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1 ABSTRACT 

Background: Vascularized composite allotransplantation (VCA), like hand or face 

transplantations, enable the replacement and reconstruction of different traumatic 

tissue loss. However, for VCA as a non-life-saving procedure, immunosuppressive 

therapy is inevitable and entails some side effects that prevent its widespread clini-

cal use. Therefore, logistic and matching problems, as well as the optimization of 

immunosuppression protocols must be considered as a goal to overcome this hur-

dle. An innovative strategy based on the anatomy and function should be the solu-

tion. Through a specific drug delivery system (DDS) a local and site-specific admin-

istration of an immunosuppressive drug is to be made possible. The efficiency and 

mechanism of DDS will now be tested and investigated in the context of rejection 

reactions in a major large animal model for VCA. 

Methods: In pigs with at least one SLA mismatch, an osteomyocutaneous flap al-

lograft will be performed to assess the hypothesis in a relevant VCA model. The 

pigs are randomly sorted into one of the following groups: I. Control group without 

treatment, II. Systemic treatment with Tacrolimus and III. Triglycerol-Monostearate 

with Tacrolimus (TGMS-TAC). The animals are regularly observed for a fixed period 

of 90 days and blood and skin samples are collected for a complete analysis. Fur-

thermore, peripheral blood mononuclear cells (PBMC) are analyzed with FACS for 

the comparison of the immune response. If rejection (grade III-IV) is detected in the 

pigs, they must be euthanized before the end point. 

Results: Group I. pigs were rejected as expected between post-operative day 

(POD) 7 and 9. The median survival time (MST) in the group II. was 37 days, more 

than a week below group III., which reached 46 days. Blood and skin concentrations 

of Tacrolimus reach maximum values of 55 ng/ml respectively 80 ng/g at POD7 with 

a significant decrease thereafter, which is related to the TGMS-TAC released dose 

of the drug. The Tacrolimus skin level in the graft and contralateral side show also 

peak values at POD7. PBMC dynamics and values of the individual groups show an 

insignificant advantage for group III. 

Conclusion: Injection of the enzyme-dependent TGMS-TAC hydrogel causes graft 

survival compared to the control group. In the long term, the difference to Group II 

is still insufficiently significant, which is why some forms of improvement and adjust-

ment are still necessary. 
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3 VASCULARIZED COMPOSITE ALLOTRANSPLANTATION 

Vascularized composite allotransplantation (VCA) is an increasingly performed re-

constructive medical procedure to restore appearance, anatomy and function in pa-

tients who suffer major tissue loss and where there is no possibility for conventional 

reconstruction with autologous tissues and prostheses.1–3 However, since VCA con-

sists of complex tissue types such as skin, muscle, bone, nerves and blood vessels, 

there will be immunological rejections after transplantation. Following the discovery 

of cyclosporine and more generally of highly effective immunosuppressive drugs, 

both solid organ transplantation (SOT) and VCA have developed rapidly.4 VCA is of 

course also very important for the aesthetic aspect of the patients and the related 

psychological and social implications of such injuries with tissue loss. Especially for 

people who are strongly bound to physical activities, VCA can function as a suitable 

solution for returning to normal everyday life.5 Given the very encouraging immuno-

logical and functional results observed after upper extremity and facial transplanta-

tion over the last two decades, new potential for VCA, such as urogenital including 

penile and uterine transplantation and abdominal walls, has emerged.6,7 As VCA 

has developed more and in recent years, a standardization and regulation of the 

procedure has become inevitable. An agreement was reached which states that the 

newly adapted definitions, such as to be vascularized and requires blood flow by 

surgical connection of blood vessels to function after transplantation, containing 

multiple tissue types, minimally manipulated and some more are under directive 

2010/53/EU of the European Parliament and of the Council on quality and safety 

standards of human organs intended for transplantation.8  

VCA allografts have the important advantage of direct monitoring of the graft, which 

may explain the high diagnosis rates of acute rejection. However, the field is at a 

disadvantage in that there are no assays for transplant rejection as are used for 

surveillance for SOT’s. The principal difference between VCA and SOT is that for 

successful outcomes a vigorous physical therapy is required and that in most cases 

these procedures are not lifesaving. Currently, over 130 hand and face transplants 

have been performed worldwide and most patients enjoy good function of the trans-

plants and are able to use their hands in everyday life.9 

In earlier VCA transplantations, little attention was paid to matching for human leu-

kocyte antigen (HLA) in order to find suitable donors. This was based on the urgency 
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of the process and the small number of donors with the appropriate characteristics, 

such as suitable skin color, gender or age. For example, they make sure that the 

age difference between donor and recipient is not more than ten years. The experi-

ence with SOT, considering that donor allocation is organized nationally and inter-

nationally, makes HLA matching indispensable when it comes to VCA. For example, 

there is a definite risk if a donor has an HLA allele, resulting in an unacceptable level 

of donor-specific antibodies in the VCA recipient and endangering long-term graft 

survival.5,10 The latest review by Bonastre et al. identified a link between the number 

of acute rejection episodes and the number of HLA mismatches by recording 68 

rejection episodes in 28 recipients of hand transplants from 1999 to 2011.10 The 

potential impact of tissue antigen expression levels on transplant outcome has been 

described by understanding the circulation of HLA-specific antibodies and the ability 

to measure the cellular expression of HLA antigens, and is proving to be very im-

portant in assessing the risk of transplantation.11 This results in several aspects that 

must be taken into account when allocating VCA. In transplantation, specifically also 

in VCA, time is the most valuable resource and the tolerable ischemia time and 

ischemia reperfusion injuries must take into account.5 Today's standards do not 

allow to preserve tissue for more than a few hours and therefore represent a 

technological bottleneck for the widespread application of VCA. New methods using 

machine perfusion or cryobiology are well underway and may give us the 

opportunity to overcome these hurdles and further increase the clinical potential of 

VCA.12 Nevertheless, the cold ischemia is harmful to the organs, because over time 

the amount of oxygen is no longer sufficient and ischemic cell injuries are triggered 

by ATP depletion, impairment of mitochondrial respiratory function and acidosis by 

glycolysis.13 In addition, cell injury and harmful signaling pathways can occur even 

after blood flow has been restored, which can also result in ishemia-reperfusion 

injury (IRI).14  

In any case, improvements and refinements in preservative methods are required 

in order to make the most valuable resource in VCA transplantation, namely time 

and the resulting opportunities for general improvement in treatment, even more 

available.15 There are some aspects which have to be considered for VCA allocation 

and therefore some criteria have been established: 
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• Donor selection is based on skin color, gender, age, ABO group and HLA 

matching. 

• VCAs should only be undertaken among ABO-identical or ABO-compatible 

donors and recipients. 

• The national priority is set for hypersensitised and sensitised recipients, 

urgent cases and combined face and arm transplants. 

• If there is no national priority, the allocation within a region/province has 

priority. In the case of local allocation, the transplant team is free to choose 

the most appropriate recipient. 

• For national allocations, priorities are defined as (1) age difference of less 

than 10 years between donor and recipient, and (2) time on the waiting list.5 

 

The fact that VCA is not used worldwide is mainly due to two defined reasons, which 

are logistical and matching problems on the one hand and the optimization and min-

imization of immunosuppression protocols/therapies on the other hand. Regarding 

immunosuppression, an advanced understanding of alloimmunity associated with 

SOT has paved the way for VCA.16,17 But science in the field of VCA is on the verge 

of overcoming these hurdles. Apart from the problems that still remain to be solved, 

VCA is applicable in itself and success is determined by the control of the alloim-

mune response but also by the speed and quality of nerve regeneration. After trans-

plantation, the recipient's peripheral nerve endings must recover into the graft to 

innervate the transplanted tissue such as muscle and skin. Only through this pro-

cess the recipient can maintain the motor control and sensory abilities of the graft. 

Nerve regeneration will continue to have a major impact on the widespread applica-

tion of VCA and again, strategies have to be optimized to understand the patho-

physiological mechanisms, including stem cell based therapies to overcome this 

hurdle.12 As mentioned above, the logistical problems are dealt with by the new 

preservation methods. The awareness of HLA has now received much more focus 

on solid organ transplantation but also on VCA. In a report by Chandraker et al. 

