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Abstract

Purpose Endometrial laminin subunit beta-3 (LAMB3) is a candidate gene whose expression distinguishes the endometrial
window of receptivity (WOR) in human. This study aims to examine endometrial LAMB3 levels in patients with repeated
implantation failure (RIF), in order to assess the ability of LAMB3 to predict pregnancy outcome.

Methods Endometrial biopsies were taken during the WOR from 21 healthy volunteers in natural menstrual cycles and from 50
RIF patients in mock cycles prior to frozen embryo transfer (FET) cycles. Immunohistochemistry (IHC) staining of LAMB3 was
performed, and the H-score was correlated with the pregnancy outcome in subsequent FETs.

Results In healthy volunteers, endometrial LAMB3 was demonstrated to be highly expressed during the WOR with the staining
exclusively in the cytoplasm of the epithelial cells. In a discovery set of RIF patients, the LAMB3 expression level was found to
be significantly higher in those who conceived compared to those who did not in subsequent FETs. A receiving operator
characteristic (ROC) analysis revealed an area under the curve (AUC) of 0.7818 (95% confidence interval 59.92-96.44%) with
an H-score cutoff of 4.129 to differentiate cases with positive or negative pregnancy outcomes. This cutoff achieved an accuracy
of 75% in pregnancy prediction in a following validation set of RIF patients, in which the pregnancy rate in subsequent FETs was
three-fold higher when the mock cycle LAMB3 H-score was > 4.129 compared to < 4.129.

Conclusions THC measurement of endometrial LAMB3 expression could be a promising prognostic method to predict pregnancy
outcome for RIF patients undergoing FETs.

Keywords Repeated implantation failure - Endometrial receptivity - Frozen embryo transfer - Pregnancy prediction - LAMB3

Introduction

Repeated implantation failure (RIF) is an emerging problem
that affects up to 15% of patients undergoing assisted repro-
ductive technology (ART) treatment [1]. A consensus defini-
tion of RIF is still lacking, and the proposed definitions have
ranged from a failure of > 3 “high-quality” embryo transfers to
a > 10 cleavage-stage embryo transfers [2—4]. RIF has
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tremendous medical, psychosocial, and economic implica-
tions, and improving our ability to predict and optimize im-
plantation would significantly improve the outcomes not only
for these patients but also the general ART patient population.

Embryo competence is a prerequisite but insufficient on its
own for successful implantation. The average implantation rate
per embryo transferred in women under 40 years of age is
approximately 33—50% [5], and even with the addition of pre-
implantation genetic testing for aneuploidy (PGT-A), a
screened euploid embryo has an implantation rate of around
60% [5]. This underscores the critical importance of endome-
trial receptivity, which refers to a temporal and molecular state
of the endometrium to allow embryo implantation. In a natural
menstrual cycle, the endometrium is only receptive to implan-
tation during the “window of receptivity” (WOR), which be-
gins in the mid-secretory phase, and lasts from 7 to 11 days after
the luteinizing hormone (LH) surge [6]. In ART, the WOR is
recapitulated by either endogenously produced or exogenously
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administered estrogen and progesterone, and fresh or frozen
embryo transfer occurs to coincide with this window. To assay
the molecular microenvironment of the WOR, our group has
developed a method of uterine fluid aspiration (UFA) that al-
lows minimally invasive sampling of the endometrium for
whole-genome expression profiling. In a previous study to de-
termine transcriptomic markers of the physiologic WOR, we
performed UFA on non-infertile, naturally cycling women and
identified 245 endometrial genes that were at least four-fold
differentially expressed during the receptive phase compared
to the pre-receptive phase [7]. These genes determined by the
unique UFA method were cross-referenced with 57 meta-
signature genes detected by conventional endometrial biopsy
(EB) method that distinguished the natural cycle WOR, which
were summarized in a systemic review [8]. The comparison
identified 22 overlapping genes, of which a small cohort of
genes related to extracellular matrix (ECM) were of special
interest as endometrial ECM remodeling is known to be an
important component of implantation [9]. One of these genes
was laminin subunit beta-3 (LAMB3). Interestingly, in a sub-
sequent discovery study consisting of subjects undergoing
ovarian stimulation, our group again performed UFA and found
that endometrial LAMB3 was also over four-fold differentially
expressed during the stimulated cycle WOR [10]. These find-
ings suggest that LAMB3 is a “conserved” gene that reliably
distinguishes the WOR and may serve as a diagnostic and/or
prognostic biomarker of endometrial receptivity.

