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De-tensioning of collagen fibers optimizes endometrial receptivity and improves the rate of
embryo implantation
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Abstract

Successful embryo implantation is associated with intensive endometrium matrix
remodeling, in which fibrillar collagens and matrix metalloproteinases play a key role. Here
we report that topical treatment with a single dose of human collagenase-1 improves the rate
of embryo implantation in murine models regardless of genetic background. Collagenase-1
treatment reduces endometrial collagen-fiber tension affecting their aligned configuration
while preserving the overall integrity of the uterine tissue. The collagenase treatment causes
enhanced local vascular permeability and creates an inflammatory-like environment, all of
which are necessary for successful embryo implantation. We show that this specific
treatment rescued heat stress and embryo transfer induced embryo failure in mice. Our
findings highlight the clinical feasibility to improve endometrial receptivity for embryo
implantation. This treatment approach may be used to improve livestock breeding and for

assisted human reproduction medical treatments.
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Teaser
Mild specific collagen remodeling improves endometrial receptivity for natural and embryo-

transfer-derived embryo implantation.

Introduction

Embryo implantation is a complex process consisting of dynamic genetic, biophysical and
biochemical events in the uterine endometrium layer. For successful implantation, the
endometrium is required to generate an appropriate microenvironment that is determined by many
factors, including gene and hormonal expression, extracellular matrix (ECM) and local immune
system reorganization, angiogenesis and others (1-4). There is a wide spectrum of mammalian
endometrial responses to embryos of different qualities (5-7), and tightly regulated ECM
remodeling plays a crucial role in establishing the optimal receptive conditions and
synchronization of an appropriate embryo-endometrium cross-talk. This process takes place
during each reproductive cycle to prime the endometrium for implantation, and continues during
the window of implantation (WOI) and the decidualization phase (8-11).

During the embryo implantation period, the spatial and temporal expression of highly
abundant endometrial collagens, types I, Ill, and V, are altered (12-14). In addition, due to
intensive remodeling, collagen types | and 111 are locally reduced at the implantation sites in mice
(13, 14). Similarly, the ultra-structure of fibrillar collagens in humans is changed during the first
trimester of pregnancy (15). The data strongly indicate that fibrillar collagens play a role in
trophoblast cell adhesion and invasion (15-17), whereas impaired remodeling of endometrial
structural proteins is correlated with implantation failure and pregnancy loss (18-23). This suggests
that highly regulated and targeted collagen remodeling may optimize the receptive state and
improve conditions for successful implantation.

Endometrial remodeling during embryo implantation is mediated by various enzymes,
most notable are matrix metalloproteinases (MMPs) (11, 24-27). MMPs are multifunctional
proteases, which are able to degrade ECM proteins, shed cell surface receptors and activate
biomolecules (28, 29). Successful embryo implantation requires a tight balance of their expression
and proteolytic activity (11, 24-27). MMPs regulate trophoblast invasion (9, 17, 30, 31), and
contribute to vascular remodeling, angiogenesis and inflammatory processes in the endometrium
(29, 32). Studies have shown that MMP-1, 2, 3, 7, 9, 11 and 14 are involved in all stages of embryo
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implantation and are expressed by both the endometrium and the trophoblast cells (21, 24, 27,
33). Yet, many of the specific functions of MMPs are unknown, this includes their role in
regulating collagen reorganization at each stage of normal embryo implantation (34). Moreover,
harnessing ECM remodeling mechanisms to promote normal tissue physiology, like implantation,
remained largely unexplored.

Previously, we have demonstrated that specific proteolysis of collagen-rich ECM by
collagenase-1 (MMP-1) leads to distinct combinatorial events that affect overall collagen
morphology, ECM viscoelastic properties and molecular composition. These specific ECM
changes uniquely affected cell morphologies, signaling patterns and gene-expression
profiles. Specifically, we observed an improved ability of fibroblasts to adhere and invade
collagen-rich ECM pretreated with collagenase-1 ex vivo (35). These observations motivated us to
examine the effects of mild ECM remodeling, induced by collagenase-1 treatment, on embryo
implantation.

Here, we demonstrate that a single topical administration of ~1ug of collagenase-1 was
sufficient to improve embryo implantation rates in mice significantly, regardless of genetic
background. Mechanistically, we revealed that this treatment induced mild alterations in spatial
organization of collagen fibers, manifested in fiber de-tensioning that led to reduced fiber
alignment. Additionally, we observed slightly enhanced angiogenesis, and signs of an
inflammatory-like environment. Importantly, we did not detect intensive fibrillar degradation. The
uterus preserved its structure and integrity and no indications of pathological hypervascularity and
inflammation were observed. Mechanistically, our results show that the enhanced collagen de-
tensioning optimizes endometrium receptivity and improves embryo implantation. In addition, this
study highlights the potential utilization of collagenase-1-specific degradation for increasing
success rates of embryo implantation, while providing new mechanistic insights into its important

contribution to endometrial receptivity.
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Results
Treatment with collagenase-1 improves the adherence of embryos ex vivo and implantation
rate in vivo

Previously, we have shown that proteolysis of natural collagen fascicles from rat tendons
by collagenase-1 leads to specific and unique ECM changes. Following collagenase-1 proteolysis,
the fibril alignment was disrupted, producing a specific and robust degradation pattern, manifested
in widely distributed broken and bent fibrils in multiple orientations (35). Further examination of
the collagen network by scanning electron microscopy (SEM), revealed less packed, relaxed and
disorganized collagen fibrils within each fiber. These observations signify the overall collagen
fibers de-tension when treated by collagenase-1 (Fig. 1A).

As endometrial ECM-remodeling by MMPs is a crucial event for successful embryo
implantation (8, 11), we hypothesized that inducing moderate remodeling of collagen fibers by
collagenase-1 will positively affect the embryo-endometrium crosstalk. We therefore incubated
mouse blastocysts with native collagen-rich ECM pretreated with either vehicle or collagenase-1
ex vivo. After 4 h of incubation, we observed more blastocysts on or in close proximity to the
collagenase-1-treated matrix compared to the vehicle-treated matrix (Fig. 1B). This observation
showed that collagen proteolysis enhances blastocyst-ECM interactions. This result prompted us
to examine the effect of exogenous collagenase-1 treatment on embryo implantation rates in vivo.
For this purpose, we used a spontaneous pregnancy model in which ICR copulated female mice
were topically administered with ~1 pg of recombinant collagenase-1 or vehicle at day E2.5 (2.5
days post-coitum) (Fig. 1C). Embryo implantation sites were recorded 4 days later, at E6.5. A
significant increase of ~60% in the number of embryo implantations was detected in the
collagenase-1-treated mice (Fig. 1D). The same effect was observed in C57BL/6 mated females,
demonstrating a significant improvement of ~50% in embryo implantation (Fig. S1). Littermates
of treated animals were born healthy and viable, exhibiting normal development and behavior.
Additionally, the weight of littermates measured 3 weeks after birth was within the range of the
expected average weight of healthy mice of the same age and strain according to the literature
(123 g) (36).
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Topical administration of collagenase-1 does not affect tissue integrity

