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STUDY QUESTION: What is the microbiome profile across different body sites in relation to the normal menstrual cycle (with and
without hormonal contraception), recurrent pregnancy loss (RPL) (before and during pregnancy, pregnancy loss or birth) and endometri-
osis (before, during and after surgery)? How do these profiles interact with genetics, environmental exposures, immunological and endo-
crine biomarkers?

WHAT IS KNOWN ALREADY: The microbiome is a key factor influencing human health and disease in areas as diverse as immune
functioning, gastrointestinal disease and mental and metabolic disorders. There is mounting evidence to suggest that the reproductive
microbiome may be influential in general and reproductive health, fertility and pregnancy outcomes.

STUDY DESIGN, SIZE, DURATION: This is a prospective, longitudinal, observational study using a systems biology approach in three
cohorts totalling 920 participants. Since microbiome profiles by shot-gun sequencing have never been investigated in healthy controls dur-
ing varying phases of the menstrual cycle, patients with RPL and patients with endometriosis, no formal sample size calculation can be per-
formed. The study period is from 2017 to 2024 and allows for longitudinal profiling of study participants to enable deeper understanding
of the role of the microbiome and of host–microbe interactions in reproductive health.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Participants in each cohort are as follows: Part 1 MiMens—150 healthy
women with or without hormonal contraception; Part 2 MiRPL—200 couples with RPL, 50 healthy couples with prior uncomplicated preg-
nancy and 150 newborns; Part 3 MiEndo—120 patients with endometriosis requiring surgery with or without hormonal treatment.
Microbiome profiles from saliva, faeces, rectal mucosa, vaginal fluid and endometrium will be studied, as well as the Omics profile, endo-
crine disrupting chemicals and endocrine and immune factors in blood, hair, saliva and urine. Pregnancy loss products, seminal microbiome,
HLA types, endometriotic tissue and genetic risk and comprehensive questionnaire data will also be studied, where appropriate.
Correlations with mental and physical health will be evaluated.
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Introduction
It is now widely accepted by scientists that humans live in a symbiotic
relationship with a vast community of micro-organisms that inhabit a
number of niches within and on the body. These micro-organisms, the
microbiota, outnumber their human host in terms of genes (�10 mil-
lion in the human microbiome versus 20 000 in the human genome (Li
et al., 2014)), and the number of micro-organisms and human cells is
roughly equal (Sender et al., 2016). The microbiota and its host form a
human–microbe hybrid, also termed a ‘superorganism’ (Gill et al.,
2006) or ‘holobiont’ (Simon et al., 2019), a result of millions of years
of co-evolution and mutually beneficial functional integration.

The microbiota is present in the greatest numbers in the human gut
but is also found in other locations including the oral cavity, the repro-
ductive tract and on the skin. In recent years, research has demon-
strated the crucial role the microbiota plays in human health—bacteria
in the gut have been associated with multiple essential physiological
processes, including short-chain fatty acid production, anti-
inflammatory actions and the development and maturation of the im-
mune system (Singh et al., 2017). In turn, perturbations of the micro-
biota (dysbiosis) have been associated with a wide range of diseases
such as mental disorders (within the framework of the gut–brain axis)
(Ouabbou et al., 2020), metabolic disorders (Sonnenburg and

Bäckhed, 2016), autoimmune disease (Costello et al., 2015; Sprouse
et al., 2019) and gastrointestinal disease (Zhang et al., 2015; Meng
et al., 2020).

To date, the microbiome of the reproductive tract has been the fo-
cus of less research than that of the gut, but there is mounting evi-
dence to suggest that it may be influential in general and reproductive
health, fertility and pregnancy outcomes (Al-Nasiry et al., 2020). For
example, studies have shown that the vaginal microbiota can influence
vulnerability to sexually transmitted infections (van Houdt et al., 2018),
and that it may play a role in outcomes of ART (Koedooder et al.,
2019). The vaginal microbiota has also been reported to have a differ-
ent composition in pregnant women who deliver preterm compared
with those who do not (Kindinger et al., 2017), although another study
reported no difference (Romero et al., 2014).

Relatively few studies have focused on the relevance of gut micro-
biota to reproductive health. However, it is thought that microbes in
the large intestine may be associated with reproductive outcomes.
This hypothesis was investigated in a Norwegian study of the faecal
microbiota of 121 mothers, which found that low gut diversity and a
distinct microbial composition were associated with spontaneous pre-
term delivery (Dahl et al., 2017).

There is also increasing interest in the relevance of the oral micro-
biota to a range of health outcomes including diabetes (Brown et al.,

WHAT DOES THIS MEAN FOR PATIENTS?
The human body constitutes a small ecosystem with trillions of micro-organisms co-existing in the body. The composition of micro-organ-
isms depends on many factors such as genetics, type of birth (vaginal delivery or caesarean section), eating habits, environment and age.

The micro-organisms interact with the body, especially with the immune system, and have great impact on human health. A disturbance
in the micro-organisms in the gut has been connected to several chronic diseases, such as inflammatory bowel disease, allergy and diabetes,
while a disturbance in the vaginal micro-organisms could increase the susceptibility to sexually transmitted diseases, affect the outcome of
fertility treatment, or even increase the risk of pregnancy complications.

