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Capsule 

We investigated the functionality of different bioengineered patches used for partial uterus repair 

and conclude that uterine cells and mesenchymal stem cells could reconstruct decellularized 

uterine tissue and support pregnancy. 

 



Abstract 

Objective: To create a bioengineered uterine patch for uterine-repair of a partially defect uterus.   

Design: Three different decellularized uterine scaffolds were recellularized in vitro with primary 

uterine cells and GPF-labelled bone marrow derived mesenchymal stem cells (GFP-MSCs). The 

patches were transplanted in vivo to investigate their tissue adaptation and supporting capacity 

during pregnancy. 

Setting: Research laboratory and animal facility at university department. 

Animals: Rat. 

Intervention(s): Decellularization was achieved by whole-uterus perfusion with buffered or non-

buffered Triton-X100 and DMSO (Group P1/P2) or with sodium deoxycholate (Group P3). 

Primary uterine cells and GFP-MSCs were used to develop uterine tissue constructs, which were 

grafted to uteri with partial tissue defects. 

Main Outcome Measures: Recellularization efficiency and graft quality was analyzed 

morphologically, immunohistochemically and by real-time qPCR. The location and number of 

fetuses were documented during pregnancy day 16-20.  

Results: Pregnancy and fetal development were normal in Groups P1 and P2, with fetal 

development over patched areas. Group P3 showed significant reduction of fetal numbers and 

embryos were not seen in the grafted area. QuantitativePCR and immunohistochemistry revealed 

uterus-like tissue in the patches, which had been further reconstructed by infiltrating host cells 

after transplantation. 

Conclusion: Primary uterine cells and mesenchymal stem cells can be used to reconstruct 

decellularized uterine tissue. The bioengineered patches made from triton-X100+DMSO-

generated scaffolds was supportive during pregnancy. These protocols should be explored further 

to develop suitable grafting material to repair a partially defect uteri and possibly to create a 

complete bioengineered uterus. 
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Introduction 

Absolute uterine factor infertility (AUFI), due to absence of the uterus or presence of a 

nonfunctional uterus, affects about 1:500 women of fertile age (1). Through a translational 

research approach that involved extensive animal research, we developed uterus transplantation 

(UTx) procedures in several animal models (2-6). We recently reported the first live birth after 

human UTx (7), and AUFI is now a treatable condition. 

As with other organ transplantation procedures, UTx is associated with several risks for the 

patient. In the case of a live donor concept, as in our clinical trial in Sweden (8), the donor is 

subjected to lengthy surgery time (10-12h), which naturally is associated with complications. 

Furthermore, the recipient will after UTx be exposed to the side-effects of immunosuppressive 

drugs. Another important factor in the future clinical field of UTx is the possible organ shortage 

which is a common problem in all fields of transplantation surgery (9).  

A proposed solution to these problems is the creation of a bioengineered organ/tissue by a 

scaffold made of a synthetic mold or from a decellularized organ/tissue, which then can be 

repopulated by the patient´s own cells. A wide range of bioengineered organs have been 

clinically investigated with this concept to replace a donor, e.g. bladder (10), trachea (11), blood 

vessel (12) and vagina (13). A great number of pre-clinical studies indicate the substantial interest 

in surpassing transplantation hurdles using bioengineering solutions (14, 15).  

The use of bioengineered uterine tissue may also be applied to clinical situations with uterine 

defects or scarring, as after resections of persistent placental tumors, extensive myomectomy or 

adenomyomectomy. A bioengineered uterine tissue patch may be used to cover any myometrial 

defect and thereby increase the strength of the uterine wall in a situation of pregnancy. For these 



reasons, uterine scaffolds made either of collagen/matrigel (16-19), silk/collagen (20), boiled 

blood clots (21) or biodegradable polymer scaffolds (22, 23) have been assessed in various in 

vitro models or in vivo in small animals. Novel tissue engineering protocols using decellularized 

tissue as scaffolds to reconstruct organs are now widely used in the bioengineering field, and a 

small number of recent reports exist using this principle on uterine tissue (24-26). Due to protocol 

differences in scaffold-generation, the physical properties of these uterine scaffolds vary 

significantly from one another and these differences may potentially impact their functionality. 