First, we set out to examine if mild collagenase-1 treatment affected the general structure
of the endometrial tissue and its integrity at E4.5, which is the time when the embryo is fully
attached and decidualization has begun. H&E staining at E4.5 demonstrates that all three tissue
layers of the uterus after collagenase-1 treatment resemble the intact structure of the uteri in the
control group. The myometrium and endometrium layers of the uteri were complete in both groups
with clear segregating borders (Fig. 2A). In addition, the treatment did not affect the morphology
of the luminal epithelium, which was organized as a simple-columnar monolayer with basal nuclei.
Moreover, in the treated uteri, the typical tissue structures, such as endometrial glands, remained
intact and were similar in appearance to the vehicle-treated uteri. Pathological examination further
confirmed that there were no abnormalities or distinct morphological changes of cells within the
uterus (epithelia, stroma, myometrium) following collagenase-1 treatment. To exclude the
possibility of pathological trophoblast invasion to the myometrium as a result of collagenase-1
treatment, we examined the implantation site of GFP-expressing embryos within the uterine
fibrillar collagens using two-photon microscopy with a second-harmonic generation (SHG)
modality. The inspection was done at E6.5 when the invasion process is completed, and
gastrulation starts. Figure 2B shows the representative images of GFP-embryos interacting only
with collagens in the endometrium. Thus, mild amounts of collagenase-1 did not produce abnormal

invasion depth of the implanted embryos.

Topical administration of collagenase-1 affects spatial organization of uterine collagen fibers

To investigate the mechanisms associated with the improvement in embryo implantation
rates following collagenase-1 treatment, we examined collagen organization at different
hierarchical levels before and during the window of implantation (WOI) i.e., days 2.5 and 4.5 post
coitum, respectively.

First, we characterized the effect of collagenase-1 treatment on the organization of
endometrial collagen fibers using SHG modality. This technique is a fast, convenient optical
method, allowing visualization of collagen fiber assembly within the tissue. We imaged the fibers
at E2.5 (i.e., 1 h post treatment) and at E4.5 (Fig. 3A, B). At both time points, the collagenase-1
treated uteri presented loosely packed and wavy fibers in comparison to the vehicle-treated uteri,

which exhibited dense morphology with well-aligned and tightly packed collagen fibers. To assess
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the degree of fiber dis-alignment, we subjected the images to unbiased orientation analysis, giving
rise to the probability of collagen fibers orientations. The diversity of fiber orientations was
measured by calculating the Shannon index, i.e., entropy of the distribution of orientations, as a
non-parametric measure of distribution dispersion. The analysis revealed a slight, but significant
increase in orientation entropy in treated compared to control uteri, both at 1h after treatment and
at E4.5 (Fig. 3C, top). This result signifies the de-tensioning of collagen fibers induced by
collagenase-1. Additional analysis of the area covered by collagen showed a trend of higher dense
collagen organization in the vehicle group compared to collagenase-1 treated group (Fig. 3C,
bottom). This density analysis indicates that the tissue becomes more permeable following
collagenase-1 treatment, but gross fiber degradation does not take place. The image analysis
indicated that the spatial disorganization of endometrial fibers induced by collagenase-1 last for at
least two days. Next, we analyzed if the treatment with collagenase-1 affected the alignment of the
myometrium collagen fibers. SHG images of cross-sections of uteri treated with vehicle or
collagenase-1 showed no difference in directionality or area covered by collagen in both 1h and
E4.5 samples (Fig. S2). This data confirms that the treatment by collagenase-1 did not affect the
tension of collagen fibers in the myometrium.

High resolution scanning electron microscopy (SEM) imaging of E2.5 uteri collected 1h
after collagenase treatment revealed distinct topological features of relaxed endometrium collagen
fibers (Fig 3D). Their surface was covered by non-aligned wavy fibrils, indicating mild proteolysis
of collagen. In contrast, the fibers in vehicle sample contained well-aligned densely packed
collagen fibrils.

Next, we analyzed the three-dimensional microstructure of endometrium collagen fibrils
using a high-resolution serial block-face scanning electron microscope (SBF-SEM). This
VolumeEM modality provides sufficient resolution to study individual collagen fibrils by
generating a representative reconstructed 3D model (37). Remarkably, the analysis of randomly
selected reconstructed collagen fibrils (Fig. 3E), from samples taken 1 h after treatment, showed
no changes in fibril volume fraction when compared to those of fibrils from vehicle samples (Fig.
3F). This analysis further indicated that no gross changes in fibril degradation had occurred
following collagenase-1 treatment.

Taken together, the imaging analyses at different resolutions provides evidence that the

mild proteolysis by collagenase-1 mostly manifests in de-tensioning of collagen fibers, affecting


https://doi.org/10.1101/2022.01.18.476712

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.18.476712; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

collagen spatial organization, rather than intensive fibrils proteolysis. Such mild proteolysis

increases tissue permeability, providing maternal structural support during the WOI.

Mild proteolysis induced by collagenase-1 promotes local vascular permeability

Successful embryo implantation relies on the induction of angiogenesis and uterine
vascular permeability (38-41). To explore the angiogenic-related mechanisms associated with
collagenase-1 treatment, magnetic resonance imaging (MRI) was applied at E4.5. The MRI signal
enhancement was measured in the collagenase-1 and vehicle-treated samples during a period of
~30 min (Fig. 4A) to compare the accumulation of the contrast agent in the implantation sites. The
contrast agent's concentration at each time point was normalized to its concentration in the vena
cava, and normalized values were used to derive the MRI vascular parameters. Two main
parameters characterizing vascular development and function were calculated: permeability
surface area (PS) and fractional blood volume (fBV) (38). The analyses showed that implantation
sites of uteri treated with collagenase-1 exhibited mild and not significant elevated PS and fBV
values compared to implantation sites of vehicle-treated uteri (Fig. 4B,C). These MRI results
indicate that collagenase-1 treatment induces a slight increase in local vascularization with no
evidence of pathological hypervascularity. In addition, immunofluorescent imaging demonstrated
that in response to collagenase-1 treatment, more of the injected contrast agents are observed
accumulated within the implantation site (Fig. 4D). Taken together, these results indicate that the
mild proteolysis of endometrium promotes local vascular permeability.

