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Abstract

Background: The transfusion of blood that has been stored for some time was found to be
associated with transfusion-related immune modulation (TRIM) responses in cancer patients, which
could result in poor clinical outcomes, such as tumor recurrence, metastasis and reduced survival
rate. Given the prior observation of the positive correlation between ubiquitin content in whole
blood and storage duration by the investigators of the present study, it was hypothesized that this
could be the causal link behind the association between the transfusion of stored blood and poor
cancer prognosis.

Methods: In the present study, a melanoma mouse model was used to study the potential clinical
impact of ubiquitin present in stored blood on cancer prognosis through a variety of cell biology
methods, such as flow cytometry and immunohistochemistry.

Results: Both extracellular ubiquitin and the infusion of stored mice blood that comprised of
ubiquitin reduced the apoptotic rate of melanoma cells, promoted lung tumor metastasis and tumor
progression, and reduced the long-term survival rate of melanoma mice. In addition, the
upregulation of tumor markers and tumorigenic TH2 cytokine generation, as well as reduced
immune cell numbers, were observed in the presence of ubiquitin.

Conclusions: The present findings provide novel insights into the role of ubiquitin in immune
regulation in a melanoma mouse model, and suggest ubiquitin as the causal link between allogeneic
blood transfusion therapy and poor cancer prognosis.

Key words: allogeneic blood transfusion, transfusion-related immune modulation (TRIM), ubiquitin, melanoma,
metastasis

Introduction

Ubiquitin is an immunophilin [1, 2] that plays a  ubiquitin has positive therapeutic effects on certain

vital role in immune homeostasis.[3] The ubiquitin
peptide fragment (U50-59) has been demonstrated to
significantly inhibit both cellular immunity and
humoral immunity.[4] Moreover, extracellular

autoimmune diseases, organ transplantation, and
infectious and noninfectious diseases.[5, 6]

Allogeneic blood transfusion, which has a
history of nearly 500 years, is a clinical treatment
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method that involves the transfer of red blood cells
(RBCs) from donor to recipient.[7] The storage
duration of blood has been lengthened to 42 days at
4°C since the improvement of storage conditions in
the 1940s.[8] According to statistics, the annual
consumption of RBCs has reached 90 million units.[8]
In some countries, blood transfusion therapy is even
more common than the use of drugs.[9] Although
clinical transfusion is safer and more effective than
before, numerous studies have confirmed that
transfusion can lead to severe transfusion-related
immune modulation (TRIM) responses,[10-13] such as
incompatibility =~ issues, coagulopathy, allergic
reactions, multiple organ failure, increased rate of
recurrence after tumor resection, postoperative
infection and long-term mortality. Furthermore, blood
transfusion can elicit an inflammatory response,
which inhibits the body's immune function, and leads
to the imbalance in the ratio of TH1/TH2 cells, with
bias towards the proliferation of TH2-inducing
tumorigenic cytokines and decrease in anti-tumor
TH1-inducing cytokines.[14, 15] Leukocytes present
in whole blood have been assumed to promote TRIM.
However, the immunoregulatory effects remained
intact even after their removal from the transfused
blood.[16, 17] Therefore, this indicates that other

components in stored blood also contribute to
immune regulation.
Perioperative blood transfusion has been

reported to be closely correlated with tumor
recurrence in colorectal cancer and hepatocellular
carcinoma.[18, 19] The storage duration and infusion
volume of RBCs are both potential factors that
contribute to tumor recurrence.[19-21] It is
noteworthy that the infusion of stored blood has been
reported to increase the risk of tumor recurrence and
mortality in many cancers and carcinomas.[22-26]
Furthermore, blood storage duration has been
confirmed as one of the harmful factors, and the
infusion of aged RBCs has been observed to promote
the spread of tumors.[20] The morphology, function,
biochemistry and other aspects of blood in the storage
process have changed, and these changes became
more pronounced with longer storage duration.[7, 27]
The ubiquitin content in RBCs is 1 000-10 000 times of
that in other blood cells.[28-30] During the storage
process of whole blood, ubiquitin in RBCs is released
into plasma, resulting in the increase of extracellular
ubiquitin. It was found that the ubiquitin
content increased by nearly 40-fold in whole blood
stored for 35 days,[31, 32] suggesting that ubiquitin
concentration gradually increases during blood
storage, and that it may be one of the key factors that
causes a series of side effects after transfusion.

