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Abstract. The spleen is an important site for extramedullary 
hematopoiesis and tumor immunotolerance. Spleen weight 
varies with tumor progression and may be a predictor of tumor 
recurrence. However, to the best of our knowledge, the asso‑
ciation between spleen weight and tumor progression remains 
unclear. The present study revealed a novel role for the spleen 
in predicting the cellular immune response in tumor‑bearing 
mice. A murine H22 subcutaneous hepatoma model was estab‑
lished. The spleen weight and tumor weight were measured. 
The proportion of immune cells in peripheral blood and spleen 
were detected by flow cytometry. The results demonstrated 
that the spleen weight of tumor‑bearing mice at day 21 was 
higher than that of the controls. In addition, spleen weight was 
identified to be positively correlated with tumor weight. The 
percentages of CD4+ and CD8+ T lymphocytes in the spleen 
were decreased at day 21 after tumor cell inoculation, while 
those of monocytic‑like myeloid‑derived suppressor cells 
(M‑MDSCs) and CD11b+F4/80+ macrophages were increased 
at day 21 after tumor cell inoculation. Similarly, the percentage 
of polymorphonuclear‑like MDSCs (PMN‑MDSCs) in the 
spleen of tumor‑bearing mice was increased at days 7, 14 and 
21 after tumor cell inoculation. Notably, spleen weight was 
negatively correlated with the percentages of CD4+ and CD8+ 
T lymphocytes in the spleen, although spleen and tumor weight 
were positively correlated with the percentages of M‑MDSCs 
and PMN‑MDSCs in the spleen. Similarly, the percent‑
ages of CD8+ T lymphocytes in the peripheral blood were 
decreased, and programmed cell death protein 1 expression 
on CD8+ T lymphocytes was increased at day 21 after tumor 

cell inoculation. Furthermore, the percentages of M‑MDSCs 
were increased at day 21 and PMN‑MDSCs in the peripheral 
blood were increased at days 7, 14 and 21 after tumor cell 
inoculation. Additionally, spleen and tumor weight were also 
positively correlated with the percentages of M‑MDSC and 
PMN‑MDSCs in the peripheral blood of tumor‑bearing mice. 
Collectively, the findings of the present study suggested that 
spleen weight may be a predictor of tumor prognosis, since it 
was directly correlated with tumor weight and the percentages 
of M‑MDSC and PMN‑MDSCs in tumor‑bearing mice.

Introduction

Tumors escape immune surveillance by developing an 
immunosuppressive microenvironment that induces immune 
tolerance (1). This tumor microenvironment contains various 
immunosuppressive cells, including tumor‑associated macro‑
phages (TAMs), myeloid‑derived suppressor cells (MDSCs) 
and tumor‑associated neutrophils (TANs), which contribute 
to immune tolerance and tumor progression  (2‑4). Tumor 
immune tolerance is characterized by tumor myelopoiesis (1), 
which is not only characterized by the accumulation of myeloid 
precursors, but is also associated with defective cellular differ‑
entiation that results in the accumulation and persistence of 
immunosuppressive myeloid cells  (5). These myeloid cells 
promote tumor progression by regulating the antitumor immune 
activity of T lymphocytes, natural killer T (NKT) cells, natural 
killer (NK) cells, dendritic cells (DCs) and various other cell 
types (6). Previous studies have demonstrated that the spleen 
is an important site of extramedullary hematopoiesis, which 
generates immunosuppressive myeloid cells in tumor‑bearing 
mice (7,8). Therefore, investigation of the association between 
the spleen and cancer immunology is crucial to an improved 
understanding of tumor immune tolerance.