MRI results from E4.5 prompted us to look for mechanisms of increased angiogenesis. We
tested the mRNA expression of Kdr (Vegfr2) and different isoforms of Vegfa at this time point, as
they are the known players promoting angiogenesis in the uterus environment (42-44). Moreover,
collagenase-1 is known to stimulate angiogenesis through vascular endothelial growth factor
receptor 2 (VEGFR2) up-regulation (45). Our gRT-PCR analysis on E4.5 revealed a moderate
increase in the transcription of Vegfr2 (Fig. 5A) comparing collagenase-1 treated with vehicle. No
increase in the mRNA level of Vegf-a120, Vegf-al64 and Vegf-a188 isoforms were observed.

Previously we have shown that the degradation of collagen-rich ECM by collagenases
accompanies the release of bioactive molecules (35). Since the gqRT-PCR results did not show an
increase in Vegf-a expression, we examined the direct effect of collagenase-1 on matrix-bound

VEGF-A protein. For that, E2.5 uteri samples were completely decellularized and incubated with
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the activated enzyme. Western blot analysis of the supernatant revealed a release of matrix-bound
VEGF-A forms (i.e., VEGF-A164 and/or VEGF-A188) following incubation with collagenase-1.
Remarkably, no VEGF-A release was detected in the vehicle-treated sample (Fig. 5B, S3). The
release of the matrix-bounded VEGF-A proteins during mild proteolysis generates gradients of
VEGF-A, which is a key initiation step in angiogenesis.

In addition, the protein levels of VEGFR2 in collagenase-1 treated samples were compared
with vehicle at E4.5 and E6.5. Confirming the qRT-PCR results, we observed an increased trend
in the expression of VEGFR2 at E4.5, which became significant in the later time point of E6.5
(Fig. 5C, S3). Likewise, staining of implantation sites after the WOI at E6.5 showed an increase
in CD34 expression, which is a marker for angiogenesis (Fig. 5D).

Taken together, our results demonstrate the supportive role of collagenase-1 in the
induction of angiogenic processes. First, mediated collagenolysis gives structural support for
neovascularization. Second, collagenase-1 mediates induction of VEGFR2 and matrix-bound
release of VEGF-A. This is accomplished without causing early pathological hyper-
vascularization that can impair pregnancy outcomes (46, 47). Since embryo implantation relies on
the induction of angiogenesis (38-41), the treatment with collagenase-1 allows a better supportive

environment for embryo implantation.

Fiber de-tensioning induces NK cell infiltration and upregulation of the cytokine Lif required
for embryo implantation

NK cells are the most abundant immune cells in the endometrium during embryo
implantation, regulating trophoblast invasion, vascularization, and decidualization initiation (3, 4).
In addition, intensive collagen degradation has been shown to promote immune cell migration (48,
49). Thus, we examined the effect of collagen de-tensioning on the infiltration of different immune
cells into the treated endometrium. The flow cytometry analysis at E4.5 showed a specific increase
of ~40% in NK cell population in treated mice, with no changes in T cell, dendritic cell, or
macrophage populations (Fig. 6A,B, S4). Furthermore, western blot analysis at E4.5 of the NK
cell marker (NKp46) confirmed the increase in the population of NK cells following treatment
(Fig. 6D, S4A). Our results show that the de-tensioning of collagen following collagenase-1
treatment, leads to slight, but significant increase the infiltration of NK cells to the implantation

site.
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Since numerous cytokines and chemokines are involved in the crosstalk between the
embryo and the endometrium (3, 50, 51), we compared the expression levels of several cytokines
at E4.5 in both sample types. Following collagenase-1 treatment, a significant increase of
Leukemia Inhibitor Factor (Lif), one of the most important pro-inflammatory cytokines involved
in successful implantation (52), was detected at the transcript and protein level (Fig. 6D, S4A).
Interestingly, there was no significant change in the expression levels of other tested cytokines
(Fig. 6C).

A receptive endometrium has to exhibit typical signatures of tissue remodeling and
inflammatory signaling. Our results show that collagenase-1 treatment promotes specific
inflammatory signaling in the endometrium that is mild, but significantly stronger than in vehicle-
treated mice. This inflammatory phenotype includes an increase in NK cell infiltration and Lif
expression, where other important pro-inflammatory cytokines were not affected. Thus, the fiber
de-tensioning by collagenase-1 improves the receptive state of the endometrium by promoting NK

cell infiltration and Lif expression.

De-tensioning of collagen fibers by collagenase-1 improves implantation rate in heat stress
and embryo transfer models

We determined the utility of collagenase-1 treatment in models in which embryo
implantation has a lower success rate, i.e. heat stress and embryo transfer (ET) (53-56).

Prolonged elevated environmental temperature was reported to reduce successful
pregnancy rates (57, 58). Accordingly, under heat stress conditions of 38 °C, we observed a
reduced embryo implantation rate with an average of 5 implantation sites per female (Fig. 7A,B).
We hypothesized that the structural and signaling changes mediated by collagenase-1 treatment
could compensate for the harmful effect of the elevated temperature. Indeed, treatment with
collagenase-1 rescued the heat-stress effect as we observed 10.6 implantation sites per female on
average (Fig. 7B). Notably, mouse body temperature during the heat-stress protocol remained at
36 °C to 38 °C, indicating the females were still in a normal and healthy physiological state (Fig.
S5A).

Another well-known scenario with characteristically low implantation rates is the embryo
transfer model (56). In humans, in vitro fertilization (IVF) and ET show relatively low pregnancy

success rates mainly due to impaired implantation (59-61). Thus, we investigated whether
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treatment with collagenase-1 can improve the implantation rate in a mouse embryo transfer model,
in which blastocysts are transferred to a pseudo-pregnant female (female mated with a
vasectomized male) (Fig. 7C). In this model, a significant two-fold increase in the number of
embryo implantations was detected upon topical administration of recombinant collagenase-1 over
control treatment (Fig. 7D). Furthermore, a similar increase in implantation rate following
treatment was observed in a cross-strain embryo transfer protocol, in which cbcF1 embryos were
transferred into ICR pseudo-pregnant females (Fig. S5B).

Altogether, these results show a general phenomenon in which endometrium-collagenase-
1-mediated mild remodeling increases the number of implanted embryos regardless of their genetic
background. Moreover, this gentle intervention is even able to override environmental stressors

that impair the tightly controlled embryo implantation process.