Existing methods to prolong the storage
duration of RBCs cannot prevent their damage on
storage. The underlying causes for these adverse
consequences that result from the use of stored blood
for transfusion remain poorly understood. One
possible cause is the change in the structure and
function of RBCs on storage in response to changes in
metabolism, oxidative stress and erythrocyte
membrane damage.[7, 8] Inflammation that resulted
from the excessive release of iron in response to
erythrocyte membrane rupture[33] and the release of
a substantial amount of extracellular ubiquitin from
RBC in stored blood[31] have been reported to be
associated with adverse clinical reactions after blood
transfusion. In a previous study, it was revealed that
extracellular ubiquitin released in stored blood
promoted the mRNA expression of TH2 cytokines in
peripheral blood mononuclear cells.[32] Moreover,
extracellular ubiquitin was found to bind to the
surface of Treg cells, thereby enhancing the
immunosuppressive activity of regulatory T cells.[34]
The binding of exogenous ubiquitin to CXCR4
receptors[35] can promote lung metastasis in mice
with acute pneumonia.[36] Thus, it was hypothesized
that extracellular ubiquitin in stored blood may play a
role in immunosuppression, thereby promoting
tumor metastasis in recipients of blood transfusion
therapy.

Methods

Animal handling and care

Wild-type male C57BL/6 mice (SPF, eight weeks
old) were purchased from the Shanghai Research
Center for Southern Model Organisms (Shanghai,
China). These mice were habituated under vivarium
conditions for one week before the start of the
intervention procedures. All experiments were
approved by the Institutional Animal Care and Use
Committee of Huashan Hospital, Fudan University,
China.

Collection and storage of mouse blood and
measurement of ubiquitin concentration

Fifty-ml conical tubes containing 4.2 ml of
CPDA-1 directly obtained from human blood storage
bags (Blood Center of Shanghai, China) were used,
which contained blood drawn from the eyeballs of
eight-week-old male wild-type C57BL/6 mice
anesthetized with halothane. A total of 30 ml of whole
blood (approximately 500-800 pl of blood from each
mouse) was obtained from 40-50 mice, and collected
in a conical tube with approximately 14% final
CPDA-1 concentration. Then, a high-efficiency
neonate leukocyte reduction filter was used to remove
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leukocytes. The leukocyte-removed blood was
centrifuged at 400 g for 15 minutes at 4°C, and the
supernatant was partially removed to obtain a
hematocrit of approximately 75%. The collected blood
was distributed into 20 1.5-ml EP tubes, with each
tube containing 1 ml of blood. These 20 tubes were
randomly divided into four groups, in which five
tubes were assigned for each group. All tubes were
sealed and stored at 4°C in the dark. Next, the tubes in
the four groups were centrifuged at day 0, 5, 10 and
15, respectively. Then, the plasma obtained was
stored at -80°C for testing. The ubiquitin
concentration in whole blood was detected using an
ELISA kit (F11702, Westtang Biotechnology,
Shanghai, China), which specifically detected
recombinant or native mouse mono-ubiquitin, rather
than poly-ubiquitin proteins.

Cell lines and cell culture

The murine melanoma cell line B16, which stably
expresses luciferase (Bl6-luciferase), and the
enhanced expressing green fluorescent protein
(EGEFP) cell line (B16-EGFP) were purchased from the
Shanghai Research Center for Southern Model
Organisms (Shanghai, China). All cell culture reagents
were obtained from Gibco-BRL (Gibco BRL, Grand
Island, NY, USA). The B16 cell line was maintained in
DMEM  media  supplemented  with  10%
heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37°C in a humidified
incubator with 5% CO,. At approximately 80%
confluence, cells were trypsinized and washed three
times with phosphate-buffered saline (PBS).

Cell proliferation and invasion assays

Cell proliferation assay was performed using
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). The
B16 cell line was cultured in 96-well plates (5x103
cells/well) and treated with exogenous recombinant
human ubiquitin (4841-100; BioVision, Milpitas, CA,
USA) at the tested concentrations (200 ng/ml, 400
ng/ml, and 800 ng/ml) for 24, 48, 72 and 96 hours,
respectively. The absorbance of each well was
measured at a wavelength of 450 nm (OD 450). Cell
invasion was performed using the Transwell assay
(Corning, NY, USA). The filters of the Transwell
chambers were pre-coated with Matrigel (BD
Bioscience, San Jose, CA, USA). Then, 5x103/100 ul of
B16 cells were loaded to the upper chamber, while 600
ul of 20% FBS was added to the lower chamber.
Subsequently, 100 pl of DMEM, and 400 ng/ml, 800
ng/ml and 1 600 ng/ml of extracellular ubiquitin
were added separately to the upper chamber. After at
least 24 hours, cells that invaded through the
basement membrane were fixed in

paraformaldehyde, stained by crystal violet, and
counted under a light microscope at a magnification
of x200. Six fields were counted per sample. The
preparation of the ubiquitin stock solution and cell
function experiments were all performed in a sterile
environment.

