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A B S T R A C T

Research endeavors aiming to understand the maternal immune adaptation to pregnancy significantly rely on
the use of animal models, such as mice and rats. These models have provided important insights into the pa-
thophysiology of a number of pregnancy disorders in humans. However, the use of animal models in scientific
research is a vividly debated and emotive topic. The 3R principles – replacement, reduction and refinement of
research animals – have been propagated a few decades ago. The present review advocates a forward-thinking
consciousness to address the 3R principles in research projects in the field of reproductive biology and im-
munology. Specific measures and alternative methods are being proposed to replace research animals by using
e.g. tissue engineering approaches, biobank-derived tissue, ‘placenta-on-a-chip’ devices or in silico methods. The
latter may involve data queries from repositories now available to provide single cell sequencing information on
reproductive tissues. Reduction of research animals by gestational imaging and a wealth of suggestions for
refinement are proposed. Taken together, the measures and guidelines introduced in this review are expected to
spark a reconsideration of experimental designs in the area of reproductive biology and immunology in order to
implement 3R principle where applicable.

1. Introduction

Successful reproduction requires the intricate and tailored adapta-
tion of the maternal immune and endocrine system throughout the
entire period of gestation. If such adaptation is not adequately
mounted, pregnancy complications such as spontaneous miscarriage,
preterm birth and preeclampsia can occur (Arck & Hecher, 2013). Thus,
research endeavors aiming to understand such adaptational processes
have continuously increased over the last decades in order to apply
insights arising from normally progressing pregnancies towards un-
raveling the pathogenesis of pregnancy complications. These endeavors
significantly relied on the use of animal models, such as mice and rats
(Fig. 1). Animals and humans share an ancestral history, although the
last common ancestor of mice and humans dates back approx. 75 mil-
lion years (Winter et al., 2004). As outlined in a seminal review by the
Markert group, animal models may be of limited value to understand
the anatomy and physiology of placentation, due to the evolutionary
tissue diversity (Schmidt et al., 2015). However, animal models allow
understanding the pathophysiology of a number of disorders in hu-
mans, as well as developing treatments that are safe and effective. Here,
the inclusion of mouse and – although to a lesser extend – rat models is

particularly relevant when immunological aspects are being addressed,
since a large number of genes coding for the immune response ortho-
logue to humans are still present in mice, along with similar immune
response patterns.

Random, but prominent examples mirroring the pivotal relevance of
findings from research animals include the identification of human
epidermal growth factor receptor 2 as a proto-oncogene in rodents,
which has improved the understanding of pathogenesis of breast cancer
and opened therapeutic avenues that now save lifes (Pegram and Ngo,
2006; Saad et al., 2019). Similarly, immune checkpoint inhibitors to
treat cancer targeting the molecules cytotoxic T-lymphocyte-associated
protein 4, programmed cell death protein (PD-1) and the PD-1 ligand
have also evolved from insights in mice (Ai and Curran, 2015). Also,
findings from animal models have significantly sparked the develop-
ment of neutralizing antibody immunotherapy for HIV-1 (Nishimura
and Martin, 2017). Moreover, although from a more historic perspec-
tive, the successful demonstration of bactericidal action on pathogens
in mice has led to the breakthrough for penicillin (Kardos and Demain,
2013). Similarly, vaccine quality control tests date back to animal ex-
periments pursued by 19th century scientists, including Louis Pasteur,
Robert Koch, Ernst von Behring or Paul Ehrlich, to name only a few.
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Remarkable illustrations of the critical importance of finding from
mouse models for human reproduction and their translational relevance
are the identification of pregnancy-protective role of CD4+ regulatory T
cells in mice (Aluvihare et al., 2004), which coincide with the re-
cognition of their functional role in mitigating pregnancy success in
humans (Sasaki et al., 2004). Similarly, the tolerogenic phenotype of
dendritic cells and related promotion of reproductive success has been
identified using mouse models (Blois et al., 2005), and this unique
phenotype of dendritic cells could be confirmed in reproductive tissues
in humans (Kammerer et al., 2003; Hsu et al., 2012). Also, the preg-
nancy-protective role of galectin-1 was described in mice (Blois et al.,
2007), which facilitated the interpretation of findings in galectin-1 in
human pregnancies (Ramhorst et al., 2012; Tirado-Gonzalez et al.,
2013). Lastly, blocking the action of tumor necrosis factor (TNF) in
during threatened pregnancies in mice was shown to reduce the number
of fetal losses (Arck et al., 1997; Kang et al., 2016) and also ameliorated
pregnancy outcome in humans (Winger and Reed, 2008). Research
endeavor using mouse models currently provide significantly insights
into the impact of the endocrine-immune cross talk during pregnancy,
as fetuses in pregnant mice lacking the progesterone-receptors specifi-
cally on dendritic cells show signs of intrauterine growth restriction
(Thiele et al., 2019), an observation that can be expected to sparks such
targeted analyses using human cells in in vitro approaches.

