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Abstract
Implantation of allograft tissues has massively grown over the last years, especially in the fields related to sports medicine. 
Beside the fact that often no autograft option exists, autograft related disadvantages as donor-site morbidity and prolonged 
operative time are drastically reduced with allograft tissues. Despite the well documented clinical success for bone allograft 
procedures, advances in tissue engineering raised the interest in meniscus, osteochondral and ligament/tendon allografts. 
Notably, their overall success rates are constantly higher than 80%, making them a valuable treatment option in orthopae-
dics, especially in knee surgery. Complications reported for allografting procedures are a small risk of disease transmission, 
immunologic rejection, and decreased biologic incorporation together with nonunion at the graft-host juncture and, rarely, 
massive allograft resorption. Although allografting is a successful procedure, improved techniques and biological knowledge 
to limit these pitfalls and maximize graft incorporation are needed. A basic understanding of the biologic processes that affect 
the donor-host interactions and eventual incorporation and remodelling of various allograft tissues is a fundamental prereq-
uisite for their successful clinical use. Further, the importance of the interaction of immunologic factors with the biologic 
processes involved in allograft incorporation has yet to be fully dissected. Finally, new tissue engineering techniques and 
use of adjunctive growth factors, cell based and focused gene therapies may improve the quality and uniformity of clinical 
outcomes. The aim of this review is to shed light on the biology of meniscus, osteochondral and ligament/tendon allograft 
incorporation and how collection and storage techniques may affect graft stability and embodiment.
Level of evidence V.
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Introduction

Allograft tissues play a vital role in orthopaedic proce-
dures, especially in knee surgery, where for many pro-
cedures, allograft reconstruction may be offered to the 
patient as an alternative to autograft tissue. In fact, allo-
grafts offer the advantages of decreased operative times 
and increased potential for additional surgeries and elimi-
nate the clinical shortcomings associated with autograft 
harvesting such as limited availability of donor tissue and 
donor site morbidity [19].

Beside the most studied and characterized bone allo-
grafts, recent advances in tissue engineering have increased 
the interest in meniscus allografts, osteochondral allografts 
and ligament allografts. Meniscal tears are the most common 
knee injuries with an annual reported incidence of 60–70 
per 100,000 persons [6, 38] and over 1 million surgeries 
performed annually in the USA [92]. Notably, meniscal allo-
graft transplantation has a 95% success rate at a mean of 
approximately five years [63]. Further, a systematic review 
of clinical outcomes after osteochondral allograft transplan-
tation in the knee reported a short-term complication rate 
of 2.4%, with an 82% overall success rate [16]. Altogether, 
these data show that allografts are a valuable treatment 
option in orthopaedics, especially in knee surgery. Finally, 
regarding ligaments, the incidence of the rate of rupture of 
the anterior cruciate ligament (ACL) is 200,000 cases/year 
in the USA [21]. Revision rates after ACL reconstruction 
showed for both allografts and autografts a very high and 
similar success rate (93% and 91%, respectively) 24 months 
after surgery [7].

Despite these similar outcomes, very little is known about 
the basic science of integration, remodelling and healing of 
allografts, crucial factors necessary to suggest clinical indi-
cations or contraindications. Ideally, a graft used for surgical 
reconstruction should be able to recreate the anatomical and 
biomechanical properties of the native tissues by guarantee-
ing safe fixation together with a rapid biological integration, 
quick recovery time and no donor site morbidity. It is, there-
fore, crucial to take into consideration that not all allograft 
tissues are alike, and different tissues behave uniquely in the 
biological niches of the human body.

The aim of the review was to analyse the existing bio-
logical knowledge for meniscus allografts, osteochondral 
allografts and ligament allografts to compare and identify 
shared or different biological processes and biomechan-
ics. Notably, this work confirms that current procedures, 
although specific for each graft type, maintain in a similar 
fashion effective and safe biological activity of meniscal, 
osteochondral and tendon implants, and place these valu-
able tissues appropriately in the range of surgical choices 
to provide the greatest benefit to patients.