In this study we explored the creation of bioengineered uterine patches derived from three 

different decellularization protocols. These scaffolds were repopulated with primary uterine cells 

and green fluorescent protein labelled bone marrow derived mesenchymal stem cells (GFP-

MSCs). We evaluated the in vitro recellularization efficiency and the in vivo regeneration of the 

patches and their ability to support pregnancy in a rat model. 

 

  



Materials and Methods 

Animals and experimental groups 

Female rats (140g –180g) were used as follow:  Lewis rats (n=9; Charles River, Sulzfelt, 

Germany) as donors to generate whole-uterus scaffolds using three different protocols (n=3 per 

protocol); Sprague Dawley (SD) rats (n=40; Janvier Labs, Janvier, France) for primary uterus cell 

isolation procedures (n=10) and for transplantation/pregnancy studies (n=30). Male SD rats 

(n=12; 250g - 300g) were used for mating. The study was approved by the Animal Ethics 

Committee in Gothenburg, Sweden. 

 

Uterus isolation and decellularization 

The uterus was isolated free to create a complete uterus segment with intact vasculature as 

previously described in detail (24). The decellularization process was performed according to 

three protocols (P1-3). Briefly, for specimens of Group P1 and Group P2, decellularization was 

achieved by sequential uterine perfusions through the aorta (flow speed=2ml/min) for 4h with 

each of dimethyl sulfoxide (DMSO; 4%) and Triton-X100 (1%) followed by 16h of washing in 

PBS (Group P1) or dH2O (Group P2). For Group P3, perfusion was performed using a 2% 

sodium deoxycholate solution (SDC) for 6h, followed by 18h washing (dH2O). These cycles 

were repeated five times, and on the fifth day (Group P1-3), a sterilization process was carried 

out using per-acetic acid (0.1%) for 30min. After several washes (PBS), the decellularized uterus 

was frozen (-80ºC) for long-term storage. These protocols were based on an earlier study (24), 

but with the modification that sodium azide was omitted in all solutions to avoid toxicity risks of 

leaving remnants in the scaffold that potentially could reduce the recellularization efficiency.  



Uterus cell isolation 

SD rats underwent hysterectomy and the excess tissue was removed from the isolated uteri. Each 

horn was placed in cold PBS, then opened longitudinally and placed in a Petridish containing 

Digestion solution (collagenase, 2mg/ml; DNase I, 0.5µl/ml; 10mM HEPES; 1xAnti-Anti™; in 

DMEM; Life Technologies, Stockholm, Sweden) for 1h at 37ºC. The endometrium was scraped 

off the myometrium and was collected in EM media (DMEM+10mM HEPES+1xAnti-Anti+10% 

FCS; Life Technologies). The endometrium cell/tissue suspension was centrifuged, the pellet was 

resuspended in fresh EM media, and then pelleted again by centrifugation. New digestion 

solution was added to the pellet (10ml/g endometrium tissue) which was resuspended and 

incubated in a shaker at 37ºC for 90 min.  

The myometrium tissue was minced in PBS and then centrifuged. Digestion solution was used to 

resuspend the pellet (10ml/g tissue) and the suspension was incubated for 4h on a shaker at 37ºC.  

Dislodged endometrial/myometrial cells and cell clusters were filtered through a 40µm cell 

strainer. The larger fragments were dissociated further using a trypsin solution (0,25% 

Trypsin+25µg/ml DNase I). Cells were then centrifuged and resuspended in EM media and 

plated on collagen-I coated 6-well plates (Life Technologies, Stockholm, Sweden) as a 

heterogeneous uterus cell mix. The primary cells were maintained in a humidified chamber at 

37ºC and 5% CO2 for 6 days, and were fed twice with EM media. 

 

 

 



In vitro work and scaffold recellularization 

Three decellularized uteri from each protocol were thawed and washed by dH2O perfusion 

(2ml/min) for 3 days, followed by PBS for 3 days, and DMEM for 1 day. Six rectangles 

(20x5mm) per protocol were cut out from the scaffolds which were used for recellularization. 

The remaining pieces were analyzed.  