The role of splenectomy in tumor behavior has recently 
received increasing attention (9). Clinical studies have demon‑
strated that traumatic splenectomy in healthy individuals can 
increase the risk of cancer, while splenectomy in patients with 
post‑hepatitis cirrhosis is associated with a reduced risk of 
hepatocellular carcinoma (10,11). Previous studies have demon‑
strated that the spleen is an origin of MDSCs in tumor‑bearing 
mice (7,12). Additionally, our previous studies indicated that 
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a large number of myeloid cells accumulate in the spleens of 
tumor‑bearing mice (13,14), and the spleen has been reported 
as a site of tumor immune tolerance (1). As such, an increasing 
number of studies have reported the inhibitory effects of sple‑
nectomy on tumor progression (9,15,16). However, to the best 
of our knowledge, the relevance of spleen weight and volume 
in tumor progression remains unclear. Although a decrease 
in spleen volume has been observed in patients with locally 
advanced non‑small cell lung cancer receiving chemo‑radio‑
therapy (17), the association between spleen weight and tumor 
weight also remains to be clarified. Specifically, the spleen 
is an origin of myeloid cells (5,7); however, little is known 
of the association between spleen weight and the immune 
response in tumor‑bearing mice. Clarifying the relevance 
of spleen weight in tumor progression may provide a novel 
strategy for anticancer therapy. In the present study, dynamic 
changes in the percentages of immune cells in the spleen and 
peripheral blood, as well as the association between spleen 
weight and immune cells in the spleen and peripheral blood of 
tumor‑bearing mice, were evaluated.

Materials and methods

Cell line and cell culture. H22 murine hepatoma cells were 
purchased from China Center for Type Culture Collection 
(cat. no. GDC0091). The cells were cultured in RPMI‑1640 
(HyClone; Cytiva) supplemented with 10%  FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin���������/��������strepto‑
mycin, and maintained at 37˚C with 5% CO2 in a humidified 
atmosphere.

Mice. A total of 36 male C57BL/6 mice (age, 6‑8 weeks; 
weight, 23.9±1.9 g) were purchased from the Experimental 
Animal Center of Xi'an Jiaotong University (Xi'an, China). 
All animals were housed at the animal facility under specific 
pathogen‑free conditions, at 26˚C with a relative humidity 
of 50%, with a 12‑h light/dark cycle and free access to food 
and water. The study was approved by the Ethics Committee of 
Xi'an Jiaotong University College of Medicine (Xi'an, China).

Antibodies. The following antibodies were purchased 
from BioLegend, Inc.: FITC anti‑CD3 (dilution, 1:80; cat. 
no. 100204), phycoerythrin (PE) anti‑CD4 (dilution, 1:80; 
cat. no. 100407), allophycocyanin (APC) anti‑CD8a (dilu‑
tion, 1:80; cat. no. 100712), Brilliant Violet 421™ anti‑CD279 
[programmed cell death protein 1 (PD1); dilution, 1:50; cat. 
no. 135218], FITC anti‑CD11c (dilution, 1:200; cat. no. 117306), 
purified anti‑CD16/32 (dilution, 1:80; cat. no. 101302), APC 
anti‑CD11b (dilution, 1:80; cat. no. 101212), APC anti‑adhe‑
sion G protein‑coupled receptor E1 (F4/80; dilution, 1:80; cat. 
no. 123116), FITC anti‑ lymphocyte antigen 6 (Ly6)G (dilution, 
1:400; cat. no. 127606), PE/Cy7 anti‑CD11b (dilution, 1:160; cat. 
no. 101216) and PE anti‑Ly6C (dilution, 1:80; cat. no. 128008). 
The following antibodies were purchased from eBioscience; 
Thermo Fisher Scientific, Inc.: PE anti‑major histocompat‑
ibility complex (MHC)II (dilution, 1:500; cat. no. 12‑5321‑81) 
and peridinin‑chlorophyll‑protein‑Cyanine5.5 anti‑natural 
killer 1.1 (dilution, 1:60; NK1.1; cat. no. 45‑5941‑82). PE/Cy7 
anti‑CD11b and APC anti‑F4/80 were used for macrophages. 
APC anti‑CD11b, FITC anti‑Ly6G and PE anti‑Ly6C were 

used for MDSCs. The biomarkers used to identify immune 
cells are shown in Table I.

Animal model. Tumor models were performed as previously 
described (18). The entire duration of the experiment was 21 
days. Briefly, H22 cells (5x105 cells in 100 µl normal saline) 
were subcutaneously injected into the right flanks of male 
C57BL/6 mice. Control mice were not injected with H22 cells. 
The spleen weight was recorded at days 7 (4 control mice and 
6 tumor‑bearing mice), 14 (5 control mice and 8 tumor‑bearing 
mice) and 21 (5 control mice and 8 tumor‑bearing mice), and 
the tumor weight was recorded at days 14 (5 control mice 
and 8 tumor‑bearing mice) and 21 (5 control mice and 8 
tumor‑bearing mice) post‑tumor cell injection. The maximum 
tumor diameter was 1.35 cm. Spleen and peripheral blood 
samples were also collected and immediately used for flow 
cytometric analysis at 7, 14 and 21 days after injection. Mouse 
health and behavior, including exercise, diet and weight of 
mice, were monitored every day. The mice were anesthetized 
using an intraperitoneal injection of sodium pentobarbital (50 
mg/kg; Merck KGaA) and subsequently sacrificed by cervical 
dislocation at 7, 14 and 21 days after tumor cell injection.