Despite these prominent examples, the use of animal models in
scientific research is generally a vividly debated and emotive topic. This
is not a recent development, and statements from prominent re-
searchers date back more than a century. For example, Charles Darwin
declared in a correspondence with a Swedish researcher in 1881: "On
the other hand I know that physiology cannot possibly progress except
by means of experiments on living animals, and I feel the deepest

conviction that he who retards the progress of physiology commits a
crime against mankind. Anyone who remembers, as I can, the state of
this science half a century ago must admit that it has made immense
progress, and it is now progressing at an ever-increasing rate.” (Darwin-
online, see Web reference list).

1.1. The principles of the 3Rs: replace, reduce and refine

Moreover, the use of animal models also causes concern for re-
searchers and lay individual alike, due to the experimentally induced
pain and suffering in the research animals. Hence, the so-called prin-
ciples of the 3Rs have been propagated in the later Nineteen Fifties and
reinforced in Europe (Directives of the European Parliament, see Web
reference list), aiming to Replace, Reduce and Refine the use of animals
in scientific research. A number of major funding agencies nowadays
require that applicants address how the 3R principle has been im-
plemented in planned research endeavors. Such requirements often
cause weariness and concerns among researchers, fearing that the
competitiveness of their experimental designs is jeopardized if the an-
imal models that have often been tediously developed and are pre-
ferably included in projects are forced to undergo a 3R make over.

On the other hand, a forward-thinking consciousness to address the
3R principles in research projects also holds a great potential. It forces
researchers to think outside the mind frame of personal preferences and
consider alternative approaches that can be used to understand the
mechanisms involved in e.g. successful reproduction, which may in fact
even further increase the biological significance of findings and hence,
the competitiveness of insights in terms of publication and recognition.

Fig. 1. PubMed-based queries using the search items ‘mouse model’ and ‘mouse model & immunology’ in order to obtain the related number of publication per year
since the year 1970 (A). The search items ‘rat model’ and ‘rat model & immunology’ was used to provide the related number of publication per year since the year
1970 (B). (C) The search described in (A) has been refined by adding the search item ‘reproduction’, which yielded to the number of publications per year since 1970.
(D) Same approach as in (C) for rat models .
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1.2. Methods to replace the use of research animals and their potential
relevance for research in reproduction (Fig. 2)

A wealth of examples in life sciences now highlights that out-
standing science as well as the incorporation of the 3R principles in the
experimental design are not mutually exclusive. Robust alternative
methods that completely replace the use of research animals include
tissue engineering approaches in order to reconstruct whole organs.
Here, culture systems have been developed that e.g. enable stem cells to
grow and expand into fully functioning three-dimensional organ-spe-
cific tissue (Huch et al., 2013), for example the development of a
human embryonic brain model in 3D, using human induced pluripotent
stem cells (Lancaster et al., 2013). Also, in vitro culturing of multi-cel-
lular spheroids has significantly advanced by combining the hanging
drop method and microfluidics, hereby amending experimental options
for culturing spheroids (Frey et al., 2014). Additionally, biobanks
generated from biopsy tissue have become instrumental to grow orga-
noids that mirror molecular fingerprints of diseased patients (van de
Wetering et al., 2015). In fact, an organoid culture model of tropho-
blasts has recently been introduced. These organoids show long-term
genetic stability and can differentiate into syncytiotrophoblast and
human leukocyte antigen-G-positive extravillous trophoblast cells.
These trophoblasts organoids show typical in vivo features of first tri-
mester placentas, ranging from the secretion of placental-specific pep-
tides and hormones as well as epigenetic fingerprints (Turco et al.,
2018). Hence, the trophoblast organoid model holds the potential to
improve our understanding of human placental development and the
cross talk between trophoblast cells and the maternal immune response

to fetal antigens.
Similarly, ‘placenta-on-a-chip’ microdevices have been introduced.