Experiment grouping and tumor metastasis
model

An experimental metastasis model of melanoma
in mice was established wvia lateral tail vein
injection.[37, 38] B16, Bl6-luciferase and B16-EGFP
cell lines were used in the present study. One
hundred pl of PBS-diluted cells at 5x100/ml
concentration were injected into each mouse via the
lateral tail vein. Mice were sacrificed on the 1t and 21st
day after blood transfusion. The groupings were as
follows: control group, physiological saline;
experimental group one, DO (fresh blood stored for
zero days); experimental group two, D15 (whole
blood stored for 15 days); experimental group three,
DO + 320 ng (fresh blood containing 320 ng of
ubiquitin); experimental group four, DO + 3 200 ng
(fresh blood containing 3 200 ng of ubiquitin). For
experimental groups three and four, exogenous sterile
ubiquitin (U5507; Sigma-Aldrich, St. Louis, MO, USA)
was added to supplement the 64 ng of endogenous
ubiquitin in fresh blood. Mice have approximately 1.5
ml of blood. Tail vein injection was performed at a 200
ul-scale for three times in total, at 24-hour intervals,
and 320 ng and 3 200 ng of ubiquitin in a 200-ul scale
were used to simulate the small and massive clinical
transfusion, respectively. The preparation of the
ubiquitin stock solution and mice tail vein transfusion
experiments were performed on a super-clean bench.

Flow cytometry

The blood drawn from eyeballs removed from
anesthetized mice was centrifuged for 15 minutes at
300 x g. Then, the supernatant was stored at -80°C for
subsequent analysis using a FACSCanto II flow
cytometer (BD Biosciences, San Jose, CA, USA).
Cytokines, such as interleukin (IL)-1p, IL-6, IL-10,
IL-12, interferon-y (IFN-y) and tumor necrosis
factor-a (TNF-a), were quantified using a Cytometric
Bead Array Mouse Flex Kit (BD Biosciences, San Jose,
CA, USA). Annexin V-PE/ 7-AAD Apoptosis
Detection Kit (BD Biosciences, San Jose, CA, USA)
was used to identify and quantify apoptotic cells on a
single-cell basis by flow cytometry, which contained
Annexin V labeled with PE and 7-AAD. Simultaneous
staining of cells with Annexin V-PE and the non-vital
dye 7-aminoactinomycin D (7-AAD) allowed the
discrimination of intact cells (Annexin V-PE negative,
7-AAD negative), early apoptotic (Annexin V- PE

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

2825

positive, 7-AAD negative) and late apoptotic or
necrotic cells (Annexin V- PE positive, 7-AAD
positive). 10x10* cells were collected by flow
cytometry in this experiment. The data obtained was
analyzed using the Flow]Jo software (FlowJo, LLC,
USA).

Tumor cell in vivo dissemination assay

EGFP-expressing B16  (5x105 cells) was
introduced in C57BL/6 male mice (eight weeks old)
via tail vein injection using the same procedure
described above, and ubiquitin (320 ng and 3 200 ng)
was administered for three times at 24-hour intervals.
Mice were sacrificed at 24 hours after the
administration of the third ubiquitin dose. Then, the
lungs were perfused with PBS to remove the blood,
the left lung tissues were cryopreserved with liquid
nitrogen for protein detection, and the right lung
tissues were embedded with OCT compound for the
preparation of frozen sections, which were
approximately 10 pm thick. EGFP-expressing cells,
hematoxylin and eosin (H&E) staining and
immunohistochemical sections were visualized using
an EVOS digital inverted fluorescence microscope
(Olympus, Tokyo, Japan).

Luciferase assay

Tumor-bearing male C57BL/6 mice anesthetized
with halothane were injected at the tail vein with the
melanoma cell line B16 to stably express luciferase.
The mice were randomly divided into three groups:
control group, mice were injected with saline; 320 ng
and 3 200 ng extracellular ubiquitin (Sigma, USA)
intervention groups. Tail vein injections were
performed for three times at 24-hour intervals.
Luciferase activity (photons per second) was
monitored using a real-time imaging system on the
9th, 14th and 19t day after B16 tumor cell inoculation,
and was quantified using the Living Image software
(Roper Scientific, USA).