In this study, we will examine the micro-organisms throughout a menstrual cycle in a healthy group of women. Then, we will examine
the micro-organisms before and during pregnancy in couples that have experienced recurrent pregnancy loss, and finally, in patients with a
chronic gynaecological inflammatory condition called endometriosis. This will improve our understanding of the contribution of micro-
organisms in female reproductive health and disease to optimize patient evaluation and care.
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2020) and Alzheimer’s disease (Olsen and Singhrao, 2021). A small
number of studies have investigated the oral microbiota during preg-
nancy (Lin et al., 2018; Ye et al., 2020) and in relation to gestational di-
abetes (Crusell et al., 2020; Xu et al., 2020), but the potential role of
the oral microbiota in reproductive and maternal health remains largely
unexplored.

The current study will investigate the role of the microbiome in the
following key areas.

The microbiota of the reproductive tract
One of the difficulties facing research into the microbiota and repro-
ductive health is that there have been limited studies in healthy women
of reproductive age to ascertain what can be considered a ‘normal’
microbiota profile. In contrast to the gut microbiota, the healthy vagi-
nal microbiota displays fewer different bacteria, i.e. low taxonomic di-
versity and is typically dominated by Lactobacillus species (Ravel et al.,
2011). Commensal bacteria, including Lactobacillus, modulate the host
immune system and may help to prevent colonization by pathogens.
Lactobacillus feeds on oestrogen-dependent glycogen produced in the
vaginal epithelium (Nunn and Forney, 2016). Lactic acid produced by
Lactobacillus lowers the local pH and has bactericidal effects (Amabebe
and Anumba, 2018). In addition to maintaining bacterial balance and
preventing bacterial vaginosis and aerobic vaginitis (Donders et al.,
2017), the vaginal microbiome has been associated with reduced risk
of viral infections such as human papilloma virus (Norenhag et al.,
2020), herpes simplex virus-2 (Cherpes et al., 2003) and HIV
(Farcasanu and Kwon, 2018). The vaginal microbiome might also play
a role in protecting against adverse pregnancy outcomes such as early
miscarriage (Eckert et al., 2003) and preterm birth (Freitas et al.,
2018), as well as gynaecological cancers (Łaniewski et al., 2020).

Menstrual cycle
The vaginal microbiome was found to be relatively stable throughout
the menstrual cycle in a small sample of 27 women (Chaban et al.,
2014), while fluctuations have been noted in other studies (Gajer
et al., 2012). A study of 76 women using a copper intrauterine device
or a levonorgestrel intrauterine system found no significant difference
in vaginal microbiome based on type of contraception (Bassis et al.,
2017). Little is known, however, about how the vaginal, endometrial,
oral and faecal microbiome may interact throughout the menstrual cy-
cle in women using or not using hormonal contraception. It is crucial
to ascertain these baseline data as many women of reproductive age
are using hormonal contraception, and the data are therefore impor-
tant as a starting point for further studies of the impact of the micro-
biome on reproductive health.

Recurrent pregnancy loss
Recurrent pregnancy loss (RPL)—defined in this protocol as three or
more consecutive pregnancy losses—affects 1–2% of couples trying to
conceive (Bender Atik et al., 2018). The impact of the microbiome has
never been investigated in women with RPL. However, it is thought
that immunology may account for a large proportion of unexplained
cases, with either a failure of the immune system to adapt to normal
pregnancy, or a failure of the immune system to prevent the implanta-
tion of abnormal pregnancies (Odendaal et al., 2019). It is well

established that gut bacteria have a potent immune regulatory capacity
that markedly affects systemic inflammatory cell responses (Rooks and
Garrett, 2016).

Previous pregnancies could also influence the composition of micro-
organisms in the woman and may change the regulation of the immune
system during future pregnancies owing to the persistent presence of
foetal cells in the mother’s circulation (microchimerism). Indeed, male-
specific cells have been demonstrated in women who have given birth
to a boy decades earlier (Bianchi et al., 1996), and microchimerism is
more common after pregnancy complications—including pregnancy
loss, termination of pregnancy and obstetric complications (Yan et al.,
2005). A high proportion of births prior to secondary RPL (women
trying to conceive a second child) are obstetrically complicated
(Nielsen et al., 2010) and microchimerism may therefore play a role in
subsequent immunological reactions in women experiencing secondary
RPL.

Aberrations in both thyroid function and cortisol production are
also associated with adverse pregnancy outcomes, as well as with the
function of the immune system and the interplay between various hor-
monal axes (Klecha et al., 2008; Parker and Douglas, 2010; Twig et al.,
2012). Gut microbiota are likely highly intertwined with the function of
the neuroendocrine system (de Weerth, 2017; Köhling et al., 2017).
Therefore, the investigation of endocrine systems, together with the
microbiome, represents an important part of the current project and
will contribute to the understanding of the mechanisms involved in re-
productive health and failure.