For example, microfluidic channels separated by a thin extracellular
matrix membrane can be seeded with human trophoblasts (JEG-3 cells)
or human umbilical vein endothelial cells onto the opposing sides. The
resulting microarchitecture of the confluent cellular monolayers on the
membranes can then be considered as a micro-engineered ‘placental
barrier’, which shows metabolic features such as glucose transport and
metabolism similar to observations in vivo (Lee et al., 2016). Similar
approaches use human term cytotrophoblasts for coating matrices
(Huang et al., 2016). The proposed use of immortalized cell lines from
placental malignancies, such as choriocarcinoma-derived JEG-3 cells,
or cells isolated from healthy term placental cells may create a limita-
tion of this model, which may be overcome by the targeted use of se-
lected placental cells. One example might be the isolation of cells from
diseased placental tissue, e.g. gestational diabetes, in order to study
placental metabolism.

However, limited or missing access to high-quality biological tissue
and related clinical metadata may create a major obstacle for the in-
clusion of the proposed approaches to replace research animals in ex-
perimental designs. In order to address this limitation, an improved
biobanking infrastructure is urgently needed, aiming to benchmark
tissue quality via systematic collection, transport and storage of human
tissue and cells, whilst obtaining consent and developing procedures to
provide clinical metadata.. In fact, a pilot project named PLACENTA
(PathLink Acquired gEstatioNal Tissue bAnk) assessed the feasibility to
create a biobank of fresh gestational tissue (Linder et al., 2018). Albeit
the number of samples in this trial is very low, pivotal standard to

Fig. 2. Scenario depicting measures to implement the 3R principle in experimental research designs.
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ensure maintenance of high tissue quality have been proposed to allow
for molecular, cellular and proteomic analyses of the tissue. Similarly, a
population–based, prospective cohort study called ‘Alliance for Ma-
ternal and Newborn Health Improvement (AMANHI)’ – funded by Bill &
Melinda Gates Foundation through a grant to the World Health Orga-
nization – has been initiated in order to provide gestational biological
tissue and clinical metadata from pregnant women and their children in
sub–Saharan Africa and south Asia for the exploration of future hy-
potheses (Amanhi Maternal Morbidity Study Group, 2016). Also, via
the Biobank Graz, a publicly-owned, non-profit central research facility
of Medical University of Graz, a wealth of tissues including placental
specimens can be made available for research purposes (Sargsyan et al.,
2015).

In silico methods, in which biological experiments are carried out
entirely in using computer models, as well as computational bio-
mechanics have also become powerful and predictive tools to replace
research animals. These approaches allow understanding cellular
characteristics (Li et al., 2009) as well as the pathogenesis of diseases,
such as cardiovascular ailments, diabetes or preterm birth (Britton
et al., 2013; Westervelt and Myers, 2017). Although some of these ef-
forts may fall short to fully predict cellular functions due to the inability
to incorporate cellular and molecular dynamics, or simply lacking
sufficient computer processing power, the great potential of in silico
approaches may result from the increasing access to repositories of
genetic sequences obtained from single cells sequencing using human
samples, for example derived from placenta, decidua or peripheral
blood of pregnant women. In fact, single cells analyses of first-trimester
placentas and matched maternal blood and decidual cells have recently
been published, which allowed for the identification of regulatory in-
teractions that prevent harmful innate or adaptive immune responses at
the feto-maternal interface (Vento-Tormo et al., 2018). Similarly, a
comprehensive map of cell types in human first-trimester placenta and
decidua has been charted (Suryawanshi et al., 2018). Single cells ana-
lysis of human specimen obtained from early preeclamptic placentas
provided insights into cellular heterogeneity and enabled reconstruc-
tion of the trophoblast differentiation trajectory in pathological preg-
nancy conditions (Tsang et al., 2017). Besides these observations, the
data generated within these single cell sequencing studies have been
deposited and these publicly accessible repositories now allow for ad-
ditional analyses using in silico approaches. Hence, further interpreta-
tion of findings, as well as integration of the various data sources into
heterologous data sets for a differential analyses has become within
reach.

