
RNA samples were extracted from thymocytes
at each of the following time points: O day, 1.5,
3, 7, 11 and 14 days post 5-Aza treatment.
Equal amount of poly (A) RNA from each sample
was used to synthesize double-stranded cDNA.
3 cRNA probes were prepared by in vitro tran-
scription using equal amount of cDNA of 3 sam-
ples. Equal amount of probes was used for
hybridizations t0 mouse genome expression
oligonucleotide arrays (GeneChip mouse ex-
pression set 430, Affymetrix, Santa Clara, CA)
containing 34,323 well-substantiates mouse
genes. The global scaling strategy was used for
all arrays that set the average signal intensity of
the array to a target signal of 500. Comparison
analyses for expression data at each time point
were calculated by using day O-array base
baseline.

Thymus cellularity

The mice were sacrificed by cervical disloca-
tion. Fresh thymus was separated and thymus
single cell suspension was prepared. The total
thymocytes were counted using a hemocytom-
eter after having red blood cells (RBCs) lysed
with fresh 3% acetic acid in PBS. Number of
thymocyte was counted using the automated
Hematology Analyzer MEK-6318K (Nihon Kohd-
en Co., Japan) according to the user’'s manual.

Cell cycle

Staining with propidium iodide (Pl) was con-
ducted using a variation of method reported by
Nicoletti et al. [19]. Briefly, no less than 108 thy-
mocytes were suspended in PBS containing
0.5% fetal calf serum (FCS, Logan, Utah, USA)
and fixed by the drop-wise addition of ice-cold
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Figure 1. Observation of the expression of IL-1Ra in thymocytes. A. The thymocytes number was counted using a
hemocytometer. B. Observation of the expression of IL-1Ra. “"P<0.01 represents the thymocytes number in at 7
days or 11 days after 5-Azacytidine injection compared to the O day.

70% ethanol to a final concentration of 50%.
The cells were then held on ice for at least 1 h.
After extensive washing, the cells were sus-
pended in PBS containing 50 mg/ml propidium
iodide (Sigma, USA) and 50 mg/ml RNaseA
(Sigma, USA) and were incubated for 1 h in the
dark at room temperature. Samples were ana-
lyzed on a Becton Dickinson FACScan. Debris
and doublets were eliminated from the analy-
ses using pulse width/area discrimination. A
minimum of 15,000 cells were analyzed.

Cell surface staining

Predominantly, cells were labeled with anti-
CD4, anti-CD8 and anti-CD45RA antibodies,
respectively. For analyzing the constituion of
cell subsets in thymus, thymocytes were
labeled with CD4-FITC, CD8-PE Cy5 monoclo-
nal antibody (eBioscience, USA) at 4°C for 30
min, followed by washing and suspension with
0.5% FCS/PBS.

For naive T cells analysis, peripheral blood
samples were collected (0.5 ml of peripheral
blood from orbital sinus) before sacrifice of
mice. Cells were first treated with cold NH,Cl/
PBS solution at 1:9 dilution for 10 min to lysis
RBCs, followed by washing with 0.5% FCS/PBS.
Three-color flow cytometry was performed
using the following monoclonal antibodies,
including FTIC anti-CD4, PE anti-CD8 (eBiosci-
ence, USA) and PE-Cy5 anti-CD45RA (BD
Pharmingen, USA) monoclonal antibody at 4°C
for 30 min, followed by washing and suspen-
sion with 0.5% FCS/PBS. Surface staining was
detected by flow cytometry (Becton Dickinson
dual laser FACSCalibur).
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BrdU incorporation and measurement

Mice received two intraperitoneal injections of
BrdU (Sigma, USA) at a dose of 100 mg/kg
body weight in 100 ul of PBS, with an interval of
1.5 h. Control mice received physiological
saline injections. 1.5 h after the second injec-
tion, the mice was killed and single thymocyte
suspension were prepared as described above.
Briefly, the cells were labeled with PE anti-CD4
and PE-Cy5 anti-CD8 antibodies (eBioscience,
USA) and fixed in 2% paraformaldehyde/PBS
for at least 12 h. Then, the fixed cells were
washed, permeabilized with 0.1% Triton
X-100/0.1% sodium citrate (pH 7.2) on ice for 2
min, and treated with 50 units of DNasel
(Takara, Japan) at 37°C for 20 min. Cells were
then stained with FITC anti-BrdU antibody (BD
Pharmingen, USA). BrdU incorporation was
detected by flow cytometry. The data were col-
lected by selectively gating acording to CD4 or
CDS8 populations, and analyses were performed
with Cellquest software and Flowlo 7.2.5
(Becton Dickinson).