Endometriosis
Endometriosis is a prevalent gynaecological disease characterized by
proliferation and bleeding of endometrial-like lesions outside the
uterus, primarily on the pelvic peritoneum, the ovaries, in the recto-
vaginal septum, in the bladder and in the bowel, where they induce a
chronic inflammatory response, adhesions and pain. It is known that
proliferation of endometrial-like lesions is driven by oestrogen, and ec-
topic endometrial-like tissue recruits circulating stem and progenitor
cells, leading to further growth (Wang et al., 2020). However, the rea-
son why some women develop endometrial-like lesions and others do
not is still not clarified. The gut microbiota regulates a variety of inflam-
matory and proliferative conditions (Wang et al., 2017) and is also im-
portant in oestrogen metabolism (Baker et al., 2017) and stem cell
homeostasis (Xiao et al., 2017; Tan et al., 2019). As such, the gut
microbiota is an important candidate for investigation in the aetiology
of endometriosis (Laschke and Menger, 2016). Approximately 50% of
the risk for endometriosis is attributable to genetic factors
(Montgomery et al., 2020), and DNA methylation in lesions is likely to
influence disease progression (Wang et al., 2019). This study will
therefore investigate the genetic, epigenetic and microbiome profiles in
patients with endometriosis.

Therefore, there is much we do not yet know in this exciting re-
search field. In the current study, we aim to augment the existing lim-
ited data on the microbiota at different body sites in relation to
reproductive health, while also taking into account a broad range of
other potentially contributing factors such as genetics, environmental
exposures, immunological and endocrine biomarkers. We will evaluate
the microbiota present in multiple niches in three different cohorts—
healthy women of reproductive age (across the menstrual cycle, with

Microbiome in Reproductive Health: A Protocol 3



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
and without hormonal contraceptive use; Part 1 MiMens), couples
who have experienced RPL (before and during pregnancy, pregnancy
loss and birth; Part 2 MiRPL), and women with endometriosis requir-
ing surgery with or without hormonal treatment (before, during and af-
ter surgery; Part 3 MiEndo). This study represents one of the first and
largest studies to perform a comprehensive investigation of the role of
the microbiome and other relevant environmental and physiological
parameters in three important areas of reproductive health and
dysfunction.

Outcomes
An overview of objectives for all three parts of the study is presented
in Table I. Aims and primary and secondary outcome measurements
are described in Table II. A study overview and sample collection
schedules for MiMens (microbiome during menstrual cycle), MiRPL
(microbiome in RPL), and MiEndo (microbiome in endometriosis) are
shown in Figs 1–3, respectively.

Materials and methods
All three parts of the study will be collaborations between the
Recurrent Pregnancy Loss Unit in the Capital Region of Denmark,
Rigshospitalet/Hvidovre Hospital (Copenhagen), the Endometriosis
Unit at Rigshospitalet, Copenhagen University Hospital and the Centre
for Translational Microbiome Research (CTMR) at the Karolinska
Institute (Stockholm). In addition, Erasmus University Medical Center
(Rotterdam), and the Institute of Food, Nutrition and Health (Zürich)
will collaborate on Part 2 (MiRPL). Sample collections and microbiome
investigations are fully funded, but we have not yet obtained full fund-
ing for all the additional analyses.

Study participants
A summary of inclusion and exclusion criteria and planned sample sizes
for each part of the study is shown in Table III. Since microbiome pro-
files have never been investigated in these populations, no formal sam-
ple size calculation can be performed.

The total number of participants in the three cohorts in this study
will therefore be �920 Part 1 MiMens (150 healthy women), Part 2
MiRPL (200 couples—400 men and women—with RPL, 50 healthy
couples (100 men and women) with prior uncomplicated pregnancy
and 150 newborns) and Part 3 MiEndo (120 patients with endometri-
osis requiring surgery).

The scientific setup (study setting, sample methods, questionnaires,
analysis) will be the same for all three study parts, with some study-
specific adaptations to questionnaires.

Biological material and research biobank
All samples planned to be analysed for the microbiome (faecal, rectal,
vaginal, endometrial, peritoneal, endometriotic tissue, peritoneal liquid,
saliva, semen and meconium) are collected sterile and stored at
�80�C in tubes with DNA/RNA shield or lyophilized DNA stabiliza-
tion buffer (from Zymo Research, Irvine, CA, USA and STRATEC
Molecular GmbH, Germany).

All biological samples (faecal, rectal, vaginal, oral, endometrial, peri-
toneal, myometrial, endometriotic tissue, peritoneal liquid, semen, me-
conium, urine, blood and DNA) will be stored in a research biobank
during the study period of 2017–2024. Residual samples for future re-
search will, after patient approval, be stored at the Fertility Clinic
4071, Rigshospitalet and the biobank facility in the Capital Region of
Denmark until 2 January 2042. After this date, samples will be
destroyed according to the guidelines of the Data Protection Agency.

