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A B S T R A C T

Objective: Allogeneic cartilage transplantation is used to treat severe osteochondral defects or cartilaginous injury.
However, acute immune rejection has been a key problem interfering with graft healing.
Methods: Full-thickness osteochondral defects were performed in Sprague Dawley rats. The allograft implants
were set into the defect region. Blood and spleen samples from Postoperative Day 3 onward were collected for
inflammatory cell analysis, including analysis of monocytes, natural killer cells, CD4þCD25þFoxp3þ regulatory T
cells, CD4þ T cells, and CD8þ T cells. Gross observation and histologic staining (hematoxylin and eosin, toluidine
blue) were carried out at the same time point to assess the repair effect of the cartilage graft and the degree of
immune rejection.
Results: Treatment with basic fibroblast growth factor, agarose gel, and allogeneic cartilage was similar to that of
the autologous group. The percentage of monocytes in allografts was at a higher level in the spleen and blood; the
frequency of CD4þ T cells in the allogeneic group was higher than in the autologous group and the other agarose
groups at 6 weeks after transplantation. The number of regulatory T cells in the autograft was increased from
Postoperative Week 1; similar results were observed in groups containing basic fibroblast growth factor beginning
at Postoperative Week 3.
Conclusions: Allogeneic cartilage transplantation induces acute immune rejection, which compromises the validity
of the implant. The combination of basic fibroblast growth factor and agarose gel facilitates the goal of immune
privilege and promotes the success of the allograft tissues.
The translational potential of this article: This study investigated the combination of basic fibroblast growth factor
(bFGF) and agarose gel facilitates promotes the success of the allograft tissues transplantation. This work may help
clinicians find a new way to repair articular cartilage damage. This will affect the treatment of articular cartilage
movement injuries and arthritis.
Introduction

Nowadays, it is common to see articular cartilage defects caused by
sports injury, which is difficult to manage for the limited healing capacity
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[1,2]. Although cartilage defect less than 3 mm can be repaired by hy-
aline cartilage, Yamamoto et al. [4] argue that it is unable to repair
cartilage defect that is larger than 4 mm [3].

Numerous therapies have been attempted for repair of articular
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cartilage damage, including bone marrow stimulation [5], platelet-rich
plasma, cells plus scaffold, and whole-tissue transplantation techniques
[6–8]. Among these strategies, autologous osteochondral transplantation
is an effective method for resurfacing osteochondral defects. The limi-
tations, however, are equally obvious and hard to be avoided such as
donor site morbidity and the availability of the graft. Thus, allogeneic
cartilage could potentially be an alternative choice if the innate immune
response could be modulated.

Host-versus-graft rejection is a frequent and serious complication of
allogeneic tissue or organ transplantation and can lead to poor outcomes
[9]. It is suggested long-term survivors of allogeneic hematopoietic stem
cell transplantation cause a heavy burden of late side effects [10]. Luan
and Iwata [11] proposed a promising method to treat rats with diabetes
by implanting agarose gel incorporated with basic fibroblast growth
factor (bFGF) subcutaneously; this protected the islet cells that replace
agarose gel from attack by the host immune system. With this in mind,
the goal of this study was to identify an ideal combination of the surgical
site and implant source to reduce inflammation and prolong implant
survival and integration of allogeneic cartilage transplantation.

Materials and methods

Animals and experimental groups

A total of 196 adult male Sprague Dawley rats (body weight: 200–300
g, age: 6–8 weeks) were obtained from the Animal Experimental Center
of Dalian Medical University. The rats were divided into groups as shown
in Figure 1. For all the groups, a full-thickness defect (3 mm in diameter)
in the non–weight-bearing portion of the distal medial femur was used.
There were seven transplant groups: (i) nontransplant control, (ii)
autologous articular cartilage (AU), (iii) allogeneic (same species,
different rat) articular cartilage (AL), (iv) allogeneic articular cartilage
replacing agarose gel (ALA), (v) allogeneic articular cartilage replacing
agarose gel with bFGF (ALAB), (vi) agarose gel (AG), and (vii) agarose gel
with bFGF (AGB).
Figure 1. Experimental design and study groups (28 rats per group; 7 ra

74
Preparation of the bFGF device

A column-shaped agarose scaffold (3 mm in diameter and 3 mm in
length) containing bFGF and heparin was produced based on the method
used by Luan and Iwata [11]. In brief, 4.5% (w/v) agarose solution was
prepared by mixing 450 mg agarose (Gene Company, Hong Kong, China)
in 10 mL of double distilled water and autoclaving to dissolve and ster-
ilise. The agarose solution was stored in a 50-mL tube and kept on ice to
induce gelation. Then, the agarose gel was shaped into a 3 mm � 3 mm
implant, frozen at �30 �C overnight, and freeze-dried for 24 hours. The
bFGF solution (5 mL of 500 mg/mL solution; PeproTech Co., NJ, USA)
was slowly dropped onto the agarose gel and allowed to absorb for 2
minutes. Finally, 15 mL of heparin solution (250 mg/mL; Changshan
Biochemical, Hebei, China) was uniformly added, and the agarose gel
with the mixed solution was then stored at 4 �C overnight before use.