Statistical analysis

Results were presented as mean + standard
error mean (SEM). Statistically significant dif-
ferences over time in the same treatment
group, or among different treatment groups at
a single time point were determined by two-
tailed Student’s t-test. P values were also de-
termined by nonparametric Wilcoxon test for
paired samples on SPAW Statistics 18. Sta-
tistical significance was assumed for P-value <
0.05.
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Figure 2. Examination of the thymocyte population
and the cell cycle status of thymocytes when treat-
ed with rHull-1Ra. A. The thymocyte number was
counted when administrated with different dosage
of rHull-1Ra. B. Proportion of G2/M-phase, S phase
and GO/G1 phase of thymocytes when administrat-
ed with different dosage of rHull-1Ra. ""P<0.01 and
“P<0.05 represents the thymocytes number in differ-
ent dosage of rHull-1Ra administration compared to
the control group.

Results

5-Aza treatment induces expression of IL-1Ra
in thymocytes

Chemotherapy-induced immuno-suppression
is followed by thymus regeneration. To identify
candidate genetic signhals contributing to the
thymus damage and regeneration, 5-Aza was
injected to normal mice to induce the thymus
damage, and expressing level of IL-1Ra was
detected. Total thymocytes reached quantita-
tive nadir at day 7 after 5-Aza injection and
then gradually increased (Figure 1A). The
MRNA expression in total thymocytes during
thymus suppression and regeneration phases
was profiled using high density oligonucleotide
microarray. The results showed that expression
of IL-1Ra was highly induced from day 1.5 to
day 7, decreased at day 11, and returned to
pretreatment level at day 14 following 5-Aza

1240

injection (Figure 1B). The expression profiles of
IL-1Ra inversely correlated to the thymus popu-
lation after 5-Aza treatment, which suggested
that IL-1Ra may play an important regulatory
role in thymus homeostasis under stressed
conditions.

rHull-1Ra induces thymocytes suppression in
normal mice by inhibition of cell cycle progres-
sion

Since level of IL-1Ra changes during the thymus
damage and regeneration phases, we hypoth-
esized that IL-1Ra may participate in the main-
tenance of thymus homeostasis in steady-
state. To test our hypothesis and determine the
dosage required for the reversible thymus sup-
pression, normal mice were injected intraperi-
toneally with 0.3, 1 or 3 mg/kg rHulL-1Ra daily
for 5 days starting at day O, control mice
received physiological saline with the same vol-
ume. The thymocyte population was significant-
ly reduced in rHull-1Ra treated mice in a dos-
age dependent manner (Figure 2A). When the
protein was administered at 3 mg/kg for 5
days, the thymocyte population was reduced
most significantly by 52.73% (P=0.0025).

To investigate the mechanisms of thymus sup-
pressive role of IL-1Ra, the cell cycle status of
thymocytes was analyzed at 24 h after the last
administration of rHull-1Ra. The rHulL-1Ra at
0.3 mg/kg or 1 mg/kg seemed to have no sig-
nificant impact on the percentage of thymo-
cytes in S-phase, although the percentage of
them in GO/G1- and G2/M-phase was altered.
When rHull-1Ra was injected at 3 mg/kg for 5
days, S-phase was reduced by 31.8% com-
pared with the control group (Figure 2B,
P=0.0021). Besides, there were significant
changes in proportion of G2-phase and
Gl-phase cells. The results suggested that
rHull-1Ra significantly reduced the percentag-
es of thymocytes in S- and G2-phase and
increased the proportion of cells in GO/
G1-phase. Therefore, these results demonstrat-
ed that thymocyte cell cycle was arrested by
rHulL-1Ra.

Pretreatment of rHull-1Ra reduces the dam-
age of thymus induced by 5-Aza

The suppressive role of rHull-1Ra suggests
that it might be applied to protect thymocytes
from the cytotoxicity of chemotherapeutic
agents. Administration of rHull-1Ra prior to