Generation of single‑cell suspensions. Single‑cell suspen‑
sions were generated as previously described (18,19). Briefly, 
~1 ml peripheral blood was collected from each mouse into 
EDTA‑coated tubes and diluted 1:5 in NH4Cl lysing buffer 
(0.16 M NH4Cl, 10 mM KHCO3, 0.13 mM EDTA, pH 7.2) for 
5 min on ice. The samples were then centrifuged at 350 x g 
for 5 min at 4˚C. The pelleted cells were washed twice with 
PBS/5% FBS buffer (Beyotime Institute of Biotechnology), 
in which they were then resuspended and quantified 
(1x106 cells/ml). To obtain single‑cell suspensions, the spleen 
tissues were resuspended in ice‑cold PBS/5% FBS buffer 
and disrupted mechanically. Similarly, red blood cells were 
lysed by adding 5 ml NH4Cl lysing buffer for 5 min on ice, 
followed by centrifugation at 350 x g for 5 min at 4˚C. The 
pelleted cells were then washed twice and resuspended (both 
in PBS/5% FBS buffer), and the concentration was adjusted to 
1x106 cells/ml.

Flow cytometric analysis. Flow cytometry was performed as 
previously described (19,20). The single‑cell suspensions were 
collected in tubes and blocked with a CD16/32 antibody for 
15 min, followed by incubation with the appropriate antibodies 
for 30 min at 4˚C. Data were acquired using the FACSCanto II 
flow cytometer iva 7.0 software (BD Biosciences). FlowJo 
software 7.6.1 (Tree Star, Inc.) was used for data analysis.

Calculation of spleen index  (SI). The SI was calculated 
according to the following formula: SI = spleen weight (g)/body 
weight (g).

Statistical analysis. All data are presented as the mean ± 
standard error of the mean. All experiments were repeated 
three times. Data were analyzed with SPSS 17.0 software 
(SPSS, Inc.). One‑way ANOVA followed by Bonferroni's test 
was used to compare the means among multiple samples. 
Pearson's correlation analysis was used for correlation analysis 
and linear regression analysis was performed to confirm the 
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association. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Spleen weight is positively correlated with tumor weight. The 
spleen weight of each mouse was recorded, and the SI was 
calculated at days 7, 14 and 21 after tumor cell injection. At 
day 21, the spleen weights of the tumor‑bearing mice were 
significantly increased compared with those of the control mice 
(P<0.05; Fig. 1A and C). Similarly, the SI of the tumor‑bearing 
mice was increased compared with that of the control mice 
at 21  days after tumor cell inoculation (P<0.01;  Fig.  1B). 
Additionally, the tumor weight was recorded at days 14 and 21. 
Subsequently, the correlation between spleen and tumor 

weight was investigated. Notably, both spleen weight and SI 
were identified to be positively correlated with tumor weight, 
with Pearson's r values of 0.723 (P=0.002; Fig. 1D) and 0.663 
(P=0.005; Fig. 1E), respectively.

Immune cell balance is disrupted in the spleens of 
tumor‑bearing mice. Flow cytometry was used to investi‑
gate changes in immune cell populations in the spleens of 
tumor‑bearing mice. The results indicated that at day  21 
after tumor cell inoculation, the percentages of CD4+ splenic 
T lymphocytes were lower than those of the control group 
(P<0.01; Figs. 2A and S1A). Similarly, the percentages of 
CD8+ splenic T lymphocytes were decreased at days 14 and 21 
post‑injection compared with those in the normal control mice 
(P<0.05; Figs. 2B and S1A). As an immunosuppressive marker 
of T lymphocytes, PD1 expression on T lymphocytes was also 
investigated in tumor‑bearing mice (3). The results indicated 
no significant differences in the expression levels of PD1 on 
CD4+ (P>0.05; Figs. 2C and S1B) and CD8+ T lymphocytes 
(P>0.05; Figs. 2D and S1C) between the tumor‑bearing and 
control mice.