(2014) on the management of antibody-mediated rejection in a presensitized face 

allograft recipient, evidence of rejection was found by the fifth postoperative day 

(POD). The causes were the correlating increase in HLA specific antibodies of the 

donor (DSA) and an accumulation of C4d in the allograft, reflecting the relevance of 
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compatibility in VCA.18 Later, the patient also had T cell mediated rejection epi-

sodes, which could be treated. However, it was found that the expansion of T follic-

ular helper and memory B cell populations was associated with increased DSA dur-

ing rejection. This and other cases in the review by Daniel J. Wilks et al. show how 

important HLA compatibility is for VCA. New techniques such as limb perfusion, 

protocol development and the expansion of the donor pool should not actually make 

it possible to perform transplants across the antibody barriers, and yet it is likely that 

antibody compatibility will have to be addressed using desensitization approaches.19 

A further hurdle for the widespread application of VCA is lifelong multidrug immuno-

suppression, which ensures allograft survival, treats and prevents acute rejection. 

This hurdle must be overcome with targeted immunosuppressive therapy using in-

novative drug delivery systems (DDS), to increase therapeutic efficiency while re-

ducing systemic toxicity to the lowest possible level. Due to its good accessibility, 

VCA offers a unique opportunity for site-specific administration of immunosuppres-

sive drugs directly into the graft to improve patient compliance and reduce the in-

tensity and occurrence of acute or even chronic rejections.12 

4 IMMUNOSUPPRESSIVE THERAPY FOR VCA 

To ensure long-term graft survival, a lifelong immunosuppressive therapy for VCA 

patients is absolutely indispensable. Several different drugs are available for ther-

apy, such as Tacrolimus, Mycophenolate Mofetil, Rapamycin or a combination of 

these and in some cases with additional substances such as Ciclosporin and Corti-

costeroids.2,10,20 It is generally known that a systemic therapy with the above men-

tioned drugs can be associated with transplant survival. One could show reduced 

acute rejection rates after kidney transplantations with a high dosage of Tacrolimus 

und this led to the assumption that maintenance of a high-dose immunosuppressive 

therapy could lead to long-term success. However, the fact of the side effects does 

not allow a continuous increase of the systemic dosage.21,22 In addition, the daily 

intake and the accumulating long-term impacts of the drugs represent a very heavy 

burden for the patients.23 From the data of the IRHCT registry it is also known that 

patient compliance is decisive for the prevention of acute rejection episodes.24 

Therefore, a novel drug delivery strategy is absolutely necessary to avoid the daily 

administration of drugs and the urgency for systemic immunosuppression. 23  
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In the beginning of VCA, it was especially the experience gained from SOT that led 

to improved outcomes in patients. In the meantime, researchers have started to 

develop VCA-specific strategies for the problems of composite grafts. They are 

aware that immunosuppression is obviously one of the most pressing challenges.25 

The long-term adverse effects currently posed the barrier to the widespread use of 

VCA.24,26 Nevertheless, VCA is comparatively accessible for local drug delivery, 

which is the main focus of immunosuppressive therapy. Such site-specific immuno-

suppression could reduce the systemic exposure, the frequency and intensity of 

graft rejections, the resulting risks and the dosage that would be necessary to pre-

vent rejection.23,27,28 Currently there is no standardized treatment, as strategies for 

DDS should always be developed based on the anatomy and function of the organs 

involved.29,30 It is already possible to develop good approaches because the advan-

tageous property of the visibility of the grafts is used to detect and observe rejections 

more efficiently and quickly. By using targeted immunosuppression and an accord-

ing drug delivery system, the aim is to reach a sufficient dosage locally at the trans-

plant side to trigger the effect where it is needed. In this way, a low concentration of 

the drugs in the blood is achieved, which at the same time reduces systemic toxicity 

and important immune cells remain, such as the regulatory T cells (TReg), whose 

suppressive effect could further promote VCA therapy.29,31  

There are different approaches for a promising DDS, such as topical applications, 

intra-graft injections of Tacrolimus (TAC), or biodegradable discs with TAC loaded 

microspheres and some more. These are being investigated and developed in stud-

ies worldwide.32–35 The focus in this thesis is on a very specific strategy, which is 

composed of a Triglycerol Monostearate (TGMS) hydrogel loaded with the immu-

nosuppressive TAC. The TGMS hydrogel loaded with TAC (TGMS-TAC) is injected 

subcutaneously into the VCA graft. This novel DDS for local immunosuppression is 

designed to reduce the systemic immunosuppressive associated side effects by re-

ducing the total amount of drugs taken without losing the prevention of rejection.34  

The hydrogel is biocompatible, biodegradable and is generally considered to be safe 

by the US Food and Drug Administration. In addition, the hydrogel targeted at the 

graft is dependent on the time of inflammation and releases TAC "on demand" ex-

actly when and also where it is needed. It is expected that with TGMS-TAC a high 

concentration of TAC can be achieved in the transplant and at the same time a low 
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concentration in the blood compared to the daily dose of TAC, which should signifi-

cantly reduce the off-target effects and nephrotoxicity. In addition, we are also inter-

ested in the dynamics of chimerism and different immune cells, such as effector T 

cells (TEff) and TReg.34,35 The hydrogel is formed from low molecular weight am-

phiphilic gelators with enzymatic bonds, which in response to an inflammatory re-

jection episode ensures sustained release of the encapsulated therapeutically rele-

vant immunosuppressive drug doses. Due to the immune response triggered by an 

inflammation, upregulated proteolytic enzymes can decompose the injected self-

assembled hydrogel and the drug will be released (Fig 1).34,36,37  

 
Figure 1 TGMS self-assemble into a hydrogel loaded with TAC and disassemble in an enzyme-responsive aspect in pres-
ence of proteolytic enzymes which are present in inflammatory conditions and lead to the release of the drug. Adapted 

from Gajanayake et al. Sci Transl Med. 201434,38 

The amphiphilic TGMS has a polyhydroxyl sugar head group to form a hydrogen 

bonding network that renders self-organized TGMS nanofibers water-soluble and 

includes a polymethylene hydrocarbon chain for efficient encapsulation of hydro-

phobic molecules using Van der Waals forces. In supplement, TGMS has an ester 

bond that enables cleavage by esterases and matrix metalproteinases (MMPs) pre-

sent during inflammatory conditions like acute rejection in VCA (Fig.2A).  

The stability of the TGMS-TAC at higher temperatures has been measured and it 

has been found that there is a transformation of the gel phase to the liquid phase at 

temperatures of 55° to 60°C and this leads us to assume that it remains in the gel 

phase at physiological temperatures.34 The expression and concentration of the en-

zymes correlates with the degree of inflammation and this could be shown by meas-

uring the release of the encapsulated drug.39 TGMS-TAC hydrogel was incubated 

in PBS at 37°C with lipase (esterase), MMP-2 and MMP-9 and after regular intervals 

samples were collected and the release of Tacrolimus was quantified by high-per-

formance liquid chromatography (HPLC). The results showed a release of the drug 
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dependent on the initiation of lipase and MMP enzymes, whereas the PBS control 

showed no release (Fig. 2C).37 

 
Figure 2 The composition of the TGMS hydrogel with Tacrolimus and the enzyme dependent release. (A) Schematic set-
up of the TGMS self-assembly and the encapsulation of Tacrolimus. (B) Transmission electron micrograph of TGMS-TAC 
hydrogel. (C and D) Release of Tacrolimus by the proteolytic enzymes. The hydrogels incubated in PBS remain hydrolyti-
cally stable for at least 3 months and then by introducing proteolytic enzymes (lipase, MMP-2 and MMP-9) the release 
is triggered. (E) Schematic LPS activation of macrophages to simulate inflammatory conditions. (F) Cell culture superna-
tants of activated macrophages stimulate the release of the drug when added to TGMS-TAC, where the supernatant of 

non-activated macrophages and it PBS do not.34 

In another study a clearly increased release of Tacrolimus in the blood of LPS chal-

lenged rats compared to the unchallenged ones could be shown and thus also the 

connection of the dependency of the inflammatory condition for the release of the 
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drug could be confirmed.40 With the stable gels in PBS it could be shown that the 

presence of the enzymes was necessary to enable a release, after MMP-9 was 

added in the preincubation of TGMS-TAC for 90 days in PBS (Fig. 2D). In addition 

to the enzymes, macrophages activated by LPS for an inflammatory condition were 

used to confirm the release. And also here a release of tacrolimus was achieved 

with the activated macrophages by adding macrophages to the TGMS-TAC in a 

three-day interval and in comparison the controls with non-activated macrophages 

and PBS showed no release (Fig. 2E and 2F).34,37  

At present, mainly studies with TGMS-TAC in rat models have been tested and good 

results have been achieved. For example, a single dose of TAC (7 mg TAC in 1 ml 

TGMS gel) allowed a transplant survival of more than 100 days without additional 

systemic immunosuppression.34 In another experiment rats with a high-dose Tacro-

limus injection at POD1 showed a transplant median survival time (MST) of 152.5 

days, whereas half of the rats reached even more than 200 days without further 

additional immunosuppression.41 So the first important stages are well behind us, 

now they have to be able to reproduce these results in large animals in a further 

step before clinical trials can establish. The risks, such as acute rejection episodes 

and systemic toxicity, which this drug delivery system is intended to reduce, remain 

for the time being. The aim is also to improve patient compliance. The skin is the 

most immunogenic component of VCA and therefore it is very important to under-

stand the rejection reaction itself and the mechanisms behind it in order to develop 

and hopefully use an innovative and successful drug delivery system for localized 

immunosuppressive therapy for VCA.  