Meniscal allograft

The chances of meniscus healing are high when the tear is 
in the outer third of the meniscus, because the supply of 
blood is better at (red–red zone) or near (red-white) the outer 
edge. On the contrary, massive tears in the avascular zone of 
the meniscus (white–white) usually do not heal and lead to 
pain, swelling and locking of the knee. In the cases where 
a torn meniscus has been removed leaving minimal tissue 
remaining resulting in persisting symptoms, then meniscus 
transplantation is recommended and, although graft survival 
time has been reported to be limited between ten and 16 
years, ameliorated patient-reported outcome measures con-
firm a crucial importance for this procedure in improving 
life quality [90].

For the transplant to succeed, the new meniscus must per-
form the same biological and mechanical functions of the 
original meniscus to stabilize and support the knee. Presence 
of viable donor cells is believed to readily sustain the graft 
extracellular matrix, therefore, leading to superior mechani-
cal and structural features [94]. In this situation, to maintain 
the maximal viability and metabolic activity of the meniscal 
cells, procurement should take place as soon as possible and 
no longer than 12 h after death [79]. In case of storage over 
an extended period of time, deep-freezing techniques in the 
presence of cryoprotectants have been proposed [91], with 
percentage of cell survival up to 54% [34].

Briefly, after implantation, both donor cells and their 
DNA are either no longer detectable or are detectable in 
much smaller amounts than host cells and DNA. In goats, 
Jackson and colleagues observed that donor cells present 
in the grafts did not survive after 4 weeks [48]. In a rabbit 
model, medial menisci at 12 and 26 weeks after transplan-
tation showed active collagen remodelling of the allografts 
coincident with revascularization and cellular repopulation 
[96]. The repopulation was explained by an increase in the 
expression of type I and III procollagen mRNAs at 12 weeks, 
especially near the region of the synovial capsule. Intrigu-
ingly, at 26 weeks, type I procollagen mRNA expression 
became prominent with only a small amount of type III pro-
collagen, indicating the adaptation of the repopulating cells 
from the host to the allograft [96]. Such results corroborate 
the finding that, in dogs, reimplanted menisci were repop-
ulated with cells originated from the adjacent synovium 
which were able to migrate over the surface of the meniscus 
to invade the deeper layers of the tissue [4]. Consistently, in 
humans, Debeer showed that, after 12 months, the DNA of 
the meniscal allograft was 95% identical to that of the recipi-
ent, demonstrating that the graft is almost entirely repopu-
lated by host cells that seem to be derived from the synovial 
membrane [23]. Further, in humans at a mean of 16 months 
post-transplantation, meniscal and synovial membrane 
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biopsy showed the presence of viable cells with positive 
markers for synovial and fibroblast-type cells that appear to 
remodel actively the matrix since polarized light microscopy 
demonstrated evidence of active remodelling [76].

Another factor affecting tissue integration is the recipi-
ent’s immune response against the donor cells, a major 
issue in graft transplantation [29]. Although considered an 
immunoprivileged tissue due to a low cell number within a 
dense environment of extracellular matrix, fresh meniscal 
allografts have been demonstrated to express class I and II 
histocompatibility antigens, which confer the potential for 
host immune response [52]. Moreover, the cancellous bone 
plugs often associated with meniscal allografts can trigger 
a robust host immune response similar to other forms of 
bone graft [59]. In rats, even if the immune response is not 
clearly detectable, as also observed in the sera of grafted 
mice [65, 66], histologic evidence of rejection was noted 
indicating important contribution of immune system in 
the transplant survival [95]. A popular method to reduce 
graft immunogenicity, and useful for long storage period, is 
deep-freezing, since donor cells can be destroyed together 
with denaturation of histocompatibility antigens [10]. The 
disadvantage of this technique is that the freezing process 
may damage the collagen net of the meniscus in terms of 
both the size and degree of disarray of the collagen fibril, 
possibly reducing the biomechanical properties [33]. Lyoph-
ilisation is another method to preserve the tissue although it 
also produces changes in the size of allografts, which may 
cause severe problems with graft sizing during transplanta-
tion [10]. Finally, gamma irradiation, often used to minimize 
the risk of disease transmission, may also compromise the 
material properties of the graft [10]. Due to all these issues, 
to date, fresh-frozen grafts are among the most widely used 
in clinical practice by virtue of their ease of preparation, 
non-immunogenicity and the possibility of applying sec-
ondary sterilization techniques. Supporting this choice, a 
recent meta-analysis on 2853 allografts clearly showed no 
significant difference in allograft survival at final follow-up 
between frozen and lyophilized/irradiated grafts [22].