As predicted, the percentage of CD11b+ splenic myeloid 
cells at 21 days post‑inoculation was notably higher than 
that of the control group (P<0.01; Fig. 2E). Since myeloid 
cells include MDSCs and macrophages  (5,6), flow cytom‑
etry was used to evaluate alterations in the levels of these 
cell subgroups. Monocytic‑like MDSCs  (M‑MDSCs) 
can be defined as CD11b+Ly6C‑high (Ly6Chi)Ly6G‑ and 
polymorphonuclear‑like MDSCs (PMN‑MDSCs) can be 
defined as CD11b+Ly6ClowLy6G+  (21). The percentages of 
CD11b+Ly6ChiLy6G‑ M‑MDSCs (P<0.05; Fig. 2F and L) and 
CD11b+F4/80+ splenic macrophages (P<0.01; Figs. 2G and S1D) 
in the spleens of tumor‑bearing mice were higher than those 
in the control mice at 21 days post‑inoculation. Similarly, the 
percentage of CD11b+Ly6ClowLy6G+ PMN‑MDSCs in the 
spleen of tumor‑bearing mice was increased at days 7 (P<0.05; 
Fig. 2H), 14 (P<0.05; Fig. 2H) and 21 (P<0.01; Fig. 2H and L) 
compared with the control mice.

Figure 1. Spleen weight is positively correlated with tumor weight. (A) Spleen weight and (B) spleen index of tumor‑bearing mice at day 21 after tumor cell 
inoculation were greater than those of the control group. (C) Representative spleen and tumor images. (D) Spleen weight and (E) spleen index were positively 
correlated with tumor weight. *P<0.05 and **P<0.01 vs. control.

Table I. Biomarkers of immune cells.

Immune cells	 Biomarkers

CD4+ T lymphocytes	 CD4+

CD8+ T lymphocytes	 CD8+

Myeloid cells	 CD11b+

M-MDSCs	 CD11b+Ly6ChiLy6G-

Macrophages	 CD11b+F4/80+

PMN-MDSCs	 CD11b+Ly6ClowLy6G+

DCs	 CD11c+MHCII+

NK	 CD3-NK1.1+

NKT	 CD3+NK1.1+

DCs, dendritic cells; F4/80, adhesion G protein-coupled receptor E1; 
hi, high; Ly6, lymphocyte antigen 6; MHC, major histocompatibility 
complex; M-MDSCs, monocytic-like myeloid-derived suppressor 
cells; NK, natural killer cells; NK1.1, natural killer 1.1; NKT, natural 
killer T cells; PMN-MDSCs, polymorphonuclear-like myeloid‑derived 
suppressor cells.
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The percentages of CD11c+MHCII+ DCs, CD3‑NK1.1+ NK 
and CD3+NK1.1+ NKT cells in the spleens of tumor‑bearing 
mice were also determined. The results indicated no 
significant differences in the percentages of DCs (P>0.05; 
Figs. 2I and S1E), NK cells (P>0.05; Figs. 2J and S1F) and NKT 
cells (P>0.05; Figs. 2K and S1F) between the tumor‑bearing 
and control mice. Therefore, these data indicated that the 

percentages of T lymphocytes were decreased, while those of 
myeloid cells were increased in the spleens of tumor‑bearing 
mice compared with those of control mice.

Spleen weight is correlated with cellular immune response 
in the tumor‑bearing mouse spleen. Therefore, the potential 
correlations between spleen weight or tumor weight and the 