A graphic illustration of the methods can be viewed in supplementary figure 1. Recellularization 

was achieved using two cell sources; the SD-rat uterus primary cells described above, and 

commercially purchased SD-rat GFP-MSCs (passage number <8; Cyagene Bioscience, 

Cat.No.RASMX-01101, CA, USA). Due to a low primary uterus cell yield during cell isolation, 

the cell ratio used for the recellularization was 1 primary uterine cell per 150 GFP-MSCs. A total 

of 7.3x106 cells per patch (patch size = 5x20mm) were injected into the scaffolds by multiple 

injections using a 27G 1ml syringe. The recellularized constructs were then cultured for 3 days in 

standard culturing conditions and fed every day with EM media. Each patch was then cut in half, 

one part was used for pre-transplantation analysis (whole tissue mounts for confocal microscopy, 

histology and qPCR) while the remaining half (5x10mm) was used for in vivo transplantation 

studies. About 14x106 cells (from the same batch used for the recellularization) were collected in 

RNALater (Qiagen, Sollentuna, Sweden) and used for qPCR analysis. 

 

Patch transplantation  

Each uterine patch was transplanted to an individual rat (n=6 per group) under isoflurane 

anesthesia. Animals were given sc injections of analgesic- and antibiotic agents (buprenorphine, 

0.05mg/kg; carprofen, 5mg/kg; trimethoprim, 24 mg/kg; sulfadiazine, 120mg/kg; Apoteket, 



Sweden), and a laparotomy was performed to expose the uterine horn. A 5x10mm large full 

thickness segment of the uterus horn was surgically removed to create a uterine defect. In a pre-

study we transplanted an acellular scaffold patch (from groups P1, P2, P3; n=6 per group) to 

replace the excised segment (using 10 stitches of running suture) with 8.0 non-absorbable 

polypropylene, and evaluated the grafts after three months. At the termination of the experiment, 

only sutures remained and the acellular scaffolds had degraded in all animals (data not shown). 

With this background knowledge, we then transplanted a recellularized bioengineered patch in a 

similar way. As a control group, six animals underwent a comparable segment removal but the 

uterine patch was immediately sutured back again (auto-transplantation).  

 

Mating and pregnancy assessment  

The animals with uterine patch transplantation (n=18), auto-transplanted (n=6) and non-operated 

control animals (n=6) were mated six weeks after transplantation and mating was confirmed with 

presence of vaginal plug. The experiment was terminated 16-20 days later to assess graft 

condition, the number of fetuses and their location. Grafts were located in all animals by the 

suture lines, except for one animal in Group P1, where the sutures could not be localized. This 

animal was excluded from further analysis. Grafts were isolated free from surrounding uterine 

tissue and sutures were removed. A biopsy from the graft was taken and placed in RNALater for 

gene expression analysis and the remaining piece was placed in a preservative (Histocon®; 

Histolab, Gothenburg, Sweden) for 12-18h before frozen in OCT. For one animal per group, 

where a fetus/degenerated fetus was located in the graft-area, a larger uterine segment that 



included the graft, graft junction and the fetus was isolated and placed in 4% formaldehyde for 

24h. These segments were processed for histological analysis.  

 

Fluorescent measurements, histology and immunocytochemistry 

To quantify the recellularization efficiency of the scaffolds prior to transplantation, a small piece 

of each recellularized scaffold was fixed (4% paraformaldehyde), washed and mounted on a 

slide. GFP fluorescence was measured based on maximum intensity projected confocal z-stack 

images (Carl Zeiss, LLSM 710 NLO) from three surface areas per patch (total area investigated = 

0.542mm2), from the luminal side (n=3) and from the perimetrial side (n=3). The GFP-MSC-

covered area was measured using Volocity6.3.1 software (intensity thresholds = 100-4095; 

detected objects <50µm2 was excluded). The proportion of GFP-labelled cell area and total image 

area (scaffold) was calculated with an adjustment for the z-stack thickness using the formula X2 + 

Y2 = Z2, where Z = the adjusted side length for each image.  

Histology and immunocytochemistry were completed using standard procedures. Briefly, 

cryosections of acellular scaffolds, recellularized pre-transplantation constructs, and isolated 

transplanted patches were cut, air-dried and rehydrated in PBS. Sections were fixed (10 min, 4% 

paraformaldehyde) and washed before adding blocking buffer (0.2% Triton X-100, 10% normal 

goat serum; NGS, PBS) for 60 min. Sections were then stained with primary mouse or rabbit 

antibody diluted in blocking buffer as follow; mouse anti-e-cadherin (1:200; ab76055; Abcam, 

Cambridge, England), mouse anti-vimentin (1:200; MA1-19168; Thermo Scientific, Stockholm, 

Sweden), rabbit anti-SMA (1:300; ab5694; Abcam), Ki67 (1:100; ab16667; Abcam) and cleaved 

caspase-3 (1:300; 9661S; Cell Signaling, Stockholm, Sweden) for 1h at room temperature (RT). 