Western blotting

Western blotting was performed according to an
established protocol.[39] Protein concentration was
measured using a BCA protein assay kit (Beyotime,
Shanghai, China). Thirty ug of protein per sample was
probed with primary antibodies MMP-9 and VEGF
(Cell Signaling Technology, Danvers, MA, USA), and
the secondary antibody (Abcam, Cambridge, MA,
USA). p-actin was used as a loading control
(Beyotime, Shanghai, China).

Hematoxylin and eosin staining and

immunohistochemistry

The immunohistochemical examination of
frozen sections were prepared and visualized through

a light microscope (Olympus, Tokyo, Japan) using a
standard protocol.[39, 40] Fresh lung tissues obtained
from mice sacrificed on the 21t day after transfusion
were embedded with OCT, and frozen at -80°C before
H&E staining. Primary antibodies against tumor
markers, including HMB-45 (Cell Signaling
Technology, Danvers, MA, USA), MMP-9 (Cell
Signaling Technology, Danvers, MA, USA), VEGF
(Cell Signaling Technology, Danvers, MA, USA), and
Ki-67 (Cell Signaling Technology, Danvers, MA,
USA), and the secondary antibody (Abcam,
Cambridge, MA, USA) were used.

Statistical analysis

Statistical analysis was performed using the
Stata 11.0 software (STATA, USA). For data that
assumed a normal distribution, comparison studies
were conducted using Student’s t-test (between two
groups) and variance analysis (among all groups).
Otherwise, the analyses of independent groups were
performed using the non-parametric Wilcoxon
signed-rank test. Survival analysis was performed
using Kaplan-Meier survival curves and log-rank
tests. A P-value <0.05 in the two-tailed test was
considered statistically significant.

Results

Extracellular ubiquitin promotes the
proliferation and invasion of melanoma cells
and reduces their apoptosis in mice

All concentrations of ubiquitin that were tested
(200 ng/ml, 400 ng/ml and 800 ng/ml) promoted the
proliferation and invasion of melanoma cells, with 400
ng/ml of ubiquitin exhibiting the strongest effect
(Figs. 1B-1C). Next, flow cytometry was performed to
assess the effect of 400 ng/ml of ubiquitin on the
apoptosis of melanoma cells, and a significant
reduction was observed in both the early and late
apoptosis of these cells (Fig. 1D).

Infusion of stored blood promotes lung tumor
metastasis in melanoma mice model

On the 215t day after the infusion of stored blood
into tumor-bearing mice, lung tissues were harvested
and analyzed. Lung tissues for the D15 (blood stored
for 15 days) group weighed 0.2 £ 0.03 g, which was
significantly higher than lung tissues for the control
group (weighed: 0.13 £ 0.01 g), while lung tissues for
the DO (fresh whole blood) group weighed 0.14 + 0.01
g (P<0.001, Fig. 2B). In addition, the number of
metastatic nodules on the surface of lung tissues for
the D15 group was 2650 = 10.60, which was
significantly higher, when compared to that for the
control group (4.33 + 2.80) and DO group (7.83 + 2.23)
(P<0.01, Fig. 2C). In addition, the number of tumor
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metastases for the D15 group was observed to be
higher than those for the control and DO groups by
H&E staining (P<0.01, Figs. 2D-2E). The
mmunohistochemistry experiments revealed that the
expression levels of tumor markers HMB-45, MMP-9,
VEGF and Ki-67 in the D15 group were significantly
higher than those in the DO and control groups (Fig.
3A). Furthermore, higher expression levels of MMP-9
and VEGF were observed in the D15 group by
western blotting (Fig. 3B).

Extracellular ubiquitin in stored blood
promotes tumor progression and reduces the
long-term survival rate of tumor-bearing mice
The positive correlation between the ubiquitin
concentration in stored human blood preparations
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ubiquitin content in mice whole blood stored for 0, 5,
10 and 15 days, respectively, confirmed this earlier
finding (Fig. 1A).