Osteochondral allograft

Articular cartilage lesions, either focal defects or more dif-
fused as in the early phase of osteoarthritis (OA), are gener-
ally difficult to reconstruct, mainly due to a lack of vascu-
larisation that could provide regenerative progenitor cells 
to sites of damage. Nevertheless, despite the observation 
that chondral defects do not heal spontaneously, they may 
be induced by the use of appropriate carrier materials and 
signalling substances, to be repopulated by cells for repair 
that migrate from the synovial membrane to the lesion site 
[43, 45]. Osteochondral defects may become filled with a 

blood clot originating from the subchondral bone marrow 
that allows for the mobilization and osteochondro-differ-
entiation of marrow progenitor cells, namely mesenchymal 
stem cells—MSCs [82]. However, the repair tissue in both 
types of lesions appears to be of fibrocartilaginous nature, 
predominantly containing type-I collagen versus smaller 
proportions of type-II collagen and cartilage-specific pro-
teoglycans. The tissue does not have the re-establishment 
of an arcade-like organization of the fibrillar extracellular 
matrix (ECM) architecture nor a zonal stratification of the 
chondrocytes, and of poor biomechanical tissue quality rela-
tive to the original, hyaline cartilage, progressing to cartilage 
degeneration over time and ultimately to irreversible OA 
[12, 14, 42, 43, 67, 82].

Despite the availability of a number of surgical options 
including marrow-stimulating techniques, cell/tissue 
implantation such as autologous chondrocyte implantation, 
administration of MSCs either alone or in combination with 
scaffold, osteochondral transplantation or mosaicplasty, peri-
osteal/perichondral grafts, and replacement surgery, none 
can reliably reproduce the natural integrity of the native car-
tilage adjacent to the lesions [24]. Osteochondral allograft 
transplantation remains to be a viable option for osteochon-
dral repair, especially for large osteochondral and chondral 
defects, producing excellent long lasting results [56]. Bugbee 
defined a fundamental paradigm of osteochondral allograft 
transplantation: “viable chondrocytes of the graft survive 
storage and subsequent transplantation while maintaining 
their metabolic activity and sustaining their surrounding 
matrix to provide an intact structural and functional unit 
to replace diseased articular tissue” [13]. Therefore, the 
presence of viable chondrocytes is crucial to maintain tis-
sue composition, structure, and function of the implanted 
graft and to maximize chances of long-term survival of the 
allograft, storage conditions must be manipulated to limit.

Currently, the preferred protocol for storage is graft har-
vesting within 24 h of donor demise and preservation at 
4 °C to improve cartilage stiffness, cellularity and matrix 
content, and decrease surface degeneration [70]. Fresh allo-
grafts have consistent chondrocyte viability despite a limited 
shelf life. Several studies showed that chondrocyte viability 
is higher than 90% up to 8 days following harvest, although 
between 28 and 45 days this value drops down to less than 
66% [56, 98]. As an alternative, frozen grafts have a pro-
longed storage time despite reduced chondrocytes viabil-
ity. To avoid this, cryoprotectants, such as glycerol, DMSO 
(dimethyl sulfoxide) or ethylene glycol, are often used in 
the freezing process although being far to give results com-
parable to fresh grafts [31]. DMSO appeared to be the most 
effective facilitating recovery of approximately 15% of the 
chondrocyte viability [49]. However, these chemicals have 
the disadvantage of being not evenly distributed across the 
depth of the graft resulting in unequal freezing patterns [49, 
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68]. Finally, a physiological temperature of 37 °C has also 
been proposed for storage [31, 69]. In this conditions, a two/
three-fold increase over fresh techniques has been scored, 
with > 70% chondrocyte viability for at least 8 weeks after 
harvest [31]. Importantly, graft quality measurements were 
not different from controls stored at 4 °C [31]. Another study 
supported these findings showing > 80% chondrocyte viabil-
ity at 37 °C compared to 45% for grafts preserved at 4 °C 
at 4 weeks [69]. To date, independently from the storage 
approach, the average time from procurement to implan-
tation of an osteochondral allograft is 24 days and ranges 
from 15 to 43 days [69] and in a goat model, chondrocyte 
viability, histology, equilibrium aggregate modulus, proteo-
glycan content, or hypotonic swelling of the implanted fresh 
osteochondral allograft did not differ significantly based on 
pre-implantation storage time between 1 and 42 days [75].