All samples will be allocated a project number and barcode. Except
for urine, paraffin-embedded tissue and isolated mononuclear blood
cells, all samples will be stored at �80�C in biobank freezers at The
Fertility Clinic, Rigshospitalet. Urine will be stored at �20�C, paraffin-
embedded tissue at room temperature and isolated mononuclear
blood cells will be stored in liquid nitrogen. When shipped to collabo-
rators abroad, a project number/barcode will be used for
identification.

Table IV presents an overview of sample collection in the three
parts of the study.

Analysis of samples
Microbiome
The tissues planned for microbiome analyses (faecal, rectal, vaginal, en-
dometrial, peritoneal, endometriotic tissue, peritoneal liquid, saliva, se-
men and meconium) will be stored in a DNA/RNA shield after
collection to stabilize and protect the microbiome. All planned micro-
biome analyses are described in general under ‘Multi-omics’ analyses.

Blood samples
Blood samples (full blood, DNA, RNA, plasma, serum and isolated pe-
ripheral blood mononuclear cells) will be biobanked and all blood anal-
yses will be performed using standard methods. Blood samples (and
cord blood from live-born children in Part 2: MiRPL) will be used to
analyse biomarkers of inflammation, immune regulators, markers of
low-grade inflammation and markers of the innate immune system,
factors and activators of the complement system, cytokine profiles and
other immune markers such as thyroid peroxidase antibodies,
thyroglobulin-antibodies and HLA antibodies. Endocrine factors (such
as thyroid hormones, sex hormones etc.) will be analysed. DNA will
be used for HLA typing and other genetic analyses (Part 3: MiEndo).
DNA methylation patterns will be investigated in women and men, be-
fore and after pregnancy (Part 2: MiRPL) and surgery (Part 3: MiEndo).
Mother’s blood and endometrium samples will be analysed for the
presence of foetal cells.

Urine samples
Urine and blood samples will be investigated by isotope dilution liquid
chromatography–tandem mass spectrometry (LC–MS/MS) for a
screening panel of endocrine disrupting chemicals (EDCs) and other
environmental factors. Levels in urine will be correlated with levels in
the blood. Furthermore, iodine concentration will be measured.

Hair samples
Hair samples (�100 strands) will be cut from the posterior vertex as
close to the scalp as possible. Steroids in the hair samples will be
quantified on a Xevo TQS LC-MS/MS (Waters Chromatography,
Waters Corporation, Milford, MA, USA) and analysed at the Erasmus
University Medical Center in Rotterdam.

4 Krog et al.
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Table I Summary of objectives for each part of the study to investigate the microbiome in reproductive health.

Objectives Part 1 Part 2 Part 3
MiMens MiRPL MiEndo

Describe and compare the microbiome in
the saliva, faeces, rectal mucosa, vaginal
fluid and endometrium and relate it to
secondary outcomes

X X
þ semen
þ meconium

X
þ peritoneum

þ endometriotic tissue
þ peritoneal liquid
þ cyst liquid

Compare immune factors and endocrine
biomarkers in the blood to microbiome
in the individual

X X
þ cortisol in saliva and hair
þ iodine in urine

X

Describe the Omics profile
(transcriptomics, proteomics,
metabolomics and lipidomics) in relation
to the microbiome and biomarkers

X X X

Investigate the level of EDCs and immune
factors in blood and urine in women and
correlate to the microbiome,
reproductive history, pregnancy
outcome, immune and endocrine
biomarkers

X X
þ in men

X

Investigate the sperm quality and
DNA-fragmentation level in relation to
the seminal microbiome and pregnancy
outcome

X

Investigate the transfer of micro-organ-
isms and EDCs from mother to a
live-born child and correlate to the
reproductive history, pregnancy outcome
(including birth complications), sex of
child, immune and endocrine biomarkers

X

Investigate the HLA types of the mother,
father, prior firstborn child (if applicable),
circulating foetal cells in the mother’s
blood and possible live-born children in
the study and correlate to the immune
parameters in the mother, microbiome
profile and reproductive history

X

Investigate pregnancy loss products for
structural chromosomal abnormalities in
the foetus, pathological and histological
signs of placenta insufficiency and
molecular immune reactions

X

Compare the immune factors in blood
with the immune cells present in
endometriotic tissue

X

Explore the histological characteristics of
endometriotic tissue and compare with
unaffected peritoneal tissue and
myometrial tissue

X

Examine genetic (e.g. genomics and
epigenomics) and molecular connections
to endometriosis

X

EDC, endocrine disrupting chemicals; MiEndo, microbiome in endometriosis, 120 patients with endometriosis requiring surgery with or without hormonal treatment; MiMens, micro-
biome during menstrual cycle, 150 healthy women with or without hormonal contraception; MiRPL, microbiome in recurrent pregnancy loss, 200 couples with recurrent pregnancy
loss, 50 healthy couples with prior uncomplicated pregnancy and 150 newborns.

Microbiome in Reproductive Health: A Protocol 5
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Saliva samples
Saliva samples will be collected at time of visit and at home, with sam-
ple collection three times over a 24-h period. Samples from hospital
visits will be analysed for the microbiome profile and steroids.