5 THE IMMUNOLOGICAL MECHANISM OF VCA RISKS 

Since the beginning of VCA, over 200 transplantations have been performed with 

improved surgical and immunological results. Nevertheless, rejection remains an 

integral part of VCA and not all cellular details have yet been clarified regarding the 

correct dosage in immunosuppression and, in general, the different mechanisms 

that play an important role.16,42 The antibody-mediated rejection is mediated by the 

humoral level of donor specific antibodies (DSA) of B lymphocytes.24 The sensitiza-

tion that is present in recipient candidates is one of the biggest hurdles in VCA. 

Many patients often receive numerous blood transfusions and/or skin grafts, 



Bachelor thesis   Arber Krasniqi 

 

 

12 

resulting in sensitization and the presence of DSA capable of cross-reacting with 

HLA antigens of the transplanted origin. The activated B cells lead to antibody pro-

duction and their reaction with cells of blood vessels. The resulting blood clots thus 

prevent the supply of the graft, which leads to immediate rejection.43 Chronic rejec-

tion is the main cause of late graft loss and is mainly due to an alloimmune response 

of the recipient to the allograft.44 In general, however, few cases of both forms have 

been reported and therefore the focus is not very much on these types of rejection. 

While "replacing like with like", the allogenic characteristics of transplanted tissues 

in VCA transplantation lead to immunological challenges that must be kept under 

monitoring at all times to ensure successful therapy. Approximately 85% of all VCA 

patients experience an acute rejection episode in the first year and 50% are bur-

dened with multiple episodes. These rejection episodes are much more frequent 

compared to SOT, which is 10% in kidney transplantation, and this may be due to 

the highly immunogenic component of the skin, which plays a much more significant 

role in VCA than in SOT as it serves both as an immunogenic target and as a means 

of monitoring.24,45–47 The fact that immunosuppressive drugs can be used has had 

a decisive influence on the development of VCA.24 The practice of hand transplan-

tation is nevertheless surrounded by the limitations of only supposed improvements 

in limb function and the requirement of chronic administration of immunosuppres-

sive agents to prevent rejection, which can cause an accumulation of side effects 

and complications such as diabetes mellitus, nephrotoxicity, osteonecrosis, leuko-

penia, opportunistic infections and malignancies.20,24,26,48 For many specialists, the 

key challenge is to find a balance between the rejection episodes caused by inade-

quate immunosuppression and the complications of the drugs in order to be able to 

adjust them for each patient. It has also been observed that a change in the anti-

rejection cocktail has led to rejection and/or graft loss in patients. The general prob-

lems associated with immunosuppressive therapy can be divided into two groups: 

Those which are caused by the drugs toxicity and those which are due to low im-

munity. Such an attenuation of your own immune system makes you very suscepti-

ble to bacterial, fungal or viral infections and in addition, tumor surveillance during 

therapy is certainly not at its peak. VCA patients have been diagnosed with dysplas-

tic and neoplastic transformations, like posttransplant lymphoproliferative disorder 

(PTLD) or marginal zone lymphoma and in such a case, one would have to 
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discontinue immunosuppression in order to treat the cancer, which would again re-

sult in VCA-related complications that should not be underestimated.16,49,50  

The immune system exists to protect the body from foreign material, such as infec-

tious microorganisms or mutated cells, and eliminate it. VCA is about the same re-

sponse, which in the context is called alloresponse, and that arises from the inter-

play of innate and adaptive immunity.51 An important component of the immune sys-

tem are the peripheral blood mononuclear cells (PBMCs), which includes T cells, B 

cells, monocytes, macrophages and dendritic cells.52 These blood cells play an im-

portant role in the immune response in that they ensure the aforementioned protec-

tion of the body. Therefore, the isolation of PBMCs and their evaluation of the dy-

namics and occurrence is essential for scientists and clinicians working in the field 

of immunology or in our case of VCA.53 

The most common and best understood mechanism of rejection, namely cell-medi-

ated rejection, is based on this mentioned interplay. This form is often also known 

as acute rejection and is based on direct and indirect pathways of antigen recogni-

tion with consecutive T cell priming.54 This is mainly due to the perivascular 

CD3/CD4-positive infiltrators. In acute cell-mediated rejection, the TEff perform their 

function mainly through two mechanisms. First, CD8 positive T cells mediate cytol-

ysis after binding the peptides to the major histocompatibility complex (MHC) class 

I molecule and second, CD4 positive effector T cells respond to the binding of anti-

gens to class II MHC molecules.55 This is the most pronounced form of cell-medi-

ated rejection which leads to the activation of alloreactive T cells, that in turn quickly 

divide and differentiate into effector T cells. Once effector T cells reach the trans-

planted tissue, they steer an extensive graft destruction program based on secreted 

cytokines, which leads to an increase in inflammatory cell response and apoptosis 

of graft cells through the release of CD8+ cytotoxins.54 And of course lymphocyte 

infiltration can be well detected by the upregulation of some lymphocyte adhesion 

markers like ICAM-1, VCAM-1 or E-Selection.16 Endothelial cells (ECs) are the pri-

mary target of TEff cells because they have a high concentration of class I and II HLA 

molecules compared to other tissue cells and additionally also due to the presence 

of the costimulatory molecules and receptors required for T cell recruitment and 

activation.56,57 It is assumed that donor TEff are mainly responsible for vascular dam-

age and for triggering acute cell-mediated rejection. Therefore, the use of 
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immunosuppressive drugs such as calcineurin inhibitors, mTOR inhibitors, Myco-

phenolate Mofetil (MMF) or steroids, which influence the function of T cells, is es-

sential to control acute rejections.58  

The innate immune response is mediated by some specific leukocytes, such as 

macrophages, dendritic cells (DCs) and neutrophils or by the complement system. 

These cells and molecules form a pre-set immune system that reacts to "danger". 

Such danger signals can be triggered by cell death, allergic insults, IRI, surgical 

trauma or brain death of the donor and lead to activation of the innate immune sys-

tem.59 Invariant pattern recognition receptors on innate leukocytes recognize so-

called damage-associated molecular pattern molecules (DAMPs) on the allograft, 

which have been altered by the inflammatory processes of the transplantation. This 

leads to activation of the inflammasome and the upregulation of inflammatory re-

sponse genes, which in turn leads to an increase in chemokines and P-selectin and 

the recruitment of activated lymphocytes. In addition, recruited macrophages se-

crete inflammatory cytokines, such as interleukin (IL-1) and (IL-6) which enhance 

the immune response against the graft and activate and recruit antigen-presenting 

cells (APCs).60–62 A large group of soluble extracellular proteins or glycoproteins, 

namely cytokines, are the major intracellular regulators and mobilizers. They are 

considered crucial for innate and adaptive inflammatory reactions, cell growth and 

differentiation, cell death and developmental and repair processes. Their secretion 

by basically every nuclear cell type is usually an inducible response to harmful stim-

uli. In addition, cytokines establish a connection between organ systems and pro-

vide molecular clues for the maintenance of physiological stability.63,64 Damage-as-

sociated inflammation, as occurs in transplantation, is mainly mediated by cytokines 

which regulate the recruitment of macrophages and lymphocytes.65 VCA rejections 

are mainly governed by the high expression of INFg within the allograft, possibly by 

upregulating IL-18 and triggering a pathway of cytokines that eventually leads to 

recruitment and activation of T cells and NK cells.66 For this reason, the evaluation 

of cytokine events and movement is also of certain importance when considering 

the connection to VCA rejection reactions. A discussion of the immune mechanisms 

of VCA rejection is not complete without considering the importance of the skin. 