As impaired endometrial receptivity is implicated in many
cases of RIF, this is a critical and optimal population to study
the molecular basis of altered endometrial receptivity. The
objective of this study was to describe the correlation between
endometrial LAMB3 expression in patients with RIF and their
subsequent reproductive outcomes. EB samples obtained
from patients with RIF were immunostained for LAMB3.
We report that the expression of LAMB3 is a promising can-
didate for the diagnosis of impaired endometrial receptivity
and the prognosis of pregnancy outcome in these patients.

Materials and methods
Study population

This study was conducted at a university-affiliated, hospital-
based fertility clinic with an institutional research ethics
board-approved protocol and written informed consent ob-
tained from each subject.

Archived EB samples collected from healthy controls were
used to demonstrate the expression pattern of LAMB3 in en-
dometrial tissue during the WOR. These samples were from
21 healthy female volunteers under 40 years of age with reg-
ular menstrual cycles, normal uterine cavities, and no history
of infertility. These volunteers were recruited in our previous
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research study, in which we have shown elevated endometrial
LAMBS3 transcript levels by UFA on day LH + 7 (7 days after
the LH surge) compared to day LH + 2 [7]. Each EB sample
was obtained using an endometrial Pipelle (Wallach Surgical)
on day LH + 7, within the WOR of a physiologic natural
cycle.

We then examined archived EB samples from patients with
RIF at our academic fertility clinic between 2014 and 2019.
The population consisted of 50 women receiving frozen em-
bryo transfers (FETSs), in which the first 26 were included as
the discovery set and the other 24 as the validation set.
Subjects were between 29 and 44 years of age and had normal
uterine cavities according to saline sonohysterography or hys-
teroscopy and a history of RIF defined at our clinic as failure
to achieve pregnancy after transfer of at least 3 good-quality
blastocysts in a minimum of 2 consecutive fresh or frozen
cycles. All subjects were undergoing a mock hormonal re-
placement cycle for endometrial preparation prior to their ac-
tual FET cycle. The mock cycle was for the purpose of
performing an endometrial receptivity analysis (ERA,
Igenomix), and consenting patients had a portion of their EB
sample used for this study. Endometrial preparation in the
mock cycle involved the administration of micronized 17§3-
estradiol (Estrace, Acerus Pharmaceuticals) 4 mg twice daily
orally or per vagina starting on day 2 of the menstrual cycle
and continued for a minimum of 12 days until the endometrial
lining measured > 8 mm by transvaginal ultrasound.
Micronized progesterone (Prometrium, Merck) 200 mg three
times daily per vagina was then started. After 5-7 full days of
progesterone treatment (P + 5—P + 7), which was within the
presumptive WOR of the HR cycle, an EB sample was ob-
tained using an endometrial Pipelle. In the subsequent FET
cycles, endometrial preparation protocol was the same as the
mock cycle with the day of ultrasound-guided embryo transfer
“personalized” according to the ERA report. All transferred
embryos were frozen-thawed blastocyst-stage embryos that
had been cultured to day 5 or 6. Six patients in the discovery
set received a transfer of euploid embryos screened by PGT-
A. All the other patients received the embryo transfer based on
conventional morphological assessment by Gardner’s scoring
system [11]. Decisions regarding whether or not to have PGT-
A were based on patient preference after consultation with the
physician. Serum (3-hCG levels were assessed 9 days after
FET to determine if implantation occurred.