Figure 2. Immune cell balance is disrupted in the spleens of tumor‑bearing mice. (A) Percentages of CD4+ splenic T lymphocytes were decreased at 21 days 
post‑tumor cell inoculation. (B) Percentages of CD8+ splenic T lymphocytes were decreased at 14 and 21 days post‑tumor cell inoculation. No significant differ‑
ences in PD1 expression on (C) CD4+ and (D) CD8+ T lymphocytes were observed between tumor‑bearing and control mice. Percentages of (E) CD11b+ splenic 
myeloid cells, (F) CD11b+Ly6ChiLy6G‑ M‑MDSCs and (G) CD11b+F4/80+ splenic macrophages (among total cells) were increased at 21 days after tumor cell 
inoculation. (H) Percentages of CD11b+Ly6ClowLy6G+ PMN‑MDSCs in the spleens (among total cells) of tumor‑bearing mice were increased at 7, 14 and 21 days 
after tumor cell injection. There were no significant differences in the percentages of (I) CD11c+MHCII+ DCs, (J) CD3‑NK1.1+NK cells and (K) CD3+NK1.1+ 
NKT cells between the tumor‑bearing mice and control mice. (L) Representative flow cytometry dot plots of splenic MDSCs. *P<0.05 and **P<0.01 vs. control. 
F4/80, adhesion G protein‑coupled receptor E1; hi, high; Ly6, lymphocyte antigen 6; MDSC, myeloid‑derived suppressor cell; MHC, major histocompatibility 
complex; NK1.1, natural killer 1.1; NKT, natural killer T; M‑MDSCs, monocytic‑like myeloid‑derived suppressor cells; PMN‑MDSCs, polymorphonuclear‑like 
myeloid‑derived suppressor cells; DCs, dendritic cells; PD1, programmed cell death protein 1; SSC‑A, side scatter area.
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percentages of immune cells in the spleen were subsequently 
investigated. The percentage of CD4+ T  lymphocytes 
was found to be negatively correlated with spleen weight 
(P=0.03; Fig.  3A), while no correlation was observed 
between CD4+ T cell percentage and tumor weight (P=0.056; 
Fig. 3B). Similarly, spleen weight was negatively correlated 
with the percentage of CD8+ T  lymphocytes (P=0.013; 
Fig. 3C), while the tumor weight was not (P=0.650; Fig. 3D). 
Furthermore, the spleen and tumor weight were both posi‑
tively correlated with the percentage of M‑MDSCs in the 
spleen, with Pearson's r values of 0.427 (P=0.047; Fig. 3E) 
and 0.503 (P=0.047; Fig. 3F), respectively. Additionally, 
both the spleen and tumor weight were positively correlated 
with the percentage of PMN‑MDSCs in the spleen, with 
Pearson's r values of 0.891 (P<0.001; Fig. 3G) and 0.694 
(P=0.003; Fig. 3H), respectively. These results indicate that 
spleen weight was negatively correlated with the percent‑
ages of tumor‑suppressive immune cells, such as CD4+ 
and CD8+ T lymphocytes, while spleen and tumor weight 
were both positively correlated with the percentages of 
tumor‑promoting immune cells, such as MDSCs, in the 
spleen of tumor‑bearing mice.

Immune cell balance is disrupted in the blood of 
tumor‑bearing mice. Changes in the proportions of immune 
cells in the peripheral blood of tumor‑bearing mice were also 
investigated, and the results indicated no significant differ‑
ence in the percentage of CD4+ T  lymphocytes (P>0.05; 
Fig. 4A and B) between the tumor‑bearing and control mice. 
The percentages of CD8+ T lymphocytes in the peripheral 
blood of tumor‑bearing mice were decreased at days 7 (P<0.01; 
Fig. 4C), 14 (P<0.01; Fig. 4C) and 21 (P<0.01; Fig. 4A and C) 
after tumor cell injection, compared with those in the control 
group. There were no significant differences in the expres‑
sion of PD1 on CD4+ T lymphocyte between tumor‑bearing 
mice and the control mice (P>0.05; Figs.  4D  and  S2A), 
while PD1 expression on CD8+ T lymphocytes was increased 
in tumor‑bearing mice at day 21 post‑tumor cell injection 
(P<0.05; Figs. 4E and S2B).

Similarly, the percentage of CD11b+ myeloid cells in the 
peripheral blood of tumor‑bearing mice was increased at days 
7, 14 and 21 after tumor cell injection, compared with that in 
the control mice (P<0.01; Figs. 4F and S2C). The percentage 
of CD11b+Ly6ChiLy6G‑ M‑MDSCs in the peripheral blood 
was also higher than that in the control group at day  21 