Usually the skin is also the first and sometimes the only component in VCA that 

experiences rejection and controlling rejection of the skin is the most challenging 
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part anyway. This is mainly due to the peculiarity of keratinocytes compared to other 

components of VCA, which allows an expression of HLA when stimulated by an 

inflammation. Figure 3 provides a summary of some aspects of skin immunology 

that may be relevant for transplant rejection.67 

 
Figure 3 The skin contains an autonomous immune system, which is able to activate the host's immune system. This 
microenvironment contains some elements that can influence the susceptibility to rejection reactions. (1) Different 

danger signals activate innate cells via toll-like receptors and other pattern recognition receptors. (2) Once activated, 
innate cells such as fibroblasts secrete inflammatory cytokines such as IFN-a, TNF or IL-6 to activate professional anti-
gen-presenting cells (e.g. dendritic cells) that present T-cell antigens. The activated dendritic cells in turn can produce 
chemokines to stimulate the recruitment of lymphocytes from peripheral blood. (3) Langerhans cells can also produce 
inflammatory cytokines to support the activation of dendritic cells or can present antigens themselves. (4) Activated 

endothelium can express human leukocyte antigens (HLA) class I and II and recruit resting memory cells. In addition, the 
expression of lymphocyte adhesion molecules enables the transcellular migration of circulating immune cells. (5) 

Keratinocytes stimulated with pro-inflammatory cytokines can also present antigens to T cells via HLA class I and II. (6) 
Effector and memory cells, which migrate in the dermis and epidermis and can cause damage. (7) The bridge between 
the innate and adaptive immune system is formed by the innate lymphatic cells and the natural T-killer cells, which are 
able to activate dendritic cells or to be activated themselves and to recognize certain foreign antigens via T-cell recep-

tors.67 

ECs also have the special property that they can activate resting memory T cells, 

which fibroblasts or epithelial cells cannot do, although they also express MHC mol-

ecules.68 Circulation from the skin to the lymph nodes and back from these memory 

T cells is considered to be the cause of the development of so-called tertiary lym-

phatic organs (TLO) during rejection episodes. It is suggested that these TLO are 

the local sides for T-cell activation and alloantibody production.69 In addition, the 

skin has a high number of APCs, including specialized Langerhans cells, which may 

also influence the recruitment and activation of lymphocytes. There is also evidence 

that they play a crucial role in immune regulation.70  
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One would instinctively think that the cells that infiltrate the allograft, especially dur-

ing rejection episodes, come primarily from the recipient. A study by Lian et al. con-

cluded that this not may be the case in VCA allografts.71 Findings have shown that 

the skin accommodate twice as many TEff as are present in the peripheral blood and 

it can be assumed that the donor's skin still has a large number of donor T cells after 

transplantation.72 This has been documented by over 100 biopsies of face trans-

plants during acute rejections, where mainly original donor lymphocytes related to 

the injuries were found.47,71 The authors assumed a response of the existing donor 

lymphocytes in the skin allograft against the T cells and APCs of the recipient, which 

migrate into the graft. In this instance, it could indeed be an influx of recipient regu-

latory T cells that express skin homing receptors (CLA+) and control the donor-spe-

cific «graft versus host» response in VCA patients. This hypothesis is supported by 

the fact that all human CD4+ TReg in peripheral blood also express the chemokine 

receptor CCR4 and 80% of them also express CLA, which affects cell migration. 

From these observations it can be concluded that the donor T cell response may 

migrate on the skin of the recipient and cause any injury or disease.73,74 In summary, 

the properties of the skin are a major factor in the recruitment and activation of T 

cells, which causes rejection reactions. One can see that it has many components 

that have to be taken into account when considering the risks of VCA. Even if one 

focuses on the most immunogenic component, namely the skin, one also has many 

particular elements that play an important role in the rejection. 

6 THE IMMUNSUPPRESSOR – TACROLIMUS (FK506) 

For transplants, be it SOT or VCA, immunosuppressors are essential because they 

have the ability to prevent graft rejection. This is also the case for the immunosup-

pressor Tacrolimus, which we use in our project with the porcine model to test site-

specific immunosuppression for long-term maintenance of vascularized composite 

allotransplantation. Tacrolimus is a calcineurin inhibitor and is applied in almost all 

immunosuppressive cures for VCA.30  

The main function of the drug is to inhibit T cell activation by switching off the tran-

scription of early genes that code for cytokines, which are responsible for coordinat-

ing the various cells of the immune response. It appears to be distal to the cell mem-

brane receptors and the known second messengers, but proximal to the late 
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signaling events such as the transcriptional activation of earlier genes. These find-

ings led to the assumption that the drug can be used as a probe for the effect of 

certain critical intracellular communication pathways. When it was found that the 

concentration that completely blocked T cell activation was not toxic to cells and did 

not prevent the proliferation of other cells, it was considered a useful immunosup-

pressant.76 

 
Figure 4 Molecular structure of Tacrolimus75 

The intracellular FK506 binding protein 12 (FKBP12), a so-called immunophilin, is 

identical to a cis-trans peptidyl-prolyl isomerase and by binding of FK506 the activity 

of the isomerase is blocked.77,78 The Ca2+- and calmodulin-dependent protein phos-

phatase, calcineurin, has the ability to dephosphorylate a synthetic peptide from the 

regulatory subunit of the cAMP kinase as long as the complex of immunophilin and 

Tacrolimus does not block this. Thus, FK506 can prevent dephosphorylation of nu-

clear factor of activated T cells (NF-AT), which are responsible for the transcription 

of T cell activating cytokines like IL-2 or IL-4.79,80 NF-AT is a protein complex of at 

least two subunits, one T-cell specific and restricted to the cytoplasm, while the other 

is ubiquitous, quickly induced by the activators of protein kinase C (PKC) and is 

predominantly nuclear. An increase in intracellular Ca2+ concentration leads to nu-

clear translocation of the cytosolic subunit and the composition of a functional tran-

scription factor and furthermore to the increase of the phosphatase activity of the 

calcineurin. Dephosphorylation also seems to contribute to the translocation of NF-

ATc and thus the importance of FK506 in this context is well-established.76,82,83 The 

addition of FK506 in this system blocks the translocation of NF-ATc and NF-ATn 

cannot serve as a transcription factor for IL-2, which is necessary for full T cell func-

tion and activation.81 
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Figure 5 Immunosuppressive mechanism of action of Tacrolimus (FK506). In the cytoplasm of T cells Tacrolimus binds 
the immunophilin FK506 binding protein (FKBP) and the developed complex binds again the enzyme calcineurin (CaN). 
As a result, phosphorylation of the cytosolic component of the nuclear factor of activated T cells (NF-ATc) is inhibited. 

This blocks the transport of NF-ATc into the nucleus, which prevents the binding of NF-ATn to the promoter for the inter-
leukin 2 gene and thus the T-cells can no longer produce IL-2, which in the example of inflammation would be necessary 

for total T-cell activation.81 

7 IN VIVO VCA MODEL WITH PORCINE 

Before the TGMS-TAC drug delivery system for site-specific immunosuppressive 

therapy for VCA can be granted unrestricted approval worldwide, it must undergo 

several stages of experimental research. The first two steps were in vitro tests and 

then in vivo experiments with small animals such as rats. The last pre-clinical step 

is also in the field of in vivo experiments, this time with large animals. Pigs have 

been chosen in this case because they are relatively docile and economically not 

too expensive. In addition, they have a similar anatomy and tissue composition as 

humans, which makes them an optimal model for VCA. Their immune response is 

also very similar to that of humans, which complements each other well to achieve 

the goal of the study.84  
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8 AIM OF THE STUDY 

A challenging and clinically relevant porcine model is used to demonstrate the pos-

sibilities of preventing VCA rejection by site-specific immunosuppression. This in-

cludes the evaluation of the efficiency of local immunosuppression, which should 

allow long-term graft survival using the TGMS-TAC treatment. But also, the charac-

terization of the mechanism of action of immunosuppression by analyzing the sys-

temic and tissue-specific levels of the drug and their off-target toxicity. In relation to 

the immune response of the recipient to the graft, the third specific aim is to assess 

the capacity of site-specific immunosuppression to induce immunoregulation in a 

clinically relevant VCA model with continuous TGMS-TAC injections.  
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9 MATERIALS AND METHODS 