Sections were washed and incubated for 1h at RT with an anti-mouse or anti-rabbit Cy3-

conjugated secondary antibody (1:300; A10520/A10521; Life Technologies). Sections were then 

washed, DAPI stained (1min, 25µg/ml DAPI in PBS) and washed again before cover slipped 

with Dako fluorescent mounting media. The formalin fixed uterus/fetus segments taken from 

each group were paraffin embedded, cut at 3µm thickness and processed for hematoxylin and 

eosin (H&E) staining using standard methods.  

 

DNA/RNA quantification and qPCR 

Tissue samples kept in RNALater were weighed before homogenization (5 min at 30Hz, 

TissueLyser II, Qiagen). The homogenate was transferred to an AllPrep DNA spin column 

(Qiagen) and centrifuged. The column was used for DNA purification, and the flow through was 

used for RNA isolation and purification using an RNeasy Micro Kit (Qiagen). MessengerRNA 

content was measured (NanoDrop) and used for cDNA conversion (high capacity cDNA reverse 

transcriptase kit; Applied Biosystems, Thermo Scientific). 

Quantitative PCR (qPCR) reactions were performed using Applied Biosystems 7500 Fast Real-

Time PCR system and Taqman probes. Two reference genes were tested: GAPDH 

(Rn01775763_g1) and ACTB (Rn00667869_m1). GADPH was selected after confirmation that 

similar results were obtained from ACTB (data not shown). Expression levels were measured for 

the following genes: CDH1 (E-cadherin; epithelial cells; Rn00580109_m1), Vimentin (stromal 

cells, Rn00667825_m1), ACTA2 (alpha smooth muscle actin; myometrium cells; 

Rn01759928_g1), vWF (von Willebrand Factor; endothelial cells; Rn01492158_m1), COL1A1 

(collagen 1a1; Rn01463848_m1), BCL2 (B-cell lymphoma 2; proliferation marker; 

Rn99999125_m1), HOXA11 (uterine tissue development; Rn01410200_m1), ESR1(estrogen 



receptor 1; Rn01640372_m1), PGR (progesteron receptor; Rn01448227_m1) and eGFP (cells 

used for recellularization; Mr04097229_mr). Expression levels were quantitatively analyzed 

using the 2ΔΔCt method and were relativized to control pregnant rat uteri. 

 

Statistics 

Two-tailed, paired student t-test was used to compare the number of fetuses in the operated vs. 

the non-operated horn. Kruskal-Wallis non-parametric analysis for multiple groups was used to 

calculate significance levels between groups in all other analysis.



Results 

Decellularization and recellularization 

The DNA content after decellularization in Group P1-generated scaffolds was 18% compared to 

normal uterus tissue, and was below detection levels for scaffolds of Groups P2 and P3. 

Cryosections of recellularized scaffolds revealed a limited cell distribution. Cells were mainly 

located on the surface or in isolated cell clusters within the scaffold (Fig. 1A-B). There were only 

a few cells in each section immunohistochemically positive for Ki67 and cleaved caspase-3 (data 

not shown). There was significantly larger cell coverage on the perimetrial side of P1-generated 

scaffolds compared to that of Groups P2 and P3 (Fig. 1C). 

 

Pregnancy results  

The in vivo results after patch transplantation (Fig. 1D-E) showed well integrated grafts and no 

obvious sign of tissue degeneration (Fig. 1. F-G). The transplantation procedure did not affect 

pregnancy rates and 4-6 animals in each experimental group became pregnant (Fig. 1H), as 

compared to 5/6 of non-operated rats (not shown). Similarly, the mean number of fetuses per 

uterus was comparable for all groups (Fig. 1I). Fetus numbers were similar in the patched horn 

and the non-operated contralateral horn for all groups, except for Group P3 which had a lower 

number of fetuses in the operated horn (Fig. 1H). The uterine area including the graft and nearby 

host uterine tissue had fetal development occurring in two animals in each of Groups P1 and P2, 

but for Group P3 there were only signs of degenerated fetal tissue. 