Figure 3. Spleen weight is correlated with the cellular immune response in the spleens of tumor‑bearing mice. The percentage of CD4+ T lymphocytes in the 
spleen was negatively correlated with (A) spleen weight but not (B) tumor weight. The percentage of CD8+ T lymphocytes in the spleen was negatively correlated 
with (C) spleen weight, but not (D) tumor weight. (E) Spleen weight and (F) tumor weight were positively correlated with the percentages of CD11b+Ly6ChiLy6G‑ 
M‑MDSCs in the spleen. (G) Spleen weight and (H) tumor weight were also positively correlated with the percentages of CD11b+Ly6ClowLy6G+ PMN‑MDSCs 
in the spleen. hi, high; Ly6, lymphocyte antigen 6; M‑MDSCs, monocytic‑like myeloid‑derived suppressor cells; PMN‑MDSCs, polymorphonuclear‑like 
myeloid‑derived suppressor cells.

https://www.spandidos-publications.com/10.3892/ol.2021.12886
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(P<0.05; Figs. 4G and S2C). Furthermore, the percentages of 
peripheral blood CD11b+Ly6ClowLy6G+ PMN‑MDSCs were 
increased at days 7 (P<0.05; Figs. 4H and S2C), 14 (P<0.05; 
Figs. 4H and S2C) and 21 (P<0.01; Figs. 4H and S2C) in 
tumor‑bearing mice compared with those in control mice. 
There were no significant differences in the percentages 
of DCs (P>0.05; Figs.  4I  and  S2D), NK cells (P>0.05; 
Figs. 4J and S2E) and NKT cells (P>0.05; Figs. 4K and S2E) 
in the peripheral blood of the tumor‑bearing mice compared 
with the control mice.

These data indicated that the percentages of CD8+ 
T lymphocytes were decreased, while those of myeloid cells 
were increased, in the peripheral blood of tumor‑bearing mice 
compared with those in control mice.

Spleen weight is correlated with cellular immune response in 
the peripheral blood of tumor‑bearing mice. Finally, the corre‑
lation between spleen or tumor weight and the percentages of 

immune cells in the peripheral blood was investigated. Neither 
spleen nor tumor weight were correlated with the percent‑
ages of CD4+ (P>0.05; Fig. 5A and B) and CD8+ (P>0.05; 
Fig.  5C  and  D) T  lymphocytes in the peripheral blood; 
however, both were positively correlated with the percentage of 
M‑MDSCs, with Pearson's r values of 0.532 (P=0.011; Fig. 5E) 
and 0.621 (P=0.010; Fig. 5F), respectively. Furthermore, both 
the spleen and tumor weight were also positively correlated 
with the percentages of PMN‑MDSCs in the peripheral blood, 
with Pearson's r values of 0.848 (P<0.001; Fig. 5G) and 0.601 
(P<0.014; Fig. 5H), respectively. These results indicated that 
both the spleen weight and tumor weight were positively corre‑
lated with the percentages of MDSCs in the peripheral blood 
of tumor‑bearing mice.

The correlations between the percentages of MDSCs in the 
spleen and peripheral blood were evaluated following tumor 
cell inoculation. The percentages of M‑MDSCs in the spleen 
were found to be positively correlated with those of M‑MDSCs 

Figure 4. Immune cell balance is disrupted in the blood of tumor‑bearing mice. (A) Representative flow cytometry dot plots of blood CD4+ and CD8+ T lym‑
phocyte levels. (B) No differences in the percentages of blood CD4+ T lymphocytes were observed between tumor‑bearing and control mice. (C) Percentages of 
CD8+ T lymphocytes in the peripheral blood were decreased at days 7, 14 and 21 post‑tumor cell injection. (D) No significant differences in PD1 expression on 
CD4+ T lymphocytes were observed between the tumor‑bearing and control mice, (E) while PD1 expression on CD8+ T lymphocytes was increased at day 21. 
(F) Percentages of CD11b+ myeloid cells in the peripheral blood were increased at 7, 14 and 21 days after tumor cell injection. (G) Percentages of peripheral blood 
CD11b+Ly6ChiLy6G‑ M‑MDSCs (among total cells) were increased at 21 days after tumor cell inoculation, and those of (H) CD11b+Ly6ClowLy6G+ PMN‑MDSCs 
among total cells) were increased at days 7, 14 and 21. There were no significant differences in the percentages of (I) CD11c+MHCII+ DCs, (J) CD3‑NK1.1+ NK 
and (K) CD3+NK1.1+ NK T cells in the peripheral blood of tumor‑bearing mice compared with control mice. *P<0.05 and **P<0.01 vs. control. hi, high; Ly6, lym‑
phocyte antigen 6; NKT, natural killer T; M‑MDSCs, monocytic‑like myeloid‑derived suppressor cells; PMN‑MDSCs, polymorphonuclear‑like myeloid‑derived 
suppressor cells; DCs, dendritic cells; MHC, major histocompatibility complex; NK1.1, natural killer 1.1; PD1, programmed cell death protein 1.
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in the peripheral blood (P=0.049; Fig. 6A). Similarly, the 
percentage of PMN‑MDSCs in the spleen was also positively 
correlated with that of PMN‑MDSCs in the peripheral blood 
(P<0.001; Fig. 6B).