Immunohistochemistry (IHC) staining

EB samples were fixed in 10% neutral buffered formalin and
paraffin embedded. Tissue sections (4 pm) were obtained
from EB paraffin blocks and deparaffinized. Tissue sections
were submitted to heat-induced epitope retrieval which
consisted of immersing the sections in citrate buffer (pH
6.0). The immersed sections were heated for 7 min in a
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pressure cooker. The sections were then removed and allowed
to stand for 10 min before being rinsed in distilled water for 5
min. The sections were then placed in 0.3% hydrogen perox-
ide in methanol for 15 min to quench endogenous peroxidase.
Non-specific antibody binding was blocked by incubating tis-
sue sections with 2.5% normal horse serum (Vector) for 1 h,
prior to overnight incubation in mouse anti-human LAMB3
(Atlas, AMADI1161, 1:100). After washing, the sections were
incubated for 30 min with InmPRESS HRP horse anti-mouse
IgG polymer (Vector), and immunoreactive staining was vi-
sualized by diaminobenzidine reagent (Abcam). The sections
were counterstained with hematoxylin. A negative control
without primary antibody incubation was also performed.
Whole slide images (WSI) were scanned with a VS-120 scan-
ner (Olympus).

QuPath image analysis

The observer was blinded to the pregnancy outcome after
FET when analyzing the images. All digital-scanned images
were analyzed by QuPath software (v0.1.2) [12], the use of
which for ITHC staining analysis in human endometrium has
been verified before [13]. We performed QuPath analysis
based on a published protocol with modifications [14].
Representative areas exhibiting typical morphology of the en-
dometrium were selected for cell detection with the settings in
QuPath as follows: requested pixel size 0.5 um, background
radius 8 pm, sigma 1.5 pm, minimum area 10 pm?, maximum
area 400 um?, intensity threshold 0.01, maximum background
intensity 2, and cell expansion 4 um. The detected cells were
annotated as epithelial or stromal cells and included to train a
Random Trees machine learning classifier to distinguish epi-
thelial and stromal cells. The classifier was built based on 33
measurements automatically extracted from the cells in the
training set, such as area, perimeter, circularity, and staining
OD. The built-in auto-update tool in QuPath allowed real-time
reassurance of training efficiency and accuracy. The accuracy
of'the classifier was then manually confirmed by the observer.
This classifier was applied on each WSI in which a minimum
of 10 areas were randomly selected for automated cell classi-
fication followed by H-score measurement. By creating a
script to define staining intensity based on cell DAB optical
density as follows: < 0.1 = weak, 0.2-0.3 = moderate, and >
0.3 = strong, the built-in QuPath algorithm automatically cal-
culated the H-score of each area (H-score = 0 X % negative
cells + 1 x % weakly stained cells + 2 X % moderately stained
cells + 3 x % strongly stained cells) [12]. This H-score system
has been previously validated as a semiquantitative assay for
immunohistochemical staining [15]. The H-score results were
exported for statistical analyses. The mean H-score of all se-
lected areas on a WSI was determined as the final H-score of
the image.

Statistical analyses

Student ¢ test, Mann—Whitney test, and Fisher’s exact test
were used for statistical analysis as appropriate. Receiving
operator characteristic (ROC) analysis was performed by
GraphPad Prism (v8.4.3).

Results
Characterization of LAMB3 in endometrial tissue

The immunostaining pattern and localization of LAMB3 in
endometrial tissue was characterized using archived EB sam-
ples taken from healthy volunteers. During the physiologic
WOR, LAMB3 was highly expressed in the endometrium, with
the positive staining exclusively in the cytoplasm of the epithe-
lial cells. This was apparent in all of the 21 EB samples obtain-
ed from healthy volunteers (Fig. 1a). This LAMB3 staining
pattern was in line with the LAMB3 distribution reported in
the Human Protein Atlas (HPA) project [16, 17].