The impact of collagenase-1 mild proteolysis on murine endometrial collagen reorganization
and VEGF release is relevant for human uterine biology

A major intriguing question was the feasibility of our protocol to create mild collagen
remodeling in assisted reproduction treatment protocols practiced in human females. To address
this question, we explored if the treatment of human uteri samples with human collagenase-1
would display mechanisms similar to those observed in mice. Fresh endometrial biopsies from
healthy women were excised, decellularized and incubated ex vivo either with collagenase-1 or
vehicle and imaged under two-photon microscopy. Utilizing SHG imaging modality, we detected
detension of collagen fibers in collagenase-1-treated endometrium layers similar to those observed
in mice. Specifically, collagenase-1-treated endometrium layers displayed disaligned and loosely
packed collagen fibers, in contrast to fibers in control samples (Fig. 7E). The effect of collagenase-
1 on the release of vascularity formation factors, i.e., VEGF-A, from the ECM was also examined.
As earlier described, after decellularization, the endometrial samples were incubated with either
collagenase-1 or vehicle. An increased release of dimeric forms of VEGF-A was observed from
the collagenase-1 treated matrices (Fig. 7F), similar to the results observed in murine samples (Fig.
5C). Overall, our results demonstrate that the effects induced by the mild proteolysis of
collagenase-1 are similar in human and mouse tissues in terms of collagen morphology alteration
and the release of pro-angiogenesis factors. These data indicate the potential use of a specific

remodeling enzyme in human reproductive medicine.
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Discussion

Embryo implantation outlines a critical phase of the reproductive process in mammals.
Recent evidence suggests that this process is the main limiting factor for establishing natural early
pregnancy and for the success of assisted reproductive techniques like in vitro fertilization—-embryo
transfer. Current studies show that successful embryo implantation requires both, a high quality
embryo and a receptive endometrium microenvironment.  Our results show that harnessing
molecular aspects of mild and specific fibrillar endometrial collagens remodeling promotes key
physiological processes that prime the uterus environment for successful embryo implantation.
Specifically, we show that collagen de-tensioning induced in the endometrium by a single dose of
collagenase-1 significantly improves embryo implantation success.

We assign this improvement to the proteolysis of native uteri collagen, which contributed
mild collagen misalignment and release of angiogenic factors like VEGF-A. Together, these
effects produce optimized endometrial microenvironment which promotes NK cell infiltration and
neovascularization, which are necessary for successful embryo implantation. The specific
biophysical and molecular mechanisms underlying the effect of collagenase-1 mediated collagen
de-tensioning in improving embryo implantation are summarized in Fig. 8.

Due to the low success of assisted reproductive technology, many researchers occasionally
investigated procedures associated with aspects of ECM remodeling to improve embryo
implantation. Endometrial scratching is perhaps the most well-known strategy (62). The
application of this method via biopsy prior to IVF procedure dramatically increases the chances of
implantation by provoking inflammation and endometrial angiogenesis and was recommended by
many clinicians prior to IVF (63-65). However, the efficiency of this procedure has been
questioned by several studies (66-68). LIF administration was applied as another approach for
increasing embryo implantation since this factor is dysregulated in infertile women suffering from
recurrent implantation failure (69, 70). Unfortunately, the effect of LIF treatment was not as
desired as it did not improve implantation rates and pregnancy outcomes for women with recurrent
unexplained implantation failure. Another concept in improving embryo implantation focuses on
enhancing vascularization. VEGF levels are significantly reduced in uterine fluid during the
receptive phase in women with unexplained infertility compared with fertile women (71). Indeed,
the study by Binder et al. showed that mouse embryos cultured with recombinant human VEGF

(rhVEGF) had significantly higher implantation rates following blastocyst transfer compared with
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control (72). However, the total effect of the rhVEGF on the uterus environment was not described.
Taken together, these studies strongly indicate that manipulating factors associated with ECM
remodeling have the potential to improve embryo implantation. However, the detailed mechanistic
understanding of ECM remodeling mechanisms affecting the rate of embryo implantation is
required.  Collagen is the most abundant structural ECM molecule and it undergoes intensive
remodeling during embryo implantation. We utilized the collagenolytic activity of collagenase-1
to loosen the extracellular matrix and thereby improve the receptivity of the endometrial
microenvironment regardless of the embryo presence. Using a pseudo-pregnancy model at E4.5,
we observed that collagenase-1 induces inflammatory and angiogenesis pathways independently
from the presence of embryos (Fig. S6). These data strongly suggest that collagenase-1 primes the
uterine environment for a successful embryo-endometrium dialogue. More importantly, the
treatment was also able to rescue low implantation-rate scenarios in the heat-stress and embryo
transfer models. Additionally, collagenase-1 administration does not affect the health of
endometrial tissue or the offspring resulting from these pregnancies. The feasibility test of
collagenase-1 application on human endometrial samples showed very similar mechanisms to
those observed in mice, specifically, the spatial re-organization of collagen fibers and the release
of VEGF-A. Our study highlights the potential of using the collagen remodeling enzyme
collagenase-1 for livestock breeding and in assisted human reproductive protocols to overcome

difficulties in both natural and IVF based embryo implantation.

Materials and Methods

MMP preparation and activation and enzymatic assays

Collagenase-1 was overexpressed and purified as described previously(35). Collagenase-1 was
activated with 1 mM APMA (4-aminophenylmercuric acetate) in TNC buffer (50 mM Tris (pH
7.5), 150 mM NaCl, 10 mM CaCly) at 37 °C for 60 min. The enzymatic activity of collagenase-1
was measured at 37 °C by monitoring the hydrolysis of the fluorogenic peptide Mca-Pro-Leu-Gly-
LeuDpa-Ala-Arg-NH2 at Aex = 340 nm and Aem = 390 nm as previously described (73).

Animals
All animals were obtained from Envigo Laboratories (Jerusalem, IL). On arrival, male mice

were housed individually, and female mice were housed 3 to 5 per cage in animal rooms
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maintained at 20 to 22 °C with an average relative humidity of 35% under a 12:12 h light: dark
cycle and were housed in standardized ventilated microisolation caging. All experiments and
procedures were approved by the Weizmann Institute of Science Animal Care and Use Committee
(IACUC approval no. 27170516-2).

Administration of collagenase-1 or vehicle in a spontaneous pregnancy protocol

Female ICR or C57bl/6J mice (8-10 weeks old) were copulated with fertile ICR or
C57bl/6J male mice (8-12 weeks old), respectively. Females which presented a vaginal plug on
E0.5, were administered with | pug of recombinant collagenase-1 (I pg) or 1.5 pL of vehicle as
control (TNC buffer) at E2.5 using the NSET™ Device of ParaTechs (Kentucky, US): mice were
placed on a wire-top cage and allowed to grip the bars. The small and large specula were placed
sequentially into the vagina to open and expose the cervix. Then, the NSET catheter was inserted
through the large speculum, past the cervical opening, and into the uterine horn allowing the topical
administration of recombinant collagenase-1 or vehicle. For generating fluorescent venus
embryos, C57BL/6J female mice were mated with Myr-Venus homozygote males (74). Uteri were
excised 1 h, 2 days or 4 days after treatment (E2.5, E4.5 and E6.5 respectively). On E4.5 and E6.5
the number of implantation sites was counted. On E6.5 implantation sites were visible and on E4.5
Evens-blue dye was injected intravenously 10 min before euthanizing which allows the

visualization of the implantation sites.