Two ubiquitin intervention groups administered
with either 320 ng or 3 200 ng of extracellular
ubiquitin, which were equivalent to ubiquitin content
in 1 and 10 units of whole blood stored for 15 days,
respectively, were used to investigate its effect on the
early lung migration of mouse melanoma cells. A
significant increase in the number of EGFP-labeled
melanoma cells in lung of tumor-bearing mice was
observed on the first day after the administration of
three doses of ubiquitin, when compared to the
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Fig. 1. The ubiquitin concentration in RBC enriched plasma of mice increases with prolonged storage, and affects the biological functions of melanoma cells. (A) Ubiquitin
concentration in whole blood stored for 0, 5, 10 and 15 days was measured using a mouse ubiquitin ELISA kit (n=5). (B) The effect of ubiquitin concentrations (200 ng/ml, 400
ng/ml and 800 ng/ml) on the proliferation of melanoma cells was assessed using a CCK-8 kit. (C) Transwell assay was performed to determine the effect of different ubiquitin
concentrations (200 ng/ml, 400 ng/ml and 800 ng/ml) on the invasion of melanoma cells. (D) The effect of 400 ng/ml of ubiquitin on the early and late apoptosis of melanoma cells
were assessed by flow cytometry. Data from three independent experiments were expressed as mean * standard error of the mean (SEM). * represents a P-value of <0.05; **

represents a P-value of <0.01; *** represents a P-value of <0.001.
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control group without extracellular ubiquitin (P<0.01,
Fig. 4A). Furthermore, H&E staining for the control
group revealed that the alveolar structure of lung
tissues of tumor-bearing mice was intact, and neither
was there congestive edema in the pulmonary
interstitium, nor inflammation. Conversely, the
destruction of the alveolar structure, alveolar septum
fracture, pulmonary interstitial congestion and
inflammation were observed in these two ubiquitin
intervention groups. The significant upregulation of
tumor markers HMB-45, MMP-9, VEGF and Ki-67
were observed by immunohistochemical staining in
the ubiquitin intervention groups (Fig. 4B). Moreover,
MMP9 and VEGF protein expression levels were
observed to significantly increase in the ubiquitin
intervention groups by immunoblotting (Fig. 4C).
Real time fluorescence imaging was used to
monitor the melanoma metastases in tumor-bearing
mice, and the changes in long-term survival and
weight were recorded. It was found that 320 ng of
ubiquitin promoted the lung and systemic metastasis
of melanoma cells on the 9th, 14th and 19t days, while
3 200 ng of ubiquitin exhibited an obvious effect in

A

promoting metastasis on the 19t day (P<0.05, Figs.
5A-5B). The rate of weight gain in tumor-bearing mice
in the 3 200 ng ubiquitin intervention group decreased
on the 19t and 20t days (P<0.05, Fig. 5C). Moreover,
the survival rate of tumor-bearing mice for both
ubiquitin intervention groups significantly decreased
by 37.50% and 28.75%, when compared to controls.
The 320 ng ubiquitin group had the lowest survival
rate (P<0.01, Fig. 5D).

Ubiquitin in stored blood promotes the
expression of markers for tumor cell
proliferation and metastasis in lung tissues of
tumor-bearing mice

The expression of markers for tumor cell
proliferation and metastasis in lung tissues obtained
from tumor-bearing mice in the two ubiquitin
intervention groups, D0+320 ng and D0+3 200 ng, was
monitored by immunohistochemistry. On the 21¢t day
after transfusion, markers for metastasis and
proliferation in lung tissues (HMB-45, MMP-9, VEGF
and Ki-67) were detected by immunohistochemistry
and western blotting. Compared to the control and DO

B

Lung weight (g)