9.1 ANIMALS 

For the project, pigs bred in Switzerland are used that weigh between 18-30 kg and 

are about three months old. The pigs are selected according to their swine leukocyte 

antigen (SLA) in such a way that there is at least one complete mismatch between 

donor and recipient in order to implement the project in extremely challenging con-

ditions.38 The MHC-defined heterotrophic porcine hind limb transplantation model 

will be used as a basis for present and future immunomodulatory strategies aiming 

at the induction of immunotolerance to VCA to expand the clinical application. Only 

characteristic inbred pigs bred for homozygosity at the SLA locus and specifically 

used for transplantation-related experiments and studies will be used.85  

 
Figure 6 Experimental design (A)86 Schematic representation of an osteomyocutaneous alloflap in a pig heterotrophic 

hind limb transplantation. (B) treatment groups of the project and (C) the timeline of the recipients after surgery.38 
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9.2 HIND LIMB TRANSPLANTATION 

A vascularized osteomycutaneous flap is raised on the basis of femoral vessels (Fig 

6A). The flap holds intact vascularized bone marrow in the distal femur and proximal 

tibia. The anteromedial femoral skin is also included in the graft to allow immune 

monitoring using the most immunogenic component of VCA. The dorsolateral posi-

tioning facilitates the clinical examination and also keeps the skin of the allograft 

relatively clean.87 From each donor always two recipients receive an allograft. To 

minimize the time of anesthesia and ischemia during the operation, the pigs are 

prepared simultaneously on three different tables.86 The transplantations are per-

formed according to the VCA Project Surgical Protocol based on the publications of 

Ibrahim et al. and Chuang MS et al.86,88 General balanced anesthesia was provided 

by Propofol and Ketamine and in addition recipients and donors are treated with 

prophylactic antibiotics during the procedure. The procedure is of course carried out 

under sterile conditions and with sterile instruments. The donor limb is transplanted 

on the contralateral side of the recipient and after the surgery and harvesting the 

collection of samples the donor is immediately euthanized and confirmed by the 

veterinary team. Arterial and venous anastomoses are performed on the recipient 

to restore the blood supply to the allograft before it gets sutured up. In addition, 

wound catheters for the administration of local anesthesia and a central venous port-

a catheter will be placed in the posterior neck region to facilitate postoperative blood. 

9.3 TREATMENTGROUPS & TGMS-TAC PREPARATION 

For the project, after the surgery the recipients are randomly assigned to one of the 

four treatment groups (Fig 6B). There is the control group, which does not receive 

any treatment, so that you always have the comparison of the results of the strate-

gies and methods that you want to test in the experiment. The systemic TAC group 

is listed on the basis of formality to show that it is effective including the associated 

side effects and off-target toxicity. In this group the pigs receive a dose of 1 mg/kg 

Tacrolimus. The treatment will be stopped after two weeks, because the effect and 

efficiency of Tacrolimus is already known. The TGMS-TAC group aims to identify 

the tolerable TAC doses that lead to long-term graft survival. To date, two doses 

have been investigated (49 mg and 93 mg per 500 g) and the range for the tolerable 

dose is expected to be in between.84 Our pigs are treated with a dose of 70 mg/500g. 

The hydrogel is injected locally at POD0 just after transplantation at the allograft for 
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a 90-day treatment. The pigs are either euthanized at the end point (POD90), at a 

grade III or IV rejection of the Banff classification (Table 1) or if vascular complica-

tions/failures occur. In the last group with RAPA-ISFI, the pigs are first treated with 

oral TAC for 14 days and then the implant is injected, which ensures a 90-day re-

lease of Rapamycin. This group is not relevant in this thesis and will therefore not 

be in focus, as the project has not yet reached that stage. 
Table 1 The Banff VCA working classification system.89 

Grade Inflammatory infiltrate Involvement of epithelium 
(epidermis or adnexal) 

0 (no rejection) None/rare None 
I (mild rejection) Mild perivascular None 
II (moderate rejection) Moderate to severe peri-

vascular 
Mild (limited to spongiosis or 
lymphocytic exocytosis) 

III (severe rejection) Dense Apoptosis, dyskeratosis, 
and/or keratinolysis 

IV (acute necrotizing rejec-
tion)  

Frank necrosis of the epider-
mis or its structures 

 

 

The TGMS-TAC hydrogel consists of the following: 

- 10% TGMS (e.g. for 3.5 ml gel 350 mg TGMS is used) 

- 20% DMSO (e.g. for 3.5 ml gel 700 µl DMSO is used) 

- TAC dose (e.g 7mg/ml Tacrolimus)  

- The rest is H2O (e.g. for 3.5 ml gel 2.8 ml H2O is used)  

 

In a first step, the TGMS is weighed and heated in the glass vial. Tacrolimus is also 

weighed on a piece of paper and added to the bottle. In addition, the DMSO is added 

and it is heated again under the hood. The vial can be stirred well without the gel 

sticking to the walls. Once the mixture becomes clear, you can put it aside until it 

forms a gel. To add the water, you first have to melt the gel again and slowly add all 

the water over the wall. If you want to monitor the gel with LiCor imager, you have 

to add the NIR dye in this step as well. In the meantime, it should always be heated 

well until it has melted well. Then when everything is ready, you can go in with a 

syringe and take it without making bubbles. If bubbles appear, you can jerk it firmly 

until it reaches the exit of the syringe where you can carefully blow them out. 

For 2-3 days it must leave undisturbed in the dark. Finally, the gel is checked for 

purity with the LONZA traditional gel cloth assay whether it can be used in animals. 
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Table 2 Final group selection for the project. 

Day of 
surgery 

Donor/ 
Recipi-
ent 

Mother Pig ID Treatment 
group 

Final fol-
low-up 

Date of Eu-
thanasia 

 
15.10.19 
 

D1 
 

2 6470 NA Donor 15.10.19 

R1 3 6482 Model/Control Euthanasia 
POD26 

10.11.19 

R2 4 6498 Model Euthanasia 
POD0 

15.10.19 

 
17.10.19 
 

D2 
 

2 6471 NA Donor 17.10.19 

R3 3 6483 Control Euthanasia 
POD7 

24.10.19 

R4 3 6484 Control Euthanasia 
POD7 

24.10.19 

 
12.11.19 
 

D3 
 

1 6605 NA Donor 12.11.19 

R5 2 6596 Control Euthanasia 
POD9 

21.11.19 

R6 3 6623 Model Euthanasia 
POD0 

12.11.19 

 
14.11.19 
 

D4 
 

4 6576 NA Donor 14.11.19 

R7 3 6615 Model Euthanasia 
POD0 

14.11.19 

R8 2 6597 Control Euthanasia 
POD8 

22.11.19 

 
21.01.20 
 

D5 
 

4 6928 NA Donor 21.01.20 

R9 3 6918 Systemic Euthanasia 
POD48 

09.03.20 

R10 2 6933 TGMS-TAC Euthanasia 
POD51 

12.03.20 

 
23.01.20 
 

D6 
 

4 6925 NA Donor 23.01.20 

R11 3 6913 TGMS-TAC Euthanasia 
POD39 

02.03.20 

R12 3 6916 Systemic Euthanasia 
POD55 

18.03.20 

 
18.02.20 
 

D7 
 

5 7034 NA Donor 18.02.20 

R13 4 7023 TGMS-TAC Euthanasia 
POD34 

23.03.20 

R14 1 6971 Systemic Euthanasia 
POD10 

28.02.20 

 
20.02.20 
 

D8 
 

3 6973 NA Donor 20.02.20 

R15 5 7033 TGMS-TAC Euthanasia 
POD60 

20.04.20 

R16 2 6974/ 
6574 

Systemic Euthanasia 
POD27 

18.03.20 
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9.4 MACROSCOPIC AND MICROSCOPIC ASSESSMENT 

To assess graft survival and off-target toxicity, blood and skin samples are collected 

at different time points (Fig 6C). The first samples are collected during the operation, 

where tissue and blood samples are collected from the donor and the first blood 

samples from the recipient (Table 3). 
Table 3 Sample collection of the donor during surgery (A) and of the recipient at endpoint (B). The tissue samples are 

used for isolation from the associated cell types and are also preserved with OCT, Snap Frozen and formaldehyde. 
Blood samples  
Arterial blood (A and B) In cloth activator for serum 

In L-Heparin for plasma 
In EDTA for PBMC isolation 

Tissue samples  
Lymph Node from harvested limb (A) Digestion for LNSC 
Lymph Node (B) Transplanted and contralateral side 
Spleen (A and B) Isolation of Splenocytes 
Thymus (A and B)  Isolation of Thymocytes 
Skin (A and B) For all the layers of the skin/ transplanted 

and contralateral side 
Muscle (A and B) Cross-section and longitudinal section of 

muscle fibers/ transplanted and contralateral 
side 

Liver (B)  
Kidney (B)  
Suture (B) Medial and lateral side 

 

With the macroscopic assessment, visual observation of the allograft and subse-

quent classification of rejections can evaluate graft survival according to Banff (Ta-

ble 1). Microscopic evaluation is then mainly based on blood and tissue samples. 