Fascicle-derived ECM sample preparation

Fascicle-derived ECM was prepared from the tails of adult (6-mo-old) Norwegian rats.
Specifically, rat tails were dissected, and tendon fascicles (diameter ~0.6 mm) were gently
extracted and were washed extensively in TNC buffer to remove the macroscopic tissue debris and
excess proteases. ECM samples were incubated with 500 nM collagenase-1 or vehicle (TNC) at
30 °C for 24 h.

Scanning electron microscopy (SEM)
Fascicle-derived ECM and E2.5 decellularized mouse uterus tissues were fixed in a 0.1-M
cacodylate buffer solution (pH 7.4) containing 2.5% paraformaldehyde and 2.5% glutaraldehyde

(pH 7.2) for 60 min at room temperature and then were washed three times in the same buffer. The
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samples then were stained with 4% (wt/vol) sodium silicotungstate (Agar Scientific, UK) (pH 7.0)
for 45 min with following dehydration through an ascending series of ethanol concentrations up
to 100% ethanol. Next, the samples were dried in a critical point dryer (CPD) and attached to a
carbon sticker. Finally, the samples were coated with thin gold/ palladium (Au/Pd) layer. The
samples were observed under a Zeiss FEG Ultrab5 SEM operating at 2 kV.

Seeding blastocysts on fascicle-derived ECM
Fascicle-derived ECM was incubated with 500 nM collagenase-1 in TNC or vehicle at
30°C for 24 h. Then, mouse blastocysts were seeded on top of the ECM. After 4 h of incubation,

collagen and blastocysts were imaged.

De-cellularization of uterine tissue

E2.5 uteri samples treated with collagenase-1 or vehicle were incubated in a de-cell
solution containing 3% Triton-100 (6 h, 4 °C) and then in a de-cell solution with 0.4% Triton-100
overnight at 4°C [de-cell solution: 1.5 M NaCl, 50 mM Tris pH 8, 50 mM EDTA, protease inhibitor
cocktail (Roche)]. Samples were washed three times in ddH-O and then incubated with 0.5%
sodium deoxycholate (60 min, 25 °C) to remove lipid remaining. Samples were washed again three

times in ddH»0O and stored at 4 °C until use.

H&E staining of frozen sections

E4.5 uteri samples treated with collagenase-1 or vehicle embedded in OCT were cross-
sectioned (12um) on glass microscope slides. Slides were washed with phosphate buffered saline
(PBS) before staining. Then, slides were incubated in Hematoxylin for 3 min and washed with tap
water. After, slides were dipped in 95% ethanol and incubated in Eosin for 45 sec. Next, samples
were dipped in 95% ethanol and incubated 2 min in 100% ethanol. Finally, samples were incubated

in xylene for 2 min and were mounted in mounting medium.

Two-photon microscopy and second-harmonic generation (SHG)
Snap-frozen murine uterine samples (excised at E2.5 and E4.5) were thawed in PBS, cut
longitudinally, place on a slide as the endometrium facing up and covered with cover slip. Then

samples were imaged using a two-photon microscope in a SHG mode (2PM:Zeiss LSM 510
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META NLO; equipped with a broadband Mai Tai-HP-femtosecond single box tunable Ti-sapphire
oscillator, with automated broadband wavelength tuning 700-1020 nm from Spectraphysics, for
two-photon excitation). For second-harmonics imaging of collagen, a wavelength of 800-820 nm
was used (detection at 390-450nm).

For imaging the myometrium layer, uteri samples embedded in OCT were cross-sectioned (50um)

on glass microscope slides.

Entropy analysis on the distribution of fiber orientations

Detection of collagen fibrils of vehicle and Collagenase-1 treated endometrium samples
was performed using ImageJ (75). A mask highlighting collagen fibers was generated using the
Tubeness plugin, and was followed by orientation analysis using the Directionality plugin (76).
This gave rise to plots and spreadsheets of distribution of fiber orientations throughout the stacked
images (Fig. S7, supplementary macrocode file named “Orientation”). Next, the orientation data
was analyzed using Matlab. The degree of orientation diversity, i.e., distribution dispersion was
measured by calculating the edge-orientation entropy that refers to the probability of encountering
particular orientations in an image (77), and according to the Shannon index (78). For every
orientation i, let p; be the probability of the occurrence of orientation i in the image. Entropy or
Shannon index (H’) of the probability distribution is defined as H' = —¥7°_ 4, p;Inp;
(supplementary Matlab code file named “Entropy”).

On E2.5 we analyzed 3 vehicle-treated females (4-12 images per each) and 5 collageanse-
1-treated females (3-10 images per each). On E4.5 we analyzed 3 vehicle-treated females (4-16

images per each) and 3 collageanse-1-treated females (2-15 images per each).

Fibers density analysis

Fiber’s density analysis was done by ImageJ software: For myometrium analysis, a single
section was taken. For endometrium analysis a z-projection of max intensity was applied for 13
pm of the endometrium layer. For endometrium analysis only fibrillar areas were chosen. Next,
auto threshold on the default setting was applied, and Analyze Particles plugin was used to detect

the collagen-covered area. Size of particles was chosen as 0.172-infinity.
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On E2.5 we analyzed 3 vehicle-treated females (4-12 images per each) and 5 collageanse-
1-treated females (3-10 images per each). On E4.5 we analyzed 3 vehicle-treated females (4-16

images per each) and 3 collageanse-1-treated females (2-15 images per each).

SBF-SEM

Samples were prepared based on methods described previously (37). In brief, E2.5 uteri
samples treated with collagenase-1 or vehicle were fixed in situ by using 2% (wt/vol)
glutaraldehyde in 0.1 M phosphate buffer (pH 7), en-bloc stained in 2% (wt/vol) osmium tetroxide,
1.5% (wt/vol) potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.2), for 1h at 25°C.
Specimens were then washed again 5 x 3 min in ddH20 and then specimens were placed in 2%
osmium tetroxide in ddH20 for 40 min at 25 °C. Samples were then infiltrated and embedded in
TAAB 812 HARD following sectioning using a Gatan 3View microtome within an FEI Quanta
250 SEM. For endometrium samples, a 41 um x 41 pm field of view was chosen and imaged by
using a 4096 x 4096 scan, section thickness was set to 100 nm in the Z (cutting) direction. Z
volumes datasets comprised 700 images (100 um z depth). The IMOD suite of image analysis
software was used to build image stacks, reduce imaging noise, and generate 3D reconstructions.