Surgical procedures

All the experimental protocols and procedures were approved by
the Institutional Animal Care and Use Committee of the Affiliated
Zhongshan Hospital of Dalian University. The animals were housed
at the Experimental Center of the Affiliated Zhongshan Hospital of
Dalian University. After the Sprague Dawley rats were anaesthetised
with 10% chloral hydrate (4 mL/kg), a medial peripatellar skin
incision was made, and the joint was exposed via lateral dislocation
of the patella; a tool was used to create a full-thickness articular
cartilage defect (3.0 mm � 3.0 mm) in the trochlear groove of
each femur. Some rats in different groups were implanted with the
corresponding grafts except those in the nontransplant control group.
Then, the grafts of agarose gel were implanted in those in ALA and
AG groups; agarose gel with bFGF was implanted in those in ALAB
and AGB groups. One week later, the implants in ALA and ALAB
groups were replaced by the allogeneic articular cartilage in a sec-
ond operation. After surgery, the rats were allowed to move freely
and fed twice a day in their cages.
ts per time point were used). bFGF ¼ basic fibroblast growth factor.
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Flow cytometric analysis

All the fluorescently labelled cells were analysed using a FACScalibur.
The following antibodies were used in flow cytometric analysis of the
activation of inflammatory cells in blood and the spleen from the recip-
ient rats: Rat CD45 HRZN V450, Rat Granulocytes RP-1, Rat CD8a PE
MAB, Rat CD11b APC MAB (BD PMG, Franklin, NJ, USA), and Anti-Rat
MHC Class II (eBioscience, San Diego, CA, USA) were used to monitor rat
monocytes (Figure 2A). Anti-CD3 and anti-CD16 (BD PMG) were used to
detect rat natural killer (NK) cells (Figure 2B). Anti-rat CD3, anti-CD4
(BD PMG), anti-CD25, and anti-Foxp3 (eBioscience, USA) were used to
monitor rat CD4þCD25þFoxp3þ regulatory T cells (Tregs) (Figure 2C).
Rat CD4þ T cells were analysed using Rat CD45 HRZN V450, Rat CD3
FITC MAB, Rat CD4 PE-CY7 MAB, (BD PMG, USA)and Anti-Rat CD25
(eBioscience, USA); CD8þ T cells were measured using Rat CD45 HRZN
V450, Rat CD3 FITC MAB, Rat CD8a PE MAB, (BD PMG, USA) and
Anti-Rat CD25 (eBioscience, USA) (Figure 2D).

Histological study

Rats from all groups (n ¼ 7, per time period, per group) were sacri-
ficed at Days 3 and 7, at 3 and 6 weeks after transplantation. After the 6th
week of the transplantation, the quality of the repaired tissue was eval-
uated according to the International Cartilage Repair Society Cartilage
Injury Evaluation Package [12]. And then, the isolated knee joints were
fixed in 10% formalin for 48 hours and were decalcified in 4% ethylene
Figure 2. Analysis process of inflammatory cells. (A) CD45 þ RP1 þ CD8 þ CD11b þ
CD4 → Tregs; (D) CD45 þ CD3 þ CD4 þ CD25 → CD4þ T cells and CD8þ T cells. N
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diamine tetraacetic acid (EDTA) (Invitrogen, USA) for approximately two
months. Specimens were obtained from the distal part of the femur and
embedded in paraffin; sagittal sections (3-μm) were cut and stained with
hematoxylin and eosin (H&E) or toluidine blue (Sigma-Aldrich, St. Louis,
MO, USA) according to standard protocols. Evaluation for the quality of
the repaired tissue was performed by 2 of the authors (B.L. and J.Y.) who
were blinded as to which treatment the rats received.

Statistical analysis

All data are reported as the mean and standard deviation. Gross ex-
amination of the tissue repair and the percentages of immune cells were
compared using one-way analysis of variance.