Discovery set: expression of endometrial LAMB3
correlates with pregnancy outcome

Staining of LAMB3 was then performed on EB samples taken
during the WOR from patients with RIF. This was first carried
out in a discovery set consisting of 26 subjects. The charac-
teristics of the study population in the discovery set are sum-
marized in Table 1. In this set, we followed the patients’ preg-
nancy outcome for up to 3 subsequent FET cycles after the
mock HR cycle. Based on the outcome of the FETs, the sub-
jects were categorized into pregnant (positive 3-hCG, n =11)
or non-pregnant (negative 3-hCG, n = 15) group. In the preg-
nancy group, 8 patients conceived in the first subsequent FET
cycle, and the other 3 conceived in the second FET attempt.
Age, body mass index (BMI), anti-Miillerian hormone
(AMH), antral follicle count (AFC), and history of total failed
cycles/embryos were similar between the two groups.

To measure the expression level of LAMB3 in endometrial
tissue, a classifier for epithelial cells and stromal cells was
built by QuPath software, and the staining intensity of
LAMB3 was quantified by H-score (Fig. 1 c—e). Only the
H-score results of the epithelial cells were exported for anal-
ysis as the stromal cells were not stained with LAMB3.

The H-score of epithelial LAMB3 expression was plotted
for every patient in the discovery set in Fig.2 a. There was a
significantly higher expression of endometrial LAMB3 in the
pregnant group compared to non-pregnant group (median H-
score 7.37 vs. 0.25, P = 0.015, Mann—Whitney test; Table 1).
The difference in LAMB3 expression between the two groups
yielded an area under the curve (AUC) of 0.7818 by ROC
analysis (95% confidence interval 59.92-96.44%, P =
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Fig. 1 Immunohistochemistry staining of endometrial LAMB3. a A
representative EB sample taken on day LH + 7 from a healthy
volunteer. Positive staining of LAMB3 (brown) was exclusively in the
cytoplasm of epithelial cells. b Secondary antibody-only negative control.
¢, d, e The trained classifier and quantification of staining intensity by
QuPath. Cells in ¢ were detected by the software and highlighted in red or
green for epithelial cells or stromal cells in d, respectively. Cells with

0.0158; Fig. 2 b). We proceeded to find an H-score cutoff of
4.129 which provided the highest likelihood ratio of 3.636 for
positive pregnant outcome (sensitivity 72.73%, specificity
80%; Fig. 2 b). The cutoff was presented as the dotted line
in Fig. 2 a.

Validation set: evaluation of the H-score cutoff

To test the performance of the H-score cutoff, we applied it to
EB samples in a validation set consisting of 24 subjects where
sample collection, preparation, and LAMB3 staining were
performed identical to the discovery set. The flow of subjects
in the validation set is summarized in Fig. 3 a. Based on the
staining intensity of LAMB3, the subjects were categorized
into LAMB3 testing positive (H-score > 4.129, n = 9) or
LAMBS3 testing negative (H-score < 4.129, n = 15) group.
The characteristics of the study population in the validation
set are summarized in Table 2. Age, BMI, AMH, AFC,
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strong, moderate, weak, and negative staining were highlighted in dark
brown (1), light brown (2), yellow (3), and blue (4) in e, respectively. f A
representative EB sample with high expression of LAMB3 from a patient
in pregnant group of the discovery set. g A representative EB sample with

low expression of LAMB3 from a patient in non-pregnant group of the
discovery set. Arrowhead represented a positively stained cell

history of total failed cycles/embryos, and characteristics of
subsequent FETs were similar between the two groups. A
more than three-fold higher proportion of women in the H-
score > 4.129 group conceived after subsequent FETs com-
pared to those in the H-score < 4.129 group (66.7% vs. 20%, P
=0.0361, Fisher’s exact test; Table 2; Fig. 2 ¢). Based on the
contingency table in Fig. 3 b, the performance of this H-score
cutoff as a pregnancy prediction test was calculated as fol-
lows: sensitivity 66.7%, specificity 80%, positive predictive
value (PPV) 66.7%, negative predictive value (NPV) 80%,
and accuracy 75%.