Am J Transl| Res 2016;8(2):1237-1245



Effects of IL-1Ra on thymopoiesis and thymus toxicity

A B C control rHulL-1Ra
. ocontrol T
o NS - C NHS s T 68.20 | |7.74 7366 = rHUIL-1Ra
® (HulL-1Ra 5 IHo-1Ra ' %
= 1000 . : 3
4 = 900 . :
x 35 2 8% ’ ] 5
gp = E 700 . = J o
£ 2 £ 800 L
2 * @ 500 : : e
3 -..E,. 2 e 400 £l ) B p
E 15 2 300 L 3 I 3 -
g 1 2 200 | L e k] C o rl . D
05 ' k :
2 i;é\ ‘mg ,___- NEY S 77| ] 2828 L ‘ 15.72 0 L
0 7 1 0 7 1 2wl = = = Ly DN P CD4SP  cpBSP
Days after 5-Aza injection Days after 5-Aza injection -
70.22) © 82.01 ocontrol
8 = rHulL-1Ra =
S ot [
4 « 80
g 2
D ) &7
Day 0 Day 7 Day 11 i 3 60 -
a E 59 2
= ~
T 1 T 1 T 1 £ 40 N
* © 39 *
1 1 * 20 |—| q
10
0
1144 $:338 DN opP CD4SP  CDSSP
e pe w o " W W T
S - a control
w 14678 84.47| ] 4.053 85.19 = rHulL-1Ra
T i s g
§_ ¥
T
& g
ES ¥ 2
=
CD4*CD45RA* CDB*CDASRA* CD4*CD45RA* CDE*CD4SRA*  CD4*CD4sRA* cD8*cDasrA* DN oP cpDisP  cDssp -

PE CD4

Figure 3. Observation of the changes of thymous after pretreatment of rHull-1Ra. A. The thymus index statistics when injected with 5-Aza. B. The thymocytes num-
ber was counted when injected with 5-Aza. C. The CD4CD8" double positive (DP), CD4*CD8 (CD4SP) and CD4CD8* (CD8SP) thymocytes were examined by using
flow cytometry assay, and the proportion was analyzed by suing statistical analysis. D. Observation for the population of CD4*CD45RA* T cells and proportion of
CD8'CD45RA* T cells. "P<0.05, ""P<0.01 represent the values between the group marked with the arrow bar in graphs.
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Figure 4. BrdU* thymocytes amounts and BrdU* cells proportion in DN, DP, CD4SP and CD4SP in rHull-1Ra treated
mice. The percentage of BrdU* thymocytes in rHull-1Ra treated mice was examined by using flow cytometry assay
(A), and was analyzed (B). (C) Examination for the proportion of BrdU* cells in DN, DP, CD4SP and CD8SP in rHull-
1Ra treated mice and in control mice. "P<0.05, ""P<0.01 represent the values between the group marked with the

arrow bar in graphs.

5-Aza treatment was carried out to examine the
protective roles of rHull-1Ra. rHull-1Ra at 3
mg/kg or control physiological saline was
administered daily for 5 days before 5-Aza
injection. Previous studies suggested that the
damage of thymus caused by 5-Aza was most
serious at day 7 post chemotherapy, and that
the thymocyte population began to recover.
Therefore, we studied the damage and recover
degree of thymus at O, 7 and 11 days post
chemotherapy.

Thymus damage induced by 5-Aza was most
directly reflected in the decreased thymus
index, which is the weight of thymus against the
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body weight. The pretreatment with rHull-1Ra
significantly relieved the decrease of thymus
index at day 7 (Figure 3A). Mice injected with
rHulL-1Ra also showed less reduction of thymo-
cyte population compared with control mice at
day 7 (Figure 3B). The constitution of thymic
subsets, in other words, the thymus cellularity,
was also altered. A small reduction of double
negative (DN) thymocytes in rHulL-1Ra treated
mice was found at day 0. At day 7, mice treated
with rHull-1Ra seemed to have higher propor-
tion of CD4-CD8 double positive (DP) and lower
proportion of the CD4*CD8 (CD4SP) and CD4-
CD8* (CD8SP) thymocytes (Figure 3C). At day
14, there was no significant difference between
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the cellularity of the rHull-1Ra treated mice
and the control ones. These results indict rHulL-
1Ra exerts the protective roles in thymus dam-
age induce the chemotherapy through inhibit-
ing the differentiation of DP into single positive
cells.