1.3. Methods to reduce the use of research animals and their potential
relevance for research in reproduction

Approaches to reduce the number of research animals in experi-
mental designs are also emerging. Here, imaging techniques can now be
applied longitudinally in e.g. mice, hereby avoiding that higher num-
bers of mice need to be euthanized on sequential gestational days in
order to perform kinetic organ assessments. Imaging approaches in-
clude methods that are either non-invasive or show a low degree of
invasiveness, such as ultrasound (Zhang and Croy, 2009). More re-
cently, three-dimensional high-frequency ultrasonography has been
proven to successfully detect, visualize, and characterize embryo-im-
plantation sites during early murine pregnancy (Peavey et al., 2017). It
further allows for the detection of fetal, placental or decidual changes,
including small volume fluctuations, and monitoring of a potential
progression of a pathology. Also, testing the efficacy of therapeutic
intervention can be accommodated by ultrasonography. Compared to
ultrasonography, magnetic resonance imaging allows for the long-
itudinal evaluation of fetal, placental or decidual adaptations at even
higher resolution (Yadav et al., 2016). Here, dynamic contrast-en-
hanced MRI datasets have led to the development of computationally
simple methods to quantify and automate differentiation in different

placental compartments in mice (Remus et al., 2013; Kording et al.,
2015). Clearly, the imaging approaches significantly advance experi-
mental designs relying on the discontinuation of pregnancies by sacri-
ficing mice for gross tissue and histopathologic characterization on
distinct gestational days. Moreover, they reduce inter-animal variability
which may be a confounder when analyzing tissue obtained on se-
quential gestational days from different animals. However, whilst the
widely used description of imaging approaches as ‘non-invasive’ may be
overtly appeasing, as sedation and immobilisation of mice using in-
halation anesthetic medication is needed, which may interfere with the
experimental outcome and cause distress for the mice.

Noteworthy, since detection of vaginal plugs as a confirmation of
pregnancy in mice may be unreliable, a model to predict pregnancy
early in mice has been proposed by using the weight gain in dams. This
predictive model facilitates pregnancy detection in mice before mid-
gestation, hereby reducing the number of mice that are sacrificed on
distinct gestational days due to false positive pregnancy assumptions
(Seaborn et al., 2011).

1.4. Methods to refine the use of research animals and their potential
relevance for research in reproduction

Refinement approaches may be the easiest to adopt in experimental
designs, as they may be implemented by simply measures. These in-
clude picking mice up in cupped hands or by using a home cage tunnel,
instead of lifting them out of the cage by the tail. These gentler handling
methods have been shown to reduce anxiety in mice (Hurst and West,
2010). Also, procedures of substance administrations that may cause
pain and discomfort should be frequently supervised and re-evaluated
with regard to options for refinement. A number of video tutorials and
freely accessible reading material is now available to allow conscious
decisions on how to improve animal handling and avoid unnecessary
pain and discomfort (Online tutorials on animal refinement, see Web
reference list). These include – if possible and applicable in experi-
mental settings – the use of minimally irritant formulation of substances
and vehicles for injections and other routes of application, the avoid-
ance of injection sites that are highly painful, such as in the footpath,
reduction of injection-related pain by using new, sharp needles with the
narrowest possible gauge for every injection and using the lowest
possible injection volume.

Also, housing conditions can significantly improve the well-being of
research animals such as rodents, including provision of refuges and
nesting material and – although a matter of course - free access to water
and food (Gaskill et al., 2013). Group housing of female mice meets
their social needs and aids thermoregulation. Also, all stressors should
be reduced to a minimum level, such as noise from ventilation systems
or music listened to by animal caretakers. Ambient temperature should
be appropriate to rodent physiology and heating blankets or devices
should be used after interventions. If such behavioral needs are not met,
the animals can suffer mental and physical stress, which may jeopardize
the experimental outcome. Thus, refinement strategies not only im-
prove the well-being of research animals, but also improve quality and
reproducibility of science.

1.5. Outlook

It is unlikely that research involving animals can be completely
replaced in the near future. Noteworthy, whilst encouraging the im-
plementation of the 3R principle, funding bodies and research asso-
ciations even propose to reduce the regulatory burden associated with
obtaining an ethical approval to conduct experiments involving re-
search animals (Recommendations to reduce regulatory burdens, see
Web reference list), as a great deal of inequality currently exists with
regard to such regulations between countries. These inequalities render
some scientists at disadvantage in terms of competitiveness, as they are
facing lengthy and time-consuming national approval procedures.
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However, regardless of these obstacles, efforts should be made to
replace and reduce the number of research animals and to refine ex-
perimental and environmental conditions, even though confirmation of
proof-of-concept and validity of the measures requires investments in
infrastructure and training. The measures introduced in this article may
spark reconsideration of experimental designs in the area of re-
productive biology and immunology in order to implement the 3R
principle.
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