 



Histology and immunocytochemistry 

No placentation was formed directly over the patched area (Fig. 2A-B). However, the graft 

morphology resembled normal pregnant rat uterus with organized well-structured myometrial- 

and epithelial-like structures (Fig. 2C-D, F-H). Some areas of the Group P1-grafts had a large 

amount of infiltrating cells of unknown origin (Fig. 2E) and signs of granulation was seen in 

Group P2-grafted animals (Fig. 2G). Immunohistochemistry showed a large amount of GFP-

negative cells in the grafts which were less organized compared to cells in normal pregnant uterus 

tissue (Fig. 3A-H). Uterine specific cell markers SMA and E-cadherin confirmed that the 

majority of the present cells were host uterine cells. The Group P1- and P2-constructs appeared 

more homogenous and organized than Group P3-constructs (Fig. 3B-D, F-H). 

 

mRNA levels and gene expression analysis 

The total RNA content of the constructs increased throughout the experimental period and was 

not different to normal- or auto-grafted uterine tissue at the termination day (Fig. 4A). 

Quantitative PCR data from patches prior to and after transplantation showed a typical gene 

expression profile for GFP-MSCs in vitro prior to transplantation (Fig. 4B), which changed to a 

typical expression profile for pregnant uterine tissue in vivo. No GFP-expression was detected at 

the termination of the experiment. 

  



Discussion 

The results of the present study demonstrate that the creation of a uterine patch from 

decellularized uterine tissue is a feasible strategy that can be used to support uterine function, 

including pregnancy. This strategy should be developed further towards clinical use. Importantly, 

the results show that uterine-like tissue with supporting properties can be created using a 

combination of uterine cells and mesenchymal stem cells. The study design was based on our 

original report, where three different protocols (P1-P3) for rat uterus decellularization were 

compared and showed slight differences in the extent and specificity of the decellularization 

process (24). The results of the present study consistently showed that the buffered or non-

buffered Triton-X100+DMSO-based protocols (P1 and P2) were superior to the sodium 

deoxycholate-based protocol (P3). Cell adherence in vitro and the in vivo remodulation of the 

constructs by repopulating host cells were better in these groups. Furthermore, both these types of 

patches were able to support pregnancies in the grafted region of the uterus. In contrast, P3-

derived scaffolds had poor recellularization abilities, and cell organization was unparalleled to 

Groups P1 and P2 in vivo. The suitability of scaffolds based on P1- or P2 protocols should thus 

be evaluated further in rodent models and then in large animal models, including nonhuman 

primates.  

Different protocols for the decellularization of uterine tissue have been explored in the rat (24-26) 

and in a recent study in that species it was reported that the detergent Triton-X100 was an 

ineffective decellularization reagent for uterine tissue (26). However, results from the present 

study of Groups P1 and P2, and in our previous study in the rat (24), consistently showed that this 

relatively mild decellularization treatment worked well when the solutions were administered 

through perfusion and in combination with 4% DMSO. Sodium dodecyl sulfate (SDS) is an 



effective and common reagent that has been used to decellularize many organs, including the 

uterus (14, 25, 26). However, this strong detergent has been shown to also compromise 

extracellular matrix (ECM) components and consequently may negatively affect the 

recellularization properties of a uterine scaffold (14). Hence, Triton-X100 and DMSO should be 

explored further as important reagents for uterus scaffold construction. Indeed, the protocols 

tested herein resulted in higher total number of fetuses in the operated horns (3.0-4.4), compared 

to SDS-based uterus constructs previously evaluated in vivo (0.8-1.3) (25, 26). However, results 

may not be directly comparable since our grafts were 25% smaller and that it also may exist other 

technical differences in the protocols of the two studies. For future studies, we found it crucial to 

obtain sufficient amount of tissue material to also analyze the recellularization efficiency before 

transplantation. The evident consequence was that this approach reduced the size of the patches 

used for our in vivo experimentation. Furthermore, it is noteworthy that placentation did not 

occur directly over the patches in any protocol of the present study. The reason for this 

placentation deficiency of the bioengineered patches is not clear but it is an indication of a 

suboptimal tissue structure and/or poor revascularization.  

A high initial recellularization efficiency of appropriate cells in the scaffolds will be beneficial 

for further cell repopulation in vivo and may possibly enhance implantation rates and allow for 

placentation over the graft. An in vitro based study using human cervical cells reported limited 

scaffold repopulation in un-vascularized scaffolds (20). These results are similar to those 

obtained concerning other organ systems (27, 28). Therefore, bioengineered constructs based on 

decellularized whole uterine tissue including the vasculature conduits (24, 25), and the use of 

sophisticated perfusion bioreactors may be required to improve recellularization results, even for 

smaller patches. 