Beyond storage, various factors and mechanisms have 
been described to impact/limit repair tissue integration in 
cartilage lesions in vitro, including alterations in the chon-
drocyte phenotype and cell death processes and the presence 
of factors that inhibit adhesion/integration or promote tis-
sue inflammation. Processes of cell apoptosis and necrosis 
that may impair tissue integration have been demonstrated 
in articular chondrocytes in a region of cell death with 
empty lacunae and loss of metachromasia in the ECM at 
the interface between and within the repair tissue and adja-
cent host cartilage during spontaneous, graft-associated, or 
scaffold-guided repair [44, 72, 82, 87]. Such processes may 
potentially hinder further the intrinsic limited capacity of the 
cells to migrate to interface areas [80] while leading to the 
production of inflammatory cytokines (interleukin 1—IL-1, 
tumour necrosis factor alpha—TNF-α, nitric oxide—NO) 
and of matrix degrading enzymes (matrix metalloprotein-
ases—MMPs) that affect tissue repair [26, 58]. Alterations 
of the chondrocyte phenotype with an abnormal production, 
turnover, crosslinking, deposition, and orientation of ECM 
components are also critical cellular features associated with 
impaired cartilage repair and integration, subsequently lead-
ing to the formation of a tissue of lesser biomechanical qual-
ity [2, 25, 43]. Finally, there is also strong evidence that a 
number of ECM and joint compounds have the capacity to 
impede tissue adhesion in cartilage repair mechanisms such 
as proteoglycans (aggrecan, decorin, biglycan) and lubricin/
proteoglycan 4 [8, 74, 77].

Another crucial risk affecting integration and being 
potentially fatal is given by infection, although exceedingly 
rare. Clostridium contamination risk rises with the delay 
occurring between donor death and tissue acquisition [50]. 
In US, the American Association of Tissue Banks (AATB) 
released safety guidelines concerning donor screening, 
serologic, viral, and bacterial testing together with procure-
ment and storage requirements [64]. To improve the safety 
of allograft use, both banks and surgeons are bound to keep 

tracking information and report any allograft-related infec-
tion [39].

Though excellent results have been reported, integration 
of implanted osteochondral allograft with surrounding host 
osseous and cartilage tissue remains an issue also in vivo. 
For example, Pallante-Kichura et al. [71] described a wide 
spread of bone cysts and altered bone structures in the joints 
that received osteochondral allografts in adult Boer goats. 
This, though, can be species-specific as there is not much 
literature on cyst formation after osteochondral allograft 
transplantation in other species or humans.

To address host tissue integration, a few technical 
improvements and supplemental treatment options have 
been tested in vitro and in animal models in vivo, but not 
much has been translated in to clinical settings. One techni-
cal improvement is the graft insertion technique. Numerous 
studies have shown [13, 35, 51] that the impact used to insert 
the graft generates impulses sufficient to cause cell death and 
apoptosis followed by matrix degradation and eventual graft 
failure. Another possible improvement is the use of bone 
marrow aspirate concentrate (BMC) and platelet rich plasma 
(PRP) to repopulate the osseous portion of an osteochondral 
allograft with cells and deliver osteogenic proteins [85]. PRP 
and BMC, with their array of bioactive factors, are supposed 
to improve cartilage regeneration, bringing stem cells and 
growth factors to the site of injury. Stoker`s group showed, 
in dogs, that BMC and (with a lower efficacy) PRP provide 
a superior osseous integration, potentially due to the ability 
of viable cells to repopulate both the surface and deep areas 
of the graft osseous portions. These cells exhibit a robust 
and sustained capability to produce osteoinductive proteins 
such as osteoprotegerin, to increase bone mineral density 
and bone volume, as well as to produce bone morphoge-
netic protein 2, known to stimulate osteogenesis. An ability 
of viable cells, both chondrocytes and progenitor cells, to 
repopulate cartilage surface was also observed using Agili-
C scaffold (CartiHeal, Israel). In an equine model of micro 
fracture, BMC was able to consistently improve collagen ori-
entation and collagen type II content, including the forma-
tion of a hyaline-like repair tissue [30]. Therefore, allografts 
augmented with BMC or PRP in the osseous portion of the 
graft might be a promising new option to minimize treatment 
failures, to improve graft survivorship and integration, and 
thus patient outcomes.