Number of lung surface lesions

=

Number of lung metastasis
leisions
S

Fig. 2. The transfusion promotes melanoma metastasis in the lungs of tumor-bearing mice. (A) Fresh lung tissues of tumor-bearing mice in the control group, DO group and D15
group on the 21st day after transfusion (n=6 in each group). (B) The relative weight of lung tissues in tumor-bearing mice in the control, DO and D15 groups on the 21st day after
transfusion. (C) Statistical analyses of tumor numbers on the surface of lung tissues in tumor-bearing mice in the control, DO and D15 groups on the 21st day after transfusion.
(D) H&E staining of lung pathological sections of tumor-bearing mice in the control, DO and D15 groups on the 21st day after transfusion (original magnification x100). (E) The
relative number of metastatic lesions in lung tissues of tumor-bearing mice in the control, DO and D15 groups on the 21st day after transfusion. Data from three independent
experiments were expressed as mean * standard error of the mean (SEM). ** indicates a P-value of <0.01; *** indicates a P-value of <0.001.
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groups, there was a significant increase in the
expression of tumor markers tested in both ubiquitin
intervention groups. Among these groups, tumor
markers in the D0+320 ng group had the highest
expression levels (Fig. 6A). Similarly, elevated
expression levels of MMP-9 and VEGF tumor markers
in the D0+320 ng and DO0+3 200 ng ubiquitin
intervention groups were observed by western
blotting, and these expression levels were highest in
the former group (Fig. 7B).
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The expression levels of TH1 and TH2 cytokines
(IL-1, IL-12, TNF-a, INF-y, IL-6 and IL-10) in the
peripheral blood of tumor-bearing mice collected on
the 1st and 21st day after transfusion with either
ubiquitin-containing stored blood or fresh blood were
assessed by flow cytometry. Only TNF-a and INF-y
(TH1 cytokines), and IL-6 (TH2 cytokines) could be
detected.
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Fig. 3. The transfusion promotes the expression of markers associated with tumor metastasis and proliferation in lung tissues of tumor-bearing mice. (A) The
immunohistochemistry of lung tissues obtained from tumor-bearing mice after transfusion. The infusion of whole blood stored for 15 days upregulated the expression levels of
HMB-45, MMP-9, VEGF and Ki-67 tumor markers in lung tissues of tumor bearing mice (original magnification %200; scale bar = 100 pm). (B) Western blotting of lung tissues of
tumor-bearing mice after transfusion. The expression levels of MMP-9 and VEGF in the D15 group were obviously higher than those in the control group and DO group. Data was
expressed as mean * standard error of the mean (SEM) of three independent experiments. Compared with the control group, * represents a P-value of <0.05, ** represents a
P-value <0.01, *** represents a P-value of <0.001; compared with the DO group, # represents a P-value of <0.05, ## represents a P-value of <0.01, ### represents a P-value of

<0.001.
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Fig. 4. Ubiquitin promotes the early migration of melanoma cells in lungs of tumor-bearing mice. (A) Left: Images of frozen lung sections in the two intervention groups (320
ng/200 pl and 3 200 ng/200 pl) of mice subjected to tail vein injection with EGFP-B16 tumor cells (5%105/100 pl) and the three consecutive addition of ubiquitin at 24-hour
intervals. Arrow: The expression of EGFP-positive tumor cells visualized by fluorescence microscopy (original magnification % 100). Right: Quantitative analysis of the number of
EGFP-positive tumor cells in each field (n=6, each group). (B) The immunohistochemistry of H&E stained lung tissues on the first day after three consecutive ubiquitin
interventions (the original magnification of H&E staining was x40, and the original magnification for immunohistochemistry was x200). (C) The western blotting of lung tissues of
tumor-bearing mice after three consecutive rounds of ubiquitin intervention. It was observed that the expression levels of MMP-9 and VEGF in the two ubiquitin
intervention groups were higher than the levels in the control group. Data from three independent experiments were expressed as mean * standard error of the mean (SEM).

** represents a P-value <0.01; *** represents a P-value <0.001.

The observed ratio of TH1/TH2 cytokines in the
two ubiquitin intervention groups infused with fresh
blood was similar with that in the D15 group (Figs.
7A-7B). However, TH1 cytokine INF-y expression was
reduced and TH2 cytokine IL-6 expression increased
in the peripheral blood of both groups of
tumor-bearing mice infused with ubiquitin-
containing stored blood and fresh blood, respectively,
when compared to the control and DO groups,
indicating a bias towards TH2 cytokines. The
observed increase in TNF-a expression on the 215t day
after transfusion may be due to tumor metastasis.

Ubiquitin present in stored blood reduces the
percentage of T cells and NK cells and reduces
the CD4*T/CD8*T ratio in the peripheral
blood of tumor-bearing mice

Flow cytometry was used to study the effect of
ubiquitin in stored blood on immunocytes, T cells, B
cells and NK cells in tumor-bearing mice on the 1st
and 21t day after transfusion. A similar downtrend in
the percentage of T and NK cells on the 1st and 21t
day after transfusion was observed (Fig. 7C).
Furthermore, there was a lower percentage of CD3*T
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cells in the D15 group, when compared to the control
group and DO group. Similarly, the percentage of NK
cells in the D15 group was significantly lower than
that in the control group. However, there was no
significant difference in the percentage of B cells at
both the 1t and 21¢t day after transfusion among all
three groups (control, DO and D15 groups). The
CD4*T/CD8*T ratios on the 1st and 21st days after
transfusion in the D15 group were both lower than
those in the control and DO groups.