Discussion

LAMBS3 is a promising biomarker of endometrial receptivity.
This study provides the first detailed examination of endome-
trial LAMB3 expression among a group of patients who have
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Table 1 Characteristics of the
population in discovery set based Characteristic Pregnant (n = 11) Non-pregnant (n = 15) P value
on 3-hCG outcome
Age (y), mean + SD 34+4 35+34 0.32*
BMI (kg/m?), median (range) 23.6 (20.6-39.1) 24.4 (20.7-30.4) 0.93°
AMH (pmol/L), median (range) 18.3 (5.96-45.9) 22 (1.3-45) 0.21°
AFC, median (range) 14 (12-37) 21 (10-38) 0.21°
Total failed fresh and frozen cycles 4 (2-8) 5(3-11) 0.27°
Total embryos transferred in failed cycles 4 (3-13) 6 (3-11) 0.75°
Subsequent FET characteristic
Number of embryos transferred in 2 (1-3) 2 (1-5) 0.08°
subsequent FET cycles, median (range)
Number of patients having PGT-A euploid 2 (2/11 = 18.2%) 4 (4/15 =26.7%) > 0.99¢
embryo transfer, n (%)
LAMB3 H-score, median (range) 7.37 (0.59-70.39) 0.25 (0.02-15.72) 0.015°

SD, standard deviation; BMI, body mass index; AMH, anti-Miillerian hormone; AF'C, antral follicle count; PGT-A,
preimplantation genetic testing for aneuploidy

2 Student ¢ test, ° Mann-Whitney test, © Fisher’s exact test

a history of RIF. The study results demonstrate a strong asso-
ciation between endometrial LAMB3 expression level and
reproductive outcomes in FET cycles.

The possible role of LAMB3 as a receptivity-related mole-
cule was first documented by Carson et al., who observed a
significant upregulation of LAMB3 transcript in endometrial
tissue during the mid-secretory phase compared to the early-
secretory phase among fertile volunteers in their natural men-
strual cycles by microarray technique [18]. This finding in the
natural cycles has been validated in other endometrial
transcriptomic profiling studies, including our own [7,
19-22], and has also been observed in the controlled ovarian
stimulation cycles [10, 23]. LAMB3 transcript is also included
in the examination panel, among many other candidates, in
some commercial EB-based endometrial receptivity tests, such
as the ERA and the Window Implantation Test (Win-Test).

In the present study, we evaluated the expression of
LAMBS3 in EB samples at the protein level instead of the
messenger RNA (mRNA) level. With the identification of
LAMB3 as an endometrial protein highly expressed in epithe-
lial cells during the receptive phase, we hypothesized that a
biopsy-based LAMBS3 staining test to assess functional endo-
metrial receptivity might be feasible. To address this, we first
compared endometrial LAMB3 levels in patients with a his-
tory of RIF who went on to have a positive pregnancy out-
come versus those with a negative outcome. Significantly re-
duced LAMBS3 expression levels were detected by semiquan-
titative H-score in patients who failed to conceive. After es-
tablishing that the AUC exceeded 0.5 in the ROC curve, we
proceeded to find an H-score cutoff correlated with positive
and negative pregnancy outcomes. Next, we validated the test
in a second set of patients to demonstrate that endometrial
LAMB3 can be used a potential prognostic marker for repro-
ductive outcome.