Results

Macroscopic examination of the transplantation site

Gross examination of the cartilage allografts was performed 6 weeks
after transplantation (Figure 3). Smooth integrated surfaces and good
thickness were observed in the AU group. In the ALAB group, the graft
was similar to that in the AU group. Groups AL and ALA showed only
50–75% filling of repaired cartilage and evident demarcation from the
normal cartilage border. The other groups revealed poor outcomes
without cartilage tissue implanted. Based on the International Cartilage
Repair Society, the scores of the ALAB group were significantly higher
MHC II → monocytes; (B) CD3 þ CD16 → NK cells; (C) CD25 þ Foxp3 þ CD3 þ
K ¼ natural killer; Tregs ¼ regulatory T cells.



Figure 3. Gross morphological observations of cartilage defects 6 weeks after transplantation. A comparison of the cartilage repair assessment score (International
Cartilage Repair Society) between groups was conducted. Columns represent medians and interquartile with error bars. The cartilage repair assessment score was
significantly higher in the AU group than that in the AL group (p < 0.001), so was the ALAB group compared with the ALA group (p < 0.01). Scale bar is 1 mm for all
the images. ***, p < 0.001, ****, p < 0.0001. (i) non-transplant control, (ii) autologous articular cartilage (AU), (iii) allogeneic (same species, different rat) articular
cartilage (AL), (iv) allogeneic articular cartilage replacing agarose gel (ALA), (v) allogeneic articular cartilage replacing agarose gel with bFGF (ALAB), (vi) agarose gel
(AG) and (vii) agarose gel with bFGF (AGB).
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than those of the AL and ALA groups (p < 0.01), and the differences
between the AU group and the AL or ALA group were also significant (p
< 0.001). However, there was no statistically significant difference be-
tween the ALAB and AU groups.

Changes of inflammatory cells

On the third day after operation, the number of monocytes in the
spleen of those in Group AL was the highest and significantly higher than
76
in those of the ALAB and AGB groups. In addition, fromWeek 1 toWeek 6
after surgery, the blood monocytes in those of the AL group were
significantly higher than those of the ALAB group (Figure 4A).

The frequency of NK cells in the AL group was significantly higher
than that in the other groups at day 3, and the difference was statistically
significant. The number of NK cells in the group containing the allogeneic
graft was significantly increased at different time points, whereas this
remained low in the AU group always (Figure 4B).

The changes of CD4þ T cells were not remarkable in the two samples



Figure 4. Changes of the frequency of inflammatory cells in blood and spleen samples. (A) Blood samples: representative number of monocytes between the AL and
ALAB groups at Postoperative Week 1 (*, P < 0.05). Statistical differences between the AL and the other five groups at Postoperative Week 6 (*, P < 0.05; **, P <

0.01). Spleen samples: change of monocytes among the AL and other groups at each time point (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (B) Blood samples:
representative frequency of NK cells in the AL and AGB group at Postoperative Week 3 (*, P < 0.05). Spleen samples: differences between the nontransplant control
and AL (***, P < 0.001) and between the AL and ALA, ALAB, AG, and AGB groups at Postoperative Day 3 (****, P < 0.0001). Differences between the ALA group and
the other groups after transplantation surgery (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). (C) Blood samples: Tregs in the AU and AL, ALA, and ALAB
groups at Postoperative Week 1 (*, P < 0.05; **, P < 0.01), percentage of Tregs in the AGB and AG, ALAB and ALA, and AL groups at Postoperative Week 3,
respectively (*, P < 0.05; **, P < 0.01). Spleen samples: statistical differences between the ALAB and nontransplant control group at Postoperative Day 3 (*, P < 0.05).
Change of Tregs between the AU and specific groups at Postoperative Week 1 (*, P < 0.05; **, P < 0.01). (D) Blood samples: percentage of CD4þ T cells in the AU and
ALA and AU and ALAB groups at Postoperative Week 1, respectively (*, P < 0.05). Spleen samples: change of CD4þ T cells between the AU and ALAB groups at
Postoperative Week 1 (*, P < 0.05). Statistical differences between the AL and the other four groups at Postoperative Week 6 (*, P < 0.05; **, P < 0.01). AG ¼ agarose
gel; AGB ¼ agarose gel with bFGF; AL ¼ allogeneic articular cartilage; ALA ¼ allogeneic articular cartilage replacing agarose gel; ALAB ¼ allogeneic articular cartilage
replacing agarose gel with bFGF; AU ¼ autologous articular cartilage; bFGF ¼ basic fibroblast growth factor; NK ¼ natural killer; Tregs ¼ regulatory T cells.
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at the first 3 time points. ByWeek 6, the percentage of CD4þ T cells in the
AL group was higher than that in the AU group and the other agarose
groups (Figure 4D).