The percentages of CD3*T cells in the D0+320 ng
group on the 1st day and D0+3 200 ng group on the
21st day were significantly lower than those in the
control and DO groups (Fig. 7D). In addition, there
was a significantly lower percentage of NK cells in the
DO0+3 200 ng group, when compared to that in the
control and DO groups on the 21st day. Meanwhile,
there was no significant difference in the percentage
of B cells in the D0+3 200 ng group between the 1st day
and 21t day after transfusion. For the D0+320 ng
group on the 1st day and D0+3 200 ng group on the
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21t day, the CD4*T/CD8*T ratios were both lower
than those in the control and D0 groups.

Discussion

Although the effective storage time of blood has
been greatly lengthened with the advances in modern
medical technology, adverse consequences, such as
transfusion-related immune modulation (TRIM)
responses, arising from the transfusion of stored
blood in cancer patients has become a growing
concern. Using a melanoma mouse model and a
variety of cell biology techniques, such as real time
imaging, immunohistochemistry and flow cytometry,
the association between ubiquitin content in stored
blood and the proliferation, invasion and apoptosis of
melanoma cells in mice was established (Figs. 2-6).
Hence, the present findings suggest the novel role of
ubiquitin present in stored blood in immune
modulation, and as a determinant for the poor clinical
prognosis of cancer patients.
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Fig. 5. Effects of ubiquitin on tumor metastasis, body weight and survival rate in tumor-bearing mice. (A) B16-luciferase cells (5%105) were inoculated into the tail vein of mice,
and these mice were randomly divided into three groups (n=6, each group): intraperitoneally injected with 200 pl of normal saline, 320 ng of ubiquitin and 3 200 ng of ubiquitin,
respectively. The luciferase activity of tumor cells was monitored by real-time imaging on the 9t, 14t and 19t day after inoculation. (B) The statistical analysis of in vivo luciferase
activity. (C) The analysis of the rate of weight gain in each group of tumor-bearing mice. (D) Log-rank survival analysis of tumor-bearing mice in the three groups (control, 320
ng and 3 200 ng ubiquitin intervention groups). Data obtained from three independent experiments were expressed as mean # standard error of the mean (SEM). * represents
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of tumor-bearing mice on the 21st day after tumor inoculation. Data from three independent experiments were expressed as mean * standard error of the mean (SEM).
Compared with the control group, * represents a P-value of <0.05, ** represents a P-value of <0.01, *** represents a P-value of <0.001; compared with the DO group, # represents
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Mouse RBCs stored for seven days were found to
adversely impact tumor progression and survival
rate, which is similar to that for human blood stored
for approximately 20 days.[41, 42] Therefore, the
blood of mice stored for 15 days (D15) was used to
simulate the condition of blood that has been stored
for a long duration. Indeed, the transfusion of stored
blood increased the rate of tumor growth, invasion
and metastasis in the melanoma mice model used in

the present study (Figs. 2-7), which confirmed a
previous report.[20] Since ubiquitin content in stored
blood has been found to increase with storage
duration,[32] it was hypothesized that this could play
a role in TRIM responses, and result in poor clinical
outcome. In the present study, the positive correlation
between the concentration of extracellular ubiquitin
and in vitro (Fig. 1) and in vivo (Figs. 2-7) tumor
progression was demonstrated. The present
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observation of the dose-dependent effect of
extracellular ubiquitin is consistent with previous
reports on T and B cell surface marker expression
levels,[43] cAMP levels,[44] the platelet cytotoxicity
induced by IgE and INF-y,[45] and the production of
TNEF-a after the stimulation by LPS.[31, 46]

Among the three concentrations tested, 400
ng/ml of extracellular ubiquitin was found to be
optimal in promoting proliferation and invasion, and
in inhibiting the early and late apoptosis of melanoma
cells in mice (Figs. 1B-1D). In vivo studies of
H&E-stained and fluorescence-labeled immunohisto-
chemical sections obtained from melanoma mice
inoculated with low (320 ng) and high (3 200 ng)
amounts of extracellular ubiquitin revealed its
positive association with early lung tumor cell
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migration (Figs. 2C-2E), tumor marker upregulation
(Fig. 3), increased tumor size (Fig. 5A), the invasion
and metastasis of tumors (Figs. 4B and 5B), weight
loss in mice from the 19t day (D19) after inoculation
with B16 melanoma cells (Fig. 5C), and lower
long-term survival rate (Fig. 5D). Due to rapid tumor
growth, there was rapid cachexia onset, especially for
mice in the 320 ng ubiquitin group.