Discussion

The results of the present study demonstrated a novel role 
for the spleen in predicting the cellular immune response 

Figure 5. Spleen weight is correlated with the percentages of M‑MDSC and PMN‑MDSCs in the peripheral blood of tumor‑bearing mice. (A) Spleen weight 
and (B) tumor weight were not correlated with the percentages of CD4+ T lymphocytes in the peripheral blood. (C) Spleen weight and (D) tumor weight were 
also not correlated with the percentages of CD8+ T lymphocytes in the peripheral blood. (E) Spleen weight and (F) tumor weight were positively correlated 
with the percentages of CD11b+Ly6ChiLy6G‑ M‑MDSCs in peripheral blood. (G) Spleen weight and (H) tumor weight were positively correlated with the 
percentages of CD11b+Ly6ClowLy6G+ PMN‑MDSCs in the peripheral blood. hi, high; Ly6, lymphocyte antigen 6; M‑MDSCs, monocytic‑like myeloid‑derived 
suppressor cells; PMN‑MDSCs, polymorphonuclear‑like myeloid‑derived suppressor cells.

Figure 6. Percentages of MDSCs in the spleen were positively correlated with those of MDSCs in the peripheral blood of tumor‑bearing mice. (A) Percentages 
of M‑MDSCs in the spleen were positively correlated with those of M‑MDSCs in the peripheral blood. (B) Percentages of PMN‑MDSCs in the spleen were also 
positively correlated with the percentages of PMN‑MDSCs in the peripheral blood. hi, high; Ly6, lymphocyte antigen 6; MDSC, myeloid‑derived suppressor 
cell; M‑MDSC, monocytic‑like MDSC; PMN‑MDSC, polymorphonuclear‑like MDSC.
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of tumor‑bearing mice. Firstly, the spleen weight and SI of 
tumor‑bearing mice at day 21 were increased compared with 
those of the control group. Secondly, the spleen weight and 
SI were positively correlated with tumor weight. Thirdly, the 
percentages of T lymphocytes were decreased, while those of 
myeloid cells were increased in the spleen and peripheral blood 
of tumor‑bearing mice at day 21 after tumor cell inoculation. 
Finally, spleen weight was negatively correlated with the percent‑
ages of tumor‑suppressive immune cells, such as T lymphocytes, 
in the spleen, while it was positively correlated with the percent‑
ages of tumor‑promoting immune cells, such as MDSCs, in the 
spleen and peripheral blood of tumor‑bearing mice.

Although the spleen weight and SI of tumor‑bearing mice 
were revealed to be increased compared with those of the 
controls, the result was not significant until 21 days after tumor 
cell inoculation. These findings were consistent with our 
previous results that spleen weight was observed to increase, 
and was significantly higher at week 2, in a murine H22 
orthotopic hepatoma model (14). Additionally, tumor weight 
was demonstrated to be positively correlated with both spleen 
weight and SI. These findings suggested that the spleen may be 
a suitable marker for cancer diagnosis, as well as a follow‑up 
marker for patients with cancer.

An increasing number of animal studies have demonstrated 
that the spleen is an important site of extramedullary hemato‑
poiesis and an origin of myeloid cell genesis (22‑24). In those 
with cancer, splenic extramedullary hematopoiesis is generally 
perceived as a supplementary mechanism to fulfill an increased 
myeloid cell demand  (16), and is characterized by splenic 
hematopoietic stem/progenitor cells, which are primed and 
committed to generate immunosuppressive myeloid cells (5). 
Our previous studies, as well as other previous studies, have 
indicated that a large number of myeloid cells accumulate in 
the spleens of tumor‑bearing mice (8,13,14,25). Additionally, 
our previous study has indicated that the immune functions 
of splenic macrophages are impaired in the advanced stage 
of cancer (26). The results of the present study suggested that 
the percentages of T lymphocytes were decreased, while those 
of myeloid cells were increased in the spleen and peripheral 
blood of tumor‑bearing mice.