 

We used labelled MSCs to permit an unbiased interpretation and quantification of the 

recellularization efficiency of the scaffolds. Furthermore, the faith of recellularized cells could be 

determined in vivo, a fundamental detail in order to find the best suitable cell source for the 

construction of bioengineered organs. We predominantly used GFP-MSCs, and only 0.7% was 

non-labelled primary uterine cells. Our initial aim was to use a higher proportion of uterine 

specific cells in the cell mix to aid in MSC differentiation, but we had difficulties expanding 

these in culture. Donor MSCs have been found in recipient endometrial stroma- and epithelial 

compartments, which suggests that endometrial cells can originate from MSCs (29-31). 

Endometrial endothelial cells have also been found to have a MSC origin (32), and we therefore 

considered MSCs suitable to use for our study. However, by using immunohistochemistry and 

qPCR, we discovered that there were no labelled MSCs remaining in the transplanted constructs 

after 8-9 weeks in vivo. We cannot rule out a possible immunological elimination of the 

transplanted cells due to the host-foreign GFP expression. However, previous successful in vivo 

transplantation studies were able to detect GFP-MSCs after a similar time period after cell 

transplantation to the injured spinal cord in the rat (33), and allogenicity between SD rats is also 

unlikely (34). It is not uncommon for transplanted MSCs to be removed after transplantation, and 

others have reported that these cells predominantly are immune modulating and act as host cell 

homing stimulators through paracrine actions (35). This was also noticed when MSCs were 

transplanted to repair uterine tissue in a mouse model of Ashermann’s syndrome (36). These 

beneficial effects may have contributed to a successful repopulation of host uterus cells that 

eventually replaced the GFP-MSCs in our study.  



Based on morphology and fetus numbers, our constructs functioned well and gave proper support 

during pregnancy. For larger uterine constructs however, recellularization with MSCs alone may 

not be sufficient enough since it has been shown that donor MSCs were unable to replenish the 

highly regenerative endometrial side population of the recipient, which is thought to be the main 

source of stem cells in the endometrium (30). Important findings regarding the existence of uterus 

stem cells have been documented, both from the endometrium and myometrium (37-40). The 

isolated side population is a promising cell source for uterine bioengineering applications since 

these cells show capacity of self-renewal, can differentiate into uterus specific cells and can form 

endometrium-like tissue when transplanted (40-44). Thus, it is likely that a heterogeneous cell 

mix of at least some of the cell types mentioned above, or that specific homogenous cell 

populations added in sequence will improve the outcomes.  

The principle limitations of the study are the relatively small sample size that the recellularization 

efficiency was based upon, the pregnancies were not induced be embryo transfer with a set 

number of embryos, and that relatively small patches were used instead of larger complete 

segments of the uterus.  

In conclusion, this study indicate the principles for creating bioengineered uterine patches that 

can be used to repair uterine defects and give support during pregnancy. These applications 

should be developed further towards clinical use, both for uterine tissue repair and for the 

development of a whole bioengineered uterus with a functional vasculature for uterus 

transplantation purposes.  
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Figure legends 

Fig 1. Results of recellularization, gross morphology and pregnancy rates of Groups P1-P3, with 

comparison to pregnancy rate of auto-grafted control animals. Cross section (A) and surface view 

(B) of the recellularized scaffolds showed a limited cell distribution of the scaffolds in vitro. 

Most cells were located in isolated cell aggregates or on the scaffold surface areas (A). Maximum 

projection images from z-scanned confocal images from the luminal- and the perimetrial surface 

of the scaffolds were used to analyze the cell density (B-C). Scaffolds of Group P1 showed a 

significantly higher cell confluency on the perimetrium side compared to the scaffolds of Groups 

P2-3, with a similar trend on the luminal side (C; ***P<0.001; *P<0.05). An excised uterus 

segment was replaced with a bioengineered construct (D-E; arrow indicate bioengineered 

construct). Patches had integrated well with the host uterine tissue and pregnancies were 

observed (F-G; arrows indicate graft). The total numbers of pregnant animals per group and 

fetuses at transplantation sites were similar in all groups, except in Group P3, with no fetuses 

found over the patch areas (H). The number of fetuses in the operated horns was not significantly 

different from each other (I), or to normal non-operated rats (not shown). When compared with 

the contralateral non-operated horn from respective group, a difference was seen in the Group P3 

animals (*p<0.05).  