Semen samples
Semen quality will be evaluated following standard procedures includ-
ing assessment of sperm concentration and sperm morphology. Sperm
DNA fragmentation will be evaluated and compared by SDIVR (sperm

............................................................................................................................................................................................................................

Table II Primary and secondary outcome measures.

Study Aim Primary
outcome measure

Secondary outcome measure

Part 1. Microbiome
during menstrual
cycle (MiMens)

To investigate the
microbiome during the
menstrual cycle in healthy
women of reproductive
age with and without
hormonal contraception.

Microbiome profile
throughout the menstrual
cycle

Determine the level of:

• endocrine biomarkers

• inflammatory biomarkers

• EDCs

• stress and depression scores

The above levels will be correlated with the microbiome profile.

Part 2. Microbiome
in Recurrent
Pregnancy Loss
(MiRPL)

To explore the
microbiome in couples
with RPL.

Microbiome profile in
association with
pregnancy outcome
(minimum follow-up time:
12 months)

For female
participants:

• inflammatory
biomarkers

• HLA
antibodies

• immune
markers (incl.
B- and T cells)

• endocrine
biomarkers
and EDCs

• stress and
depression
scores

For male partner:

• semen analysis
(incl. DNA frag-
mentation) and the
seminal micro-
biome profile

• inflammatory
biomarkers

• endocrine
biomarkers and
EDCs

For newborns:

• inflammatory
biomarkers

• endocrine bio-
markers and
EDC’s

• microbiome profile
in meconium and
in association with
parents

The above will
be compared
with the
microbiome
profile and
with healthy
controls with
prior
uncomplicated
pregnancies.

The above will be
compared with
pregnancy
outcome.

Part 3. Microbiome
in Endometriosis
(MiEndo)

To investigate the micro-
biome in endometriosis
patients and compare
with the healthy control
group (MiMens).

Microbiome profile in
patients with moderate to
severe endometriosis

• symptom questionnaires (incl. pain score, stress and depression score,
quality of life)

• clinical data (grade of disease defined by rASRM classification of
endometriosis, phenotype, surgical outcome, clinical history)

Determine level of:

• inflammatory biomarkers

• immune markers (incl. B- and T cells in blood and tissue)

• HLA antibodies

• endocrine biomarkers and EDCs

EDC, endocrine disrupting chemicals; rASRM, Revised American Society for Reproductive Medicine.

6 Krog et al.
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..DNA integrity based on the sperm chromatin structure assay) test
(Blomberg Jensen et al., 2018) and the COMET (microgel electropho-
resis technique) assay or TUNEL assay (terminal deoxynucleotidyl
transferase dUTP nick-end labelling). Microbiome analysis of raw se-
men samples will be performed, and raw semen, semen plasma and
semen pellet will be stored to investigate immunological products/
reactions, proteins, microRNAs and other relevant biomarkers for
quality of sperm/fertilization potential. Semen samples will also be
used to investigate a possible immunological reaction in the mother’s
immune cells.

Mouth swabs
Mouth swabs will be collected from firstborn children to extract DNA
and perform HLA typing (Part 2: MiRPL). If the male partner is unable
to provide a blood sample, he can provide a mouth swab for DNA
extraction and HLA typing.

Pregnancy loss product
If a woman has a pregnancy loss (Part 2: MiRPL) at home, she will col-
lect the pregnancy loss product or, alternatively, if she is undergoing a
surgical evacuation procedure, the pregnancy loss product will be col-
lected by the treating doctor in the gynaecological department. The
foetal DNA will be analysed by karyotyping at the Center for
Chromosome Stability, University of Copenhagen. If karyotyping is not
possible because of low input of foetal cells, the foetal DNA will also
be sequenced by whole-genome sequencing by PicoPLEXVR single-cell

WGA, Multiple Displacement Amplification (MDA), or Linear
Amplification via Transposon Insertion (LIANTI) protocols resulting in
the same resolution as karyotyping.

Endometrial samples
The microbiome will be analysed, and endometrial samples will be ex-
amined for the same immune factors and regulators as the blood sam-
ples. The Omics profile will also be examined, and in Part 3 (MiEndo),
the endometrium will be fixed in formalin and paraffin embedded for
histology with immunohistochemical coloring. The collection, process-
ing and storage of endometrial tissue for Part 3 (MiEndo) follows the
standard operating procedure (SOP) recommended by the World
Endometriosis Research Foundation (WERF) (EPHect j World
Endometriosis Research Foundation, n.d.).

Peritoneal liquid and cyst liquid
After analysis of the microbiome, samples will be examined for im-
mune factors, regulators and Omics profile. The collection, processing
and storage of peritoneal liquid follows the SOP recommended by
WERF (EPHect jWorld Endometriosis Research Foundation, n.d.).

Endometriotic tissue, cyst wall, peritoneal biopsy and myometrium
Endometriotic tissue excised during surgery will be cut into �1 cm
pieces, with two pieces for microbiome analysis and two pieces to be
snap frozen in a tube on dry ice.