The balance of the TH1/TH2 cell ratio is an
important indicator of the body's immune stability.
The proliferation of TH2 cytokines increase the
invasion and metastasis of cancer cells, while the
increase in TH1 cytokines inhibit tumor growth.[47]
In the present study, a positive correlation between
ubiquitin content in transfusions and the preferential
release of TH2 oncogenic cytokine IL-6 over THI1
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Fig. 7. Extracellular ubiquitin in stored blood affects the expression of THI/TH2 cytokines and lymphocyte subsets in peripheral blood. (A-B) Tumor-bearing mice were
sacrificed on the 1st and 21st day after three consecutive transfusions, and the expression levels of THI/TH2 cytokines in the peripheral blood of mice in each group were
detected (n=6, in each group). (C-D) The expression levels of T cells, B cells and NK cells, and the ratio of CD4*T/CD8"T cells in peripheral blood of tumor-bearing mice in each
group were detected on the Ist day and 215t day after transfusion (n=6, each group). Data from three independent experiments were expressed as mean * standard error of the
mean (SEM). Compared with the control group, * represents a P-value of <0.05, ** represents is a P-value of <0.01; compared with the DO group, # represents a P-value of <0.05,

#t represents a P-value <0.01, ### represents a P-value of <0.001.
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anti-tumorigenic cytokines INF-y and TNF-a was
demonstrated (Figs. 7A and 7B). The changes in the
levels of various cytokines in the tumor
microenvironment, including TNF-a and IL-6,
promoted the survival and metastasis of circulating
tumor seeds.[48] This also explains the reason for the
increased expression of TNF-a in peripheral blood on
the 21st day after transfusion.

Lymphocyte subsets are also important
indicators that reflect the present immune strength of
the body. It is noteworthy that regulatory T cell plays
a significant role in immunosuppression.[49]
Ubiquitin has been reported to enhance the
immunosuppressive activity of regulatory T cells.[34]
Indeed, it was shown that ubiquitin present in stored
blood could inhibit the expression of CD3*T and NK
cells and decrease the CD4*T/CDS8*T ratio (Figs. 7C
and 7D), which is consistent with a previous
report.[50] This observation could also explain the
decrease in the early and late stage apoptosis of
melanoma cells (Fig. 1D). Hence, the cellular immune
function of tumor patients in the inhibited state is
compromised and rendered less effective at
identifying and killing mutant cells.[51, 52] In turn,
this sets up an environment conducive for tumor
growth and metastasis.

Since ubiquitin has been demonstrated to
regulate tumor progression in the present study, it
was speculated that it could mediate its effect through
CXCR4, which is a cell surface chemokine receptor
that can recognize and bind to ubiquitin.[35] This
chemokine receptor has been shown to enhance the
adhesion of melanoma cells to endothelial cells
through P1 integrin,[53] inhibit the growth and
metastasis of melanoma when blocked,[54] and
mediate tumor migration[36]. In addition, CXCR4 has
been reported to be associated with VEGF, and form a
positive feedback loop that promotes angiogenesis
and tumor development.[55, 56] The upregulation of
VEGEF in the lung tissue of tumor-bearing mice (Fig. 3)
observed in the present study suggests that ubiquitin
could have regulated the expression of VEGF by
binding to the CXCR4 receptor, thereby promoting
the metastasis and proliferation of melanoma cells.
The relationship between ubiquitin, VEGF and
CXCR4 could be elucidated in future studies.

In the present study, the function of extracellular
ubiquitin was defined and its role in TRIM response
and poor clinical prognosis in cancer therapy was
clarified. Since extracellular ubiquitin was used for in
the present study, a prospective clinical study would
be the next logical step to confirm these findings. The
results of in vivo imaging have showed that the
ubiquitin-treated =~ group  produced  obvious
extra-pulmonary metastatic lesions, and the specific

mechanism should be further clarified. Subsequent
research should focus on elucidating the source of
ubiquitin in stored blood and its molecular
mechanism of action, and determine how it is released
into stored blood. Since there is no known method to
effectively remove or block the effect of ubiquitin
present in stored blood, future research in this field
should be directed towards devising such strategies to
reduce risks associated with transfusion therapy for
cancer patients.

In conclusion, it was established that the
presence of ubiquitin in transfusions plays a key role
in the modulation of the immune response, which in
turn increases the probability of melanoma
proliferation, invasion and metastasis. Furthermore,
the present findings provide insight into the better
understanding of TRIM responses in cancer patients,
and suggest a novel role for ubiquitin in TRIM, which
consequently leads to poor prognosis in cancer
therapy. In addition, the present results lay the
foundation for the future research and development
of blood storage strategies and practices.
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