Fibrils were contoured using functions in the IMOD image analysis suite.

MRI imaging

MRI experiments were performed at 9.4 T on a horizontal- bore Biospec spectrometer
(Bruker) using a linear coil for excitation and detection (Bruker) as reported previously (38). The
animals were anesthetized with isoflurane (3% for induction, 1%-2% for maintenance; Abbott
Laboratories) in 1 L/min oxygen, delivered through a muzzle mask. Respiration was monitored,
and body temperature was maintained using a heated bed. The pregnant mice were serially scanned
at E4.5. Three-dimensional gradient echo (3D-GE) images of the implantation sites were acquired
before, and sequentially, for 30 min after i.v. administration of the contrast agent. A series of
variable flip angle, precontrast T1-weighted 3D-GE images were acquired to determine the
precontrast R1 (repetition time [TR]: 10 msec; echo time [TE]: 2.8 msec; flip angles 5°, 15°, 30°,
50°, 70°; 2 averages; matrix, 256 ' 256 r 64; field of view [FOV], 35 r 35 * 35 mm3). Postcontrast
images were obtained with a single flip angle (15°). During MRI experiments, the macromolecular
contrast agent biotin-BSA-GADTPA (80 kDa; Symo-Chem), 10 mg/mouse in 0.2 mL of PBS, was
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injected i.v. through a preplaced silicone catheter inserted into the tail vein. The MRI scans allowed
quantification of the fBV and the permeability surface area product (PS) of embryo implantation
sites, as previously reported (38). In brief, the change in the concentration of the administered
biotin-BSA-GADTPA over time (Ct), in the region of interest, was divided by its concentration in
the blood (Cblood); calculated in the region of interest depicting the vena cava, also acquired
during MRI, and extrapolated to time 0). Linear regression of these temporal changes in Ct/Cblood
yielded 2 parameters that characterize vascular development and function: (a) fBV (fBV =
CO0/Cblood), which describes blood-vessel density and is derived from the extrapolated
concentration of the contrast agent in implantation sites, at time zero, divided by the measured
concentration in the vena cava, approximately 5 min after i.v administration, and (b) PS = ([Ct —
COJ/[Cblood  t]), which represents the rate of contrast agent extravasation from blood vessels and
its accumulation in the interstitial space and which is derived from the slope of the linear regression
of the first 15 minutes after contrast agent administration (t = 15). Mean fBV and PS were
calculated separately for single implantation sites, considering homogeneity of variances between
mice. At the end of the MRI session, embryo implantation sites were harvested and immediately
placed in 4% PFA after sacrificing the pregnant mice by cervical dislocation. Slides were then
washed in PBS and incubated in Cy3 or Cy2-conjugated streptAvidin (Jackson Immunoresearch
Laboratories, PA, USA), diluted 1:150 in PBS for 45 min.

Immunofluorescence staining

Frozen Sections: Uterine samples embedded in OCT were cross-sectioned (10 um) on glass

microscope slides. Sections were fixed with PBS 4% paraformaldehyde (PFA) for 20 min at 25
°C. Samples were blocked in PBS, 20% normal horse serum, and 0.2% Triton x100 (20 min, 25
°C) and then incubated with a primary Ab in PBS, 2% normal horse serum, and 0.2% triton
(overnight, 4 °C). Samples were then washed three times in PBS and incubated with a secondary
antibody (60 min, 25 °C). Next, they were mounted in a mounting medium and covered with a
cover slip. Primary antibodies: CD34 (CL8927PE; Cedarlane, Ontario, Canada).
Paraffin-Embedded Sections: Uterine samples were fixed with PBS 4% PFA, paraffin

embedded and sectioned (4 uM). Slides were de-paraffinized using Wcap solution (Bio optica,
Milano, Italy) (75 °C, 20 min). Antigen retrieval was performed in 0.1M EDTA, pH 8.0
(Diagnostic BioSystems, CA, USA) using a pressure cooker (125 °C, 3 min), followed by washes
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with worm ddH20. Samples were blocked in PBS, 20% normal horse serum, and 0.2% Triton X-
100 (20 min, 25 °C) and then incubated with primary Ab in PBS, containing 2% normal horse
serumand 0.2% Triton X-100 (60 min, 25 °C).Next, samples were washed three times in PBS and
incubated with a secondary antibody (60 min, 25 °C) and mounted in a mounting medium.

For each image, a suitable threshold was applied for CD34 channel, and Analyze Particles

plugin was used to detect the covered area.

Quantitative Real Time PCR (QRT-PCR)

E4.5 uteri samples treated with collagenase-1 or vehicle were homogenized using a hand
homogenizer. Total RNA was isolated using PerfectPure RNA Tissue Kit (5 Prime GmbH,
Deutschland). 1 pg of total RNA was reverse transcribed using High Capacity cDNA Kit (Applied
Biosystems inc. MA, USA). gqRT-PCR was performed using specific primers with SYBR Green
PCR Master Mix (Applied Biosystems inc.) on ABI 7300 instrument (Applied Biosystems)
readouts were normalized to a BoM housekeeping. Primer sequences are listed in Table 1 below.
Data are presented as mean fold change using the 2724¢T method (79, 80). The standard error of
the mean (SEM) was calculated on the 2724¢T data, as was the statistical analysis.

TABLE 1 | Primer sequences used for gRT-PCR.