The blood samples are used to examine plasma and serum on the one hand and 

PBMCs and drug concentrations on the other. This step is very important to deter-

mine the immune system responsible for a rejection reaction. In particular, the 

plasma can be used to determine complement and cytokine activation and to incor-

porate the data into the immune system rejection context. With the PBMCs one can 

determine the dynamics of myeloid cells and subpopulations.  

The tissue samples are then mainly required for histopathological evaluation, im-

mune staining and also for determining the concentration of drugs. To enable the 

individual components for the analysis of the project, specifically developed proto-

cols are used for this purpose. The basis of the different steps usually remains the 

same, but sometimes some procedures are adapted due to experience or due to 

suggestions from colleagues. 
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9.4.1 ISOLATION OF PBMCS 

The collected arterial blood is used for the isolation of PBMCs. The EDTA tubes are 

centrifuged at 1000G for 15 minutes at room temperature to separate the plasma. 

As long as the tubes are closed and must be outside the hood due to a process, 

work is always carried out under sterile conditions. The cellular portion is then di-

luted (1:1) with PBS + 2%FBS and mixed by inverting. A new tube of density gradi-

ent Lymphoprep is then prepared, again with a dilution of about 1:1 with the blood, 

tending to be less of the density gradient (4 ml Lymphoprep per 6 ml of diluted 

blood). This step must be carried out carefully so that the two layers do not mix (Fig 

7) before centrifuging again at 400G for 20 minutes at room temperature with an 

acceleration of 2 and a braking off.  

 
Figure 7 Isolation of blood by Density Centrifugation90 

The middle cloudy layer of PBMCs is carefully transferred into a new tube and 

washed with PBS + 2%FBS at 300 G for 5 minutes. If the pellet still contains too 

many red blood cells, you can resuspend the pellet with red blood cell lysis buffer 

and let it stand for about 3 to 5 minutes, but not too long, because otherwise the 

important PBMCs will be also lysed. It is then centrifuged again under the same 

conditions and by estimating the pellet size it is resuspended again with the appro-

priate amount of PBS + 2%FBS. One ml should contain about 5 to 8 million cells 

and to ensure this, the cells are counted by mixing 10 µl of the cell suspension with 

90 µl of Trypan Blue and from this mix 10 µl are done on the chamber and counted 

with the microscope. A hemocytometer (Neubauer Chamber) is always used for cell 

counting. The 4 squares at the corners are each divided into 16 smaller squares 

and are used for counting. At least 2 of the 4x4 squares are counted using the ap-

propriate methodology (Eq 1) and formula. The dead cells are able to absorb the 
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trypan blue and therefore appear with the staining under the microscope. The 

PBMCs are roundish and glowing and provide a good contrast for counting. This 

procedure should always be done immediately after addition to the trypan blue be-

cause the dye has a toxic effect on the cells. If the desired number is not reached, 

one must make a dilution step and count the cells again. The cells are finally resus-

pended in 1 ml freezing medium consisting of 90% fetal calf serum (FCS) + 10% 

Dimethyl Sulfoxide (DMSO) and frozen at -80°C and later at -150°C. If you now have 

many more cells than the optimal amount, as much Freezing medium is produced 

in a single step to ensure the optimal amount of 5 to 8 million cells/ml. The pellet is 

then resuspended with the total freezing medium and 1 ml is distributed a corre-

sponding number of cryotubes. 

 

 

 

 

 

 

9.4.2 ISOLATION OF SPLENOCYTES AND THYMOCYTES 

The tissue samples are collected in falcon tubes filled with PBS. In the laboratory 

the spleen and thymus tissue are excised into minor pieces in the hood under sterile 

conditions. The minor pieces are then passed through a 70 Mesh filter and gently 

pressed through the strainer, while continuously adding PBS. At this stage, enough 

care must be taken not to destroy the cells which cause a release of DNA, that gives 

the cells a sticky property. PBS is then added to the collected material in the tube 

until a final volume of 30 ml is reached before it is centrifuged for 5 minutes at 300G 

at 4°C. The resulting pellet is incubated as soon as possible with 5 ml ACK lysis 

buffer for 5 minutes to lyse the red blood cells. As with the PBMCs, one must pay 

close attention to the timing in order not to damage the desired isolated cells. After 

incubation, the tube is filled up to 40 ml with 1x PBS and centrifuged again for 7 

minutes under the same conditions. The pellet is resuspended in 5 ml PBS and the 

cell suspension is passed through a new 70 mesh filter to remove dead cell lumps 

and other debris. The cell suspension is then left on ice for 10 minutes before a 1:10 

dilution with Trypan Blue is made to count the cells. The desired concentration is 

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑣𝑜𝑙𝑢𝑚𝑒 = 	∅(𝑝𝑒𝑟	𝑠𝑞𝑢𝑎𝑟𝑒) × 10!

× 10	(µ𝑙	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛	𝑎𝑑𝑑𝑒𝑑	𝑤𝑖𝑡ℎ	𝑇𝑟𝑦𝑝𝑎𝑛	𝐵𝑙𝑢𝑒)

× 1(𝑚𝑙	𝑜𝑓	𝑟𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑖𝑛𝑔	𝑚𝑒𝑑𝑖𝑢𝑚) 

 
Equation 1 Cell counting formula. Depending on the volume of medium, which 
is used, this must be adjusted in the formula 
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about 5 million cells/ml, as higher concentrations can affect the viability of the cells. 

The mononuclear cells are resuspended in 1 ml freezing medium (90% FCS + 10% 

DMSO) and frozen in cryotubes in an isopropanol container at -80°C. Later they are 

transferred to -150°C and are ready for the analysis methods. 

9.4.3 ISOLATION OF LYMPH NODE STROMAL CELLS (LNSC) 

With this protocol, an enzyme mix must first be prepared, which digests the lymph 

node. 1.3 mg collagenase P is dissolved in 6.5 ml DME/F-12 medium and then fil-

tered sterile with a 22 µm filter. From the collagenase solution, the two halves are 

transferred each to a Dispase I vial (2mg) to obtain the final concentration of the 

solution (0.57 mg/ml Dispase and 0.2 mg/ml Collagenase P) before being mixed 

back into a tube. Finally, 120 µl DNase I from the stock (5mg/ml, -20°C) are added 

to reach the final concentration of the mix of 0.1 mg/ml. It should be noted that the 

volume of the enzyme mix is adjusted to the number of lymph nodes. If only one 

lymph node is present, 500 µl of the mix should be used per processing step. In 

addition, the culture medium has to be prepared, whereby 50 ml is first taken from 

the DME/F-12 bottle and stored at 4°C. The FBS is first inactivated by heat at 56°C 

in a water bath before 50 ml is added to the DME/F-12. Additionally, 5 ml each of L-

glutamine and P/S are added to complete the medium. 

In a preparatory step, the lymph nodes are first separated from the fatty tissue, 

chopped under sterile conditions in the hood and transferred to a digestion tube 

containing 2 ml of the produced enzyme mix. The collection tube is incubated in a 

37°C water bath for 20 minutes to allow the enzymes to operate under the best 

possible conditions. If after the incubation time the lymph nodes are not digested 

enough, we can add another 0.5 ml of enzyme mix and leave it in the water bath for 

another 10 minutes. To facilitate the digestion of the lymph nodes, we have prepared 

the 1 ml pipette tip with scissors so that the lymph nodes can be pipetted up and 

down with the larger opening to release the cells. The supernatant is then trans-

ferred to a collection tube, 5 ml of culture medium is added, and the tube is centri-

fuged at 300 G for 5 minutes at room temperature. The supernatant is no longer 

needed because the cells are now in the pellet. An attempt is now made to collect 

the remains of the lymph node in the digestion tube by adding another 2 ml of the 

newly prepared enzyme mix and incubating it for another 10 minutes in the water 

bath with regular gentle mixing. The enzyme mix from the digestion tube is now 
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transferred to the collection tube using an 80 µm nylon mesh filter. You must always 

use this filter if you transfer something into the collection tube. If you still have rem-

nants of lymph nodes in the digestion tube, you can repeat the mentioned step to 

get the highest possible harvest of cells. Once the entire contents have been trans-

ferred from the digestion tube to the collection tube, it is centrifuged again at 300 G 

for 5 minutes and depending on the size of the pellet, between 1 ml and 10 ml of 

culture medium can be used to resuspend the cells. Until you have some experi-

ence, use a little less in the beginning to resuspend the pellet, because you could 

still dilute the cell suspension. By adding a 1:10 dilution of the cell suspension with 

Trypan Blue to the chamber, the cells can be counted under the microscope using 

the well-known technique (Eq 8). The number of cells is used to calculate the 

amount of freezing medium (90% FCS + 10% DMSO) which is required for freezing. 