Figure 1. Study overview of participants and timeline of sample collections in MiMens. Created with BioRender.com. CD, cycle day;
LNG-IUS, levonorgestrel intrauterine system; MiMens, microbiome during menstrual cycle.
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..One sample of resected bowel, endometriotic plaque, cyst wall,
myometrium and adenomyosis will be formalin fixated and embedded
in paraffin. The paraffin-embedded tissue will be histologically exam-
ined after immunohistochemical staining and compared with the im-
mune markers in the blood, the liquids of peritoneum and cysts, and
the microbiome profile. The unaffected tissues are controls for the af-
fected tissue. The Omics profile and immune factors/markers will be
examined in snap frozen tissues. The collection, processing and storage
of the endometriotic tissue follows the SOP recommended by WERF
(EPHect jWorld Endometriosis Research Foundation, n.d.).

‘Multi-omics’ analyses
Longitudinal deep profiling of blood, tissue and microbiome samples
will be performed to elucidate the role of the microbiome and host–
microbe interactions in reproductive health. Molecular profiles associ-
ated with reproductive high-risk patients will be based on the analyses
described below.

Microbiome analysis
Microbiome analysis will be performed at CTMR (Karolinska Institutet)
and will focus on quantification of known microbial diversity and how
relative abundances of taxonomic groups within samples correlate
with external factors. Taxonomical profiling will be based on shotgun
sequencing or 16S rRNA gene profiling, as appropriate for the sample

type (i.e. percentage of human DNA in the sample). Deep metage-
nomic sequencing will be performed in a subset of samples to identify
important organisms that are distantly related to organisms in public
databases, as well as to characterize their functional potential and ob-
tain strain-level information.

Bioinformatics
The 16S gene sequences will be subjected to error correction and an-
notation on the DADA2 suite (Callahan et al., 2016). Shotgun reads
will be submitted to quality-based trimming with BBTools, followed by
host removal and taxonomic annotation through mapping to appropri-
ate databases, such as HOMD (Chen et al., 2010) for saliva samples
and OptiVagDB (https://github.com/ctmrbio/optivag/tree/master/
database) (Hugerth et al., 2020) for vaginal samples. Faecal and rectal
samples, as well as samples with no available dedicated database, will
be annotated against the National Center for Biotechnology
Information (US) (NCBI) RefSeq. Functional annotation will be based
on TIGRFam (Haft et al., 2013) as well as Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Ogata et al., 1999).

Transcriptomics
RNA- and single-cell RNA-sequencing will be performed for global ex-
pression profiling of all genes including risk genes, splice variants of

Figure 2. Study overview of patients and timeline of sample collections in MiRPL. Created with BioRender.com. GA, gestational age;
MiRPL, microbiome in recurrent pregnancy loss; PBMC, peripheral blood mononuclear cell.
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known genes and non-coding RNA. RNA is to be sequenced from
blood cells, tissues and microbiome samples.

Proteomics
Large-scale protein analysis will be used to detect expression patterns
in blood cells, tissues and microbiome samples. Both MS-based tech-
nologies and targeted assays based on proximity extension technology
will be used.

Metabolomics and lipidomics
Small molecule metabolic products, including lipids, will be analysed in
blood, tissues and microbiome samples using MS. Both untargeted
methods for general profiling and targeted assays for the quantification
of metabolites known to be involved in microbial metabolism and
mediators of inflammation, such as short-chain fatty acids, will be
applied.

Epigenomics
Global analysis of DNA methylation and hydroxymethylation will be
used to identify if there are any associations with active or inactive
gene expression. Chromatin structure and histone modifications will
also be investigated.

Genomics
In Part 3 (MiEndo), for identification of genetic variants, genomic DNA
or amplified DNA-products will be analysed with whole-exome se-
quencing (200-fold exome coverage) followed by ultra-deep sequenc-
ing of 30–100 relevant molecule gene mutations (500-fold coverage)
identified by whole-exome sequencing (Illumina platform and
reagents).

Mate-pair whole-genome analysis (15–30-fold coverage) will be
used to identify structural/chromosomal deviations.

Multi-omics data integration
Different human datasets can be integrated using appropriate meta-
bolic atlases (Robinson et al., 2020). This will increase the strength of
concordant findings and reduce the size of the dataset. Further data
reduction and integration with microbiome data will rely on traditional
data reduction techniques, such as principal component analysis and
redundancy analysis. Finally, this streamlined dataset will be submitted
to appropriate machine learning techniques, such as random forests or
artificial neural networks, to separate cases from controls or the sever-
ity of cases, as appropriate.