Gene name Forward primer Reverse primer

B2m CCCGCCTCACATTGAAATCC | GCGTATGTATCAGTCTCAGTGG

Lif AACCAGATCAAGAATCAACT | TGTTAGGCGCACATAGCTTTT
GGC

ll1a CGCTTGAGTCGGCAAAGAAA | TGGCAGAACTGTAGTCTTCGT
T

111 CTGCACAGATGAGAGACAAA | GAAGCTGCAAAGATCCCAATG
TTC

Tnf AGGGATGAGAAGTTCCCAAA | TGTGAGGGTCTGGGCCATA

I11b LCI?GACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA

Ccl4 TTCCTGCTGTTTCTCTTACAC | CTGTCTGCCTCTTTTGGTCAG

Cxcl12 gXGAGCCAACGTCAAGCA AGGTACTCTTGGATCCAC

Kc GCTGGGATTCACCTCAAGAA | CTTGGGGACACCTTTTAGCA



https://doi.org/10.1101/2022.01.18.476712

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.18.476712; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Vegfa CCCACGTCAGAGAGCAACAT | GGCTTGTCACATTTTTCTGGCT
(transcript 120)

Vegfa ACAAGGCTCACAGTGATTTT | CGTCAGAGAGCAACATCACC
(transcript 164) | CT

Vegfa AGTTCGAGGAAAGGGAAAG | GCCTTGGCTTGTCACATCT
(transcript 188) | G

Kdr (Vegfr2) TGGACGGATGATCAAGAGAA | CTTCACAGGGATTCGGACTT

Cell extraction and western blotting

Frozen uterus tissues of 1 cm length were washed in PBS, homogenized in 0.5mL RIPA
buffer (EMD Millipore, Burlington, MA, USA) with a protease inhibitor (Roche, Basel,
Switzerland) using a hand homogenizer and centrifuged (14000 xg, 15 min, 4 °C). Supernatants
were resuspended in sample buffer (200 mM Tris pH 6.8, 40% glycerol, 8% sodium dodecyl
sulfate (SDS), 100 mM dithiothreitol (DTT), 0.2% bromophenol blue), and boiled for 5 min.
Tissue extracts were then subjected to SDS polyacrylamide gel electrophoresis (PAGE) and
transferred onto nitrocellulose membranes (Whatman, PA, USA) by electro-blotting. Membranes
were blocked in Tris-buffered saline with Tween 20 (TBST) buffer (200 mM Tris pH 7.5, 1.5 M
NaCl, 0.5% Tween 20) and 2% bovine serum albumin (BSA, 60 min, 25°C) and then incubated
with the corresponding primary Ab (60 min, 25 °C), washed three times with TBST and incubated
with horseradish peroxidase (HRP)-conjugated secondary antibody (60 min, 25°C). Quantification
of the band intensities was performed using ImageJ analysis tool.
Antibodies used in this study: LIF (R&D systems, AF449), VEGF-R2 (cell signaling, 55B11),
NKp46 (R&D systems, AF2225), B-tubulin (Santa cruz, sc-9104). Secondary antibodies (both
anti-rabbit and mouse) conjugated to horseradish peroxidase (HRP) were purchased from Jackson
ImmunoResearch (cat N0.111-001-003 and 115-001-003, respectively). Antibodies were used at

the manufacturer’s recommended dilution.

Cell isolation from uterus tissue

Single implantation sites were stained using .V injection of Evan’s blue dye (Sigma-
Aldrich, Rehovot, Israel), excised and isolated on E4.5. Tissues were minced into small fragments,
and incubated in shaking for 40 min at 37 °C with 1 mL PBS (with Mg?* and Ca?*) containing 0.5
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mg/mL collagenase type 1V (Sigma-Aldrich, Rehovot, Israel) and 0.1 mg/mL DNase I (Roche).
Digested tissue was filtered and smashed with a syringe plunger through a 250 pm nylon sieve in
FACS buffer [PBS, 2% fetal calf serum (FCS), 2 mM ethylenediaminetetraacetic acid (EDTA)] to
mechanically dissociate the remaining tissue. This was followed by three cycles of washing with
FACS buffer at 30 xg, each time taking only the supernatant, while omitting the non-leukocyte
cell pellet. The supernatant cell pellet was then centrifuged at 390 xg, and the pellet cells were
lysed for erythrocytes using a red blood cell lysis buffer (Sigma-Aldrich, Rehovot, Israel) (2 min,
25 °C).

Flow cytometry analysis

The following anti-mouse antibodies were used: CD45 (30-F11), CD3¢ (clone 145-2C11),
NKp46 (clone 29A1.4), NK1.1 (clone PK136), CD64 (clone 10.1), CD11b (clone M1/70), CD11c
(clone N418), IAb (clone AF6-120.1) - all purchased from BioLegend (San Diego, USA). Anti-
mouse F4/80 (clone A3-1) was purchased from BIORAD. The cells were incubated with the
antibodies for 30 min in FACS buffer (dark, 4 °C) and then washed once with FACS buffer. Cells
were analyzed with BD LSR 11, special order system (BD Biosciences). Flow cytometry analysis

was performed using FlowJo software (TreeStar, Ashland, OR, USA).

Generating a pseudo-pregnant female mice

Pseudo-pregnant state in female mice was achieved accordingly: two ICR female mice (8-
10 weeks old, minimum weight 26 gram) were placed with a vasectomized ICR male mouse (12
weeks old) in a single cage for mating. The female mice were checked the following morning
(EQ.5) for copulation plugs, and those with plugs were removed from the mating cage and housed

together at 3-5 mice per cage.

Administration of collagenase-1 or vehicle in a heat stress protocol

Female ICR mice (8-10 weeks old) were copulated with fertile ICR male mice (8-12
weeks old). Females which presented a vaginal plug on E0.5, were administered with | pg of
recombinant collagenase-1 or 1.5 pL of vehicle at E2.5 using the NSET™ Device of ParaTechs
(Kentucky, US). After treatment, mice were transferred to preheated housing cages at 38 °C for 4

days and were sacrificed at E6.5. Selected females were injected with a thermal microchip in the
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back of the mice a week before the experiment. The microchip injection was done under an

isoflurane sedation coupled with Carprofen (5 mg/kg) as an analgesic.

Administration of collagenase-1 or vehicle in a non-surgical embryo transfer (NSET)
protocol

Pseudo-pregnant ICR mice (8-10 weeks old) at E2.5 were administered with | pg of
recombinant collagenase-1 or 1.5 uL of vehicle using the NSET™ Device as describe above.
After 15 min, embryos at the blastocyst stage were transferred also through the NSET catheter
into the uterus (10 embryos per mice). Then, the device and specula were removed, and the
mouse was returned to its home cage. Mice were allowed to recover in a clean cage for

additional 4 days and the number of implanted embryos were counted and recorded on EG6.5.

Human uterine samples

Uterine samples were obtained by Dr. Eitan Ram, Gynecologic Oncology Division, Helen
Schneider Hospital for Women, Rabin Medical Center; Petah-Tikva. Helsinki approval no. 0450-
16-RMC.