LNSCs are also stored in isopropanol-filled containers at -80°C before being trans-

ferred to -150°C. 

9.4.4 EXTRACELLULAR STAINING OF PBMC FOR FACS ANALYZES 

The PBMCs you want to analyze are frozen at -150°C at the end of the isolation 

phase and you have to defrost them first. Thaw the cells on ice for 30 minutes until 

only a small piece of ice is left or put the cells in a water bath (37°C) for 30-60 

seconds. The cell culture medium must also be brought to room temperature. In a 

first step, the cells are placed in a 15 ml falcon tube containing 10 ml medium and 

washed at 400 G for 8 minutes at 4°C. The supernatant is removed, and the cells 

are centrifuged twice more with 5 ml medium under the same conditions. The cells 

are then resuspended with warm complete cell culture medium and placed in culture 

flasks in the incubator overnight at 37°C and 5% CO2 so they can recover the 

epitopes. If the vials were overly reddish, the red blood cells can be mixed with 1.9 

ml 1x Erythrocyte Lysis Buffer per tube and mixed or vortexed until the opalescence 

becomes clear. Additionally, they can be put in the fridge for 10 minutes until the 

color also becomes clear. This is an important step for extracellular staining, as it 

must be ensured that no red blood cells are present. Therefore, sometimes this step 

has to be performed several times. Finally, the cells containing the lysis buffer are 

centrifuged at 300 G for 5 minutes. Then they are washed once with PBS + 2%FBS 

at 300 G for 5 - 8 minutes. The viable cells are counted, resuspended in cell staining 

buffer to obtain 5 - 10 x 106 cells/ml and then 100 µl of the cell suspension is 
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distributed per FACS tube. To block the non-specific Fc-mediated reactions, 2.5 µg 

Fc Blocker per 106 PBMCs per tube are added and incubated for 10 minutes at room 

temperature. Subsequently, 1 µl of the fixable viability dye per tube is added and 

incubated light protected on ice for 15 minutes. Instead of the viability dye you can 

also use DAPI before putting the tubes into the machine. The cells are then washed 

with 1 ml Stain Buffer at 300 G for 5 - 8 minutes. Now you can prepare the master 

mix for extracellular staining, considering the number of tubes and the amount of 

antibodies which are used per tube. Once the antibodies are added, the tubes are 

incubated on ice for 45 minutes protected from light. An unstained tube should al-

ways be present as a control. The cells are then washed twice under the same 

conditions with Stain Buffer. The supernatants of the cell pellets are carefully aspi-

rated, and the tubes are tapped to loosen the pellets. In this case the cells are 

washed two more times with Stain Buffer under the given conditions. The FACS 

tubes are transported in a polystyrene box. Once you are logged in and have deter-

mined the layout of your collection, you can add a few drops of the FACS flow into 

the Eppendorf tubes, mix well and transfer them to the FACS tubes. 

9.5 DATA ANALYSIS 

In FACS, antibody associated fluorescent markers are used to screen the subpop-

ulations of lymphocytes in a successive procedure for analysis. With DAPI the dead 

cells can be stained and the living cells can be sorted out. The CD4+ and CD8+ cells 

are finally stained with the corresponding antibodies. After staining, the cell suspen-

sion is divided into individual units by a vibrating mechanism. These cell units re-

ceive a positive or negative charge depending on the reaction to the fluorescent 

markers, which are divided in the electric field according to the different cell types. 

The events are then analyzed with programs like Fiji or FlowJo. For the subdivision 

of the cell types, a threshold value must be determined which depends on the size 

and complexity of the cells. The graph shows on the y-axis the side scatter, which 

represents the complexity, and on the x-axis the forward scatter, which is associated 

with the size of the cells. Using applied markers, a step-by-step division of the de-

sired cell types is now possible (Fig 8). 
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Figure 8 FACS outcomes with different threshold setting for successive separation of cell subpopulations with FlowJo 

(20200227 PBMC-DAPI-CD3-CD4) for Pig 6918 at POD7. 

9.6 MATERIALS & REAGENTS REFERENCES 

Table 4 Materials and reagents with the corresponding references used in the protocols. 

Reagents Reference 
Antibodies: 
- CD4 (FITC Mouse Anti-Pig CD4) 
- CD3 (PE Mouse Anti-Pig GD3e) 

 
CD4: Clone 74-12-4 (Abcam. Ref: ab24989) 
CD3: Clone BB23-8E6-8C8 (BD. Ref: 561485) 

Collagenase P Roche Diagnostics, Ref: 11088882001  
DAPI Sigma-Aldrich, Ref: 32670-25MG-F 
Density gradient (Lymphoprep) Ficoll-Paque PLUS, Ref: 17144002 
Dispase I Roche Diagnostics, Ref: 04942086001 
DNase I Sigma-Aldrich, Ref: DN25-1G  
DME/F-12 Sigma-Aldrich, Ref: D6421 
DMSO (Dimethyl Sulfoxide) Sigma-Aldrich, Ref: D2650 
FBS (fetal bovine serum) Sigma-Aldrich, Ref: F7524  
Fc Blocking solution  Macs., Ref: 130-059-901 
FCS (fetal calf serum)  Hyclone, Ref: SV30160.03 
Fixable viability dye (eFluor 405) Miltenyi Biotec, Ref: 130-109-816 
L-Glutamine  Gibco, Ref: 21051024  
Nylon Mesh filter Clear Edge, Ref: PA75-1750  
PBS (Phosphate-buffered saline) Gibco, Ref: 10010023  
Red blood cell lysis buffer BioLegend, Ref: 420301 
RPMI medium  Gibco, Ref: 31870-025 
Stain Buffer BioLegend, Ref: 420201 
P/S (penicillin/streptomycin) Gibco, Ref: 15140-122 
Tacrolimus LC Laboratories, Ref: F4900 
TGMS AK Scientific, Ref: 0570 
Trypan Blue Sigma-Aldrich, Ref: T8154 (0.04%) 
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10 RESULTS 

10.1 SURVIVAL TIME OF TREATMENT GROUPS 

 
Figure 9 Survival staircase graph of the treatment groups. 

One can see the course of deaths in the 3 different treatment groups during a period 

(Fig 9). Each death in the corresponding group is shown as e drop in survival. In 

this case, the survival of the pigs serves as the first of several parameters for the 

comparison between the systemic administration of the drug and the localized im-

munosuppressive therapy using the TGMS-TAC hydrogel. The control group shows 

a fast-successive drop of the curve with the last euthanasia on day 9. The systemic 

group also initially falls more in comparison to the TGMS-TAC group, although it 

recovers from day 40 and both curves are largely the identical. For the systemic 

group the last euthanasia is day 55 and for the TGMS-TAC day 60. The respective 

MST values are 7.75 days for the control group, 36 days for the systemic group and 

46 days for the TGMS-TAC group. Of course, these data are not sufficient for a 

complete conclusion, but in the end, they should be put together with all dependent 

results to allow a scientific evaluation. 

10.2 TACROLIMUS SKIN AND BLOOD LEVELS 

The next parameter to add for the evaluation, which results and has been measured, 

are the Tacrolimus levels in skin and blood in the TGMS-TAC group (Fig 10 and 

11). One of the specific aims of the project deals with the systemic exposure of 
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drugs during immunosuppressive therapy. In both presentations, the increase in the 

first week after the transplantation and the peak values of 80 ng/g in skin and 55 

ng/ml in blood at POD7 is well recognizable. In addition, all pigs in the group show 

a similar course and a significant decrease in the values after POD7. 

 
Figure 10 Tacrolimus skin levels (ng/g) of the TMGS-TAC group at different postoperative days (POD). 