To test whether rHulL-1Ra could play any in the
peripheral immune system, blood samples
were collected to analyze the peripheral naive T
cells. As progenies generated in a thymus-
dependent manner, CD4*CD45RA* and CDS8*
CD45RA" peripheral T cells were analyzed to
evaluate the level of T cells generation via a
thymus-dependent manner [20-22]. After inte-
nsive treatment with rHull-1Ra, the population
of CD4*CD45RA* T cells decreased by 50.5%,
similarly, the proportion of CD8'CD45RA* T
cells decreased by 61.2% (Figure 3D). 7 days
after 5-Aza chemotherapy, the scale of
CD4*CD45RA* and CD8*45RA* cells in both
rHull-1Ra treated mice and control mice were
enlarged. The proportion of CD4*CD45RA* and
CD8*CD45RA" cells in rHull-1Ra treated mice
were 2 to 3 times as large as controls. At day
11, scales of CD4*CD45RA" and CD8*CD45RA*
decreased, and the proportion in rHull-1Ra
treated mice was 1~2 folds higher than
controls.

Analysis of thymocyte proliferation revealed
that the percentage of BrdU* thymocytes was
substantially lower in rHulL-1Ra treated mice at
day O, which was consistent with the effect of
rHulL-1Ra on cell cycle progress. At day 7, the
percentage of BrdU* thymocytes in rHull-1Ra
treated mice was higher compared with control
mice (Figure 4A, 4B), and these results were
also consistent with that showed in Figure 3B.
We then examined the thymic subsets. At day
0, for rHull-1Ra group, BrdU incorporation in
DN and DP subsets was significantly reduced
compared with control group. Since T cell dif-
ferentiation occurs in the following sequence in
DN, DP, and finally CD4SP or CD8SP subsets.
The reduction of DN and DP subsets suggested
that rHulL-1Ra mainly inhibit the proliferation of
relatively immature T cell subsets. Furthermore,
proportion of BrdU* cells in DN and DP (day 7),
CDA4SP (day 7), and CD8SP (day 7 and day 14)
in rHull-1Ra treated mice was significantly
higher than in control mice (Figure 4C). These
results demonstrate that rHulL-1Ra, when
administered prior to chemotherapeutic ag-
ents, can reduce the acute toxicity on thymus.
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The above results demonstrated that the rHulL-
1Ra, when administered prior to chemothera-
peutic agents, can reduce the acute toxicity on
thymus.

Discussion

Our results showed that the mRNA level of
murine IL-1Ra in thymocytes was transiently
increased after 5-Aza chemotherapy. Activation
of IL-1Ra expression has been reported in other
stress states that the circulating IL-1Ra was sig-
nificantly elevated in health volunteers injected
with low-dose of E.coli endotoxin [23], and in
patients with septic shock, juvenile rheumatoid
arthritis, or inflammatory bowel disease [24];
levels of IL-1Ra correlated with the burn sur-
face area in patients with thermal burns [25];
high levels of circulating IL-1Ra have been
observed after myocardial infarction and gen-
eral surgery, or in asymptomatic patients infect-
ed with HIV-1 [26].

Our results demonstrated certain roles of
IL-1Ra in normal thymopoiesis. First of all, injec-
tion of rHulL-1Ra could induce the suppression
of thymopoiesis. The progression of thymo-
cytes cycle and proliferation of relatively imma-
ture DN and DP thymocyte subsets in normal
mice were inhibited. As a consequence of its
suppressive roles on cell cycle and cell prolif-
eration, pretreatment of IL-1Ra before 5-Aza
injection could significantly alleviate the thymic
toxicity and accelerates the reconstitution of
thymopoiesis after chemotherapy.

It is likely that the thymopoiesis suppression by
IL-1Ra is an indirect effect mediated by block-
ing the IL-1 signaling. The IL-1 signaling pathway
affects thymopoiesis through various mecha-
nisms. One of the major roles of IL-1 in thymus
is T-cell activation and increasing thymic epi-
thelial proliferation. We postulated that IL-1Ra
could inhibit thymopoiesis by blocking the bind-
ing of IL-1 to cell-surface IL-1R. In our mouse
model, thymus damage occurred as a conse-
quence of treatment with chemotherapeutic
agents such as 5-Aza, and the elevation of
IL-1Ra level could temporarily drive the rapidly
proliferating immature thymocyte subsets out
of active cell cycle in order to escape from the
cytotoxic insults. The conserved cells would
form a resource for the regeneration of injured
thymus post chemotherapy. This explains the
elevated thymocyte proliferation after chemo-
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therapy. Moreover, these cells are later differ-
entiated into mature T cells and exported to
peripheral blood acting as naive T cells.
Therefore, the suppressive role of IL-1Ra may
protect thymus from the cytotoxicity of chemo-
therapy drugs. IL-1Ra should no longer be
viewed as a simple IL-1 antagonist, but rather
as a dynamic participant that adapts to patho-
logical requirements to protect the thymus in
cancer therapy.
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