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism software (V11l, GraphPad
Software Inc., La Jolla, CA). Data were analyzed by unpaired, two-tailed t-test to compare
between two groups. Multiple comparisons were analyzed by one-way analysis of variance
(ANOVA). After the null hypothesis was rejected (p < 0.05), Tukey’s Honestly Significant
Difference or Dunnett tests were used for follow-up pairwise comparison of groups in the one-
way ANOVA. Data are presented as mean + SEM in the figures; values of p < 0.05 were
considered statistically significant (xP < 0.05, *xP < 0.01, ***P < 0.001).
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Fig. 1. Treatment with collagenase-1 improves the adherence of embryos ex-vivo and implantation rate in-vivo.
(A) Representative SEM images of native rat tail collagen fiber pretreated with collagenase-1 or vehicle. The mild
treatment with collagenase-1 affects fibrils alignment within the fiber. (B) Representative images of native rat tail
collagen fiber pretreated with collagenase-1 or vehicle and then incubated with blastocysts for 4 h. Blastocysts that
were in close proximity to the collagen were counted (n = 5). (C) Schematic representation of the spontaneous
pregnancy model. (D) Quantification of implantation sites and representative images of the uteri at E6.5. Implantation
sites marked by arrowheads (n = 30). Data were analyzed by an unpaired, two-tailed t-test. Results are presented as

mean + SEM with significance: ***p < 0.001.
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Fig. 2. Topical administration of collagenase-1 does not result in disruption of tissue integrity or over
invasiveness of the embryo. (A) Representative H&E images of uteri at E4.5 (n = 3). The myometrium and
endometrium layers of the uteri are seen intact in both groups. The treatment did not affect the morphology of the
luminal epithelium, endometrial glands and myometrium. (B) Representative SHG images of transverse uteri sections
of vehicle and collagenase-1 treated mice at E6.5, show that collagenase-1 treatment did not affect embryo

invasiveness (green: venus-embryo, red: collagen fibers) (scale bar = 50 um) (n = 1).
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Fig. 3. Topical administration of collagenase-1 results in the modification of the spatial organization of uterine
collagen fibrils. (A, B) Representative SHG images of longitudinal sections vehicle- and collagenase-1 treated uterine
samples at E2.5 (1h after treatment) and E4.5, respectively. Only the endometrium layer is imaged, scale bar = 50 uM,
(n>3). (C) Measurements of the entropy of fibers orientation (top), and area covered by collagen (bottom). Analysis
was done using ImageJ software. (D) Representative SEM images of endometrial layers vehicle- and collagenase-1-
treated, 1h after the treatment. The images display well-aligned dense fibril packing on fiber surfaces of vehicle
samples vs dis-aligned wavy fibrils on the fiber surfaces of treated samples, scale bar=1um. (E) Representative 3D
reconstructions from serial block face-VolumeEM analysis of endometrium fibrils of vehicle- and collagenase-1-
treated uteri. (F) Analyses of volume and surface area of fibrils from vehicle- and collagenase-1- treated uteri does

not show the significant difference (n = 8 fibrils), indicating the absence of massive fibril degradation. Data were
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analyzed by an unpaired, two-tailed t-test. Results are presented as mean + SEM with significance: *p < 0.05, ** p-

value <0.01.
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Fig. 4. Collagenase-1 enhances blood vessel permeability at implantation sites. (A) Representative MRI images
at E4.5 of vehicle- and collagenase-1-treated uteri. Arrows indicate implantation sites. (B) Quantification of the
permeability surface at implantation sites, taken from the MRI data (n = 7). (C) Quantification of the fractional blood
volume (fbv) at implantation sites, taken from the MRI data (n = 7; 9.4T, 3D GE; IV biotin-BSA-GdDTPA). (D)
Immunofluorescence imaging of the contrast agents: biotin-BSA-Gd-DTPA and BSA-Rox, demonstrating their
accumulation in the implantation sites during MRI imaging for 30 and 2.5 min, respectively. Data were analyzed by

an unpaired, two-tailed t-test. Results are presented as mean + SEM.
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Fig. 5. Collagenase-1 promotes vascular permeability at implantation sites. (A) Real-time PCR transcription
analysis of angiogenic factors at E4.5 (n > 7). (B) Representative western blot analysis show protein expression of
VEGF-A in supernatants from decellularized uterus samples that were incubated with collagenase-1 or vehicle for 24
h. (C) Western blot analysis shows the increase of VEGF-R2 levels in E4.5-6.5 samples treated with collagenase-1
(left). This difference becomes to be significant at E6.5. Quantification of protein expression shown in C, using ImageJ
analysis tool (right) (n = 3). (D) Representative images of immunofluorescent staining against CD34 of E6.5 samples.
Covered area quantification was performed using ImageJ analysis tool. Data were analyzed by an unpaired, two-tailed

t-test. Results are presented as mean £ SEM with significance: *p < 0.05.
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Fig. 6. Collagenase-1 induces upregulation of cytokine expression and NK cell infiltration in the spontaneous
pregnancy model. (A) Representative flow cytometry images showing the gating strategy used to identify NK cells
(CD45+CD3e—NK1.1+NKp46+). (B) Quantification of flow cytometry results showing the percent of NK cells out
of live cells at E4.5 (n > 12). (C) Real-time PCR analysis of cytokines transcripts at E4.5 (n = 8). (D) Representative
(left) and quantification (right) showing Western blot analysis of LIF and NKp46 expression in E4.5 implantation
sites. Western blot quantification performed using ImageJ analysis tool (n = 3). NKs, Natural killer cells. Data was

analyzed by an unpaired, two-tailed t-test. Results are presented as mean + SEM with significance: *p < 0.05.
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Fig. 7. Collagenase-1 improves implantation rate in embryo-transfer and heat-stress models and
mechanistically affects human uteri-samples similarly to the mouse tissue. (A) A schematic representation of the
heat-stress model. (B) Quantification of implantation sites and representative images of the uteri at E6.5 in the heat
stress model. Arrowheads mark implantation sites (n = 9). (C) A schematic representation of the embryo transfer
model. (D) Quantification of implantation sites and representative images of the uteri at E6.5 in the embryo transfer
model. Implantation sites marked by arrowheads (n > 15). (E) Representative SHG images of human uterine tissue
sections either incubated with 5 nM of collagenase-1 or vehicle for 24 h (scale bar = 50 um). (F) Representative
Western blot of supernatants from decellularized human uterus samples that were incubated with collagenase-1 or
vehicle for 24 h. Quantification of western blot analysis using ImageJ analysis tool (n = 3). Data was analyzed by an

unpaired, two-tailed t-test. Results are presented as mean + SEM with significance: *p < 0.05.
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Fig. 8. Schematic representation of exogenous collagenase-1 mechanisms of action: Administering of collagenase-
1 leads to de-tensioning of the dense collagen network, which in terns allows more accumulation of uNK cells that
secretes LIF. In addition, collagenase-1 release VEGF-A from the uterus matrix and upregulates VEGFR-2 expression.

These enhanced inflammatory and angiogenic pathways optimize the receptive environment for embryo implantation.
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