 

 
Figure 11 Tacrolimus blood levels (ng/ml) of the TGMS-TAC group at different postoperative days (POD). 

Also related to the transplant, the Tacrolimus skin values of both groups for both 

sides are highest at POD7 (Fig 12). The reduction of local levels after POD7 re-

mains the same as for blood and total skin concentrations. The Tacrolimus skin 

values of the graft shows a clear maximum value of 64.5% at POD7 during the 
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TGMS-TAC treatment compared to the contralateral side, which is 20%. The val-

ues in the systemic group are very similar for the graft and contralateral side with 

13.5% and 10%.  

 
Figure 12 Tacrolimus skin levels of the systemic and TGMS-TAC groups of the graft and the contralateral side in compar-

ison. 

10.3 FACS OUTCOME – PBMC DYNAMICS 

The last parameters represent the PBMC's occurrence and their dynamics during 

therapy. With the defined gating strategy, the cells were subordinated (Fig 8) and 

comparison of the immune response of the different treatment groups is possible. 

In FACS 250'000 cells per sample were used, except for the control group on POD0 

where 2'500'000 cells were taken. Thus, this number always represents the total 

population and the percentages always refer to the total cell population that was 

examined.  

In the control group, only a display up to POD7 was possible because, as already 

shown in the survival results, the pigs had to be euthanized between POD7 and 

POD9. These groups show a small increase in CD4+ cells and an equally small 

decrease in CD8+ cells compared to POD0 and POD7. This results in the total in-

crease of T cells by 1.25% (Fig 13). 

The systemic group first shows a decrease of 10% in T cells, whereby the stock 

then recovers from week to week and there is again an increase in T cells (Fig 14). 

The tendency of the CD4+ and CD8+ cells is the opposite of the control group. The 

CD4+ cells experience a decrease of 9% while the CD8+ cells increase by the same 

amount. 
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The TMGS-TAC group resembles the systemic group to a certain extent (Fig 15). 

The lymphocytes of both groups move in a bell-shaped curve. Again, there is a de-

crease in T cells after the first week and the relatively lighter recovery of the popu-

lation up to POD28. In addition, there is approximately the same movement of CD4+ 

and CD8+ cells compared to the systemic group with a deviation of 1%. 

 

 
Figure 13 FACS outcome of different cell populations of control group represented by pig 6484 and pig 6587. 

 

 
Figure 14 FACS outcomes of different cell populations of systemic group represented by pig 6916 and pig 6918. 
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Figure 15 FACS outcomes of different cell populations of TGMS-TAC group represented by pig 6913 and pig 6933. 

 
Figure 16 The dynamics of T cells and the subpopulations CD4+ and CD8+ in relation to the treatment group. 
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The tendency is additionally recognizable by the dynamics of the individual PBMC 

cell types (Fig 16). For example, the ratio of T cells in the TGMS-TAC group is 

12% less, despite the increase from POD7. It can also be seen that the individual 

cell types between the systemic and TGMS-TAC group differ by ratio up to 4%. 

The dynamics of the individual cell populations correlate with the results of the 

amount of cell populations on the different days and also serve as a confirmation.  
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11 DISCUSSION 

Currently, the adverse side effects of immunosuppression are a major concern of 

transplantation research and medicine. In VCA as a non-life-saving transplantation, 

the use of immunosuppressive drugs is the main factor preventing its widespread 

use. Therefore, there is a demand for an innovative strategy that reduces the side 

effects through decreased systemic exposure and at the same time prevents rejec-

tion reactions. In our project we want to show that an injection of TGMS-TAC into 

the transplant allows long-term survival of the VCA without inducing systemic tox-

icity. With a relevant porcine model, we also want to minimize the known side effects 

and improve patient compliance. Self-assembling hydrogels as drug delivery system 

are especially promising, because their properties allow the encapsulation of large 

amounts of drugs. Additionally, self-assembling hydrogels are biodegradable and 

provide sustained release and flexibility to develop an inflammation-responsive re-

lease by proteolytic enzymes.  

Considering only the survival outcome (Fig 9), it can be argued that the TGMS-TAC 

injection group has an advantage over the systemic treatments, as this group has a 

higher MST value. As already indicated, however, it is not possible to draw a con-

clusion based on one parameter before the results are put together and analyzed 

as a whole. The Tacrolimus skin and blood levels (Fig 10 and 11) show a linear 

increase at first, which is possibly connected to the operation and the unavoidable 

immune response and thus a burst release of Tacrolimus can occur. The stress 

factors of transport, surgery and the unknown environment, to which the pigs are 

exposed, are not to be neglected, as they can contribute additionally to an inflam-

matory response. After one week the pigs recover in such a way that the concen-

trations of Tacrolimus in the skin and in the blood decrease significantly. This can 

be seen as a very positive result, as this is exactly what the TGMS-TAC Hydrogel 

was designed to achieve. It is a good sign for the minimization of the systemic strain 

and possible side effects. The mentioned results of TAC levels are additionally sup-

ported by the measurement of the Tacrolimus values in the graft and contralateral 

side of group II and III (Fig 12). The peak values of all groups in POD7 are related 

to previous results and the cause of the initial burst release of the drug. The subse-

quent reduction in concentrations also points to this explanation. It is clearly visible 

that the Tacrolimus concentration is relatively high only in the graft of pigs treated 
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with TGMS-TAC. Since the concentration of the contralateral side differs only by a 

small difference of 3.5% with the systmic group, it can be concluded that the TGMS-

TAC hydrogels release Tacrolimus mainly at the graft. This corresponds to the ex-

pectations, because the DDS was intended to minimize the systemic burden and to 

achieve a high release locally where it is needed. 

The control group showed an increase in CD3+ and CD4+ cells after the first week 

(Fig 13). Since this group did not receive any treatment, the rejection after one week 

is as expected in connection with the observed cell movement. One strongly as-

sumes here a cell-mediated rejection, which is associated with an increase in CD4+ 

cells. Whereas, the systemic Tacrolimus group first experiences a decrease of T 

cells which is connected with the administration of Tacrolimus (Fig 14). Therefore, 

it is understandable that the amount of CD4+ cells decreases as well. However, it is 

unknown why the T cell population grows after the initial decrease originating from 

the treatment with Tacrolimus. This could be explained by a regular occurrence of 

rejection episodes, causing an increase in T cells. Yet, this explanation is contro-

versial, as the administration of the immunosuppressive Tacrolimus should prevent 

exactly the increase of T cells. Theoretically, an infection could also boost the im-

mune system and thus the body, despite immunosuppression, could be more on the 

side of ensuring immunity rather than suppression. In any case, these results show 

that it is impossible to predict how individual pigs will react to the treatments. This 

statement is confirmed by the survival results, because even if the treatment of the 

systemic group is discontinued after 14 days, one pig unexpectedly reached POD55 

until the rejection reaction became overly strong and it had to be euthanized. One 

would expect that the animal would show strong signs of rejection a few days later. 

In the TGMS-TAC treated pigs, a reduction of T cells and the subpopulation CD4+ 

is found (Fig 15). This is certainly due to the effect of the TGMS-TAC hydrogel. Just 

as before with the Tacrolimus treated porcine, there is no explanation why there is 

an increase in T cells and their subpopulations, except for the theoretical possibili-

ties already mentioned for the systemic group. Nevertheless, the survival target of 

90 days was clearly not reached, with the longest survival time being 60 days. One 

assumption is that the dosage of the hydrogel was not yet strong enough. As the 

dosage still ranges from 49 mg to 93 mg per 500g, it needs to be further investigated 

in further stages of the project. It is also significant that the pigs of both groups, 
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systemic and TGMS-TAC, have survived for a similar length of time with an ad-

vantage for those treated with TGMS-TAC. The difference in T cell dynamics of 1% 

could be an explanation for this result and thus could be related (Fig 16). With the 

combined results, it is not possible to show that TGMS-TAC prevents rejection re-

actions because the pig did not survive as long as expected. This is despite the fact 

that MST values as well as Tacrolimus concentrations in blood and skin provide an 

advantage over systemic treatment and stand for a promising functionality of TGMS-

TAC. In rat models the strategy has already proven to be successful and has shown 

good results, thereby displaying the possibility that it can work. However, before 

moving on to clinical trials, it is necessary to reproduce similar results in larger ani-

mals such as porcine. The TGMS-TAC strategy is one of several options that still 

need to be improved in preclinical studies. Therefore, I expect to see combined 

strategies in the future that will improve the field of VCA and enable its widespread 

application.  
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