Questionnaires and data recording
Information about previous pregnancies, births, current evalua-
tions and treatments, including current medication, results from

Figure 3. Study overview of patients and timeline of sample collections in MiEndo. Created with BioRender.com. MiEndo, microbiome
in endometriosis; PBMC, peripheral blood mononuclear cell.
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Table III Overview of participants and the inclusion/exclusion criteria.3. MiEndo

Study part Participants Age (years) Key inclusion criteria Key exclusion
criteria

Recruitment and re-
muneration (if

relevant)

1. MiMens 150 healthy women of
reproductive age,
including:

• 50 with regular men-
strual cycle and no
hormonal
contraception

• 50 using combined
oral oestrogen/pro-
gesterone
contraception

• 50 using levonorges-
trel intrauterine sys-
tem (LNG-IUS)

18–40 • Regular menstrual
cycle for �6 months
prior to initiation of
hormonal
contraception

• Antibiotics, antimy-
cotic and antiviral
medication within
past 2 weeks from
inclusion

• Currently pregnant
or planning to be-
come pregnant in
study period

Advertisements at
University of
Copenhagen;
3000 DKK for 6 weeks

2. MiRPL 200 couples with unex-
plained RPL referred for
evaluation (a total of 400
women and men)

• The participants will
only be sampled dur-
ing the first preg-
nancy after referral
(except biochemical
pregnancies, which
will only be
recorded)

18–40 • �3 consecutive
pregnancy losses
(spontaneous early/
late miscarriages,
prior to gestational
week 22) or bio-
chemical pregnancy
losses

• Antibiotics, antimy-
cotics and antiviral
medication within
past 2 weeks

• Pregnant at referral

• Fertility treatment
with preimplantation
genetic testing

• Uterine
malformations

• Chromosomal aber-
rations that can ex-
plain RPL

Patients at Rigshospitalet
and Hvidovre Hospital.

No remuneration.
Minimum follow-up

time: 12 months.

OR
• �2 consecutive late

pregnancy losses
(>12 weeks), with
pregnancy docu-
mented by nuchal
translucency scan

Approximately 110 new-
borns born during study

–

Approximately 40 first-
born children (mouth
swab only)

–

50 healthy couples (con-
trol group; 50 women,
50 men)

18–40 • Given birth to one
shared child

• History of reproduc-
tive failure (fertility
treatment, induced
abortions or preg-
nancy loss)

• Pregnancy within the
last 3 months

• Antibiotics within the
last 2 weeks

Advertisements at hospi-
tals, social media, www.
forsoegsperson.dk

3. MiEndo 100 women with moder-
ate to severe endome-
triosis without bowel
resection

The rASRM score is
used for classification
of endometriosis

18–45 Planned surgery of
expected moderate to
severe endometriosis

• Systemic antibiotics,
antimycotics or anti-
viral drugs within 2
weeks before faecal
sampling

• Pregnancy or fertility
treatment (only IVF
or ICSI) within
3 months before
surgery

• Active cancer

Patients at
Rigshospitalet. No
remuneration.

Follow-up time:
6 months.

20 patients with intesti-
nal involvement of en-
dometriosis planned

18–45 • Endometriosis
patients planned for
segmental bowel
resection

(continued)
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histology, microbiology, blood samples, MR and ultrasound, objec-
tive findings during gynaecological examination and surgery and fi-
nally findings during previous relevant gynaecological surgical
procedures, will be retrieved from the patient medical records
with patient consent.

A number of questionnaires will be completed (Table V).
All data, including surveys, will be stored in REDCap (https://

www.project-redcap.org/) (Harris et al., 2009, 2019), hosted by
the Capital Region of Denmark. REDCap (Research Electronic
Data Capture) is a secure, web-based software platform designed
to support data capture for research studies, providing: an intui-
tive interface for validated data capture; audit trails for tracking
data manipulation and export procedures; automated export pro-
cedures for seamless data downloads to common statistical pack-
ages; and procedures for data integration and interoperability with
external sources.

Statistical analyses
We will report separately the findings regarding the microbiome, the
immune and endocrine performance, levels of EDCs and Omics inves-
tigations for each cohort. We will apply a systems biology approach
combining all obtained data to search for disease trajectories and
disease-specific patterns.

Descriptive statistics will be presented as numbers and percentages
for categorical data, means and SDs for normally distributed data or
medians and interquartile ranges for non-normally distributed quantita-
tive data. Differences will be assessed by use of the Chi-square test,
Student’s t-test or Mann–Whitney U-test, as appropriate. P-values
<0.05 will be considered statistically significant. Multiple testing correc-
tion will be performed with the Benjamini–Hochberg procedure when
appropriate.

The women in Part 1 (MiMens) will subsequently be used as control
group in relation to questionnaire and clinical data to which the results
from Part 2 (MiRPL) and 3 (MiEndo) will be compared. The groups
will be compared using standard statistical software to analyse micro-
biome compositions with bioinformatic techniques. Taxonomic analy-
ses are based on computational techniques from microbial ecology,

including diversity measures within the samples (alpha diversity;
Simpson’s index) and between samples (beta-diversity; Bray-Curtis dis-
tance). Samples may also be divided into a posteriori categories based
on their taxonomic profiles; these can be defined quantitatively or
qualitatively (presence/absence).

Potential predictors of a live birth, success of operation and pain re-
duction will be evaluated in simple logistic regression analyses.
Significant predictors will then be analysed by multiple logistic regres-
sion. Time to live birth will be illustrated in a Kaplan–Meier plot (sur-
vival analysis) according to the microbiome profile and compared using
the log-rank test.