In blood samples, the number of Tregs in the AU group was the
highest at Postoperative Week 1. Three weeks after operation, the Tregs
in the control group, ALAB group, and AGB group increased compared
with the other groups. In spleen tissues, the frequency of Tregs was
increased in the AU group at Week 1 after operation, which was almost
the same as that in blood samples (Figure 4C).

Histologic grading of the repair cartilages

The repaired tissues of the ALAB and AU groups were hyaline-like,
with good integration, smooth surfaces, and adequate thickness. In
contrast, the other groups did not appear to undergo ideal healing. On
H&E staining, the ALA and AL groups showed that chondrocytes appear
with small, condensed nuclei at Postoperative Weeks 3 and 6. In the
ALAB and AU groups, chondrocytes were orderly and regularly arranged,
and no evident of rejection was found (Figure 5C).

The cartilage transplantation sections showed regenerating cartilag-
inous tissues in the ALAB and AU groups, which was more distinctive
than those in the AL and ALA groups at 6 weeks after transplantation
(Figure 5A and B).

Discussion

In previous studies, there were no published studies on investigating
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the effect of the combination of bFGF and agarose gel in promoting
articular cartilage repair. However, bFGF plays a significant role in repair
of cartilage because bFGF together with agarose gel could lower the host-
versus-graft rejection grade and fasten hyaline cartilage restoration in
lesions [13–15]. In this study, we assessed the ability and feasibility of
this therapy to modulate acute inflammation and promote immune
tolerance and healing of the defect in vivo.

In this study, monocytes and NK cells in the AL group first changed in
spleen samples at time points of 3 days and were later higher than those
in the other groups, especially for monocytes in blood samples. CD4þ T
cells were increased at Postoperative Week 6 in the spleen. This finding
suggested that immune cells play a critical role in the acute rejection
stage and may influence the repair of the allogeneic cartilage graft. In the
AU group, the percentage of CD4þCD25þFoxp3þ Tregs increased from
Week 1; we observed a similar phenomenon in the ALAB group, which
indicates agarose and bFGF may influence healing of allogeneic cartilage
toward autologous articular cartilage because CD4þCD25þFoxp3þ Tregs
are conducive to the establishment of immune tolerance [16].

Li et al [14,18], Deng et al [17], and Yokoo et al. [19] have shown
that bFGF was beneficial to cartilage formation, and exogenous bFGF
could promote chondrocyte proliferation, cartilage maturation, and
mesenchymal cell differentiation, which also stimulates cartilaginous
matrix synthesis. In addition, cartilage differentiation is reduced if bFGF
was absent [20]. However, some studies showed that the gene expression
of Type II collagen was inhibited by bFGF [21]. Moreover, Sah et al. have
proposed that different concentrations of bFGF led to opposite results on
cartilage repair and therefore served a dual role in the regulation of



Figure 5. Comparison of histological results after transplantation. (A and B) Comparison of all 6-week H&E and toluidine blue histology sections in 7 groups after
implantation. Nontransplant control: amorphous reparative tissue filling the subchondral region. AU: intensively staining covering the defect. AL: the intensity of
staining in the regenerated region was less than that of AU and ALAB. ALA: partly positive cartilage organisation in the area. ALAB: amounts of cartilage-like tissue
restored in the full-thickness defect. AG and AGB showed the agarose gel occupied the space and hindered the reconstructive process. Scale bar is 1 mm for all the
images. (C) Histological findings in knee cartilage in the transplantation site at Postoperative Week (POW) 3 and POW 6 (hematoxylin and eosin). At POWs 3 and 6,
the ALAB and AU groups showed no obvious evidence of rejection. In the other two groups, chondrocytes with small, condensed nuclei were visible at each time point.
Scale bar is 50 μm for all the images. AG ¼ agarose gel; AGB ¼ agarose gel with bFGF; AL ¼ allogeneic articular cartilage; ALA ¼ allogeneic articular cartilage
replacing agarose gel; ALAB ¼ allogeneic articular cartilage replacing agarose gel with bFGF; AU ¼ autologous articular cartilage; bFGF ¼ basic fibroblast growth
factor; H&E ¼ hematoxylin and eosin; NK ¼ natural killer; Tregs ¼ regulatory T cells.