 

  



Fig 2. Micrographs of a cross section in the fetal sagittal plane of a pregnant animal grafted with 

a Group P1-construct (A), and a pregnant animal grafted with a Group P2-construct cross 

sectioned in the fetal transverse plane (B). Graft location is identified by the location of the suture 

lines (dotted lines; A-B). Placentation was not found over the grafts. The graft morphology was 

similarly organized to that of normal pregnant uterus with myometrium- and epithelial-like 

structures (C-D, F-H). Some areas of the graft had a large amount of infiltrating cells (E) and in 

some areas granulation was seen (G).  

  

  



Fig 3. Immunohistochemistry of normal pregnant uterus (A and E), and of grafted bioengineered 

patches of pregnant animals of Group P1 (B, F), Group P2 (C, G) and Group P3 (D, H). No GFP-

labelled cells remained in the grafts. Immunohistochemistry with smooth muscle cell actin 

specific antibody (SMA; red) showed presence of positive cells in all experimental groups, but 

with less density and organization in Groups P1-P3, as compared to the normal uterus (A-D). The 

Group P3 patch had clearly lower numbers of SMA-positive cells as compared to Groups P1 and 

P2. Immunohistochemistry with antibody against the epithelial cell protein E-cadherin (E-

cadherin; E-Cad; red) revealed host cell recellularization of epithelial cells, with more prominent 

glandular structures seen in Group P3-constructs, but again less organized compared to normal 

uterus (E-H). Scale bars = 100µm. 

 

  



Fig 4. A, total amounts of mRNA/mg wet tissue in native uterus and autografted patch (left 

panel) as compared to that of scaffolds, in vitro recellularized scaffolds (Recell) and patches 8-9 

weeks after transplantation (Tx patch) of Groups P1, P2 and P3. The total mRNA content 

increased during recelluarization and after the in vivo conditions in all experimental groups. The 

bioengineered uterine constructs in vivo had similar levels of mRNA compared to normal- or 

autografted uterine tissue (***P<0.001). B, gene expression analysis from tissues obtained at 

different stages during the construction of the bioengineered uterine patches (median indicated 

with the interquartile range, and 95% error bars; star/circle indicate outliers).  In general, there 

was a change from a green fluorescent protein (GFP) labelled mesenchymal stem cell-like gene 

expression profile in vitro, to a pregnant uterus-like expression profile in vivo. No GFP 

expression was detected in the bioengineered constructs after 8-9 weeks in vivo. CDH1 (E-

cadherin; epithelial cells), Vimentin (stromal cells), ACTA2 (alpha smooth muscle actin; 

myometrial cells), VWF (von Willebrand Factor; endothelial cells), COL1A1 (collagen 1a1; extra 

cellular matrix component), BCL2 (B-cell lymphoma 2; anti-apoptotic marker), HOXA11 

(uterine tissue development), ESR1 (estrogen receptor 1), PGR (progesteron receptor) and eGFP 

(cells used for recellularization). Mesenchymal stem cells and uterine cells (MSC + Uterus cells) 

used for recellularization, autografted patches (Autografted), uterine tissue from non-pregnant 

control animals (Normal Uterus) and uterine tissue from pregnant control animals (Normal 

Pregnant Uterus).  

  



Sup. Fig. 1 

A, whole uterus was isolated with intact vasculature to facilitate decellularization by perfusion of 

detergents and ionic solutions according to protocol 1, -2 and -3. The decellularized uterus was 

then cut so that a rectangular segment (patch) was created which acted as a uterine tissue scaffold 

for the experiment. B, purchased mesenchymal stem cells genetically labelled with green 

fluorescent protein were expanded in vitro (passage number <8) and then mixed with isolated 

primary uterus cells which had been isolated and cultured in vitro for six days. C, 

recellularization was performed by multiple injections into the scaffold using a 27G syringe. D, 

the recellularized constructs were then cultured for 3 days in vitro, then each patch was cut in 

half, one part was used for pre-transplantation analysis and, E, the remaining patch was used for 

in vivo transplantation studies. Pregnancy was induced by normal mating 6 weeks after 

transplantation, and the experiment was terminated 16-20 days later to assess the condition and 

functionality of the grafts. Histology, immunohistochemistry and qPCR were performed on 

samples taken at several steps in the process (A, B, D and E).  
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