Tendon allograft

The use of allogenic tendon tissues is more common in the 
United States than in other parts of the world and offers 
several possible advantages compared to autografts, e.g., 
a reduced operative time, avoidance of donor site morbid-
ity, and possibly faster postoperative recovery [15, 27]. 
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Possible disadvantages include a risk of disease transmis-
sion, immune rejection, delay in the remodelling and inte-
gration processes, and increased costs [15]. Several graft 
sources are available, including patellar, semitendinosus and 
Achilles tendons [27]. In theory, allograft tendons can be 
used for the treatment of many tendinous or ligamentous 
lesions. However, the literature of allograft tendon use is 
almost solely dedicated to anterior cruciate ligament (ACL) 
surgery, with some exceptions such as rotator cuff surgery 
[15, 46, 86].

Compared with autograft ACL reconstruction, allograft 
incorporation proceeds with a similar but slower progression 
[27, 47], with three biological stages: first, an early and acute 
inflammatory process with ischemic necrosis and no detect-
able revascularization; then, cell recruitment and chronic 
inflammation with revascularization, proliferation and col-
lagen remodelling; and finally, a ligamentization phase.

After release of the tourniquet, the knee is readily filled 
with blood, generating an acute inflammatory response. 
Within the forming fibrin clot, platelets aggregate and 
degranulate [36, 84]. Released transforming growth 
factor-β1 (TGF-β1) attracts neutrophils and monocytes at 
about 24–48 h after operation [57], inducing them to gen-
erate chemokines and additional components of the pro-
inflammatory cytokine cascade, including TNF-α, inter-
leukin-1 (IL-1) and platelet-derived growth factor (PDGF). 
After these early events, until the fourth post-operative 
week, necrosis increases mainly in the centre of the allo-
graft [78]. Graft necrosis leads to a release of growth factors, 
which stimulate cell migration and proliferation as well as 
extracellular matrix synthesis and revascularization [99]. 
Mesenchymal cells, originating from the host synovial fluid 
or bone marrow, influx into the intra-articular portion of the 
allograft which act as a type I collagen scaffold [53, 54]. 
Donor cell survival is limited in time since donor DNA is 
replaced entirely by host DNA within 4 weeks [48].

Revascularization starts on the fourth post-operative 
week [78], progressing predominately from the infrapatel-
lar fat pad distally and from the posterior synovial tissues 
proximally [89]. Angiogenesis is promoted by monocytes 
that provide nutrients and oxygen, a process enhanced by 
hypoxia and high local concentrations of fibroblast growth 
factor-2 (FGF-2), vascular endothelial growth factor (VEGF) 
and nitric oxide. Between 4 and 12 weeks, a strong prolifera-
tion phase is accompanied by changes in the extra-cellular 
matrix. Host fibroblasts and synovial cells repopulate the 
transplanted tendon after donor fibroblast necrosis during 
the early phase, and remodel the provisional matrix respond-
ing to IL-1, PDGF, and TGF-β [18, 55, 62]. IL-1 produced 
by macrophages, fibroblasts, and neutrophils induces matrix 
metallo-proteinases (MMP-1, -3 and -13) to initiate the 
degradation of collagen fibrils at neutral pH [55, 88]. In a 
second step, MMP-2, MMP-3, and MMP-14 mediate both 

collagen degradation and remodelling [83]. MMPs also pro-
cess cytokines, matrix and adhesion molecules to generate 
biologically active fragments as regulatory molecules [17]. 
Further, PDGF and TGF-β, released by degranulation of 
platelets alpha granules, contribute to increased fibroblast 
proliferation and production of collagens I, III, and V, pro-
teoglycans, fibronectin and other extracellular matrix com-
ponents to generate a connective tissue scar [28]. Of note, 
increased collagen III synthesis (with lower mechanical 
strength than type I collagen), together with the loss of the 
original large-diameter collagen fibrils in favour of smaller-
diameter fibrils may explain the reduced mechanical strength 
of the graft versus the intact tendon [47, 78].