Ethics approval
This study is approved by the Danish Data Protection Agency
(Protocol No. 2012-58-0004). Ethics approval has been obtained from
the Regional Ethics Committee of the Capital Region of Denmark be-
fore undertaking this study (Protocol No. H-17017580).

All patients/volunteers will be given written information and invited
(with a companion if desired) to a personal meeting where further in-
formation will be given orally and consent forms signed (or participants
may request additional time to consider, with a private consultation a
week later). Participants can withdraw their consent at any time and
with immediate effect. The participants in Part 1 (MiMens) will be re-
munerated with 3000 DKK before taxes when they complete 6
weeks’ participation. Clinical and questionnaire data will be collected
using REDCap electronic data capture tools (Harris et al., 2019),
hosted at the Capital Region of Denmark.

When patients become pregnant and are to be discharged from the
RPL Unit (Part 2: MiRPL), the parents will receive written and oral in-
formation about research concerning children in the project. Both legal
parents will be asked to give consent on behalf of their participating
child for meconium and cord blood to be collected from the newborn
baby and mouth swabs from possible first-born children—there are
no risks or discomfort for the participating children.

All genome data are saved according to guidelines from the Danish
Data Protection Agency and The General Data Protection Regulation.

............................................................................................................................................................................................................................

Table III Continued

Study part Participants Age (years) Key inclusion criteria Key exclusion
criteria

Recruitment and re-
muneration (if

relevant)

• Intraabdominal sur-
gery in the last
month due to sus-
pected infection

• No histological con-
firmed endometriosis
after surgery

for segmental bowel
resection

The rASRM score is
used for classification
of endometriosis

MiEndo, microbiome in endometriosis; MiMens, microbiome during menstrual cycle; MiRPL, microbiome in recurrent pregnancy loss; rASRM, Revised American Society for
Reproductive Medicine; RPL, recurrent pregnancy loss.

Microbiome in Reproductive Health: A Protocol 11
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All results—positive, negative and inconclusive—will be submitted

for publication in international peer-reviewed journals. If the results
are not published, they will be announced on our websites (Centre
for Translational Microbiome Research (CTMR) j Karolinska Institutet,
n.d.; Enheden for Gentagne Graviditetstab, n.d.).

Discussion
This large-scale observational study of reproductive high-risk patient
groups and healthy controls represents a major contribution to an im-
portant and emerging area of research into the role of the microbiome
in reproductive health and disease. The study includes a large number
of patients, comprehensive biomaterial, clinical and questionnaire data
combined with longitudinal sampling and follow-up data. A potential
weakness is that only patients with severe disease (i.e. RPL or moder-
ate to severe endometriosis) and healthy women and couples are in-
cluded, and as such the role of the microbiome in mild degrees of
reproductive failure or mild endometriosis is not explored.

Data availability
As this is a study protocol, no new data have been generated or ana-
lysed in support of this publication.
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Table V Questionnaires completed during the study.

Questionnaires Description Part 1. MiMens Part 2. MiRPL Part. 3. MiEndo

Background information for all
participants (both women and
men) after first visit

General and reproductive health, family history, use of
antibiotics and medication, lifestyle factors such as de-
tailed dietary questions, smoking, alcohol, exercise etc.

X X X

Perceived Stress Scale (PSS) and
Major Depression Inventory
(MDI) for all participants (both
women and men)

Measurement of emotional stress measured by the PSS
(Cohen et al., 1983) and depressive symptoms by the
MDI (Bech et al., 2015).

X X X

Food-recall The diet of the participants will be recorded using a 24-
to 48-h food-recall questionnaire after faecal sampling at
home.

X X X

Gynaecological symptoms Bleedings and sexual intercourse. Current gynaecological
health issues will be noted at every visit (also when
home sampling in Part 1: MiMens and Part 3: MiEndo).

X X X

Short Form 36v2 (SF-36v2) Quality of life questionnaire—measures social function-
ing, mental and physical health (Ware and Sherbourne,
1992; Maruish, 2011).

X

Bowel Endometriosis Syndrome
(BENS) score and Low Anterior
Resection Syndrome (LARS)
score

Questionnaires on intestinal symptoms (Emmertsen and
Laurberg, 2012; Riiskjær et al., 2017).

X

Endometriosis Patient
Questionnaire-Minimum (EPQ-M)

A questionnaire on clinical history and anamnestic
responses. The EPQ questionnaire is previously validated
in English by the WERF and has been translated to
Danish and validated on endometriosis patients in the
outpatient clinic at Rigshospitalet before being used in
this study.

X

Standard Surgical Form (SSF) A detailed questionnaire designed by WERF for clinicians
to register data on findings and procedures done during
endometriosis surgery.

X

MiEndo, microbiome in endometriosis, 120 patients with endometriosis requiring surgery with or without hormonal treatment; MiMens, microbiome during menstrual cycle, 150
healthy women with or without hormonal contraception; MiRPL, microbiome in recurrent pregnancy loss, 200 couples with recurrent pregnancy loss, 50 healthy couples with prior un-
complicated pregnancy and 150 newborns; WERF, World Endometriosis Research Foundation.
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