Figure 6. Different inflammation situations of allo-
geneic cartilage transplantation. (A) A column-shaped
allogeneic cartilage transplanted into the defect,
resulting in the activation of monocytes and other in-
flammatory cells, for instance, NK cells and T cells,
which release interleukin-1 (IL-1), IL-6, and tumor
necrosis factor alpha (TNF-α). (B) The same size of
agarose gel containing bFGF was implanted into the
defect; similar inflammatory rejection as allogeneic
cartilage occurs around the graft. (C) One week later,
since replacing the agarose gel and bFGF with the
allograft, immune-privileged circumstance begins to
form and the number of inflammatory cells and factors
neighboring the graft reduces drastically. bFGF ¼
basic fibroblast growth factor; NK ¼ natural killer.
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78



F. Yang et al. Journal of Orthopaedic Translation 22 (2020) 73–80
cartilage metabolism [35]. The present investigation showed that bFGF
inhibited the activation of inflammatory cells that would inhibit the
release of cytokines that destroy the formation of graft tissue. Moreover,
all groups containing bFGF, especially, both the ALAB and AGB groups,
showed that the frequency of CD4þCD25þFoxp3þ Tregs remained at a
high level in blood at Postoperative Week 3 compared with the other
groups. Tregs can protect the implanted tissues from attack and may
facilitate chondrocyte proliferation.

The term of immune privilege was first defined by Medawar [22] in
the 1940s. They found that the allograft skin placed within the anterior
chamber of the eye would consistently survive until leakage occurred at
the blood-ocular barrier.

In this study, it is suggested that agarose gel and bFGF form a barrier
around the region of transplantation and they act as an alloantigen that
could not activate immune response and will not get to lymph nodes. It is
shown that, as long as the compound space does not leak, the trans-
planted cartilage could survive and play a role in repairing the defect
areas (Figure 6C).

Previous murine studies demonstrated the effect of
CD4þCD25þFoxp3þ Tregs for allograft survival and immune privilege
through a variety of mechanisms, which are associated with CD62L
expression and interleukin (IL)-17A–dependent mechanisms [23–26].

Tregs that help to establish immune tolerance, especially after corneal
allograft transplantation, are defined as expression of the Foxp3 tran-
scription factor. In clinical transplantation, the Treg acts as a peripheral
tolerance central regulator, raising the possibility to improve trans-
plantation outcomes [27,28]. Our findings showed that the action of Tregs
was similar; there was high frequency of Tregs in both the AU group and
ALAB group at different time points after transplantation. This concept is in
accordance with the viewpoint of Taylor [29], who had proposed that
understanding themolecular blocks of ocular immune privilegewould then
be applied to all allografts. Cartilage allograft transplantation was per-
formed to achieve precise surface architecturewithout donor sitemorbidity
[6,30–32]. Lee et al. [33] showed that allogeneic chondrocytes dominated
cartilaginous remodelling approximately 12–24 weeks after trans-
plantation. Griffin et al. [34] concluded that collagenprobably had a special
mechanical role in cartilage repair at the early stage of maturation. Here,
we found that the results of allograft transplantation were similar to those
of autologous tissues. The damage from cytokines produced by monocytes
and other inflammatory cells, including IL-1, IL-6, and tumor necrosis factor
alpha (Figure 6, A and B), may stimulate chondrocytes to secrete proteinase
A, which could destroy the cartilaginous matrix and inhibit chondrocyte
proliferation. Furthermore, the size and function of chondrocytes can
change in response to stimulation from inflammatory factors.

We did not follow the fate of the transplanted cartilage tissues further
in this study. Chronic immune rejection and effect of cartilage repair are
supposed to be observed in the long term indeed. Another limitation of
this study is the use of the rat as a small animal model and a small group
size; however, the overall number of rats was large enough, and statis-
tical power was met. Correlative results should be obtained if this method
is used for much larger cartilage defects or xenogeneic graft trans-
plantation in future, and the experiment provides a good method for
avoiding host-versus-graft response and promoting cartilage repair.

In conclusion, we demonstrated immune privilege was a relevant
concept for cartilage repair. Osteochondral allograft transplantation can
cause a severe acute immune rejection, which leads to loss of viability; it
may involve both the innate and adaptive immune responses. The
application of a combination of agarose gel and bFGF may establish its
own microenvironment to locally suppress inflammation and to control
the activities of immune cells and may serve as a level of protection
against rejection as an immune-privileged tissue. To our knowledge, this
is the first report of this strategy containing a growth factor, agarose gel,
and full-thickness cartilage tissue to mitigate the acute immune responses
for allogeneic cartilage repairing and facilitate graft survival. Clarifying
the mechanism that is responsible for our findings may improve the
success of osteochondral allotransplantation.
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