From 12 weeks onwards, tendon allograft continuously 
remodels towards the morphology and mechanical strength 
of the intact/original tendon or ligament and reaches its max-
imum properties at around 1 year. Collagen fibres regain 
their organization, although the heterogeneous composition 
of collagen fibres of varying diameter of the intact ACL is 
only partially restored [1]. Cellularity slowly returns to val-
ues of the intact tendon between 3 and 6 months with vessels 
becoming evenly distributed throughout the entire graft at 
12 months [78, 89], although the central portion of the graft 
remains essentially acellular [61].

Fresh tendon allografts have been shown to stimulate an 
immunologic reaction after implantation in the host, with 
lymphocyte invasion, hyperaemia, and rejection [5], prob-
ably because of the expression of major histocompatibil-
ity markers on the surface of viable allograft tendon cells 
[27]. Fresh allograft tendons have been, therefore, basically 
abandoned. Freezing the graft alters the major histocom-
patibility complex and leads to cell death, without altering 
the structural and mechanical properties [27]. Thus, deep-
frozen nonviable grafts are more suitable than fresh tendons 
because host rejection is a rarity [60]. This also because 
no histological differences (architecture, fibre orientation, 
matrix, cell infiltration, fibroblast proliferation, edema and 
vascularization) between the fresh and frozen samples have 
been noted [11]. However, a more occult response in frozen 
grafts might cause the delayed incorporation and ultimately 
graft failure [3]. Mineralization and trypsinization of freeze-
dried allograft tendon has been shown to alter the interface 
from tendon to bone into mineralized tendon to bone, which 
may facilitate tendon-to-bone junction healing following 
tendon or ligament reconstruction [73].

In the preparation process, allograft tendons are usually 
sterilized and irradiated to inactivate bacterial and viral patho-
gens. The effect on graft incorporation is not fully understood 
but there are indications that high doses of gamma irradia-
tion (> 2.5 Mrad) have adverse effects on the biological and 
mechanical properties of the allograft with respect to auto-
graft (30% average decrease in load to failure) [20, 32, 81, 97], 
prompting the use of multiple stranded tendons to increase 
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the mean peak load to failure [93]. However, irradiation of 
allograft semitendinosus did not alter tendon-to-bone integra-
tion in a rabbit ACL model [9]. In addition, the irradiation 
method and dose also affect tendon properties [41]. For exam-
ple, fractionation of irradiation doses has led to improved vis-
coelastic and structural properties of patellar tendons [40] and 
flexor digitorum superficialis tendons [97]. Similarly, low dose 
(1.5–1.8 Mrad) gamma irradiation does not significantly affect 
the failure load of either single stranded or double stranded 
tibialis tendon grafts [37].

Conclusions

Proposed data confirm that allografts can be effective in 
response to patients’ clinical, biological and functional 
demands. Limitations in current knowledge on the host-graft 
interaction stem from the following: 1) notion that “often 
allograft works”; 2) reported cases on allograft failure usually 
address technical, graft or patient related issues, and not the 
integration aspects; 3) retrieved biopsies of failed allograft are 
small in size and normally do not contain host/graft interplay 
regions; 4) patients with well-performing grafts typically do 
not undergo imaging assessment of graft-host integration; 5) 
large animal studies are expensive, especially if require long-
term follow-up, and finally, 6) limited funding opportunities 
exist to research the mechanisms of graft integration. Many 
biological issues such as chemical composition, incorpora-
tion, remodelling and immune responses are still to be further 
assessed. It clearly emerges that cell types, growth factors and 
cytokines are involved in a coordinated manner during the 
early inflammatory and further remodelling phases. A better 
understanding of the complex biological events occurring at 
the host-implant interface will at last lead to improved biolog-
ically-driven design strategies for allogeneic implants.
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