MDSCs are a class of immune suppressor cells comprising 
a heterogenous population of immature granulocytes and 
monocytes  (2,27‑29). In mice, MDSCs are defined as 
CD11b+Ly6G+, and numerous studies have further character‑
ized CD11b+Ly6ChiLy6G‑ M‑MDSC and CD11b+Ly6ClowLy6G+ 
PMN‑MDSC subsets  (30,31). In tumor tissues, MDSCs 
differentiate into TAMs or TANs (6,32), and promote tumor 
progression by suppressing antitumor immunity  (6,33). A 
previous study has also reported that CD11b+granulocyte 
receptor 1intLy6Chi myeloid cells induce the immunotolerance 
of memory CD8+ T cells in the spleen  (1). A recent study 
revealed that tumor tissues were heavily infiltrated by MDSCs 
with the ability to inhibit cytotoxic T cell expansion (34). The 
results of the present study indicated that the percentages of 
CD11b+Ly6G‑Ly6Chi PMN‑MDSCs increased at days 7, 14 and 
21 and CD11b+Ly6ChiLy6G‑ M‑MDSCs increased at day 21 
post‑tumor cell administration. Notably, PD1 expression on 
CD8+ T lymphocytes in the peripheral blood of tumor‑bearing 
mice was also increased at day 21, indicating that the mice 
were immunosuppressed.

Spleen volume can be determined by computed tomog‑
raphy or magnetic resonance imaging, which may be used 
as a predictor of disease. For example, patients with primary 
myelofibrosis and a low spleen volume experience improved 
leukemia‑free survival and overall survival times compared 
with those with a high spleen volume (35). Post‑stroke infec‑
tions, as well as a decrease in lymphocytes and various 
lymphocyte subsets, are associated with a reduction in spleen 
volume following acute ischemic stroke (36). Notably, spleen 
size may also be a predictor of tumor prognosis. A recent 
study indicated that a larger spleen volume is a predictor 
of hepatocellular carcinoma occurrence and poor overall 
survival rates in patients with compensated chronic liver 
disease resulting from chronic hepatitis  B infection  (37). 
In patients with hepatocellular carcinoma, a larger spleen 
volume is associated with a higher rate of liver failure and 
worse overall survival rates after hepatectomy (38), and spleen 
volumetry has been considered to be a predictor of persistent 
post‑hepatectomy decompensation in patients with hepatocel‑
lular carcinoma (39). Furthermore, a previous study indicated 
that spleen length and stiffness are predictors for the develop‑
ment of hepatocellular carcinoma (40). A decrease in spleen 
volume has been observed in patients with locally advanced 
non‑small cell lung cancer receiving chemo‑radiotherapy (17).

The spleen is an origin of MDSC genesis and tumor immune 
tolerance (1,16). In patients with hepatocellular carcinoma, 
splenectomy combined with hepatectomy positively influences 
the recovery of T‑lymphocyte subsets and the maintenance of 
the T helper (Th)l/Th2 cytokine balance (41). The results of 
the present study revealed that spleen weight was negatively 
correlated with the percentages of tumor‑suppressive immune 
cells, such as CD4+ and CD8+ T lymphocytes, in the spleen, but 
positively correlated with the percentages of tumor‑promoting 
immune cells, such as M‑MDSC and PMN‑MDSC, in the 
spleen and peripheral blood of tumor‑bearing mice. To the best 
of our knowledge, the present study was the first to investigate 
whether spleen weight was a predictor of the cellular immune 
response in tumor‑bearing mice. Therefore, the present results 
require verification in further studies of patients with cancer. 
In future clinical research, more attention should be paid to the 
association between spleen volume and the immune status and 
prognosis of patients with tumors.

In conclusion, spleen weight may be a predictor for tumor 
prognosis, since it is directly correlated with tumor weight 
and the percentages of M‑MDSC and PMN‑MDSCs in 
tumor‑bearing mice.
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