The role of LAMB3 in cell adhesion may explain the as-
sociation between low LAMB3 expression and poor pregnan-
cy outcomes after FET. It is known that LAMB3, together
with laminin subunit alpha-3 (LAMA3) and laminin subunit
gamma-2 (LAMC2), forms laminin-332 (also known as lam-
inin-5), which is a large secreted ECM glycoprotein. Binding
of laminin-332 to cell-surface receptors such as integrins to
stimulate cell—cell or cell-ECM adhesion and communication
has been previously described, especially in cancer biology
[24-27]. The 331 and x634 integrins, which are two known
receptors for laminin-332, are expressed on the surface of the
endometrial epithelial cells [28, 29]. Human preimplantation
embryos also express «331 integrin [30]. During the recep-
tive phase of the endometrium, it is plausible that laminin-332
interacts with integrins on the endometrial epithelium or the
embryonic trophectoderm to facilitate the attachment of the
conceptus to the endometrium.

The strength of our study is the blinding of the observer
performing quantification of IHC staining, who did so without
knowledge of the pregnancy outcomes of the subjects. In ad-
dition, the use of an automated software for IHC scoring re-
duced potential operator bias in data interpretation. A limita-
tion of this study is the small sample size as EB sampling is
not the standard of care at our clinic for patients undergoing
ART treatment whether or not they have a history of RIF.
Only RIF patients who were undergoing mock cycles for
ERA and provided informed consent to donate their EB sam-
ples to research were included in this study. Therefore, power
analysis was not performed prior to sample collection in this
pilot study. Nevertheless, post hoc power analysis showed a
power of 96.2% with great reliability to interpret the associa-
tion between LAMB3 H-score and pregnancy outcome, and
data from this preliminary study provide an H-score cutoff for
future prospective clinical trials to determine the accuracy of
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LAMBS3 as a prognostic maker of FET outcome. In addition,
the majority of patients in this study underwent a transfer of
embryos that were not screened by PGT-A. This may cause
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<« Fig. 2 The H-score cutoff of endometrial LAMB3. a H-score values of

endometrial epithelial LAMB3 in the discovery set. The dotted line rep-
resented ROC-determined H-score cutoff of 4.129. b The ROC analysis
comparing LAMB3 H-scores between pregnant group and non-pregnant
group in the discovery set. ¢ The stacked bar graph showing the propor-
tions of pregnant and non-pregnant subjects in the validation set. Subjects
were grouped by LAMB3 H-score, and pregnant outcomes were based on
serum (3-hCG after subsequent FETs

bias given that implantation failure in the non-pregnant pa-
tients may be attributed not only to defects in the endometrium
but also to embryo ploidy. Another limitation is that this study
is limited to describing LAMB3 protein levels in patients un-
dergoing endometrial preparation for FET using exogenous
hormone replacement. It was beyond the scope of this discov-
ery and validation study to extend the analysis to patients
undergoing fresh embryo transfer. A final limitation is that
the quantification of LAMB3 occurred in a mock cycle, not
in the actual embryo transfer cycle. This limitation is shared
by all EB-based receptivity tests, including ERA. However,
the endometrial gene expression has been shown to have some
degree of inter-cycle reproducibility [31].

RIF is a particularly challenging clinical problem given the
time and resources that have been invested in previous failed
cycles. By the time patients meet the criteria for RIF, they
usually have depleted their embryos available for transfer.
Maximization of their pregnancy outcomes in subsequent em-
bryo transfers is a major incentive for patients and physicians
alike. However, the limiting step in the management of RIF has
always been the diagnostic conundrum of determining if the
etiology of failure is embryonic abnormality versus impaired
endometrial receptivity. Central to this problem is the lack of
reliable diagnostic tools available to assess endometrial recep-
tivity. Commercial endometrial receptivity assays have demon-
strated limited success in prognosticating pregnancy. For exam-
ple, the ERA is one of the most commonly used transcriptomic-
based assays, yet a study on ERA testing of RIF patients dem-
onstrated an implantation rate of only 30% and pregnancy rate
of only 46% in subsequent FET for RIF patients despite a
“receptive” endometrial transcriptome by ERA testing [32].

Overall, our study for the first time correlates endometrial
LAMBS3 expression with pregnancy outcomes of subsequent
FET among patients with a history of RIF. We report specific
staining intensity H-score cutoffs for the prognostication of
successful implantation. Our results suggest a role for endo-
metrial LAMB3 staining as a diagnostic tool to distinguish
whether or not the uterine microenvironment is potentially
receptive to implantation. The LAMB3 H-score cutoff
showed a NPV of 80% in our validation set. This high NPV
is particularly important for the RIF population as it indicates
that LAMBS3 testing can be used to avoid unnecessary embryo
transfer and save their precious embryos when the uterine
microenvironment is suboptimal. Before implementing
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Table 2 Characteristics of the
population in validation set based Characteristic LAMB3 H-score > LAMB3 H-score < P value
on LAMB3 H-score 4129 (n=9) 4.129 (n=15)
Age (y), mean £+ SD 36+3.5 37+3.6 0.55%
BMI (kg/m?), median (range) 23.8 (16.7-29.7) 25.4 (18.1-29.7) 0.92°
AMH (pmol/L), median (range) 21.5 (4.03-37) 19.2 (2.6-46.6) 0.87°
AFC, median (range) 15 (13-20) 12 (4-40) 0.56°
Total failed fresh and frozen cycles 4 (3-8) 4 (2-8) 0.96°
Total embryos transferred in failed cycles 4 (3-8) 4 (3-8) 0.80°
Subsequent FET characteristic
Number of embryos transferred in subsequent 1 (1-2) 1 (1-2) 0.08°
FET cycles, median (range)
Number of patients having PGT-A euploid 0 0 N/A
embryo transfer, n (%)
Pregnant (3-hCG positive), n (%) 6 (6/9 = 66.7%) 3 (3/15=20%) 0.0361°¢

SD, standard deviation; BMI, body mass index; AMH, anti-Miillerian hormone; AF'C, antral follicle count; PGT-A,
preimplantation genetic testing for aneuploidy; N/A, not applicable

Student ¢ test, ° Mann-Whitney test, ¢ Fisher’s exact test

LAMBS3 testing as a diagnostic tool, future prospective con-
trolled studies are needed, ideally with PGT-screened euploid
embryos, to assess if testing can lead to improved outcomes.
Once validated, these findings have the potential to advance
our management of the RIF population in new and unique
ways. For example, if endometrial LAMB3 levels are favor-
able, patients may continue transferring the embryos until
success is achieved with a competent embryo; alternatively,
if LAMB3 levels are unfavorable, changing endometrial

preparation protocol and delaying embryo transfer or gesta-
tional surrogacy may be considered. The findings of this study
also open the possibility of endometrial therapy to augment
receptivity (e.g., LAMB3 intrauterine supplementation),
which would first require further functional studies. Lastly,
the secreted nature of LAMB3 protein makes it particularly
measurable in aspirated uterine fluid and paves the way for
possible non-invasive tests in the future to predict FET out-
come based on secreted LAMB3 without the need of a biopsy.

a
Validation set
(n=24)
[
| |
LAMB3 LAMB3
H-score 24.129 H-score <4.129
(n=9) (n=15)
I I
I I [ |
Pregnant Non-pregnant Pregnant Non-pregnant
(B-hCG positive) (B-hCG negative) (B-hCG positive) (B-hCG negative)
(n=6) (n=3) (n=3) (n=12)
b Reference standard
Index test (B-hCG test)
(LAMBS3 H-score) Pregnant Non-pregnant
(B-hCG positive) (B-hCG negative)
H-score 24.129 6 3
H-score <4.129 3 12

Fig. 3 Validation set. a Flow of subjects in the validation set. b The 2 x 2 contingency table showing the performance of H-score cutoff
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